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Editorial on the Research Topic 
State-of-art of 3D printing and bioprinting technology in various domains of biomedicine, tissue engineering and regenerative medicine


INTRODUCTION
In the last 10 years, the methods of 3D printing and bioprinting have advanced dramatically, providing groundbreaking approaches to developing scaffolds, personalized implants, tissue constructs, organoids, and even therapeutic devices. The Research Topic “State-of-the-art of 3D Printing and Bioprinting Technology in various domains of Biomedicine, Tissue Engineering and Regenerative Medicine” compiles a wide-ranging and timely set of reviews, original research, and mini reviews that together capture present mastery, explain enduring problems, and delineate useful new pathways.
AIMS AND SCOPE
The Research Topic seeks to capture:
	• Recent revelations in bioinks, scaffold design, multimaterials, bioprinting, and printing systems design technologies.
	• Patient-specific implants, along with bioengineering and therapeutic uses such as bone, cartilage, tympanic membrane, skin, liver, and devices, as well as wound healing.
	• Assessing translational and preclinical readiness in vivo biocompatibility, tissue vascularization, regulatory and scale manufacturability, as well as reproducibility.
	• Advanced concepts and emerging paradigms such as 4D printing, custom GelMA or alginate/cellulose blend incorporated with decellularized matrices, and biologically active component addition.

CONTRIBUTIONS IN THE RESEARCH TOPIC AND KEY INSIGHTS
The Research Topic consists of ten articles (5–10 ⇒ max 1,000 words), incorporating empirical research, systematic reviews, and mini reviews. Organized by theme, below are the highlights.
Technological and material innovations
	• Grandjean et al. were able to produce an innovative hydrogel bioink from a mixture of alginate and cellulose and Thrombocyte concentrate for tissue regeneration in WAYS: Incorporating structural supports with biological growth factors. Towards optimized tissue regeneration: a new 3D printable bioink of alginate/cellulose hydrogel.
	• Gaglio et al., along with Baruffaldi and Pirri, also evaluated the different origins and methods synthesized for the production of GelMA (gelatin methacryloyl) necessary for multimaterial bioprinting and synthesized valuable information that relates to the mechanical, rheological, and crosslinking print properties in addition to the biological compatibility of the materials used in the print.

Biomedical applications
	• The review “Bioprinting of gelatin-based materials for orthopedic application” by Waidi et al. discusses the state of gelatin and its derivatives for bone and cartilage constructs while pinpointing the challenges in mechanical strength, degradation kinetics, and integration.
	• In vivo characterization by Laubach et al. of 3D-printed polycaprolactone-hydroxyapatite scaffolds with a Voronoi architecture shows an increase in scaffold-guided bone regeneration, confirming that scaffold biomimetic design and composite materials are progressively yielding relevant translational outcomes.

Clinical and translational reviews
	• In Application of 3D printing in the treatment of diabetic foot ulcers: current status and new insights, Li et al. describe the functionalities of 3D printing wound dressings, scaffolds, and possibly devices with an emphasis on diabetic foot ulcers, the associated healing and infection issues being onerous on the clinical area.
	• In Advances in 3D printing for the repair of tympanic membrane perforation: a comprehensive review, Xue et al. summarize material alternatives, scaffold construction, and mechanical and acoustic features of a particularly important niche for the ear membrane’s functional requirements.
	• In 3D printing and bioprinting in the battle against diabetes and its chronic complications, Sathisaran discusses the potential of additive manufacturing to tackle issues that extend beyond wounds, including the vascular, renal, and pancreatic complications associated with diabetes.

Novel methodologies or concepts
	• In the mini-review on iPSC-derived cells for whole liver bioengineering, Telles-Silva et al. suggest using cells derived from a pluripotent stem cell line for liver tissue engineering, which helps to address both cell sourcing and the complexity of organ engineering.
	• Singh et al. Work on a caprine pancreas-derived extracellular matrix scaffold analyzes the decellularization methods (immersion vs. perfusion) designed to make scaffolds from emerging tissue banks–a reminder that it is not only printing, but the entire upstream biogenic material source, that counts.
	• The review 4-Dimensional printing: exploring current and future capabilities in biomedical and healthcare systems by Agarwal et al. adds on to our understanding not only of printed static constructs, but also dynamic constructs which over time change in shape, material properties, or behaviour.
	• In the same vein, Chang and Sun in Laser bioprinting in biomedicine: review of principles, techniques, and applications discuss advanced techniques of laser-guided bioprinting, promising cell-friendly, highly localized cell deposition, and biostructures of intricate geometry.

Common challenges and overarching themes
From these contributions, certain recurrent challenges emerge:
	1. The Challenges of Bioink Design: Striking a balance between optimal rheology, bioink printability, cell viability, bioink mechanical strength and degradability, and bioink biological cues is still a challenge. Numerous studies indicate trade-offs.
	2. Addressing Vascularization and Functional Integration: For thicker tissues and organs, there are still critical hurdles in satisfying host integration, vasculature, immune compatibility, and hosting sufficient nutrient and waste transport.
	3. Importance of Scaffold Architecture: Voronoi designs, multimaterial layering, porosity, and interconnectivity. All of these, the scaffold structural parameters deeply influence tissue ingrowth, overall mechanical performance, and more.
	4. The Dilemma of Translation vs. Scale: More in vivo studies appear every day, yet many technologies remain in the animal preclinical phase. Considerable Research Topic still exist around reproducibility, cost, ethics, and lack of standardization.
	5. Smart Constructs: Advanced bioinks and responsive materials are still in their preliminary stages, and 4D printing has yet to reach the more widespread clinical level.
	6. Bioinks and Decellularization: The ECM and its various sources, as in the case of the caprine pancreas, use of decellularization techniques, and the blending of natural polymers such as gelatin and alginate with synthetic composites like PCL-HA are proving critical in biocompatibility and mechanical compliance.

Broader context and future directions
Putting these findings in the broader biomedicine/regenerative medicine field:
	• The transition from proof-of-concept to more rigorous preclinical validation will require additional time in development. The community will need to develop standardized protocols for characterizing bioinks, assessing scaffold mechanics and degradation, immune response profiling, and evaluating long-term functional outcomes to cross into human therapies.
	• Bioprinting systems must be able to operate beneath appropriate Good Manufacturing Practice (GMP) or closely aligned surroundings, as regulatory authorities will perform increasing scrutiny on results. Output must prioritize accuracy, safety, sterility, and ease of tracing.
	• Authoring clinicians, biologists, and engineers from differing disciplines will be crucial as the focus shifts to the more complex aspects of organ repair and replacement.
	• The price, availability, and eco-friendliness of the tech will also be factors: using optimized bioinks from renewable resources, low-cost materials, and waste tech that is accessible in low-resource areas for more efficient printing (for example, to treat ulcers and wounds).
	• More intricate bioengineered tissues will expose ethical issues (patient cells, tissues, immune matching cross, iPS cells, and their donors) that must be addressed as in more complex bioengineered tissues.

CONCLUSION
In general, the outcomes of this Research Topic paint a lively and fast-developing landscape. The advancements in bioink formulation, scaffold construction, modified matrices, dynamic printing, and scaffolds of clinical significance demonstrate that 3D printing and bioprinting are not laboratory curiosities. While major challenges still exist, particularly relating to scale, vascularization, regulatory compliance, and integration, the advances presented here indicate that most of these challenges can be overcome. We hope this Research Topic serves not only as a source of cutting-edge information to the researchers but also inspires them to accelerate the implementation of 3D printing and bioprinting technologies and techniques into practical medical treatments.
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Bioprinting is an emerging field that utilizes 3D printing technology to fabricate intricate biological structures, including tissues and organs. Among the various promising bioprinting techniques, laser-induced forward transfer (LIFT) stands out by employing a laser to precisely transfer cells or bioinks onto a substrate, enabling the creation of complex 3D architectures with characteristics of high printing precision, enhanced cell viability, and excellent technical adaptability. This technology has found extensive applications in the production of biomolecular microarrays and biological structures, demonstrating significant potential in tissue engineering. This review briefly introduces the experimental setup, bioink ejection mechanisms, and parameters relevant to LIFT bioprinting. Furthermore, it presents a detailed summary of both conventional and cutting-edge applications of LIFT in fabricating biomolecule microarrays and various tissues, such as skin, blood vessels and bone. Additionally, the review addresses the existing challenges in this field and provides corresponding suggestions. By contributing to the ongoing development of this field, this review aims to inspire further research on the utilization of LIFT-based bioprinting in biomedical applications.
Keywords: 3D printing, bioprinting, laser-induced forward transfer, tissue engineering, biomedical applications

1 INTRODUCTION
3D printing is a technology that was first introduced by Charles Hull, which allows for the precise manufacturing of pre-designed 3D structures in a bottom-up and layer-by-layer fashion using digital computer-aided design (Miller and Burdick, 2016; Shahrubudin et al., 2019). Due to its high geometric precision, 3D printing has been widely used in various fields such as design, automotive, medical, and architecture, enabling the manufacturing of 3D structures with complex internal structures and unique external features (Shahrubudin et al., 2019). In the biomedical field, 3D printing is commonly referred to as bioprinting and has been applied in areas such as tissue engineering, drug discovery, and regenerative medicine (Yusupov et al., 2020; Wu et al., 2022).
Bioprinting is a novel research field that involves the integration of biological materials into 3D printing for rapid prototyping manufacturing (Fu et al., 2022; Wu et al., 2022). It utilizes the technology of additive manufacturing to create intricate three-dimensional structures by depositing biological materials on a receiver base or a substrate. The technology enables the precise placement of seed cells, biological materials, and biomolecules in space to generate tissue or organ substitutes that exhibit biological activity, closely resembling or even surpassing the functionality of target tissues or organs, thereby addressing various human health issues (Ayan et al., 2020; Mota et al., 2020; Daly et al., 2021; Dey et al., 2022). Bioprinting has successfully produced live tissues and organs, such as bones (Moncal et al., 2023), cartilage (Antich et al., 2020), blood vessels (Zhou et al., 2020), skin (Jin et al., 2021), nerves (Liu et al., 2021), and even artificial ears (Bhattacharyya et al., 2023).
To construct three-dimensional biological models that mimic natural tissues or organs within the body, different techniques have been developed, including bioprinting and microfluidic devices. Among these methods, 3D bioprinting is the most creative, with the potential to create functional tissues that can bridge the gap between artificial engineered tissues and native tissues. Bioprinting can be divided into various types (Murphy and Atala, 2014; Gao et al., 2021), including inkjet-based bioprinting, extrusion-based bioprinting, and laser-assisted bioprinting (Foyt et al., 2018). Inkjet bioprinters use biological materials as printing materials (Li et al., 2020; Suntornnond et al., 2022). The print head is controlled by an electrically operated lifting platform, and droplets in the print head can be dropped and formed with the help of heat or sound waves to achieve the printing of a three-dimensional structure. Extrusion-based bioprinters consist of syringe, nozzle, and pressure system, which extrudes the bio-ink from the nozzle by means of a piston or screw mechanism utilizing the mechanical force or pneumatic pressure (Pati et al., 2016). The print head deposits the material at specified locations according to computer data-controlled printing paths to create the desired shape. The working principle of laser-assisted bioprinting is to concentrate laser energy on an absorbent layer on a glass plate, which pushes the biological ink to the receiving substrate in the form of a high-pressure liquid bubble (Dou et al., 2021; Yang et al., 2021). Laser-assisted printing has the advantages of an open print head, which eliminates clogging problems, as well as high resolution and the ability to print complex structures and high-viscosity (high-cell-density) materials.
Laser-induced forward transfer (LIFT) is a type of laser-assisted printing technology that was first proposed by Bohandy in 1986 (Bohandy et al., 1986). In 2004, it was first applied to bioprinting and successfully printed cell patterns with high cell viability (Barron et al., 2004). Compared with inkjet and extrusion printing methods, LIFT technology boasts high printing accuracy and resolution (up to the micron level), high throughput, and high cell survival rate (Kanaki et al., 2022). Since there is no need for any nozzles during the printing process and there is no issue of ink clogging during printing. Additionally, this method can be combined with other bioprinting technologies to expand its printing capabilities and has the ability for in-situ printing (Kérourédan et al., 2019). As a result, LIFT has been widely applied in bioprinting of drug (Kanaki et al., 2023), DNA (Colina et al., 2005), proteins (Paris et al., 2022), human osteosarcoma cells (Barron et al., 2005), human endothelial cells (Gaebel et al., 2011; Koch et al., 2021) and mesenchymal stem cells (Keriquel et al., 2017) with applications in drug delivery and testing, nucleic acid microarrays, protein microarrays, printing of cells, tissues and organs, as summarized in Table 1. The high cost of LIFT technology is a significant factor limiting its research and commercial application. However, with the increasing demand for the manufacturing of complex biological structures, the cost of laser-assisted printing technology is rapidly decreasing. At the same time, the cost of lasers is expected to further decrease, which may lead to a further reduction in the cost of this technology.
TABLE 1 | Summary of the applications of LIFT in bioprinting.
[image: Table listing materials transferred, their applications, and references. Materials include Gemcitabine and human stem cells; applications range from drug delivery to bone regeneration. References are dated from 2004 to 2022.]This review focuses the biomedical application of bioprinting based on LIFT technology. The principle and ejection mechanisms of LIFT are briefly introduced. The various parameters related to LIFT bioprinting including laser energy, laser spot size, physical properties of the bioink, and thickness of the absorbing layer are discussed for effective and efficient bioprinting. We introduce the biomedical application of LIFT in printing of biomolecule microarrays cells, tissues, and organs. In addition, this review discusses the existing challenges and provides suggestions for future research.
2 LASER-INDUCED FORWARD TRANSFER
The principle of LIFT operation involves focusing a beam of light through a transparent substrate onto a metal or polymer film, where some of the light is absorbed and converted into internal energy (Delaporte and Alloncle, 2016; Mota et al., 2020). This process increases the temperature, expands and deforms, and may even cause liquefaction or vaporization, leading to material transfer (Serra and Pique, 2019; Fernández-Pradas and Serra, 2020). The LIFT device mainly consists of a laser source, a donor with several layers, and a receiving substrate as shown in Figure 1. The laser source is typically a single-wavelength, single-mode pulsed laser. The donor includes a transparent substrate, usually a quartz slide with almost zero absorption of laser light, a laser absorber layer coated with metal or metal oxide, and a biological solution coating layer that contains biological materials such as DNA, proteins, or cells. The receiving substrate is a buffer-coated slide.
[image: Diagram showing a laser directed onto a donor layer with an energy absorbing layer beneath. The laser creates bubbles that transfer material to a substrate below. Labels indicate each component.]FIGURE 1 | Laser-assisted bioprinting utilizes laser-induced rapid heating of the donor layer to form a bubble and propel the bioink onto the substrate. (from ref. (Foyt et al., 2018). licensed under Creative Commons Attribution 4.0 license).
2.1 Laser source
As the heat source in LIFT, pulsed laser systems with pulse durations of a few nanoseconds are the most commonly used laser sources, although ultrafast laser systems with picosecond and femtosecond pulses can also be used (Fernández-Pradas and Serra, 2020; Yusupov et al., 2020). Optical elements such as beam splitters and lenses are used to modify, guide, and focus the laser beam onto the donor substrate-donor layer interface. The laser wavelength needs to match the transparency of the donor substrate and the absorption capacity of the donor layer, although it may not play a key role in the process. Additionally, laser system parameters such as laser energy density, pulse duration, pulse frequency, and pulse energy have a significant impact on the printing process and results. The choice of wavelength depends on the interacting material (intermediate layer or material to be transferred), with ultraviolet radiation being very common. In the LIFT bioprinting process, pulse energy and laser beam size are crucial parameters, while some studies have also identified laser fluence (proportional to pulse energy divided by spot area) as a key parameter (Boutopoulos et al., 2014).
2.2 Donor
The donor layer in LIFT bioprinting usually consists of three components: the substrate, the absorber layer, and the biomaterial layer (Morales et al., 2018). Transparent glass is commonly used as the substrate for near-infrared or visible laser wavelengths, while quartz and fused silica are used for ultraviolet wavelengths. Additionally, flexible organic substrates are being explored as potential substrates. The biomaterial layer serves as the “ink”, that is, printed, and the cell ink comprises cells, cell culture medium, and matrix material. The “ink” requires biochemical properties similar to those of native extracellular matrix, and typically contains cell medium (Vinson et al., 2017), glycerol (Guillotin et al., 2010) or fibrinogen (Koch et al., 2018), etc. The matrix material should closely mimic the structure and composition of the extracellular matrix, with excellent biocompatibility, molding properties, low cell toxicity, and ease of degradation. An absorber layer is typically added between the transparent substrate and the donor layer to prevent direct laser interaction with the material to be transferred. Ti, TiO2, or Au is commonly used as the metal absorber layer (Barron et al., 2004; Duocastella et al., 2010; Dou et al., 2021). Various types of UV-absorbing layers, such as polymer films (Fernández-Pradas and Serra, 2020), have also demonstrated similar printing outcomes.
2.3 Receiving substrate
The receiving substrate, typically a cover glass, is positioned parallel to the donor and placed on a 3D movable platform, along with the donor, to receive the printed biological droplets (Serra and Pique, 2019). The glass substrate is coated with a hydrogel layer or other biocompatible material, which plays a crucial role in maintaining the viability of the biomaterial after printing (Catros et al., 2011a). Firstly, the layer acts as a cushion, effectively reducing shear damage caused by the impact of the printed biological material on the substrate. Secondly, the hydrogel hydrates the biomaterial, preventing the evaporation of small droplets on the receiving substrate. Thirdly, the collagen and laminin contained in hydrogel also facilitates the adhesion of the printed organisms to the substrate and support their continuous differentiation. For instance, Ringeisen et al. observed that the thickness of the coating on the receiving substrate influenced the cellular activity during the printing of multifunctional embryonic cancer cells (Ringeisen et al., 2004). In the absence of any buffering substance, the activity of the printed cells was 5%. Meanwhile, when the coating thickness was increased from 20 to 40 μm, the cell activity improved from 50% to >95%. However, the optimal thickness of the coating layer varies depending on experimental conditions, such as the viscosity of the bioink, laser energy, and spot size.
3 EJECTION MECHANISMS
LIFT is based on the principle of interaction between light and matter, where a portion of light is absorbed by a metal or polymer film of the donor and converted into internal energy, causing temperature increase and bubble formation when a laser beam is focused on the film through a transparent substrate (Serra and Pique, 2019; Dou et al., 2021). Subsequently, the bubbles expand and deform, leading to their collapse and the formation of a jet or droplet of bio-ink, which results in the transfer of material and ultimately the printing of cells or other biological materials in the bio-ink (Morales et al., 2018; Fernández-Pradas and Serra, 2020).
In order to explore the theoretical process of material transfer in LIFT, researchers have used numerical analysis and simulation methods to investigate the heat generated, temperature distribution, and material transfer mechanisms of different materials under different laser energies and pulse widths (Bohandy et al., 1988; Hu et al., 2017; Kalaitzis et al., 2019). To this end, they have proposed various theoretical models, including explosive ejection, phase-change ejection, and shockwave ejection. 1) The explosive ejection theory suggests that material transfer is caused by the pressure generated by laser ablation and vaporization, resulting in an explosion (Adrian et al., 1987). When the melting interface has not yet reached the air interface, the material has already undergone ablation and vaporization, and the gas pressure causes the material to undergo explosive ejection transfer in a very small space. 2) The phase-change ejection theory can explain the ejection of metal microdroplets well (Willis and Grosu, 2005). According to this theory, although metal materials expand under laser irradiation, they do not detach because they are constantly constrained by the solid state. At the same time, the focused laser gradually causes the melting interface to move along the metal film towards the air interface, until the intersection between the film and air is also melted, and the fully liquefied film at the intersection is no longer constrained, forming a metal droplet, that is, ejected and transferred. 3) The shockwave theory suggests that after heating, the film partially liquefies and vaporizes, and at the same time, the film tends to expand towards the substrate (Sotrop et al., 2013). When it reaches the substrate interface, a shockwave is generated, which causes the film to deform beyond its material strength and be ejected and transferred. However, these models generally only match well with their own experiments. Therefore, further research is needed to find a comprehensive model that can adequately explain the process of bubble formation and jet development in LIFT bioprinting.
Further research and understanding of LIFT theory is crucial to improve printing efficiency and accuracy, as well as to enhance the vitality of printed cells. As the formation of bubbles and jets is a complex multi-physics process, more in-depth studies are needed to improve the fundamental understanding of the interaction between laser and bio-ink, and the transfer process of bio-materials.
4 PARAMETERS RELATED TO LIFT BIOPRINTING
Several key factors, such as the formation of bubbles, jet development, deposition volume, resolution, and cell viability during the LIFT bioprinting process are influenced by various parameters (Serra and Pique, 2019; Dou et al., 2021), including 1) laser energy, 2) laser spot size, 3) physical properties of the bioink, 4) thickness of the absorbing layer.
4.1 Laser energy
The formation of the jet during LIFT bioprinting occurs in three different regimes depending on the level of laser pulse energy: the sub-threshold regime, jetting regime, and plume regime as shown in Figure 2 (Kryou and Zergioti, 2022). In the sub-threshold regime, the jet cannot form completely due to insufficient laser energy or high liquid viscosity, resulting in no material transfer. Conversely, in the plume regime, an unstable jet can occur due to excessive laser energy or low liquid density, leading to the formation of undesirable plumes and irregular droplets of varying sizes. Only when the laser energy is between the jetting and plume thresholds does stable jetting occur, enabling effective and controlled transfer of the bioink.
[image: Three different laser-induced regimes are shown: A) Subthreshold regime with three grayscale progression images, each labeled with time stamps. B) Jetting regime illustrating a narrow, pink formation emerging from the substrate. C) Plume regime showing a wider, branching formation. Each regime features a cross-section diagram above images and a scale bar marked at 100 micrometers.]FIGURE 2 | Schematic of three different regimes depending on the level of laser pulse energy: (A) sub-threshold regime, (B) jetting regime, and (C) plume regime. (from ref. (Kryou and Zergioti, 2022). licensed under Creative Commons Attribution 4.0 license).
4.2 Laser spot size
The laser spot size is another important parameter that affects LIFT bioprinting and will determine the resolution of the print (Yusupov et al., 2020; Kanaki et al., 2022). A smaller laser spot will usually give a higher resolution, but it will also transfer less ink when printing and therefore result in poor print efficiency. Therefore, the right laser spot needs to be selected to balance resolution and print efficiency.
4.3 The viscosity of the bioink
It is worth noting that viscosity is not only an important indicator of the bioink, but also plays a crucial role during bioprinting (Barron et al., 2004; Kalaitzis et al., 2019). If the viscosity of the bioink is too low, splashing may occur during the printing process. While the viscosity is too high on the contrary, the laser may require a higher energy to trigger the ink jetting process. In other words, only when the ink has an appropriate viscosity, can a stable jet be formed. Similar to laser spot size, the viscosity of bioink also significantly affects printing resolution, especially which has a greater impact on resolution than laser energy at low laser energy.
4.4 The presence of cells
The presence of cells in bioink is a crucial consideration, as it can significantly impact the quality of LIFT bioprinting (Dou et al., 2021). Compared to printing with cell-free bioink, the inclusion of cells typically requires higher laser energy, resulting in slower jet speeds and smaller print spots (Zhang et al., 2017). Additionally, the non-uniform distribution of cells due to aggregation in the bioink can cause two types of non-ideal jetting behaviors during printing: non-straight jets with non-straight trajectories and straight jets with non-straight trajectories.
As mentioned before, the thickness of the absorber layer and the distance between the donor and receiver layers can also impact the success of the printing process. Therefore, it is essential to utilize appropriate parameters when employing LIFT technology for laser bioprinting. Doing so can help to maintain printing speed and prevent biological alterations, such as damage to the phenotypic or nucleic acid integrity of the cells during LIFT bioprinting.
5 BIOMEDICAL APPLICATIONS
5.1 LIFT printing of biomolecule microarrays
Microarray is a solid-phase-based technology used for high-throughput parallel detection and analysis of biomolecules (Sun et al., 2007; Chi et al., 2023). It enables simultaneous detection of thousands to millions of biomolecules, such as DNA, RNA, and proteins. The wide application of biological microarray includes gene expression analysis, genotyping, proteome-wide molecular interactions, and disease diagnosis. The fabrication of biological microarrays mainly rely on techniques such as spotting with photolithography, inkjet printing, and mechanical micro-spotting. Although these methods are relatively mature, each approach has at least one limitation in regards to post-printing biomolecular activity, the molecule spot density or spatial resolution. The LIFT technique offers high spatial resolution and high accuracy, and thus has high potential for the preparation of microarrays.
5.1.1 Nucleic acid microarrays applications
Nucleic acid microarrays are a technique in which probes such as DNA, RNA and peptides are immobilised on the surface of a chip and hybridised to the labelled sample by the principle of base complementary pairing to achieve signal detection and analysis (Zhang et al., 2020). This technology has broad applications in drug screening, environmental monitoring, and disease diagnosis. Colina et al. successfully printed droplets containing cDNA onto substrates coated with L-polylysine using the LIFT technique, forming regular microarrays of deposited droplets with a diameter of 90 μm (the size could be smaller but was chosen for consistency with microneedle spotting) (Colina et al., 2005). By comparing the genetic signal of the DNA arrays with that of the microneedle-dotted samples, it was found that the genetic signal of the LIFT-printed DNA remained consistent with the microneedle-dotted samples, indicating that the laser pulses in LIFT caused little damage to the DNA. Other studies have also indicated that nucleic acid microarrays printed using LIFT technology yield comparable detection results to other conventional techniques and often offer higher printing resolution (Serra et al., 2004; Tsekenis et al., 2012; Tsekenis et al., 2015).
5.1.2 Protein microarrays applications
Similar to nucleic acid microarrays, protein microarrays are a technology that involves immobilizing protein molecules (such as antibodies, antigens, enzymes, and receptors) as probes onto specially chemically treated substrates (Du et al., 2021; Wang et al., 2023). These probes’ specificity is utilized to detect target samples. Bovine serum albumin (BSA) was the first protein successfully printed using the LIFT technique from a biological solutions (Ringeisen et al., 2002). Subsequently, various peptides, proteins, antigens, and enzymes were also printed based on LIFT. Recently, Paris et al. (2022) proposed an automated synthesis instrument combining laser transmission and robotics for parallel synthesis in a microarray format with a spot density up to 10000 spots cm−2 which are much higher than commercial peptide arrays (Figure 3). The high-throughput microarray is used to analyze proteins from Ebola survivors. In comparison to the commercial Ebola virus surface glycoprotein microarray, this fabricated array not only displays existing epitopes but also detects additional epitopes known from the literature. These experiments demonstrate the ability of LIFT technology to print various proteins without disrupting their structure.
[image: Diagram of a peptide microarray with overlapping peptides illustrated as colored circles. Panels B and C show microscopic images of the arrays, featuring red signals on a dark background. Graphs D and E display intensity plots, with peaks representing peptide responses. Graph D has purple peaks, and graph E has blue peaks, both plotted against peptide sequences on the x-axis.]FIGURE 3 | The microarray functionalized with Ebola virus surface glycoprotein peptide for screening IgG antibodies in disease survivors. (A). The sequence of the Ebola virus surface glycoprotein was mapped into 662 overlapping 15-residue peptides, with a lateral shift of 1 amino acid per spot. After serum incubation, the binding of antibodies to arrays with (B) 4444 and (C) 10,000 spots/cm2 was analyzed by fluorescence imaging. The results signals of (D) 4444 spots/cm2 and (E) a commercial reference microarray were shown. (from ref. (Paris et al., 2022). licensed under Creative Commons Attribution 4.0 license).
LIFT is also used for printing other biomaterials, such as lipid vesicles, which have been extensively studied as drug carriers and for applications in biosensing. However, lipid vesicles are molecular structures composed of lipid bilayers, and their diameters can reach several tens of micrometers, making them difficult to print using traditional direct printing techniques. Nevertheless, LIFT technology enables the printing of large-sized particles. Palla-Papavlu et al. (2011) successfully printed lipid vesicles using this technique, without causing damage to the vesicle membranes during printing.
5.2 LIFT printing of cells, tissues and organs
Human tissue is a complex three-dimensional structure composed of multiple types of cells and matrix components. The biomaterials surrounding cells in 3D cell printing can mimic the functionality of the extracellular matrix in the body, providing a suitable microenvironment for cell survival, proliferation, and differentiation (Kang et al., 2020; Mota et al., 2020; Wu et al., 2022). Most cell printing techniques have difficulty in meeting the high resolution (∼μm) required for the construction of microvasculature and nervous systems. LIFT technology allows for the accurate layer-by-layer deposition and stacking of active cells and biomaterials onto scaffolds in a defined spatial sequence, enabling the printing of various kinds of cells, tissues and organs.
5.2.1 Cells applications
Cell printing serves as the foundation for tissue and organ printing, and many research groups have conducted studies on novel cell printing methods for tissue engineering. Bioinks containing cells, such as hydrogel solutions, typically have high viscosity, making them particularly suitable for printing using the LIFT technique. Moreover, LIFT is a non-contact and nozzle-free printing technology, which greatly reduces the issue of cross-contamination and to some extent eliminates clogging problems (Serra and Pique, 2019). The Chinese hamster ovaries eukaryotic cells were the first to be reported to be printed using LIFT technology, and no structural or genotype damage was observed in these cells (Wu et al., 2001). Ovsianikov et al. (2010) applied LIFT to introduce multiple cell types such as smooth muscle cells and ovine endothelial cells into the scaffold produced by two-photon polymerization technique, which may play an important role in 3D tissue printing with unprecedented flexibility and precision. Other types of cell such as human osteosarcoma cells (Barron et al., 2005), olfactory ensheathing cells (Othon et al., 2008) and neuronal cells (Patz et al., 2006) have also been reported to have been successfully printed using the LIFT technique. These printed cells typically maintain 100% viability and exhibit normal growth and proliferation without any functional or DNA damages. These findings demonstrate the feasibility and advantages of LIFT technology in cell printing, as it allows for the printing of high-viscosity bioinks and micrometer-scale cells while maintaining high printing resolution.
5.2.2 Skin tissue applications
As the largest organ in the human body, the skin plays a crucial role in the body’s survival processes, providing functions such as barrier protection, immune response, prevention of water loss, and waste excretion. Severe extensive damage to the skin can result in life-threatening conditions for patients due to fluid loss, imbalanced osmotic pressure, and wound infections. Autologous skin grafts for patients with extensive skin damage often do not have sufficient skin donor sites, allogeneic and xenogeneic skin has immune rejection problems and skin wound excipients are not biologically active. 3D bioprinting technology offers the potential to custom manufacture functional skin substitutes, providing an effective solution to address the shortage of transplantable skin. Koch et al. (2012) conducted a 3D arrangement experiment using LIFT bioprinting to investigate the process of skin tissue formation. The study examined different parameters, including cell localization and proliferation, in a simplified model of double-layered skin tissue composed of fibroblasts and keratinocytes. The results demonstrated the potential and feasibility of bioprinting skin tissue. Michael et al. (2013) also conducted research on the development of skin substitutes using laser-assisted bioprinting technology. The skin construct consisted of 20 layers of fibroblasts and 20 layers of keratinocytes sequentially deposited onto Matriderm™ sheets. The effectiveness of the skin substitute was evaluated by transplanting it into skin wounds on the backs of mice. All mice in the experiment survived without showing any abnormal eating or sleeping patterns. Furthermore, the transplanted skin adhered to the wound edges after 11 days, and the presence of small blood vessels was observed. This study further confirms the potential of LIFT technology in skin bioprinting. Douillet et al. recently introduced the concept of “time” into 3D printing and proposed 4D bioprinting technology (Douillet et al., 2022). They utilized this technology to develop a new model for achieving dynamic remodeling of fibroblasts in vitro. This approach offers a versatile new tool for studying the characteristics of dermal tissue and its remodeling process during wound healing. LIFT bioprinting of skin currently enables the controlled printing of multi-layered skin substitutes. However, there are still significant challenges to be addressed before practical applications can be realized, such as the reconstruction of vascular networks, the construction of skin appendages, and the selection of suitable biomaterials.
5.2.3 Blood vessels applications
Vascular diseases have always been one of the major medical challenges threatening human health. The current prevailing treatment method for such diseases is cardiovascular structure transplantation. However, the transplantation of biological grafts is associated with negative impacts including progressive occlusion, infection, limited regenerative potential, immune rejection reactions, and the risk of transmitting animal diseases. Moreover, the variations in anatomical structures among individuals result in diverse manifestations of cardiovascular defects, making the treatment of these diseases exceptionally challenging. In this regard, the emergence of 3D bioprinting technology enables the high-fidelity reconstruction of vascular structures and offers a relatively cost-effective solution. By precisely tailoring vascular substitutes based on individual patient characteristics, bioprinting minimizes transplantation risks and enhances regenerative potential. Xiong et al. (2015) achieved the printing of straight and Y-shaped tubes using two different bioinks (8% alginate solution and 2% alginate-based mouse fibroblast suspension) based on LIFT technology. After 24 h of incubation, the viability of the cells in the printed straight and Y-shaped tubes remained above 60%. The vascular network within tissues comprises blood vessels of varying diameters, with capillaries reaching sizes as small as 10 μm and there is a lack of reported studies on 3D bioprinting of capillaries. Koch et al. (2021) achieved the preparation of tubular structures of tens of micrometers in diameter using the LIFT 3D bioprinting technique (Figure 4). However, these printed capillaries lacked a natural structure and dissolved within 2 days after printing. Given the varying diameters of blood vessels within the human body, ranging from ∼10 μm to ∼1 mm, achieving proper integration between capillaries and larger blood vessels to ensure adequate blood perfusion poses a challenging task in tissue printing. This presents a formidable challenge for LIFT printing technology, which may necessitate the combination of other techniques to accomplish this objective.
[image: A composite image displays three panels labeled A, B, and C. Panel A features a grid pattern in green fluorescence. Panel B shows a linear green fluorescent structure and two blue-stained cells. Panel C depicts another linear green fluorescent structure and three green-stained cell clusters. Each panel includes a scale bar for reference.]FIGURE 4 | Vessels formed with labelled (green fluorescent) endothelial cells on Matrigel (within 24 h) are presented in (A) grids or (B, C) a line. Scale bars are 1 mm (A), 200 µm [(B) left and (C) left], 50 µm [(B) right and (C) center], and 10 µm [(C) right]. (from ref. (Koch et al., 2021). licensed under Creative Commons Attribution 4.0 license).
5.2.4 Other tissues or organs applications
LIFT-based 3D bioprinting technology has also been utilized for the printing of other tissue and organ structures, including the bone, neural structures and the heart (Gaebel et al., 2011; Curley et al., 2016). These applications highlight the immense potential of this technology in the field of tissue engineering. Catros et al. utilized laser printing to create 2D and 3D composite structures by printing human osteoprogenitors derived from human bone marrow stromal cells (Catros et al., 2011a). The resulting structures demonstrated favorable functionality and maintained the properties of cell proliferation and differentiation after the bioprinting process. Keriquel et al. (2017) utilized LIFT technology for in situ printing of mesenchymal stromal cells, associated with collagen and nano-hydroxyapatite, to investigate bone regeneration in a mouse calvaria defect model (Figure 5). By testing different cell printing geometries, the results demonstrated the impact of varying cellular arrangements on bone tissue regeneration. Curley et al. (2016) utilized laser printing technology to print dorsal root ganglion neurons, and the printed cells maintained a high level of vitality, exhibiting neuronal processes capable of nerve growth and network formation. Moreover, they demonstrated the expected migration and proliferation of the cells. Due to the ability to self-renew, similar to embryonic stem cells, human induced pluripotent stem cells (iPSCs) can undergo extensive expansion and maintain the potential to differentiate into all cell types of the human body (Takahashi et al., 2007; Yu et al., 2007). Therefore, these cells have been widely applied in 3D bioprinting. Koch et al. (2018) successfully demonstrated the laser printing of hiPSCs by selecting appropriate bioink materials. They found that iPSCs were more sensitive to the bioink materials, and the key to successful iPSC printing lied in the selection of suitable biomaterials such as hydrogels and sols, which enabled the differentiation towards cardiomyocytes. Gaebel et al. (2011) applied the LIFT technology to print human umbilical vein endothelial cells and human MSC on a Polyester urethane urea cardiac patch for cardiac regeneration. The results demonstrated that the LIFT-printed patches facilitated the formation of blood vessels when transplanted into RNU rats and could significantly improve the function of their infarcted hearts.
[image: Diagram showing two parts. Part A illustrates a laser-assisted bioprinting process, with a laser focusing through a lens onto a gold absorbing layer, creating micro droplets printed onto a substrate for potential application in a mouse. Part B presents microscopic images comparing nHA-collagen with D1 cells in ring and disk forms over one and two months, highlighting differences in structure. Scale bars are included for reference.]FIGURE 5 | (A) Schematic of bone repair with the laser assisted bioprinting approach. (B) Histological evaluation of bone repair was performed through Hematoxylin/Eosin/Safran staining in mouse tibial defects at 1 and 2 months post bioprinting. [from ref. (Keriquel et al., 2017). licensed under Creative Commons Attribution 4.0 license].
6 FUTURE PERSPECTIVE AND CONCLUSION
With its advantages of high precision, accuracy, and cell viability, LIFT technology has found extensive application in various biomedical fields, including drug delivery and testing, nucleic acid microarray printing and tissue bioprinting. However, several technical challenges need to be addressed before LIFT-based bioprinting products become commonplace. These challenges are discussed from the following perspectives:
	1. The quality of laser printing is directly determined by the dynamics of jet formation. Therefore, it is crucial to clarify the physics processes underlying bubble and jet formation. In order to accurately predict the initial bubble formation and the jetting behavior under various printing conditions, it is necessary to continuously verify and optimize different theories, thereby establishing an accurate physical model. The formation of bubbles and jets involves high pressure, high acceleration, and rapid temperature changes. In-depth research on this topic can further optimize the process of bioprinting.
	2. Creating realistic tissue organs involves different types of cells with varying shapes, making it a challenge to select suitable printing parameters. LIFT printing is characterized by slow printing speed, and when printing under ambient conditions, the properties of the bio-ink, such as viscosity and cell density, tend to change over time. This can significantly impact the printing quality of tissue organs. Therefore, real-time monitoring of the ink’s condition to select appropriate printing parameters is necessary, or appropriate measures should be taken to prevent ink from drying during the printing process.
	3. The obstacles between laboratory research findings and commercial production are significant. The significant differences between laboratory research and commercial production include scale, technological requirements, standardization, validation, and financial aspects. Currently, tissue printing in laboratory research is still immature. Thus it is necessary to further enhance the stability, success rate, and repeatability of printing to improve feasibility. Meanwhile, limited by the current speed of LIFT printing, it is not feasible to manufacture bio-products on a large scale with high efficiency. Therefore, optimization of experimental equipment and processes is required to achieve high-speed, high-efficiency, and cost-effective large-scale biomanufacturing.

In summary, LIFT technology has garnered widespread attention since its application in the biomedical field. The feasibility of printing biomolecules and cells using LIFT has been demonstrated in numerous studies. This review provides an overview of the concept, jetting mechanism, and relevant printing parameters of LIFT. It also discusses the biomedical applications of LIFT in printing cells (osteosarcoma, endothelial and mesenchymal stem cells) or tissues (skin, blood vessels, bone and neural tissues). Research focusing on LIFT bioprinting is still limited due to the complexity of implementing LIFT technology and the higher cost of equipment. However, with advancements in related technologies such as biology, materials, and automation, it is anticipated that more researchers will be attracted to engage in LIFT bioprinting.
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4-Dimensional Printing (4DP) is the latest concept in the pharmacy and biomedical segment with enormous potential in dosage from personalization and medication designing, which adopts time as the fourth dimension, giving printed structures the flexibility to modify their morphology. It can be defined as the fabrication in morphology with the help of smart/intelligent materials like polymers that permit the final object to alter its properties, shape, or function in response to external stimuli such as heat, light, pH, and moisture. The applications of 4DP in biomedicines and healthcare are explored with a focus on tissue engineering, artificial organs, drug delivery, pharmaceutical and biomedical field, etc. In the medical treatments and pharmaceutical field 4DP is paving the way with unlimited potential applications; however, its mainstream use in healthcare and medical treatments is highly dependent on future developments and thorough research findings. Therefore, previous innovations with smart materials are likely to act as precursors of 4DP in many industries. This review highlights the most recent applications of 4DP technology and smart materials in biomedical and healthcare fields which can show a better perspective of 4DP applications in the future. However, in view of the existing limitations, major challenges of this technology must be addressed along with some suggestions for future research. We believe that the application of proper regulatory constraints with 4DP technology would pave the way for the next technological revolution in the biomedical and healthcare sectors.
Keywords: 4-Dimensional Printing, sustainability, biomedical application, smart materials, pharmaceutical applications, healthcare, 4D bioprinting

1 INTRODUCTION
The term “4D Printing” (4DP) was coined firstly by Skylar Tibbits in 2014 (Tibbits, 2014) (Raviv D., 2014). Though this is just the inception to explore the potential of 3-Dimensional Printing (3DP) and 4DP in pharmaceuticals and healthcare, innovation is believed to be a non-stop process (Zema et al., 2017; Awad et al., 2018; Trenfield et al., 2018). Advancements are continuously being done in 3DP in overall potential including speed, accuracy, multiple materials, and fabrication accuracy. 3DP though has several applications in the biomedical field but also has some inherent weaknesses as it focuses on the manufacturing of static structures which are highly rigid in nature, retaining the shape of the originally printed structure and performing only a single function (Kuang et al., 2019; Wadher et al., 2021). Biomedical and Pharmaceutical applications require dynamic functions that cannot be fulfilled by 3DP technology. With the progression of biomedical nanotechnology (Gacem et al., 2022; Yadav et al., 2023b), researchers are now focusing on stimuli-responsive materials (smart polymers) which were beneficial in the development of drug delivery systems. These stimuli-responsive materials (smart materials) have the characteristic feature to respond to specific external stimuli when applied. These materials have the unique feature of showing pre-programmed responses and are therefore highly suitable for intelligent applications (Tan et al., 2019).
4DP is found to be the most remarkable transformation in the existing 3DP technique and is an exemplar of the additive manufacturing (AM) technique. 4DP is another smart technology to design flexible and dynamic structures and overcome the limitations of 3DP technology (Khoo et al., 2015). It is crucial to have information about 3DP, its history, and techniques of printing as it will help us to understand the latest concept of smart 4DP and its discovery in a better manner. Many simple and complex materials have been printed recently, by using Computer Aided Design (CAD) through 3DP technique under the overall control of a computer. 3DP has attained great interest among industries and academic institutions due to its high speed, great accuracy, and cheaper cost of production. 3DP is a multidisciplinary approach that collaborates various streams of sciences such as material, engineering science, mechanical & data processing, etc. 3DP is a unique technique by which complex structures can be designed which is not possible by conventional techniques (Melchels et al., 2012; Libonati et al., 2016; Choong et al., 2020; Nishiguchi et al., 2020). Successful discoveries have been done in the fields of remotely actuated robots (Maccurdy et al., 2016), bio-inspired designs (Wegst et al., 2015; Gu et al., 2017), micro-environments and tissues (Zhu et al., 2016) and drug delivery systems. 3DP has proven to be an intelligent and smart technology in the biomedical and other industrial sectors though 4DP is now in its infancy, but it has the super potential to transform the manufacturing industry in future. The basics of 4DP are depicted in Figure 1.
[image: Flowchart illustrating the 3D and 4D printing process. Smart materials created using a 3D printer form static structures. With stimuli such as temperature, moisture, radiation, pH, and electromagnetic signals, these structures undergo 4D printing to become smart dynamic structures.]FIGURE 1 | Conversion of 3D into 4D printing.
2 4D PRINTING
A research group at MIT first conceptualized the idea of the 4DP of objects (Zhang Z. et al., 2019). The new era is getting more and more advanced due to progressive and continuous growth in different areas of science and technology. 4DP was found to be a dynamic shift in smart manufacturing techniques and is considered to be the most commendable transformation in the 3DP technique. Basically, 4DP can fabricate the 3DP materials by eternal stimuli. 4DP can create those products which can change their morphology in response to an external stimulus such as light, heat, temperature, pH, or water. The basic process involved in 3DP & 4DP techniques are very similar but the variation in 4D printed products is the use of smart materials for the design which is adaptable (Choi et al., 2015). This 4DP process demonstrates a quantum jump in AM smart techniques (André, 2017) which offers a medium to convert notions into reality with functionality that is driven by the performance. With the 4D technique, a large range of materials can be produced which are actively programmable and capable of self-transforming into another shape (Ahmed et al., 2021).
There are three salient features of 4DP that must be satisfied. First is the “selection of composite material” (or intelligent material) which should be responsive to external stimuli, when given. The second is the “external stimulus” which when added to the material makes the object animated. Last is the “time taken by the object to get stimulated” (Pei, 2014). Therefore, the 4DP method is an amazing addition of 3D printers, well-programmed design, and smart materials (Momeni et al., 2017; Shin et al., 2017; Wu et al., 2018). This technique is capable of reducing manufacturing labor costs to the minimum level. Massive products can be manufactured in 3D printers and only be used when exposed to the environment. The industry believes that surgical equipment, biomaterials, and nanotechnology are the most promising healthcare fields in which 4DP are most likely to be implemented (Hu et al., 2021). Latest advancements in the field of material science have produced many smart/intelligent polymeric materials for 4DP techniques that have the potential to self-assemble or deform themselves in response to an external stimulus such as UV light, temperature, magnetic and electric current, pH, etc. (Zhang et al., 2022).
There are many advantages of 4DP technology such as it is highly cost-efficient, time-efficient, less error-prone, highly productive, and sensitive (Tibbits, 2014). There is an increasing interest in studying 4DP technology in responsive structures such as printed actuators, soft robotics in medical devices (Bakarich et al., 2015), smart textiles, and aerospace (Fulcher et al., 2010). 4DP explores the latest branch from AM which explores the future possibilities for both 3DP and 4DP technologies.
3 IMPORTANT FACTORS REQUIRED FOR 4D PRINTING
4DP is highly dependent on five factors these are equipment/3D printers, stimulus-responsive material, stimuli, interaction mechanism, and the types of AM processes (Momeni et al., 2017; Zhang Z. et al., 2019). The AM process does not need any tool and it allows the production of printing material from the command received from the software. There are many types of AM processes such as Selective Laser Sintering (SLS), Selective Laser Melting (SLM), Stereolithography (SLA), Fused Deposition Modeling (FDM), Direct Ink Writing (DIW), Electron Beam Melting (EBM), etc. Most of the processes can print 4D material if, printing is in agreement with the printer. Another factor is the intelligent or smart stimuli-responsive materials used for advanced 4DP. The capability of the smart materials to self-transform themselves against external stimuli showed the strength of the 4DP technique. The next factor is the physical stimuli (temperature, light, moisture, magnetic energy (Yadav et al., 2020; 2023a), electric energy, Ultraviolet light (Modi et al., 2023b), etc., and chemical or biological) that are used in 4DP. The chemical stimuli cover the chemicals, pH level, etc. and the biological stimuli are the enzymes and glucose. Other factors are mathematical modeling and the mechanism of interaction. When an external stimulus is given to a programmable material it has the tendency to undergo the required transformation. It is important to plan the duration of mathematical modeling for which the stimulus will act on the programmable material. In Figure 2 all the factors are depicted which are responsible for 4DP.
[image: Diagram depicting factors responsible for 4D printing. Central black circle labeled "Factors Responsible for 4D Printing" is surrounded by a blue ring with red arrows pointing to it. The blue ring features five elements: "Mat. Model.", "AM Processes", "Stimuli", "Smart Mat.", and "Inter. Mech.", representing key influences in 4D printing.]FIGURE 2 | Factors responsible for 4DP.
4 PROMISING SMART MATERIALS USED FOR 4DP
Generally, the materials used for 4DP are called smart or intelligent materials because these are capable to change their properties with time (Leist and Zhou, 2016). Further intelligent materials are not defined universally and can sense the environmental stimulus and produce a useful response. This also includes conventional sensing materials such as piezoelectric materials which several researchers categorize as “intelligent” (Liu K. et al., 2021). Smart materials contribute an important and significant role in 4DP by acquiring, performing, and operating the given stimulus (Haleem et al., 2021). These sustainable materials respond to the given stimulus by performing the actuation, the shape-morphing, or functional modifications resulting in a complete change in the morphology (Invernizzi et al., 2018). Intelligent materials show unquestionable diverse features which can be exploited in products and structures such as responses to external stimuli like self-sensing, self-healing (automated recovery), self-actuating, self-diagnostic, and shape-changing (Liu et al., 2020). Therefore, smart or intelligent materials are those materials that provide a means of attaining an active and intelligent response in a product and have the potential to produce a myriad of increased functionalities. External stimuli are considered to be the biofuel of 4D printing technology (Pingale et al., 2023). A desirable response to external stimuli of the object is acquired by exploiting the physical properties of the printing materials. Therefore, the selection of smart material is highly dependent on the utility and employment of the object printed by 4DP (Ameta et al., 2022). Various smart materials and their applications have been discussed in Table 1 and Figure 3.
TABLE 1 | Different variety of smart materials and important applications.
[image: A table describing various types of smart materials: thermo-responsive, photoresponsive, moisture-responsive, electro-responsive, magneto-responsive, pH-responsive, and piezoelectric materials. Each type is detailed with a description, applications, and references. Applications include medical uses, self-folding polymers, hydrogels, electro-stimulative gels, printed hydrogels, and more. References are provided for each category.][image: Diagram depicting various categories of smart materials used in 4D printing. Categories include photoresponsive, thermoresponsive, moisture responsive, electroresponsive, magnetoresponsive, pH responsive, and piezoelectric materials. Each category lists examples such as PLA/Fe\(_3\)O\(_4\), PNIPAm, Glucose Oxidase, Polyaniline, TbFe\(_2\), and PVDF, showcasing their applications in smart material technology.]FIGURE 3 | Stimuli-responsive smart materials used in 4D printing technology (Sun, 2015; Zhang F. et al., 2019; Farid et al., 2021; Chu et al., 2022). PLA, poly (lactic acid); PNIPAm or NIPAM: Poly (N-isopropylacrylamide); (AMPS), 2-Acrylamido-2-methylpropane sulfonic acid; MBAm, N,N′-Methylenebisacrylamide; NFC, nanofibrillated cellulose; DMA, Dimethylacetamide; PEGDA: poly (ethylene glycol) diacrylate; PPGDMA, poly (propylene dlycol) dimethacrylate;PPy, Polypyrrole; CNPs, Nanostructured carbon nanoparticles; ZNOQDs, surface-modified zinc oxide quantum dots; PVDF, piezoelectric polyvinylidene fluoride; BTO: Barium titanate.
5 4DP APPLICATIONS
Many recent studies have explored a nascent field that integrates therapeutics with 3D and 4D printing. As a result, many formulation concepts and pharmaceutical devices have emerged that can be printed and possibly tailored to an individual. Traditional production is being replaced by rapidly expanding 4DP technology in a wide range of industries that includes medical engineering, healthcare (Yadav et al., 2022), automobile, electronics, textiles, aerospace engineering, defense (Yadav et al., 2023c), advanced 4DP software, etc. (Sahafnejad-Mohammadi et al., 2022). Different applications and a complete overview of 4DP are shown in Figure 4.
[image: Diagram illustrating 4D printing components and applications. Left column lists factors, materials, properties, techniques, and research work. Right side shows applications in biomedical, tissue engineering, drug delivery, shape morphing devices, and soft robotics, connected by lines.]FIGURE 4 | An overview of 4D printing technology and its applications. AM, Additive Manufacturing; FDM, Fused Deposition Modeling; SLA, stereolithography apparatus; SLM, Selective laser melting; DED, Direct energy deposition; DIW, Direct-Ink-Writing.
5.1 Opportunities in biomedical and healthcare
In medical devices and healthcare, a growing interest is seen in 4DP which explores a new arena of additive manufacturing research that has the potential to explore both 3DP and 4DP technologies. 4DP has a great advantage for diversified biomedical and healthcare applications, such as tissue engineering, bio-actuators, biosensors, and robotics (Liu B. et al., 2023). The medical and pharmaceutical sectors may be a potential field where 4DP objects can do miracles through biomedical applications of 4D printed objects dependent on chosen printing techniques, parameters, and the desired final usage (Choudhary et al., 2023a). Through a small incision, 4DP stents can be grafted into the body at the desired location, the shape can also be changed with the application of external stimuli and get useful results (Guo et al., 2023). 4D printing is a unique and developing smart technology that may add a novel approach to personalized medication designing and site-specific drug delivery concepts. This technique may take micro-robotics and bio-printing to a higher level and can surely make our healthcare and medical system better and smarter.
Biocompatibility is an important issue in the fabrication of Bio-Medical (BM) devices. Another issue of great importance is fabricating high-resolution structures that remain stable in their temporary as well as permanent spatial arrangements (Wang Q. et al., 2022). Due to the limitations in the physical properties, a single smart material can’t show a perfect structure but these materials are printed by smart 4DP techniques, resulting in their thermo-mechanical behaviors that can be created to promote controlled shape-memory behavior of the desired final printed structure (Ge et al., 2016). Autonomous shape memory and printability in response to an external stimulus are the most important requirements of 4DP materials (Shin et al., 2017). Kokkinis and his co-workers focused their work on 4DP which is magnetically triggered (Kokkinis et al., 2015).
It is said that the 4DP technique works on 3DP fabricating materials made from intelligent materials which are able to fold/unfold themselves. The use of these smart materials can be divided into two mechanisms, i.e., bio-adhesion and encapsulation based on drug delivery. There is a great global concern among scientists about novel drug delivery approaches and 4DP has the potential to offer the new concept of fabrication. In the search for real medical applications, still, high-quality research is needed to apply the technology to consumable medications (Choudhary et al., 2023b).
5.1.1 Bioadhesion devices and drug delivery
An important application of 4D bio-printing is related to pharmaceuticals, bio-adhesion, and drug delivery systems where drugs or cells are encapsulated and then released under the influence of a particular stimulus (Trenfield et al., 2019). Efforts have been directed to develop responsive materials for being used in designing drug delivery systems for localized delivery of drugs and desired kinetics (Gazzaniga et al., 2023). The transdermal drug delivery system has greatly accelerated with microneedles that can penetrate transdermal delivery systems in a painless and convenient manner (Ma and Wu, 2017). A good example of painless drug administration through the skin was given by Liu et al., 2021. which has a hierarchical, limpet tooth-inspired architecture. Many stimuli-responsive systems can be used for targeted drug delivery and for achieving drug release, on demand. The surface properties of stimuli-responsive materials can also be modulated through intrinsic or extrinsic stimuli for enhancing penetration ability and improving cellular uptake (Li et al., 2019).
Bioadhesion devices are capable to initiate drug release by attaching themselves to the intestinal endothelium. According to a group of workers, this application develops a three-layered, mucoadhesive drug delivery system that is designed to work for sustained release formulation (Malachowski et al., 2014). Another bio-adhesive formulation using these materials is well-known multi-fingered thermo-responsive drug removal devices, also known as ‘theragrippers’ (Villar et al., 2011). Theragrippes are multilayered mini/microdevices with sharp microtips, which can latch onto the mucosal tissue in response to different kinds of stimuli. When exposed to temperatures above 32°C according to the predetermined design, it spontaneously grips onto the tissue as soon as introduced into the body at room temperature (Ghosh et al., 2020).
5.1.2 Encapsulation devices
Encapsulation devices can be created for controlled drug delivery due to the unique feature of 4D printed materials to self-fold or unfold themselves. For example, scientists have printed a multisome when exposed to a certain pH; released its inner content and the signal was measured with fluorescence microscopy (Villar et al., 2011). A microrobot device has been created that consisted of a hydrogel bilayer which was fabricated by conventional lithography (Li et al., 2016). Pharmaceutical contents &l living cells can also be printed by 4DP as researchers have fabricated pancreatic beta-cell and fibroblasts onto structures (Azam et al., 2011).
5.1.3 Biosensors, bioactuators and biorobotics
The 3D bioprinting (3DBP) technique is used to design biosensors (sensing devices in biological environments) previously. In recent years, implantable sensors have fetched revolutionary interest in healthcare that can provide continuous information for prolonged periods of time (Zhao et al., 2020). A transition from rigid and bulky devices to miniaturized flexible ones is seen with Hydrogels (as soft materials) to bridge the gap between soft biological systems and hard artificial machines (Ying and Liu, 2021).
A two-photon stereolithography approach has already been used to fabricate biosensors that are microcantilever-based, using polymers that are molecularly imprinted (Gomez et al., 2016) and the stereolithography technique has been used to make cantilevers that contain magnetic nonmaterial’s (Credi et al., 2016). These are useful to study the functions and nature of cells. 4DP bioactuators were investigated and fabricated by alginate hydrogel alginate hydrogels, which are able to withstand different temperatures (Bakarich et al., 2015). Another group printed a temporary shape airway stent which was converted back into a permanent shape by an increase in temperature (Zarek et al., 2017). 4DP has also got a great response in robotics and bioactuators which can be used for further advancement of smart technology. Various non-affordable materials can be fabricated by 4DP and used in the robotic industry. SM polyurethane micro-actuator with tunable properties was fabricated by a group of workers by 4DP (Hearon et al., 2015).
Self-healing pipes and hydrogels, and removing construction errors are some of the important applications of 4DP smart materials that will do wonders in the upcoming time. These 4DP materials are also used as sensors and printed artificial organs (Ahmed et al., 2021). Cells and tissues can be inserted into 4DP materials for providing mechanical forces for bioactuators/biorobots (Stanton et al., 2015). The biorobots can be used in drug delivery systems, difficult surgeries, and as therapeutic agents. In fact, certain difficulties and limitations in recent trials, such as gastric drug delivery systems, vascular stents, and muscle actuators have been worked out with 4DP (Yang et al., 2020). In orthopedics, 4DP can prove highly useable in the treatment of abnormalities due to their self-deformation.
5.1.4 Medical applications
To accomplish biological applications; 3DBP is applied for the substance transfer method to fabricate various living materials. Fully customized, complex structures can be printed by transforming elaborated medical images like X-rays, computed tomography (CT) scans, and magnetic resonance imaging (MRI) scans into 3D Computer-aided design (3D CAD) models for the printing apparatus (Javaid and Haleem, 2019; Wang H. et al., 2022). Recently, bioprinting by 4DP is more adopted by surgeons, in organ transplantation; as a result, this field has developed tremendously (Lu et al., 2022). There are some limitations associated with current tissue engineering which automatically led to the progression of the latest techniques called 3DBP or 4DBP. Another highly approachable biomedical concept used a PCL-diacrylate-based polymer which can be applied to craniomaxillofacial bone defects (Arabiyat et al., 2021).
As compared to conventional tissue engineering; bioprinting has many benefits and most importantly high precision in cell deposing, and fabrication of tissues with high quantities & formed of large tissue-engineered objects. Basically, 4DBP includes a biomaterial and the maturation of the 3DP skeleton using the biomaterial (Kuang et al., 2019). Researchers have fabricated a polymeric grid-patterned grafted bone and glazed it with human nasal inferior turbinate tissue to facilitate graft degradation. Investigations demonstrated the improved osteoinductive and osteoconductive properties of the graft but the lesser mechanical strength of the synthetic graft was a challenge as compared to the natural bones. Therefore, more experiments and improvisation are required before a real-life application (Montgomery et al., 2017).
5.1.5 Tissue engineering
3DP has fetched considerable attention in the biomedical field and tissue engineering (Kokkinis et al., 2015). Different kinds of biological structures (bone, liver tissue, blood vessels (Luan et al., 2022), heart issues, etc.) have been fabricated with 3DBP technologies (Yu et al., 2019). However, due to several limitations of 3DBP, the concept of 4DP has been applied in the field of tissue engineering. 3DP has been revolutionized by 4DP with shape and functional modification over time. The innovative 4DP technique has the potential to fabricate complex multilayer tissue constructs, thereby providing several advantages for tissue engineering and other applications (Miri et al., 2019). For tissue engineering applications a group of workers developed a new polycaprolactone (PCL) based formulation (Diedkova et al., 2023).
4DBP is required to attain such sprightly practice for designing critical and dynamic tissues, hierarchically (such as 4DBP, SM). Recent work presented the application of shape-memory scaffolds in the delivery of functional tissues that is minimally invasive (Gao et al., 2016). Another useful biomedical application of 4DBP in the rebirth of tissue and shipment of cells in a confined area in the body may be envisaged using the in-situ unfolding of 4DBP scaffolds. In the presence of biological moieties, the self-folding process can be done in response to external stimuli (Zhang and Lieber, 2016). To perform the delivery procedures in an accurate and wireless manner; biodegradable and bioelectronic devices can be integrated with scaffolds (Pati et al., 2015; Zhou et al., 2017). Similarly, cell traction forces have been utilized in another research work to make endothelialized tubes for 4D printed structures in a biomimetic way (Kuribayashi-Shigetomi et al., 2012). The potential benefits of 4DBP include high-resolution printing (different types of cells and excellent cell density tissues) and the capability to mass-produce tissue-engineering outputs (Chua and Yeong, 2015).
6 3D VERSUS 4D: A COMPARATIVE ACCOUNT
The fundamental difference between 3DP and 4DP technologies occurs in the materials that are used to fabricate certain objects. Alternatively, 4DP has added mathematics, stimulus, and interaction parts using smart material, which is entirely different from 3DP. The requirements of dynamic structures and their relevant application such as soft grippers (Georgopoulou et al., 2021), self-assembled space antennae (Momeni et al., 2017), and self-healing polymers (Hager et al., 2010) couldn’t be met by the conventional 3DP technology which can only fabricate static structures from commercial filaments. 4DP can solve this bottleneck issue and offers advantages over 3DP in several aspects, which mainly depend on the fast growth of smart materials and multi-material structures (Jacobsen, 2016). Although 3DP and 4DP have similar advantages, 4DP outperforms 3DP in the dynamic status of produced items, hence, 4DP technology may be revolutionary next-generation of additive manufacturing in this regard (Mohanta, 2018). 4DP offers a change in the printed configuration in response to external stimulus over time, therefore, 4D printed structures should be fully preprogrammed using time as another dimension. Figure 5 summarizes a comparative account between 3DP and 4DP technologies.
[image: Comparison chart of 3D vs. 4D printing. 3D printing: long-established, uses normal materials, easy and quick design, static mechanics, no programming needed, low cost, medium market outlook. 4D printing: recently introduced, uses smart materials, comparatively difficult design, dynamic mechanics, requires mathematical modeling, high cost, bright market outlook.]FIGURE 5 | A comparative account of 3DP vs. 4DP.
7 LIMITATIONS OF 4DP
Although, 3DBP has tremendous growth due to multiple applications and advantages (especially in medical and healthcare sector) but, it has certain limitations also. 3DPB considers only the original state of the printed structure and considers it to be lifeless (Gao et al., 2016). Still, 4DP is in the initial stage and require more research and development attention to bring the industrial and manufacturing revolution to the medical and pharmaceutical fields. Since 4DP technique is based on smart materials, hence, more production and physical & chemical properties should be studied (Khalid et al., 2022). The challenge and problems related to designing the organs and surgical instruments and their implantations and transformation in the body is really very difficult task. Current 3D printers can’t address fundamental 3DP issues such as simultaneous printing of polymers and metals, avoiding support structures, especially for inaccessible internal structures, high-cost printable materials, and slow print times. Therefore, in order to achieve the aims of 4DP, 3DP must be optimized on the basis of its use in 4DP. To address 3DP challenges, 5-axis 3D printing is currently of high interest (Zhang F. et al., 2019).
The lack of special software for 4DP is another significant limitation because most of the available software (such as design and slicing software) has been prepared for use in 3DP. To meet the requirements of 4DP, more powerful software has to be introduced. There are limitations in selecting smart materials that are used in the biological field like tissue engineering and tissue regeneration because of the limited number of intelligent materials that react to specific stimuli. Limited material availability, slow and inaccurate actuation, etc. are other challenges that need to be addressed. Though, 4DP technology has already proved its efficiency in multiple fields including medical engineering and with the development of inexpensive, high-accuracy printing devices, and most significantly, with the finding of novel smart bio-materials it is predicted to gain its top prospect soon.
8 4DP HEALTHCARE MARKET
Technological advancements have brought revolutions in diagnostic and treatment methods. The growing need for advanced technology boosts investments in this field and is further propelling market growth. Consequently, the 4DP healthcare market is growing continuously and it is expected to reach USD 32.8 million in 2028 and CAGR will reach upto 26.7%. Different government and semi-government agencies are working and promoting this smart technology in various developed and developing countries. 4DP has wide applications in different sectors like automobiles, aviation, textiles (Patel et al., 2022), manufacturing industries, military operations, shoes, and fashion industries along with potential applications in healthcare and biomedical fields (Modi et al., 2022).
A driving factor for the use of 4DP in the healthcare field is the growing demand for organ transplants which requires functional implants in the area of tissue engineering and biomaterials. The enormous growth of 4DP is also due to its involvement in complicated cancer chemotherapies and surgical techniques due to the lesser use of surgical techniques (Feng et al., 2023). Also, targeted drug delivery systems use 4DP which could be utilized for delivering the mixture of pharmaceutical drugs in such a way that they act only on a targeted body site. Thus, the 4DP technology has paved the way for the medical field by making new inventions in drug delivery systems and improving the efficiency of medical treatments. It is rapidly replacing the conventional methods of manufacturing medical devices and offering greater functionality and advanced treatment (Melocchi et al., 2021).
9 CONCLUSION
4DP has grown tremendously since its inception and has proved its influence in different manufacturing & industrial sectors along with healthcare. Despite being a novel technology, 4DP has potential opportunities that are acknowledged by several experts in the field. 4DBP technology has gained lots of attention in biomedical and healthcare applications due to the development of stimulus-responsive biomaterials and tissue regeneration. Further advancement of 4DP will explore the tremendous applications in the biomedical field and would meet the upgraded medical requirements. The latest and highly effective methods of incorporating electronics into smart structures may result in the betterment of novel intelligent devices. Conclusively, 4DBP has an encouraging and hopeful future as a potential technology to copy traditional cellular structures. Therefore, it is expected that 4DP will certainly bring a bright future and revolution into different manufacturing and design industries and a paradigm shift to the plethora of undiscovered bigness that will make our future bright, smarter, and much more convenient. At the same time, more studies are required to resolve the existing challenges before 4DP serves as a powerful and a sustainable technique on a global level.
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Limited availability of the organs donors has facilitated the establishment of xenogeneic organ sources for transplantation. Numerous studies have decellularized several organs and assessed their implantability in order to provide such organs. Among all the decellularized organs studies for xenotransplantation, the pancreas has garnered very limited amount of research. The presently offered alternatives for pancreas transplantation are unable to liberate patients from donor dependence. The rat and mice pancreas are not of an accurate size for transplantation but can only be used for in-vitro studies mimicking in-vivo immune response in humans, while the porcine pancreas can cause zoonotic diseases as it carries porcine endogenous retrovirus (PERV- A/B/C). Therefore, we propose caprine pancreas as a substitute for these organs, which not only reduces donor dependence but also poses no risk of zoonosis. Upon decellularization the extracellular matrix (ECM) of different tissues responds differently to the detergents used for decellularization at physical and physiological level; this necessitates a comprehensive analysis of each tissue independently. This study investigates the impact of decellularization by ionic (SDS and SDC), non-ionic (Triton X-100 and Tween-20), and zwitterionic detergents (CHAPS). All these five detergents have been used to decellularize caprine pancreas via immersion (ID) and perfusion (PD) set-up. In this study, an extensive comparison of these two configurations (ID and PD) with regard to each detergent has been conducted. The final obtained scaffold with each set-up has been evaluated for the left-over cytosolic content, ECM components like sGAG, collagen, and fibronectin were estimated via Prussian blue and Immunohistochemical staining respectively, and finally for the tensile strength and antimicrobial activity. All the detergents performed consistently superior in PD than in ID. Conclusively, PD with SDS, SDC, and TX-100 successfully decellularizes caprine pancreatic tissue while retaining ECM architecture and mechanical properties. This research demonstrates the viability of caprine pancreatic tissue as a substitute scaffold for porcine organs and provides optimal decellularization protocol for this xenogeneic tissue. This research aims to establish a foundation for further investigations into potential regenerative strategies using this ECM in combination with other factors.
[image: Flowchart illustrating the decellularization process of a harvested pancreas, chopped into equal pieces. Two strategies, immersion and perfusion decellularization, are used with various detergents: 0.4% SDC, 1% SDS, 1% Triton X100, 0.1% CHAPS, and 5% Tween20. The resulting biomimetic scaffolds are evaluated for residual cell content, major extracellular matrix components, and tensile strength, shown in small images at the bottom.]Keywords: caprine pancreas, extracellular matrix (ECM), decellularization, 3D scaffold, tissue engineering, collagen, sulfated glycosaminoglycans (sGAG)

1 INTRODUCTION
Tissue engineering is a multidisciplinary science that combines engineering, biology, and medical concepts to construct viable live tissues and organs. It combines the use of cells, biomaterials, and biological factors to construct 3D frameworks that imitate the function and structure of native tissues. Without triggering the recipient’s immune system upon transplantation (Freed and Guilak, 2007). The principal objective of tissue engineering is to overcome the shortcomings of the existing biomaterial implants by developing bioartificial organs that are immunologically compatible. This would lead to a long-term solution for the affected organ without repeated therapies, making it an economically viable therapeutic technique (Yesmin et al., 2017). To address potential immune reactions, strategies can be employed to modify the ECM and optimize its compatibility with the recipient’s immune system. The success of using decellularized organs as transplantable grafts without extensive immunosuppression relies on refining the decellularization process, optimizing the ECM for host cell infiltration, and potentially combining this approach with recipient-specific cell-based therapies (Tan et al., 2021). These multidisciplinary strategies can help to mitigate immune rejection concerns and improve patient outcomes. Throughout the development of these artificial organs, various aspects, such as biocompatibility, oxygen and nutrient availability, immunological rejection, etc., must be taken into account. As cells are accustomed to proliferating in a 2D environment, the matrix of these decellularized organs provides external cues to direct their proliferation into a 3D environment (Zhu et al., 2019). In addition to its usage as an organ replacement scaffold, such decellularized matrix has several alternate applications, including tubes, sheets, hydrogel, powder, bio-printing inks (Kort-Mascort et al., 2021), and even cartilage regeneration (Chakraborty et al., 2023). The most sought-after approaches in the field of tissue engineering are regenerative ones. Regenerative approaches include harvesting of a potential auto/allo/xenogeneic organ, removal of the native cells from this organ (decellularization), recellularization of this tissue/organ, and screening its in-vitro and in-vivo functionality to ascertain its viability as bio-scaffold for transplantation (Badylak et al., 2011). This method leads to constructing a 3D scaffold biomaterial integrated with cells and/or factors, which ultimately becomes a promising tool for restoring or replacing the function of a damaged organ or tissue (Liu et al., 2007). Recently, ECM derived from decellularized tissue has been adopted as a promising strategy to enable 3D tissue formation in a variety of porcine organs such as cartilage (Shen et al., 2020), urethra (Simões et al., 2017), lumbar spine (Wu et al., 2017), heart (Zhou et al., 2010), liver and kidney (Wang et al., 2015), and a few bovine organs like ovaries (Nikniaz et al., 2021), spine (Yu et al., 2020), trabecular bone (Shridhar et al., 2019), liver (Ergun et al., 2022) and lungs (Kuşoğlu et al., 2023). These decellularized tissues have successfully retained the ultrastructure as well as organ-specific microenvironmental elements, such as natural ECM proteins and growth factors, which are responsible for cell adhesion and proliferation. When intended for use in tissue engineering, these tissues must adhere to the stringent standards of biocompatibility, immunogenicity, and mechanical stability (Radulescu et al., 2022). Due to the parameters which are specific to individual tissues, including tissue thickness, size, morphology, as well as cell and matrix density constraints, preferred decellularization techniques differ across tissues and organs (Shen et al., 2020). Removing cellular remnants is crucial in this context; otherwise, post-transplantation, inflammation, fibrosis, and scar tissue accumulation may develop (Mao et al., 2017). These decellularized matrices are anticipated to maintain a balance between the biodegradation triggered by the host body and the host tissue formation. Therefore, it is important to carefully tailor the decellularization technique in terms of detergent type, period of exposure, mode of decellularization, and final ECM characteristics. Among the decellularized organs, porcine organs are widely researched because of their immunologic compatibility with humans (Ibrahim et al., 2006). Nevertheless, porcine organs would always be capable of harboring PERV (porcine endogenous retrovirus), which can induce zoonotic infections following xenotransplantation (Kim et al., 2016). A novel alternative to porine organs can be the goat (caprine) pancreas which has been documented to share physiological and structural similarities with the human pancreas (Bhuyan and Saikia, 2016). Besides these similarities, the caprine pancreas is usually discarded by the meat industry/butchers; thus, its procurement will not incur additional costs. This organ can serve as a viable xenogeneic source as it has immense potential to replace the porcine organs, thereby reducing the risk of zoonotic diseases, which requires comprehensive research for each organ separately. Therefore, this work aims to design a decellularization approach unique to the caprine pancreas. Immersion in a detergent solution with mechanical stirring is one of the most popular methods for hydrolyzing cell membranes and detaching DNA along with other cellular components from the ECM (Hazwani et al., 2019). The other method of decellularization involves perfusing the tissue with detergents; this has also proven effective in achieving the ideal scaffolds (Garreta et al., 2017).
Immersion decellularization (ID) and perfusion decellularization were therefore selected as the two decellularization techniques (PD) to examine their efficacy for decellularizing caprine pancreatic tissue. The final outcome of these techniques is fully reliant on the tendency of the detergents to permeate into the tissue. Priority is given to the efficacy of the decellularization approach in order to guarantee the quality of the final matrix. This work will help to determine the finest decellularization strategy for the caprine pancreas while retaining its native ECM architecture and minimum loss to elasticity. The native tissue has superior structural complexity of ECM, mainly owing to fibrous proteins (collagen, fibronectin, tenascin, elastin, laminin), sulfated glycosaminoglycans (sGAG) (hyaluronic acid, chondroitin sulfate, dermatan sulfate, keratan sulfate, and heparan sulfate) (Kim, 2017). After decellularization, the expected molecules to persist are fibrous proteins and sGAG; since the fibrous proteins are crucial for the biocompatibility of cells as well as the scaffold’s elasticity (Meyer, 2019). On the other hand, sGAG interacts with other ECM components, including fibrous proteins such as collagen and elastin, signaling molecules, growth factors, and enzymes, to regulate cell activity, tissue development, and repair processes (Mohammadi et al., 2017). Several structural characteristics, such as charge distribution, size and rigidity of hydrophilic and hydrophobic groups, and peculiar interconnections between detergents and proteins, determine the propensity of detergents to denature proteins in the ECM (Privé, 2007). It is rational and foreseeable that using such detergents will damage the ECM during decellularization; nevertheless, this disruption should not render the scaffold entirely devoid of biocompatibility and mechanical traits. Since the caprine pancreas has not been largely investigated yet, this study will assist in further analyzing and developing an optimal strategy for recellularization and subsequent in-vivo immunological study of the same so it can be implemented for a broad range of biomimetic applications.
2 MATERIALS AND METHODS
2.1 Harvesting and decellularization of the Caprine pancreas
The goat pancreas was purchased from the local butcher’s shop immediately after the goat was slaughtered. The pancreas was excised aseptically and submerged instantly in ice-cold 1XPBS. It was carried in an ice box from the butcher shop to the laboratory with utmost safety precautions. After disinfecting the pancreas with 0.1% peracetic acid and PBS, it was dissected into small, equal pieces measuring 15 mm*15 mm each. For subsequent performance assessment, each tissue segment was subjected to a distinct mode of decellularization, as listed in Table 1.
TABLE 1 | Brief description of the protocols followed for the mode of decellularization of the caprine pancreas using various concentrations of the detergents.
[image: Table comparing decellularization strategies for two groups of pancreatic tissue sections. Group 1 uses immersion decellularization with tissues submerged in detergents until white and rinsed with XPBS and peracetic acid. Group 2 uses perfusion decellularization with a needle insertion for detergent perfusion until white, also rinsed with XPBS and peracetic acid. Detergents listed are SDC at 0.4% weight/volume, SDS at 1% weight/volume, Triton X-100 at 1% volume/volume, CHAPS at 0.1% weight/volume, and Tween-20 at 5% volume/volume.]2.2 Decellularization cycle progress and duration
Alteration in the color and density of the detergent effluent indicated that cells were detaching from ECM and draining. These native cells made the detergent efflux partially turbid. This detergent effluent was collected at every fourth hour of decellularization in order to assess the cellular debris in the discharge. The absorbance of the collected effluent was measured at 280 nm using a Shimadzu UV–Vis 1800 Spectrophotometer to estimate turbidity. The absorbance curve versus time was graphed to determine the timeframe where the highest cellular clearance occurred.
Note: We have decided not to agitate the tissue in ID as it might lead to additional ECM destruction, and the primary goal of this study is to evaluate the impact of different detergents on the final ECM without using any other external forces. For the same reason, no additional decellularization chemicals, such as protease inhibitors or DNase, are included in the PD. The same reason lies behind not including any other decellularization additives like protease inhibitors or DNase in the PD also.
2.3 Tissue fixation and block preparation
A tissue section measuring 5 mm*5 mm*5 mm was fixed in 10% neutral buffered formalin for 48 h at RT. Using a Leica-RM2235 microtome, paraffin wax blocks of tissue were sectioned at a thickness of 5 µm. The sections were subsequently transferred to positively charged microscope slides (BioMarq- SL001-50) and stained.
2.4 Nuclear material estimation and quantification
DNA was isolated from each sample (n = 6 of each detergent from ID and PD) using HiPurA® Mammalian Genomic DNA purification kit (MB506) according to the manufacturer’s instructions. To quantify the DNA, absorbance was taken (as ratio of 260/280 nm) using Eppendorf BioPhotometer®D30. The extracted DNA was subsequently measured as ng/g of dry tissue mass. DNA was evaluated qualitatively by running the samples on 1% w/v agarose gel at 100 V until the dye reached 3/4th of the distance from wells. Using a DNA ladder (NEX-GEN, Puregene PG010-500DI-NV) ranging from 250 to 10,000 bp, the amount of DNA present in the obtained tissue sections was estimated. For DAPI staining, the sections were dewaxed, rehydrated, and stained with DAPI, followed by PBS washing to eliminate the non-specific staining. The slides were mounted with an antifade reagent [p-phenylenediamine in 90% glycerol (v/v) in 0.1 M PBS], and sections were viewed at 460 nm using Leica TCS SP8 confocal laser scanning microscope (Robertson et al., 2014).
2.5 H&E staining
H&E staining was performed to measure the efficacy of each detergent at decellularizing the tissue. The tissue slides were rehydrated and stained with H&E. Following successive dehydration; the slides were fixed with DPX and examined under a Leica-DM2500 light microscope. Leica LAS EZ imaging software was used to acquire all the micrographs.
2.6 sGAG imaging
Following deparaffinization and rehydration, the slides were incubated for 12 min in 12% glacial acetic acid (GLAA). The slides were then immersed in Prussian blue solution for 1 hour. The slides were then rinsed twice for 3 min with 12% GLAA. The mixture of 20% HCl and 10% potassium ferrocyanide was left in contact with the slides for 30 min. Later, these slides were counterstained with nuclear fast red for 5 min. The slides were thereafter dehydrated, cleared, and mounted with DPX for imaging.
2.7 sGAG Content estimation
The decellularized tissue sections from ID and PD (n = 3 each) were lyophilized, and 20 mg dried tissue was digested Collagenase type I (from Clostridium histolytica) in PBS for 2 days at RT. Using a DMMB assay (Zheng and Levenston, 2015), the sGAG content of this solubilized tissue was determined. Chondroitin sulfate (from shark cartilage) concentrations ranging from 1 to 50 μg/mL have been used to plot the standard curve. A 200 µL concoction of digested tissue solution, PBS, and DMMB reagent were plated in each well of a 96-well plate to determine the amount of sGAG in decellularized tissues. The absorbance was measured at 590 nm using a ThermoScientific® MULTISKAN SkyHigh plate reader. The sGAG concentration was calculated as µg/mg of dry tissue mass after adjusting the absorbance to the standard curve.
2.8 IHC staining
Crucial ECM proteins collagen and fibronectin were measured in all the sections of DT of PD and compared to NT. The primary antibody used for collagen was mammalian collagen I (1:100, COL1A1G3, Santa Cruz Biotechnology), and for fibronectin was mammalian fibronectin (1:100, Fibronectin-EP5, Santa Cruz Biotechnology). The secondary antibody used was anti-mouse IgGκ (1:50, BP-HRP, Santa Cruz Biotechnology) coupled to Horseradish peroxidase. Protease-induced epitope retrieval was carried out in accordance with literature recommendations for ECM (Rickelt and Hynes, 2018). The droplets of primary antibodies for each protein were added and incubated overnight at 4°C in a humid chamber. The following day, secondary antibody drops were added to each sample and incubated for 2 h in a humid environment. Slides were washed with 1XTBST buffer, dehydrated with ethanol, cleared in xylene, and mounted using DPX to be viewed under a microscope. Note: According to the quantification, ID tissues lacked considerable quantities of collagen; hence they were not tested for IHC imaging.
2.9 Collagen quantification
The standard Hydroxyproline method (Cissell et al., 2017) was used to assess the residual quantity of collagen in DT. The DT samples from both ID and PD (n = 3 each) were lyophilized, and 20 mg of this dried tissue was digested with papain at 60°C overnight. Collagen (SRL-90443, ex. marine fish) concentrations ranging from 0.5 to 5 μg/mL were used to yield the standard curve. Using the ThermoScientific® MULTISKAN SkyHigh plate reader, the absorbance was measured at 560 nm. Using the standard curve, the resultant collagen concentration was normalized to the sample’s dry weight.
2.10 SEM imaging
All the DT samples from ID and PD were primarily fixed in a concoction of 2.5% glutaraldehyde and 2% paraformaldehyde for 8 h at 4°C. Secondary fixation was achieved with 0.2% osmium tetroxide for 2 h in the dark at RT. Following fixation, the samples were washed 3 times for 15 min each with distilled water, proceeded by dehydration with gradually increasing ethanol concentration. Subsequently, the JEOL JFC-1600 auto fine sputter coater was used to sputter-coat platinum onto the critical point-dried tissue samples. Under a JEOL JSM-6480LV Scanning Electron Microscope, the final specimen was observed.
2.11 Swelling index study
The lyophilized DT samples (n = 3 for each) from ID and PD were weighed and submerged in 1XPBS at 37°C for 24 h to determine the scaffold’s swelling index. The tissue segments were weighed every 2 h, and the maximal weight gain was deemed the final weight or maximum swelling for each sample. The swelling index was determined using the formula: Ws = {(Wf − W0)/W0} × 100, where Ws = swelling index, W0 = initial weight, Wf = final maximum weight.
2.12 Biodegradability analysis
Both native and DT samples (n = 6) were immersed in 1XPBS (pH7.4) containing 0.2% collagenase (from Clostridium histolyticum, Sigma-Aldrich-SCR103) and incubated in a 37°C shaker incubator for biodegradation pattern analysis. The initial weight was determined by weighing all the samples before exposing them to the enzymatic solution, and subsequent weights were recorded every 4 h for 24 h. The biodegradability percentage was calculated as: D = {(W0-Wt)/Wt} *100, where D = weight loss percentage, W0 = Initial weight of DT, Wt = weight of degraded tissue at time t (t = timepoint at every 4 h).
2.13 Tensile property test
The tensile modulus of a tissue reflects the extent to which it can return to its former shape after being expanded. NT (n = 6) and DT (n = 6 each of ID and PD) tissue samples immersed in 1XPBS were subjected to uniaxial tensile testing to determine mechanical strength to ensure no sharp decline in elasticity. The tissue samples were trimmed into dog-bone-shaped rectangular pieces of equal dimensions with length = 20 mm, width = 12 mm, and thickness = 5 mm. The clamp grip of the electromechanical machine Instron E1000 ElectropulsTM at RT was used to secure both wide ends of the tissue. It was then stretched at a 5 mm/min cross-head speed with a growing pressure of 1–20 N.
2.14 Cytocompatibility assay
The cytotoxicity of the resulting DT (n = 3 of each ID and PD) was investigated against MIN-6 (RPMI-1640) cells for 24, 48, and 72 h. For this analysis, the decellularized segments were immersed in culture media RPMI-1640 for 72 h at 37°C and 5% CO2. Thereafter, increasing concentrations ranging from 10 to 100 μL (in triplicates) of this DT-immersed media were added to each well of a 96-well plate containing MIN6 cells. This increasing concentration of DT-soaked media was incubated with MTT, and absorbance was measured at 590 nm with ThermoScientific® MULTISKAN SkyHigh plate reader.
2.15 Antimicrobial assay
The antibacterial activity of decellularized matrices was evaluated against Gram-positive S. aureus using standard procedures. MH broth and MH agar were prepared following the manufacturer’s guidelines and verified for sterility by overnight incubation at 37°C. S. aureus was streaked on MH agar plates, and isolated colonies in the lag phase of growth (two to three colonies) were transferred to vials containing 10 mL of MH broth. The cultures were then incubated at 37°C overnight in a shaker until they reached an optical density of 0.1 at 570 nm. Upon reaching the desired density, the bacterial cultures were harvested, diluted to 105 CFU/mL, and 100 μL of the bacterial suspension was added to a 15 mL centrifuge tube. Simultaneously, 10 gm of decellularized matrix was suspended in 10 mL of 1X PBS containing collagenase type I (2 mg/mL). The matrix was incubated in a shaker at 37°C until complete degradation occurred, with no visible tissue remains. Subsequently, 100 μL of the degraded tissue was added to the 15 mL centrifuge tube containing bacterial suspension. To act as a positive control, tetracycline was prepared as a stock solution (10 mg/mL) in 50% methanol. MH broth without the matrix served as the negative control. To monitor the antibacterial activity, all the tubes were kept at 37°C incubator, and absorbance was measured at regular intervals at 570 nm using Shimadzu UV–Vis 1800 Spectrophotometer. All assays were performed in triplicate to ensure accuracy and reduce errors in the experimental procedure.
2.16 Statistical analysis
ImageJ software was used to process and scale the photos. The data are presented as the mean and standard error of means (±SEM). All statistical tests were conducted using SPSS (version 24 for Windows; IBM®). Statistical evaluation was conducted with one-way ANOVA and the Tukey test for multiple comparisons with post hoc HSD (honestly significant difference) analysis. All data values for n = 3–6 was depicted as mean ± SEM, taking a 95% confidence interval. A p-value less than 0.05 indicated a statistically significant outcome. All the p-values are with reference to the native tissue unless stated otherwise.
3 RESULTS AND DISCUSSION
3.1 Decellularization cycle progress and duration
Prolonged exposure to the detergent can induce deterioration of the extracellular matrix (ECM) in addition to the removal of cellular material (White et al., 2017). Therefore, the ideal detergent must not only accomplish decellularization without harming the ECM but also do so in the shortest duration of time possible. Upon complete cell removal, the ECM of the DT samples was translucent and white. The rate of decellularization was established by monitoring the effluent turbidity, as maximum cell elimination corresponded to the absorption maxima at that time. In ID, the sharp rise in graph peak was observed first with SDC and SDS at 20 h of the time stamp (Figures 1A). In comparison, TX-100 took a substantially longer time (32 h) to attain this peak. In contradiction to the other three detergents in the ID, CHAPS, and Tw-20 required a notably extended amount of time, with the effluent absorbance peak arising at 64 h. These peaks essentially exhibited a significant level of cellular clearance at the given time; however, total decellularization took additional time, as depicted by the endpoint of each detergent curve (Figures 1B). Tw-20 and CHAPS decellularized the same area of the caprine pancreas in nearly 80 h, the longest of the five detergents evaluated in ID. The remaining detergents decellularized the same sample in 50–65 h, proving their efficacy. Each detergent’s performance profile regarding the time taken to decellularize improved in PD. One plausible explanation is that more tissue surface area was exposed to the detergent, resulting in a shorter decellularization period for these detergents in PD (Figures 1D). While in ID, this tissue surface exposure to detergent was remarkably low, leading to delayed cell clearance. Noteworthy in ID effluent was the formation of a plateau rather than a peak, suggesting a gradual loss of core cells over time. The peak in the effluent was only found in PD (Figures 1C), showing that the effluent leaving the tissue contains eliminated inner core area cells. This sudden spike was found amiss in the ID as it has shown a gradual decrease in cellular content, giving rise to the plateau region instead of a spike. The most probable reason for this plateau in the ID curve is that the cells from the outer borders of the tissue were removed first, followed by the more densely populated core cells, resulting in the effluent having a continuous peak, i.e., a plateau. We found that Tw-20 was not very impactful at decellularizing the caprine pancreas, and a similar result was also obtained upon decellularization of the equine tendon (Aeberhard et al., 2020). But when used in concoction with other detergents, it has shown increased decellularization efficacy in the case of ovine aorta (Heidarzadeh et al., 2021).
[image: Two graphs and two bar charts are shown. Graph A displays immersion measurements of different substances over 48 hours, with varying peak values. Graph C shows similar data for perfusion over the same period. Bar chart B displays comparative values for the substances under immersion, while chart D does the same for perfusion. The substances measured include SDC, SDS, TX-100, TX-20, and CHAPS.]FIGURE 1 | After 20 h in ID (A), SDS and SDC indicated turbidity, while TX-100 displayed turbidity after 28 h. However, CHAPS and Tw-20 were the last to exhibit this turbidity associated with cell effluent, after 48 h. The cumulative time consumed by SDS, SDC, and TX-100 (B) to complete the decellularization was almost similar in ID, i.e., between 52 and 65 h, whereas TW-20 and CHAPS took considerably longer duration to decellularize. For PD, (C) turbidity appearance was reasonably early for all the detergents, especially TX-100, SDC, and SDS, while Tw-20 and CHAPS were still found to be the slowest among all. Since the turbidity corresponding to the cell effluent was detected in PD earlier than in ID, the time required for complete decellularization in PD (D) was also considerably shorter.
3.2 Nuclear material estimation and quantification after decellularization
After removing the cellular content, the nuclear material was examined to ensure that none was left behind. The leftover nuclear material is potentially harmful as a putative immunogen for transmitting zoonotic diseases. In scaffolds, a DNA concentration of more than 20 ng/mL is known to be detrimental (Crapo et al., 2011). It was ascertained by DNA quantification and imaging that none of the detergents retained this quantity. With the exception of SDS, all other detergents in ID eliminated DNA (Figures 2A). SDS is primarily used to denature proteins; however, its low doses have been proven to adequately remove the native cells while releasing DNA-protein couplings and keeping the DNA intact (Zhitkovich and Costa, 1992). SDS does not interact with DNA, and in ID, it was presumably unable to remove the native cells in the tissue core, which led to the formation of this DNA band (Figures 2A). The residual amount of DNA left behind by SDS (17.43 ± 1.18 ng/mg) differed significantly from that in native tissue (67.74 ± 0.69 ng/mg). Therefore, it cannot qualify as immunogenic, as the immunogen threshold of DNA is 20 ng/mL, which it did not surpass. In agreement with our DNA quantification data, Poornejad et al. have also reported that SDS alone was insufficient to eliminate the cellular/nuclear remnant (Poornejad et al., 2016). Its concentration can be increased to get rid of the DNA completely, but that would lead to degradation of the ECM matrisome, resulting in microstructural changes that ultimately reduce the biomechanical integrity of the ECM (Simsa et al., 2018). Since DNA fragments cling to the ECM after being discharged from the cell nucleus in the ID set-up, an additional washing step must be performed to remove it. DAPI staining was conducted to further validate this quantification of residual genetic material. Since DAPI is an indicator of DNA presence, hence it was typical for native tissue to radiate DAPI fluorescence throughout the entire section (Figures 3A, B), while no such fluorescence was recorded with Tw-20, TX-100, SDS, and SDC in PD (Figures 3D, F, H, J, L). On the other hand, ID set-up clearly failed to remove the DNA as seen in Tw-20, CHAPS, and SDS (Figures 3C, E, I), and only TX-100 and SDC were capable of doing so even in ID (Figures 3G, K). Other detergents in ID have substantially reduced DNA content (Figure 2B) as SDC, CHAPS, Tw-20, and TX-100 had 0.83 ± 0.31 ng/mg, 3.86 ± 0.32 ng/mg, 2.95 ± 0.11 ng/mg and 1.99 ± 0.37 ng/mg of DNA respectively. Among these, SDS has a lower content of residual DNA than native but considerably higher than other detergents (p < 0.0001). SDC only differed significantly from CHAPS (p = 0.04). CHAPS, Tw-20, and TX-100 have not revealed any major statistical variations in ID (p > 0.325). In PD, a weak DNA band was obtained only in the CHAPS lane apart from the native (Figure 2C), showing a slightly higher DNA content by CHAPS compared to its counterpart in ID. CHAPS is more suited for decellularizing only thin tissues due to its lower permeating capabilities, limiting its capacity to extract nuclear DNA (Marin-Tapia et al., 2021). Identical to SDS in ID, CHAPS DNA content in PD cannot be termed immunogenic because it does not outpace the immunogenicity threshold. SDS has performed better in PD, with a DNA content of 1.48 ± 0.31 ng/mg (Figure 2D), while other detergents SDC, CHAPS, Tw-20, and TX-100 had 0.82 ± 0.13 ng/mg, 3.38 ± 0.38 ng/mg, 2.87 ± 0.67 ng/mg and 1.17 ± 0.42 ng/mg of DNA content left respectively. All the detergents have shown highly significant differences (p < 0.0001) from native in PD, although no significant variation among each other (p > 0.998). This study reveals that PD is a superior method for decellulrizing the caprine pancreas by using any mentioned detergents in the given concentration, to remove the DNA, which plays a critical role in scaffold reseeding for in-vivo application.
[image: Gel electrophoresis and bar charts show DNA content following immersion and perfusion decellularization. Both methods use different agents: SDS, SDC, CHAPS, and TX. The gel images (A and C) reveal DNA ladder bands, while bar charts (B and D) present quantification, emphasizing significant reductions in DNA content with SDS and SDC treatments compared to others.]FIGURE 2 | DNA imaging of ID has indicated that SDS was unable to eliminate the genetic material altogether resulting in the appearance of a DNA band (A) in SDS lane. During DNA quantification of ID (B), native tissue was found to have a substantial difference with all the decellularized counterparts (**p < 0.001). Although SDS DNA content (B) is markedly lower as compared to the native, it also has shown a considerably higher DNA amount (**p < 0.001) than other detergents. In contrast, CHAPS (B) varied significantly from SDC (*p < 0.05) but showed no discernible difference (p > 0.05) from rest of the detergents used in ID. While in PD, all the detergents have gotten rid of the DNA effectively (D) (**p < 0.001), showing no significant variance (p > 0.05) from each other.
[image: Twelve-panel image shows DAPI staining results for different conditions. Panels A and B display dense blue staining for native and perfusion samples. Panels C to L show decreased blue intensity under various treatments: immersion, Tw-20, CHAPS, TX-100, SDS, and SDC. Each panel is labeled with corresponding treatment identifiers.]FIGURE 3 | DAPI staining concluded that native tissue had genetic material present (A, B), while PD set-up successfully eliminated the DNA. In PD only, Tw-20 (D) and CHAPS (F) has residual cytoplasm but not DNA. The ID set-up was not able to remove the DNA completely hence the staining was evident in Tw-20 (C), CHAPS (E) and SDS (I), while TX-100 has shown better DNA removal efficacy even in ID (G).
3.3 H&E staining
The nuclear content was estimated by quantification and DAPI staining, but residual cytoplasm could not be estimated by that; hence H&E staining was done to check whether cytoplasm had been left behind by these detergents in both ID and PD set-ups. Besides DNA, residual cytoplasm might also be detrimental to the final scaffold. Residual cytoplasm can impair the ability of cells to repopulate the scaffold and develop new tissue, weaken the scaffold, make it less resistant to mechanical stress, and alter the composition of the extracellular matrix (ECM), thus further distorting the scaffold’s mechanical and biochemical properties. Any cellular residues, such as DNA, mitochondria, cytoplasm membrane, lipids, and cytosolic material, may have an inflammatory effect on the recipient if not thoroughly eliminated (Naba et al., 2015). Upon H&E staining, the native tissue revealed all 3 cell types characteristic of the pancreas, namely, islets-stained faint pink (Figure 4A), closely packed acinar cells-stained dark pink (Figures 4B), and nucleus–stained purple (Figure 4B). In contrast, the DT should lack all three types of cells and possess only the mesh-like structure of the clear ECM. This ECM structure was obtained only with TX-100 in PD (Figure 4H). SDC and SDS have also achieved this structure in PD (Figures 4J, L); however, the ECM perimeter is more noticeable in TX-100 DT. TX-100 predominantly attacks lipid-lipid and lipid-protein interactions, keeping protein-protein interactions unaltered; hence it has shown a clear ECM network after decellularization (Moffat et al., 2022). In contrast, a significant amount of cytoplasm was noticed to be scattered across the ECM, especially in Tw-20 (Figures 4C, D) and CHAPS tissue (Figures 4E, F), both in ID and PD. Since Tw-20 is a mild detergent known to solubilize lipids and proteins under specified conditions, it was recognized that it decellularizes tissue slowly and leaves cytoplasm behind, making it an unsuitable option for decellularization (Chaschin et al., 2022). In ID, TX-100 exhibited shrunken cytoplasm, which could be seen adhering to the broken ECM network (Figure 4G), while SDS (Figure 4I) and SDC (Figure 4K) have the same shrunken cytoplasm accompanied with discrete strands of ECM. These ECM strands were found to be broken in SDC (Figure 4K) while it was intact in SDS (Figure 4I). Among all these, the best-performing detergent was TX-100 in PD which had a distinct ECM perimeter (Figure 4H) with no remnant DNA or cellular content. This meticulous ECM perimeter was also achieved with SDS (Figure 4J), although the boundaries of the ECM were somewhat obscure. These boundaries were marginally improved in SDC (Figure 4L). The requisite ECM profile was attained in PD with TX-100, SDS, and SDC. Similar to SDS, SDC eliminates cellular material by dissolving the cell membrane, releasing the cellular content all at once with no immunogenic residues (Alshaikh et al., 2020). A similar trend was observed with the pig urinary bladder matrix, where SDC and TX-100 produced scaffolds with an intricate fibrous ECM network, whereas CHAPS negatively altered the ECM (White et al., 2017).
[image: Twelve microscopic images of H&E stained tissue sections are shown, labeled A to L. Images A and B depict native and perfusion tissues. Images C to L illustrate tissues treated with various detergents: Tw-20, CHAPS, TX-100, SDS, and SDC, showcasing differing levels of staining intensity and cellular detail. Each image includes a scale bar for reference.]FIGURE 4 | Native tissue of the caprine pancreas (A, B) stained with H&E displayed densely populated islets and acinar cells. In both ID and PD, Tw-20 did not perform adequately; this detergent left behind residual cytoplasm ((C), pink distorted patches), lacking a defined ECM perimeter ((D), distorted black fibrils). While CHAPS had residual cytoplasm ((E), bright pink spots) in ID, disrupted ECM strands were observed in PD ((F), pale blue interconnected strands). TX-100 had a large number of leftover cells attached to the ECM ((G), dark pink blots) in ID, whereas, in PD, the ECM network of this detergent was discrete along with well-defined borders ((H), purple mesh-like structure). SDS had an intact ECM network ((I), brown interwoven network) in ID, but remnant cytoplasm was also spotted ((I), pink blots). In contrast, the ECM network appeared undamaged in PD of SDS ((J), faded purple interconnected network). SDC performed well in PD, yielding clear ECM devoid of cellular debris ((L), faded purple mesh-like structure); however, this residue was detected in its ID ((K), pink blots). (Scale bar = 100 µm).
Note: Tw-20 was eliminated from additional staining groups because it required more time than usual, did not generate impressive outcomes in H&E, and had fragmented ECM and widespread cytoplasm. However, it was examined for the quantification of collagen and sGAG to check whether there was any distinction between its ID and PD modes. On the other hand, CHAPS also took a long time to decellularize, but its ECM survived unchanged; therefore, it was subjected to additional testing for staining and quantification of sGAG and collagen.
3.4 sGAG imaging
sGAG is crucial to examine after decellularization since it provides directional cues and strong adhesion sites for recellularized cells as they interact with various growth factors, cytokines, and cell surface receptors, influencing cellular proliferation for tissue regeneration (Ergun et al., 2022). Due to their sulfate groups, sGAGs have a strong negative charge, which can attract and bind water molecules, leading to their water retention properties (Herrera Quijano et al., 2022). This can assist in maintaining an optimal level of hydration in the ECM and scaffold, which is vital for cell longevity and functionality. GAG are extraordinarily hydrophilic and, as a result, adopt highly stretched conformations that enable matrices to withstand high tensile stress (Frantz et al., 2010). To verify the existence of sGAG following decellularization, the remaining sGAG content was stained blue using Prussian blue. In the native tissue, the intercellular gaps were stained blue, indicating the presence of sGAG (Figure 5A); this stain became darker around the pancreatic ducts, suggesting a higher proportion of sGAG (Figure 5B). Subsequently, in CHAPS, the presence of remnant sGAG was relatively scanty in ID and could be detected as brown spots (Figure 5C), and a similar pattern was observed in its PD set-up (Figure 5D). TX-100 has shown an abundance of sGAG in both ID and PD (Figures 5E, F). CHAPS is weak and non-disordering in its interaction with lipid membranes, whereas TX-100 has been described as intense and disordering, thus leading to better retention of sGAG with TX-100 (Rodi et al., 2014). SDS has a cytoplasmic presence as brown smears and has shown sGAG only on the edges in ID (Figure 5G) and almost none in PD, while ECM of PD was intricately built (Figure 5H). The fundamental explanation for this is that sGAG in the ECM of the caprine pancreas cannot tolerate the SDS concentration we applied and was easily washed away. Similar to SDS, SDC has demonstrated the presence of sGAG around the margins of tissue in ID (Figure 5I), but unlike SDS, SDC has demonstrated the abundant presence of sGAG throughout the ECM in PD with unaltered ECM architecture (Figure 5J). Through sGAG imaging, it is reasonable to infer that only two detergents, i.e., TX-100 (in both ID and PD) and SDC (in PD), could fulfill the required scaffold parameter of sGAG.
[image: Histological images showing Prussian Blue staining in ten panels. Panels A and B display native and perfusion samples with purple-blue coloration. Panels C to J depict samples treated with CHAPS, TX-100, SDS, and SDC, showing varying levels of blue staining intensity. Each image is marked with a scale bar.]FIGURE 5 | In the native tissue, sGAG content (a, blue) was seen across the associated ECM network (A) and surrounding the pancreatic ducts (B). As for CHAPS, the sGAG content was detected to be sporadically present in ID ((C)-blue stained blots) and minimum staining was obtained in PD ((D)-faint blue staining along the perimeter of ECM). TX-100 has demonstrated widely spread sGAG content in (E) ID, which was found to be more prominent in PD ((F), blue stained ECM perimeter). In ID, SDS exhibited lesser staining ((G), blue stained tissue at the edges) than TX-100, whereas, in PD, the difference was negligible ((H), tissue’s ECM stained brown without any trace of blue stain). SDC has preserved the maximum sGAG content in ID accompanied by some smeared cytoplasm ((I), blue stain on the tissue border lines with brown stained cytoplasm) additionally, in PD, the sGAG content was clear, and the ECM structure was visible ((J), dark blue stained tissue edge while the ECM stained blue at the intermittent presence of sGAGs). (Scale bar = 100 µm).
3.5 sGAG Content estimation
The residual content of PD detergents was reported to be significantly higher than that of ID detergents (Figures 6A, C). As observed from quantification with DMMB assay, only TX-100 was able to preserve the sGAG 19.99 ± 0.92 μg/mg of dry tissue weight in ID (Figure 6B), showing no significant difference (p = 0.964) than native, which had 21.22 ± 1.89 μg/mg. All other detergents experienced a decline in this parameter during ID. The sGAG amount in SDS = 11.65 ± 0.638 μg/mg was close to SDC, which had 9.4 ± 1.3 μg/mg of sGAG (p = 0.701), while the SDS amount (Figure 6B) ended up going drastically different from TX-100 (19.99 ± 0.92 μg/mg, p = 0.002), CHAPS (4.11 ± 0.69 μg/mg, p = 0.004), and Tw-20 (2.12 ± 0.66 μg/mg, p = 0.001). When perfused through tissue, the same detergents’ concentration exhibits excellent sGAG retention characteristics (Figure 6B), establishing conclusively that not only the detergent concentration but also its mode and exposure duration influence the integrity of the final decellularized ECM. The detergents even exposed the sGAG concealed between the cells and ECM, resulting in more than 100% retention of sGAG in the case of SDC and TX-100 (Figure 6B). TX-100 ensured the presence of ample sGAG in both ID and PD. None of the other three detergents in PD, namely, SDS, CHAPS, and Tw-20, exhibited the same improved sGAG retention percentage. Among these lagging three detergents in PD, CHAPS has an improved sGAG retention, while the other two detergents performed ordinarily compared to their ID counterparts. In PD, detergents did better at retaining the sGAG, with only SDS, CHAPS, and Tw-20 lagging behind (Figure 6D). H&E staining implies that the deteriorated ECM in these PD detergents could cause this behavior; as the ECM disintegrated, it dragged away the sGAG bound onto its surface. SDC and TX-100 maintained nearly the same levels of sGAG as the native in PD, which was 22.67 ± 1.3 μg/mg, 24.11 ± 0.68 μg/mg, and 21.22 ± 1.89 μg/mg resp. SDS, CHAPS, and Tw-20 had retained only 12.39 ± 0.62 μg/mg, 7.35 ± 0.64 μg/mg, and 3.74 ± 0.71 resp, while SDC and TX-100 have shown no significant reduction in sGAG amount, as they had p = 0.928 and p = 0.463 resp from the native. On the other hand, SDS (p = 0.001), CHAPS (p = 0.00001), and Tw-20 (0.0000)1 have shown highly significant reductions in sGAG amount. In contrast to other detergents, the ID and PD performance of TX-100 was held steady.
[image: Pie charts and bar graphs display sGAG quantification data for both immersion and perfusion methods. Chart A shows immersion percentages with a dominant orange segment. Chart C shows perfusion data with a large blue segment. Bar graphs B and D compare sGAG content for various treatments, indicating significant differences. Statistical significance is marked with asterisks.]FIGURE 6 | The quantity of retained sGAG by all the detergents was evidently greater in PD (B) than in ID (A). SDC from PD (b, orange) had shown a positive difference with 62.55% more retained sGAG content than SDC from ID (a, orange), while other detergents performed marginally better in PD (C). Quantification of the sGAG content in ID (B) revealed that only TX-100 displayed no significant difference (p > 0.05) from the native, unlike SDS (p < 0.05), SDC, CHAPS, and Tw-20 (all three with p < 0.001) that exhibited considerable variations. In PD, the quantification of sGAG suggested that both TX-100 and SDC (D) retained sGAG satisfactorily (p > 0.05), while SDS, CHAPS, and Tw-20 (all three with p < 0.001) continue to lag behind in preserving the sGAG. Among the ineffective detergents in PD (D), SDS and CHAPS performed comparably (p > 0.05) in preserving sGAG while Tw-20 (p < 0.001) was the least effective among all.
3.6 IHC staining
Collagen and fibronectin are the most vital pancreatic matrix proteins crucial for tissue architecture and facilitate cell proliferation (Naba et al., 2017). Fibronectin is a prevalent ECM glycoprotein aggregated into a fibrillar matrix across all tissues throughout all life stages (Singh et al., 2010). Most of the ID tissues lacked intact ECM or had faded ECM, rendering the stain undetectable even with the imaging software’s lowest brightness and maximum contrast. In addition, the ID retained the cytosolic content, an undesirable trait in a scaffold; as a result, these samples were excluded from immunohistochemical staining. Collagen and fibronectin staining has only been observed in PD. Collagen isoforms in the ECM were barely detectable in the native tissue because it was concealed underneath the native cells, but a dark brown interconnected network was observable (Figure 7A). Similarly, fibronectin was exclusively expressed near the borders of native tissue (Figure 7B). In CHAPS tissue, the collagen was found in diffused form across the tissue with no discernible ECM network perimeter (Figure 7C). Similarly, fibronectin was observed to be weakly stained at the tissue margins in this case (Figure 7D), along with smeared cytoplasm. TX-100 had a remarkable amount of collagen content with interspersed ECM network (Figure 7E) but far less fibronectin, as this readily took the stain (Figure 7F). If fibronectin is expected as the final outcome in the caprine pancreatic scaffold, then TX-100 is not an effective detergent. While SDS had collagen, it was seen as being smeared along with a faint cytoplasmic hint (Figure 7G), while fibronectin was seen present at the edges of this tissue with an intact ECM network (Figure 7H). Low concentrations of SDS are known to successfully safeguard collagen in earlier decellularized scaffolds (Xing et al., 2015). This detergent’s high concentration forms scaffolds with poor collagen concentration; hence, its concentration and exposure period limit its applications. Collagen was visible on the borders of SDC (Figure 7I), whereas fibronectin was ascertained across the ECM (Figure 7J). SDC is a gentle detergent that is reported not to impair the ECM of tissues during decellularization (Philips et al., 2022); hence it has successfully retained both major ECM proteins, i.e., collagen (on the tissue edges) and fibronectin. On the contrary, Milan et al. reported that SDC alone showed no success in retaining collagen, but in our study, it has retained the collagen on tissue edges (Milian et al., 2021). Besides this study, numerous other xenogeneic tissues have also exhibited superior results with TX-100, such as porcine aortic valves (GRAUSS et al., 2005), porcine pancreas (Klak et al., 2021; Zhu et al., 2021), and porcine liver (Mirmalek-Sani et al., 2013), etc. Whereas in other investigations, SDS has been favored over TX-100 for decellularization of densely fibrous tissues such as kidney and liver, as TX-100 has demonstrated poor outcomes (Hussein et al., 2016).
[image: Immunohistochemistry (IHC) staining panels display variations in collagen and fibronectin staining across different treatments: Native, CHAPS, TX-100, SDS, and SDC. The images illustrate distinct staining patterns, showing differences in texture and coloration under each condition. Bars indicate scale.]FIGURE 7 | IHC staining of the native tissue indicated the existence of collagen (A) between the cell margins and fibronectin (B) at the tissue edges. The CHAPS detected collagen in the disseminated ECM (C) and fibronectin at the tissue margins as well as in the scattered cytoplasm (D). TX-100 has retained evenly distributed collagen (E), however its fibronectin level is not as abundant ((F), stained slightly brown) as its collagen content. SDS indicated fragmented collagen fibrils (G) and dense fibronectin at the tissue boundaries (H). SDC has preserved thick collagen fibrils at the borders (I), and fibronectin was observed as uniformly dispersed (J). (Scale bar = 100 µm).
3.7 Collagen quantification
According to reports, among all the matrisome proteins, collagen subunits govern numerous cellular functions directly via integrin-mediated signaling (Berger et al., 2020). Collagen is the most critical matrix protein to quantify, as it is responsible for the mechanical attributes, organization, and shape of decellularized tissues. After reseeding the scaffold, collagen plays a crucial role as this protein interacts with cells via multiple receptor families and regulates their multiplication, migration, and maturation (Ricard-Blum, 2011). As observed with sGAG retention, collagen quantification demonstrated consistent results, as all detergents retained collagen better in PD. In ID, CHAPS and Tw-20 trailed behind, while the collagen retention of the other three detergents was superior (Figure 8A). Quantified collagen in native tissue was found to be 124.31 ± 7.21 μg/mg dry tissue weight, while the collagen estimated in other detergents of ID was SDS = 61.32 ± 4.64 μg/mg, SDC = 53.7 ± 8.01 μg/mg, TX-100 = 60.36 ± 3.28 μg/mg, CHAPS = 39.16 ± 2.94 μg/mg, Tw-20 = 47.53 ± 12.2 μg/mg (Figure 8B). All of the detergents in ID omitted 50% of the collagen content, which is an enormous loss and a significant deviation from the original tissue (p < 0.00001). Conversely, PD has revealed that the same detergent concentration retains more than 100% of collagen deposition. In ID, extended exposure to the detergents caused ECM to become fragmented and smeared, resulting in the significant mass of collagen washing away, whereas, in PD, the exposure time was shortened, allowing the detergents to immediately eliminate the cells and preventing them from interacting with ECM for a longer duration. Except for Tw-20 (60.49 ± 0.62 μg/mg; p = 0.0001) and CHAPS (102.16 ± 1.18 μg/mg; p = 0.008) (Figure 8D), all detergents performed better in PD with no significant difference in collagen content than native (SDS = 133.36 ± 2.7 μg/mg; p = 0.485, SDC = 131.66 ± 2.04 μg/mg; p = 0.680, TX-100 = 134.65 ± 2.87 μg/mg; p = 0.354), CHAPS = as all these retained more than 50% of collagen. Tw-20 merely upheld 10% more collagen than its ID counterpart (Figure 8C). This increased proportion of collagen following decellularization can be ascribed to the revelation of previously concealed ECM structure revealed after cell removal, raising the overall collagen content in the quantitative analysis. Excessive sterilization procedure is also known to diminish these components, and we did not undertake rigorous sterilization procedure, which explains the surplus amount of Collagen and sGAG achieved after decellularization (Klak et al., 2021). Another study involving the decellularization of bovine cartilage yielded similar results showing higher collagen content after decellularization with SDS (Utomo and Sari, 2019). Similarly, the collagen was found to be six-fold higher in the DT than the native tissue in porcine optic nerve after decellularization with TX-100 (Sun et al., 2020). Hence, it is quite common to obtain a higher ECM protein content than in native, and the underlying cause might be that these proteins become unmasked after decellularization.
[image: Pie charts A and C compare collagen content retention under immersion and perfusion conditions, showing percentages for different treatments: SDS, SDC, TX-100, CHAPS, and Tw-20. Bar graphs B and D depict collagen weight loss by day for each treatment, showing statistical significance with "**" and "ns" denoting no significance.]FIGURE 8 | All ID detergents collectively demonstrated poor collagen retention (A), whereas their PD competitors indicated substantially enhanced retention (C). Except for Tw-20, which showed just a 10.23% boost in PD (C), all other detergents in PD enhanced the proportion of collagen retention by 50%–60%. SDC was the top of this retention with 62.72% improved retention in PD (C). Upon collagen quantification, ID-treated tissues showed (B) no statistical differences (p > 0.05) among themselves, but a statistically significant difference was noted (p < 0.001) from native tissue. In the case of PD, collagen retention was remarkably adequate (p > 0.05) in SDS, SDC, and TX-100 (D), however CHAPS and Tw-20 were unable to retain collagen (p < 0.001) even under the PD setting.
3.8 SEM imaging
Through SEM imaging, it was verified if the fibrillar architecture of the ECM network in the DT was intact. The presence of native cells with a structure like a cluster of grapes, which is typical of pancreatic cells (Chen et al., 2004), has been demonstrated in native tissue (Figures 9A, B). However, in ID, the majority of these detergents failed to completely eliminate the cells, as little protruding structures were observed in each of them (Figures 9C, E, G, I). These minor protruding patterns in ID have validated what was estimated from H&E staining (Figures 4E, G, I, K) of these tissues. Out of all the ID SEM micrographs, only SDS (Figure 9G) exhibited distinctible ECM outlines, but these also indicate the residual cytosolic content concealed between these ECM perimeters, as detected with H&E staining as well (Figure 4I). The emergence of these types of structures in SEM images of ID has confirmed what was estimated from H&E staining of similarly treated tissues. In PD, only CHAPS (Figure 9D) exhibited this bulging surface, whereas TX-100, SDS, and SDC presented a distinct interconnected fibrillar ECM microstructure, which is a prerequisite for a satisfactorily decellularized scaffold (Figures 9F, H, J).
[image: Scanning electron microscopy (SEM) images showing tissue samples. Panels A and B depict native tissue, with a textured surface. C and D show CHAPS-treated samples, appearing rougher. E and F exhibit TX-100-treated samples, with an uneven texture. G and H present SDS-treated samples, showing a fibrous structure. I and J illustrate SDC-treated samples, exhibiting a denser appearance. Each panel represents a specific chemical treatment applied to the tissue.]FIGURE 9 | Under SEM, the native tissue was seen with cells protruding out of the surface (A, B); similar bulging-out cells were also observable with CHAPS (C, D), indicating inadequate decellularization. In case of TX-100, fibrillar collagen structure was recognized (F) in PD, but a similar result was not obtained in its ID equivalent, which had an indication of leftover cells’ presence that were protruding out (E). ID of SDS had distinct boundaries (G), but a cellular presence can be detected beneath the interconnected ECM fibers, while in the PD counterpart of the same had displayed fibrillar form of intertwined collagen (H). With SDC ID, the native cells were observed to be projecting out (I) but their PD counterpart had a distinct collagen fibril mass (J). (all scale bar = 100 μm, and scale bar for a) = 50 µm).
3.9 Swelling index study
The swelling index indicates the scaffold’s porosity or the degree of interconnected void spaces (Loh and Choong, 2013). A scaffold with improved porosity facilitates the flow of nutrients, oxygen, and waste products, which are essential for cell survival and tissue regeneration (Bhatt et al., 2022). Therefore, calculating the swelling index can help determine the scaffold’s porosity and its potential for supporting cell growth and tissue regeneration. The DT should be capable of preserving high structural strength under physiological conditions without extensive swelling or shrinkage. In ID, the swelling index obtained with the detergents SDS (15.92% ± 0.09%, p = 0.35), SDC (14.39% ± 0.59%, p = 0.91), TX-100 (16.74% ± 1.54%, p = 0.15) and CHAPS (10.63% ± 0.49%, p = 0.55) demonstrated statistically insignificant difference from the native tissue (13.01% ± 1.22%) (Figure 10A). While in PD, SDS (19.44% ± 0.98%, p = 0.004), SDC (16.95% ± 2%, p = 0.042), and TX-100 (18.37% ± 0.73%, p = 0.027) has absorbed significantly high volume of water, whereas CHAPS (10.09% ± 0.28%, p = 0.49) sustained its results like ID (Figure 10B). The swelling index of detergents in ID is comparable to that of native detergents, whereas detergents in PD settings depict a significantly greater swelling index. A plausible justification behind this observation is that the native tissue lacked the voids, similar to DT, to absorb and retain water. In contrast, ID tissues had fragmented ECM (as evident from H&E staining) as well as residual cells (as seen in its SEM tissues), which limited the water uptake, hence displaying a similar swelling index to that of native tissue. On the other hand, PD tissues have perfectly intact ECM networks with voids that upheld higher water absorption, which could not flow out easily due to intricate ECM architecture. As stated previously, the higher the porosity, the higher the swelling index, which accelerates the exchange of nutrients; hence it is a favorable alteration in the scaffold. Overall, the caprine pancreatic tissue has shown better swelling index in PD than in an ID set-up.
[image: Bar graphs A and B compare the swelling index of different detergents under immersion and perfusion, with CHAPS showing significantly lower values. Line graphs C and D display biodegradability over time, with Native and SDS showing higher rates compared to other detergents.]FIGURE 10 | The swelling index study revealed that ID-tissues have (A) retained water content almost identical (p > 0.05) to that of native tissue. Similarly, PD-tissues (C) absorbed higher water percent (p < 0.05), except for CHAPS which absorbed water almost equivalent to the native tissue (p > 0.05). Considering the biodegradability in ID, CHAPS tissue deteriorated at a significantly faster pace and in less time, while it is PD counterpart exhibit the similar result. Other detergent-treated tissues in ID have decomposed comparably to native tissue (B), with the exception of SDS, which degraded 60% within 16 h. For PD, the biodegradation outcomes were almost similar, except that (D) SDS tissue degraded at the same pace as native tissue, unlike in ID.
3.10 Biodegradability analysis
In tissue engineering, the biodegradation rate of DT can be a crucial parameter to consider in tissue engineering, as it can impact the timeline of tissue regeneration and replacement (Berteanu et al., 2016). If the scaffold deteriorates too rapidly, it may not provide adequate structural integrity and microenvironmental cues required for cell adhesion, growth, and function. Conversely, if the scaffold degrades too slowly, it may impede the regeneration of new tissue or induce a long-term foreign body response (Hussein et al., 2017). The rate of biodegradation of ID was equivalent to that of native tissue, except for CHAPS (Figure 10C), which deteriorated excessively (60%) in a much shorter time (12 h). After 24 h, only TX-100 (64%) and SDC (79%) showed a parallel disintegration rate with that of native (80%), while SDS started degrading at a markedly faster pace after 12 h. CHAPS made significant progress in PD (53% in 12 h) than in ID (60% in 12 h), although its biodegradation rate was still higher than that of competing detergents; hence this detergent is unsuitable for decellularizing the caprine pancreatic ECM. Apart from CHAPS, maximum degradation in PD was found with SDC, which degraded 86% after 24 h, as compared to SDS (73%) and TX-100 (79%) during the same time span. The anticipated output for biodegradation has been accomplished by PD detergents, namely, SDS and TX-100.
3.11 Tensile property test
Mechanical tests of DT establish whether the scaffold has high durability and structural stability to withstand the physiological stress it may encounter in-vivo, post-implantation (Neishabouri et al., 2022). If the scaffold collapses under stress, it may not be suitable for the intended tissue engineering application as it may not be able to maintain its internal microstructures throughout tissue regeneration or function (Kanda et al., 2023). Therefore, it is of the utmost priority that the scaffold’s mechanical properties strongly resemble that of the original tissue since this would be essential for supporting optimal tissue function and limiting any detrimental impact, such as mechanical mismatch or tissue injury. In ID, all the detergents failed to retain the elasticity as shown by the significantly lower Young’s modulus (Y.M) of each tissue compared to the native (5.1 ± 0.208 MPa) except for SDS (4.1 ± 0.49MPa, p = 0.63). In comparison, SDC (2.2 ± 0.55 MPa, p = 0.012), TX-100 (2.06 ± 0.35MPa, p = 0.009), CHAPS (1.73 ± 0.66MPa, p = 0.004) have shown statistically significant variations from native (Figure 11A). Nevertheless, marginally better findings were achieved on estimating the Y. M for PD detergents (Figure 11B) excluding CHAPS (3.33 ± 0.42 MPa,p = 0.006), which was still lagging in the Y. M of DT. In P. D, no statistically significant difference was recorded in Y. M of SDS (5.6 ± 0.26 MPa, p = 0.639), SDC (5.53 ± 0.14 MPa, p = 0.783) and TX-100 (6.06 ± 0.21 MPa, p = 0.156) when compared to native (5.1 ± 0.208 MPa). The stress at break, also known as the ultimate tensile strength, of a DT represents the maximum amount of stress or force the scaffold can endure before it splits into two pieces (Yavari Maroufi and Ghorbani, 2022). It measures a structure’s resistance to deformation and breakdown when exposed to a tensile load. The stress at break indicates the scaffold’s ability to maintain its structural integrity and resist failure under applied tensile loads. Higher stress at break value implies a stronger material that is less prone to rupture severely, which might be beneficial for tissue engineering applications that require mechanical stability and durability (An et al., 2018). In ID, with the exception of SDS (0.046 ± 0.009MPa, p = 0.68) (Figure 10C), it was discovered that the stress at break for all the detergents, namely, SDC (0.02 ± 0.005 MPa, p = 0.034), TX-100 (0.024 ± 0.005 MPa, p = 0.038), and CHAPS (0.017 ± 0.003 MPa, p = 0.013) varied greatly from the native (0.06 ± 0.009 MPa). Whereas in PD SDC (0.07 ± 0.005 MPa, p = 0.311), SDS (0.07 ± 0.002 MPa, p = 0.553), TX-100 (0.08 ± 0.007 MPa, p = 0.217) have shown better stress at break in PD (Figure 11D), except for CHAPS (0.03 ± 0.001 MPa, p = 0.04). The extension at break displays the scaffold’s ductility, which is its capacity to undergo plastic deformation or elongation without fracture (Püllen et al., 2021). A higher extension at break value indicates that the scaffold can stretch or deform extensively before fracturing, which can be important for tissue engineering applications that require flexibility or compliance (Reing et al., 2010). The maximum extension at break was shown by SDS (32.55 ± 2.12 mm, p = 0.422) in ID (Figure 11E), which was statistically insignificant from native tissue (29.53 ± 0.96 mm), while other detergents like SDC (22.11 ± 0.7 mm, p = 0.009), TX-100 (23.7 ± 1.01 mm, p = 0.039) and CHAPS (20.29 ± 0.14 mm, p = 0.002) exhibited far less extension. Hence, the ID set-up was not found to be suitable for overall mechanical strength of the caprine pancreatic ECM scaffold. Although in PD, this extension at break expanded marginally for all detergents except CHAPS, which produced a reduced extension at break, whilst TX-100 demonstrated an unusually enhanced extension at break. In PD, SDC (34.95 ± 1.95 mm, p = 0.113) and SDS (35.28 ± 1.54 mm, p = 0.087) had moderately increased extension at break (Figure 11F) with no significant difference, while TX-100 (37.25 ± 1.03 mm, p = 0.018) and CHAPS (22.19 ± 1.18 mm, p = 0.025) had a highly significant difference in the length of extension at break from that of native (29.53 ± 0.96 mm). This finding reveals that if PD setup is used, then SDC, SDC, and TX-100 will perform remarkably well in conserving the mechanical characteristics of the caprine pancreatic tissue. TX-100 has been reported to retain elastic modulus better than SDS in porcine dermis (Joszko et al., 2019). It has also performed well in decellularization of bovine pericardium tissue and retained collagen, sGAG, and Tensile properties better than any other detergent used in the study (Mendoza-Novelo et al., 2011).
[image: Bar charts labeled A to F compare tensile properties using different detergents: Native, SDC, SDS, TX-100, and CHAPS. Each chart represents measurements like tensile strength and elasticity, with significance levels noted (n.s. or asterisks) for each comparison.]FIGURE 11 | It was determined that the overall tensile property of PD-tissues (B,D,F) was superior to that of ID-tissues (A,C,E). Y. M of SDS in ID (A) was the only one to be at par with that of native tissue (p > 0.05), while SDC and TX-100 coupled with CHAPS shown highly significant differences (p < 0.001). While Y. M in PD showed only CHAPS to be significantly different (p < 0.001) from the native, the remaining detergents have shown no significant decline (p > 0.05) in Y.M. The stress at break in ID (C) indicated that SDS performed significantly better as it was at par with the native tissue (p > 0.05), as compared to SDC, TX-100, and CHAPS (all three had p < 0.05) for this attribute. Only CHAPS failed (p < 0.05) to maintain the stress at break parameter in PD (D), whereas SDC, SDS, and TX-100 were able to preserve the stress at break parameter (p > 0.05) of the native tissue. The extension at break in ID (E) was found to be statistically equivalent to the native tissue in SDS (p > 0.05), but TX-100 (p < 0.05), SDC, and CHAPS (p < 0.001 for both) showed substantial deviations. In contrast to ID, the extension at break in PD (F) has demonstrated superior efficacy with SDC and SDS, whereas TX-100 has shown excessive elongation and CHAPS had considerably lesser elongation than native (p > 0.05 for both).
3.12 Cytocompatibility assay
A biocompatible scaffold will not produce unfavorable responses or damage the cells or tissues that interact with it (Zhou et al., 2022). In case there is an underlying fear of immune response, then masking or cross-linking can also be performed after decellularization to suppress such immune rejection. Masking entails concealing the exposed antigenic motifs on the decellularized tissue scaffold to make it invisible to the recipient’s immune system, hence decreasing the risk of immunological detection and rejection (Chakraborty et al., 2019). Measuring the compatibility of a decellularized scaffold assures that it supports cell attachment, proliferation, and differentiation and promotes tissue regeneration without inducing inflammation, immunological responses, or other negative impacts. In ID, It was observed that CHAPS detergent was the least cytocompatible since it reduced the cell population to 78% within 48 h (Figure 12A); although SDS performed quite well during the initial 48 h, after 72 h, the cell population had fallen by up to 65%, indicating a considerable decline. TX-100 and SDC performed consistently, although TX-100 performed better in this instance and maintained the cell population at 84% for 72 h. In PD, CHAPS did not perform better than other detergents, but it outperformed its ID counterpart. This behavior by CHAPS has been detected in each of the aforementioned experiments, suggesting that the mode and duration of decellularization directly impact the final ECM obtained. The cytocompatibility of the remaining three detergents was found to be superior in PD, with a 98%–100% cell survival rate for each, even after 72 h (Figure 12B). Here, SDS outpaced its ID counterpart (similar to CHAPS) and was discovered to be on the same level as SDC. TX-100 has maintained its outcomes and demonstrated enhanced cell survival efficacy compared to any other detergent in PD. The sudden increase in the number of cells within 24 h could be correlated to the leftover growth factors and cell adhesion receptors imbibed in the intact ECM (Martino et al., 2015). During the incubation phase of the MTT assay, these factors may have contributed to cell growth within 24 h. As evidenced by the H&E staining data, the detergents which resulted in intact ECM (TX-100, SDS, SDC in PD set-up (Figures 4H, J, L), appear to have performed well in MTT also, whereas the detergents that resulted in fragmented ECM in H&E staining (CHAPS, SDS, and SDC in ID set-up, Figures 4E, I, K) have maintained that position by showing lesser cell growth or even rapid death in MTT analysis. This correlation pattern strongly suggests that the components associated with the ECM are responsible for the sharp increase in cell growth within 24 h of incubation. When cells are reseeded into this scaffold, the remnant growth factors and cytokines sequestered in the intact ECM web would spatially cue the cells to multiply and operate as they would have in native tissue (Bongolan et al., 2022). Regarding subsequent successful recellularization, it is vital to retain not only the integrity of the ECM network but also the cell adhesion and proliferation factors in the decellularized scaffold. The MTT analysis provides a solid foundation for potential in-vivo immune response studies after scaffold implantation that may be undertaken as an expansion of this study.
[image: Three graphs display experimental data. Graph A (Immersion) and Graph B (Perfusion) show percentage reduction of viability over time in hours, comparing Control, SDS, TX-100, SDC, and CHAPS. Graph C (Anti-Microbial Activity) plots absorbance against time for MB broth, S. aureus, S. aureus TX-100, S. aureus SDC, S. aureus SDS, and S. aureus CHAPS. Each graph shows distinct trends among the tested groups.]FIGURE 12 | The cell viability with scaffolds obtained via ID (A) was unsatisfactory and the CHAPS (a, dark blue) eliminated the cells significantly faster than other detergents. The cell viability% was found to be comparable in both SDC and TX-100 in ID (a, grey and yellow respectively). Overall, the cytocompatibility of PD-treated tissues was found to be increased (B), with the exception of CHAPS (b, dark blue). In PD, TX-100 and SDS have significantly outperformed (b, grey and yellow respectively) the rest of the detergents. The anti-microbial activity of the digested scaffold was detected up to 8 h time stamp (C), but afterwards diminished and led to the increase in the microbial growth.
3.13 Antimicrobial activity
The outcomes of the antibacterial investigation indicated that the naturally occurring peptides resulting from the degradation exhibited efficacy against S. aureus. The decellularized matrix of both ID and PD tissues released specific bioactive peptide molecules that significantly curtailed the proliferation of S. aureus for up to 8 h (Figure 12C). Beyond this initial 8-h window of antibacterial action, the potency of ECM constituents waned, leading to a resurgence in bacterial growth and propagation. This transient antibacterial effect of the degradation products from DT is believed to offer immediate protection to implanted tissue, bridging the time until both the humoral immune response and host cell inflammatory response come into play (Jiménez-Gastélum et al., 2019). Although the precise mechanism underlying the antibacterial action of peptides produced during the degradation of ECM remains somewhat elusive, existing reports suggest that these antibacterial peptides might either directly interact with the bacterial cell membrane, leading to membrane lysis, or diffuse into the bacterial cell cytoplasm, disrupting protein synthesis (Abdillahi et al., 2018). Notably, the intact DT (when not treated with collagenase digestion) exhibited no antibacterial activity, simply as a natural organ would not possess such a capacity. Thereby, the antibacterial results highlight the potential of digested DT to impede bacterial growth, thus showcasing its viability for applications in tissue engineering. (Note: Since there was almost no difference between the antibacterial activity of ID and PD, a weighted average of each sample was calculated).
4 CONCLUSION
To summarize our findings, we can safely say that for obtaining an ECM scaffold from the caprine pancreas, PD should be the favoured mode. The preferred detergents to obtain a biocompatible 3D scaffold are SDS, TX-100, and SDC. SDC, SDS, and TX-100 successfully preserved all the desirable properties in a scaffold, including major ECM components (collagen, fibronectin, and sGAG), tensile properties, comparable biodegradation, and cytocompatibility. Thus, we strongly recommend using SDS in combination with DNase for the decellularization of this tissue. Each of these three detergents (SDS, SDC, and TX-100) consistently maintained their performance in PD, as seen by the data gathered from each test. It will be helpful if SDC and SDS are used with any kind of protease inhibitor. The chemical nature of each detergent has a unique and distinct impact on the composition and framework of the ECM. Although in our study, it was noticed that the same concentration of CHAPS has performed well in PD but not in ID. Hereby, we establish that, in addition to chemical composition, the duration of exposure to the tissue also plays a prominent role in the retention of scaffoldic features of the final ECM. TX-100 has consistently dominated all other detergents in terms of obtaining ECM architecture without any compromise in elastic modulus. Another notable finding in the PD was the elevated proportions of sGAG and collagen (SDC, SDS, and TX-100) after decellularization, which could be the result of the unmasking of these two ECM components following lesser exposure time to the ECM. Apart from collagen, the cell population in the MTT analysis was also seen to be increased. We have previously established that caprine pancreatic ECM promotes cell migration, adhesion, and proliferation under in vitro culture conditions; therefore, this increase in cell population can be attributed to the abundance of ECM-associated molecules persisting in the scaffold (Singh et al., 2022). M1 macrophages can contribute to the initial inflammatory response to such scaffolds, which can lead to tissue damage if not appropriately controlled. M2 macrophages are important for the transition from this initial inflammatory response to a more regenerative and healing environment. In order to limit the M1-mediated pro-inflammatory response while encouraging M2-mediated tissue repair and regeneration in-vivo, it is crucial to examine the balance between the responses of M1 and M2 macrophages (Chakraborty et al., 2020). The physical strength of ECM also plays a critical part in characterizing the scaffold as transplantable. The detergents assessed in this study under PD have shown promising results in securing the elasticity of the ECM, except for CHAPS. Here, again, CHAPS exceeded its ID counterpart, consistently indicating that the exposure time of detergent lowers the desired scaffold characteristics. In PD, TX-100 exhibited the most extension at break, whereas CHAPS exhibited the least, indicating that TX-100 DT is capable of undergoing maximum elongation without fracture. This tensile property is advantageous when a scaffold is to be transplanted and will be subjected to usual stresses during handling as well as from the surrounding organs. The scaffold must be willing to withstand these forces and return to its normal shape when they are removed. The findings from the antimicrobial investigation indicate the presence of various antibacterial low-molecular-weight peptides within the ECM, which might contribute to elucidating the mechanism behind the bacterial infection protection offered by these biological scaffolds. Consequently, if the decellularized matrix is employed as a scaffold for tissue engineering, its gradual in-vivo degradation would result in the continuous release of antibacterial peptides, affording a sustained antibacterial impact within the host. It was noticeable that there are differences in mechanical properties, degradation, swelling, and cell viability in the perfusion method vs. the immersion method; this can be explained based on the methods employed for these. Perfusion can lead to more thorough and uniform removal of cellular materials in a lesser span of time, giving less time for detergents to interact with ECM. This can result in a more consistent and homogenous scaffold which results in a better architecture and structure of the ECM, which is important for maintaining the biological and mechanical properties of the scaffold. Notably, the pressure and flow rates applied during perfusion plays the most crucial role in protecting the delicate ECM structure. The ECM can be disrupted by excessive pressure and flow, resulting in changes to the aforementioned properties. Moreover, ID may not penetrate thick tissues as efficiently as PD, leaving cellular components within the interior of the tissue and resulting in less homogeneous decellularization compared to PD, particularly in larger and denser tissues. Immersion necessitates more time to decellularize the scaffold, which entails leaving the ECM in close contact with the detergents for a longer period of time, which prolongs cell-ECM interactions, ultimately resulting in scaffolds with inferior mechanical and biological properties. Regarding cell viability, the perfusion method offers better intact vasculature and oxygenation, supporting higher cell viability compared to the immersion method, which may suffer from localized shrinking of vasculature and oxygen deficiency. To sum up our findings, we suggest the use of SDC, SDS, and TX-100 for perfusion decellularization of caprine pancreatic ECM. These detergents can be employed alone or in conjunction with each other to expedite decellularization, as the shortest detergent exposure period yields better-preserved ECM architecture resulting in better physical properties. In addition to detergents, the use of any protease inhibitor or DNase is highly recommended. These conclusions cannot be extended to any other tissue other than caprine pancreatic ECM. Further expansion of this study can be undertaken with the recellularization of this scaffold and its immunological response study in-vivo with multiple clinical trials in order to establish it as a novel scaffold source. Consequently, caution should be exercised when translating results from animal models to human contexts, and further research, including human clinical studies, is crucial for comprehensive and reliable insights into human inflammatory responses.
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Three-dimensional (3D)-printed medical-grade polycaprolactone (mPCL) composite scaffolds have been the first to enable the concept of scaffold-guided bone regeneration (SGBR) from bench to bedside. However, advances in 3D printing technologies now promise next-generation scaffolds such as those with Voronoi tessellation. We hypothesized that the combination of a Voronoi design, applied for the first time to 3D-printed mPCL and ceramic fillers (here hydroxyapatite, HA), would allow slow degradation and high osteogenicity needed to regenerate bone tissue and enhance regenerative properties when mixed with xenograft material. We tested this hypothesis in vitro and in vivo using 3D-printed composite mPCL-HA scaffolds (wt 96%:4%) with the Voronoi design using an ISO 13485 certified additive manufacturing platform. The resulting scaffold porosity was 73% and minimal in vitro degradation (mass loss <1%) was observed over the period of 6 months. After loading the scaffolds with different types of fresh sheep xenograft and ectopic implantation in rats for 8 weeks, highly vascularized tissue without extensive fibrous encapsulation was found in all mPCL-HA Voronoi scaffolds and endochondral bone formation was observed, with no adverse host-tissue reactions. This study supports the use of mPCL-HA Voronoi scaffolds for further testing in future large preclinical animal studies prior to clinical trials to ultimately successfully advance the SGBR concept.
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1 INTRODUCTION
Scaffold-guided bone regeneration (SGBR) is a clinically applied concept that has largely improved the treatment of bone defects in the last decade, as demonstrated by the findings from multiple large animal and clinical studies by our research group and others (Reichert et al., 2012; Cipitria et al., 2013; Berner et al., 2015; Berner et al., 2017; Kobbe et al., 2020; Henkel et al., 2021; Laubach et al., 2022b; Castrisos et al., 2022; Sparks et al., 2023). The SGBR concept is based on the application of biodegradable porous implants (or “scaffolds”) that act as carriers for bone grafts (Hutmacher, 2000). Bone grafts, which typically consist of bone chips, bone marrow, or a combination of both, are often collected from the intramedullary canal of long bones (Laubach et al., 2023b). Before the SGBR concept was established, such bone grafts were transferred from the collection site to the defect site during the same surgery, without the use of scaffolds. As bone grafts have highly osteogenic properties, they facilitate strong bone regeneration at the defect site. The use of bone grafts alone for large bone defects is however associated with inherent shortcomings, namely undesired creeping and premature resorption of the graft. This may result in insufficient bone regeneration and failure to achieve sufficient structural stability required for restoration of full function (Weiland et al., 1984; Masquelet, 2003). To address these challenges, the concept of SGBR relies on incorporating the graft material within slowly-degrading porous scaffolds that act as a supportive structural template for tissue ingrowth. Superior regeneration is enabled by withstanding structural and mechanical forces, necessary for timely physiological remodeling of the transplanted graft. Ultimately, applying the concept of SGBR leads to less graft resorption and better functional bone regeneration (Laubach et al., 2022b).
Biodegradable scaffolds are typically made from natural materials, such as collagen and fibrin, or from synthetic polymers such as polycaprolactone (PCL) (Hutmacher, 2000; Salgado et al., 2004; Hutmacher et al., 2007). The rate of degradation of PCL is relatively slow for scaffolds larger than 1 cm3 (>2–4 years in vivo) due to its hydrophobic nature and the associated low rate of hydration and subsequent hydrolytic cleavage (Bartnikowski et al., 2019; Laubach et al., 2022b). This implies that bioresorption occurs only after several phases of bone remodeling, after new bone has been established and remodeled to a mature state within the pores of the scaffold (Hutmacher, 2000). However, the osteogenicity of PCL alone is limited, and higher bioactivity is often achieved by using composite materials (Woodruff and Hutmacher, 2010). For SGBR, suitable degradation properties of the scaffold and enhancement of bioactivity are best achieved by incorporating ceramic fillers such as hydroxyapatite (HA) (Bartnikowski et al., 2019), which also increase bone-forming potential in vivo (Chuenjitkuntaworn et al., 2010; Ma et al., 2019). Biodegradable composite implants made of PCL-HA are approved by the United States Food and Drug Administration (FDA) for bone defect treatment (DePuy Synthes’ TRUMATCH Graft Cage) (Liodakis et al., 2023); however, these implants do not present with a fully interconnected three-dimensional (3D) pore architecture, which is essential for SGBR (Laubach et al., 2023b).
The capacity for in vivo tissue integration and bone formation depends on 3D implant architecture, as the rate and degree of bone ingrowth is determined by the scaffold morphology (Eichholz et al., 2022; Han et al., 2023; Zhou et al., 2023). In particular, efficient mass transfer of oxygen and nutrients to the infiltrating cells depends on timely angiogenesis, which is linked to the scaffold morphology (Serbo and Gerecht, 2013; Collins et al., 2021; Filippi et al., 2023). Key literature, including preclinical and clinical studies, now indicates that the hallmarks for successful application of biodegradable scaffolds in SGBR are high porosity (>70%), a fully interconnected pore network, and a slow biomaterial degradation profile with mass loss below 5% during the first 6 months after surgery (Hutmacher, 2000; Cipitria et al., 2012; Henkel et al., 2021; Laubach et al., 2022b). Examples of 3D designs of scaffolds fulfilling these characteristics are depicted in Supplementary Figure S1, in which they are broadly classified into 4 generations (Generation 1.0–4.0). Generation 1.0–3.0 scaffolds have rectilinear layering patterns and consist of varying the compositions (1.0 = PCL only; 2.0 = PCL composite; and 3.0 = PCL composite with bioactive coating), but these scaffolds do not contain the structural variations that are known to positively affect angiogenesis and successful bone regeneration. With advancements in novel computer aided design (CAD) and additive manufacturing technologies, Generation 4.0 scaffolds were introduced, which have more biomechanically optimized scaffold designs and morphologies (Herath et al., 2021; Basu et al., 2022). One of these complex designs is based on the Voronoi tessellation, where a 3D volume is tessellated into irregular polyhedrons initiated by a set of randomly distributed points, whose edges are connected to form a highly porous network structure (Herath et al., 2021; Herath et al., 2023). The Voronoi design grants the next-generation scaffolds (Generation 4.0) a higher surface to volume ratio and a superior biomimicking of the “trabecular” structure with fully interconnected pores, without compromising on mechanical strength (Liu et al., 2019). Such Generation 4.0 scaffolds, which form an integral part of the further development of the SGBR concept, are characterized by a complex 3D architecture with sufficiently large pores to support their loading with (autologous) bone grafts without compromising their biomechanical properties (Laubach et al., 2023b; Herath et al., 2023). Moreover, in the past, 3D-printed Voronoi scaffolds have been associated with successful bone regeneration attempts using titanium-based biomaterials (Chen et al., 2020; Liang et al., 2022; Lu et al., 2023). However, despite the known relevance of biodegradable PCL-HA as a composite material for bone regeneration (Liodakis et al., 2023), it has not been assessed within the context of 3D-printed SGBR scaffolds with the Voronoi design, which is the objective of this work.
Therefore, to advance the concept of SGBR, we tested Voronoi design based SGBR scaffolds 3D-printed with the FDA-approved medical-grade PCL-HA (mPCL-HA) composite biomaterial (referred to as mPCL-HA Voronoi scaffolds). It is known that bone grafts have excellent osteogenic potential for bone regeneration (Reichert et al., 2011), specifically because they contain growth factors relevant to bone formation (Palta et al., 2014; Laubach et al., 2023a). We thus tested the novel mPCL-HA Voronoi scaffolds in combination with bone chips, bone marrow or both together, as this may be done interchangeably in a clinical setting, depending on patient graft availability and surgeon preference (Laubach et al., 2023a). Our objectives in this study were to 1) perform in-depth in vitro and in vivo testing to evaluate the physical properties of Generation 4.0 mPCL-HA Voronoi scaffolds, 2) assess the in vivo biocompatibility and osteoimmune response of Generation 4.0 mPCL-HA Voronoi scaffolds alone, and 3) in combination with bone grafts. An ectopic bone formation rat model was used for the in vivo study as it allowed the implantation of a combination of larger 3D-printed mPCL-HA Voronoi scaffolds and clinically-relevant fresh bone grafts from sheep. Intramedullary harvesting devices routinely used in the clinic were used to harvest bone grafts from sheep. The combination of scaffolds and fresh bone graft is based on the SGBR concept and we anticipate that this approach represents the necessary prerequisites toward larger animal studies and future clinical trials to ultimately achieve the successful translation of mPCL-HA Voronoi scaffolds into clinical practice.
2 MATERIALS AND METHODS
2.1 Scaffold design and manufacturing
Scaffolds were designed in-house based on the Voronoi tessellation (Chen et al., 2020), where a region can be divided into discrete cells based on a randomly populated set of points known as “seed points” (Herath et al., 2021). The design process was undertaken using the software suite Rhinoceros 3D & Grasshopper (Robert McNeel & Associates, Seattle, United States). The Voronoi lattice structure was derived by tessellating a uniform tubular cylinder of an outer diameter of 10 mm, an inner diameter of 4 mm, and a height of 15 mm, with 125 seed points and a strut diameter of 1 mm. The final Voronoi scaffold design was exported in a stereolithography (STL) file format and shared with the manufacturer. The 3D mesh model is shown in Supplementary Figure S2. Scaffolds were additively manufactured using a composite material of mPCL with 4% HA (Evonik Industries AG, Essen, Germany) under ISO 13485 certification by BellaSeno GmbH (Leipzig, Germany).
2.2 Characterization of 3D-printed mPCL-HA Voronoi scaffolds
2.2.1 Evaluation of morphology and porosity
All micro-computed tomography (μCT) scanning was done using a Scanco Medical AG μCT 50 scanner (Scanco, Brüttisellen, Switzerland) at an energy of 55 kVp and current of 145 μA, with a 0.1 mm aluminum filter. All samples dedicated for evaluation of morphology and porosity were scanned in air and wrapped in low density foam to prevent movement. The manufacturing quality was evaluated by quantitative assessment of the fabrication accuracy in terms of the distribution of HA particles and filament diameters by scanning the scaffolds (n = 2) at high resolution with an isotropic voxel size of 1.2 μm3 (integration time = 1,500 ms).
A quantitative assessment of scaffold porosity was obtained by scanning pristine scaffolds (n = 8) with an isotropic voxel size of 14.8 μm3 (integration time = 300 ms) and then conducting 3D reconstructions to obtain the as-manufactured geometry (referred to as µCT models) using the Amira 2020.2 software (Thermo Fischer Scientific, United States). The reconstructed µCT model was imported to Rhinoceros 3D & Grasshopper software, and a uniform tubular cylinder was aligned to envelope the model and compared with the designed Voronoi CAD model (referred to as CAD model). The volumes of the tubular cylinder and the µCT model were calculated, and, finally, the porosity was derived as follows (Eq. 1):
[image: Porosity percentage formula: Porosity (%) equals the difference between VE and VS, divided by VE, all multiplied by 100%. A reference to equation one is included.]
where VE is the volume of the tubular cylindrical envelope and VS is the volume of the segmented µCT model.
Scaffold morphology (n = 7) was further studied by scanning electron microscopy (SEM). Scaffold surfaces were platinum sputtered at 4 nm coated (Leica ACE600 high vacuum sputter coater, Leica Microsystems, Australia) and then imaged with a TESCAN MIRA 3 high-resolution analytical SEM (Tescan, Brno, Czech Republic) at an accelerating voltage of 5.0 kV, a beam intensity of 8.0, and constant working distance of 8.0 mm.
2.2.2 Compression testing
Scaffolds (n = 6) were subjected to uniaxial compressive testing to determine their compressive properties, specifically their Young’s modulus and yield strength. The samples were immersed in a 1X phosphate buffered saline bath (PBS, Sigma-Aldrich) under simulated physiological conditions (37°C), and unconfined tests were performed with a strain rate of 0.1 mm/s using a 2 kN load cell on an Instron model 5567 instrument (Melbourne, Australia). The experimental setup is shown in Supplementary Figure S3. We used the calculated slope of the initial linear region of the fitted stress-strain curve as the elastic modulus (Young’s modulus). Yield strength was measured at 0.2% offset strain.
2.3 In vitro degradation kinetics
The in vitro hydrolytic degradation was assessed by immersing the mPCL-HA 3D-printed scaffolds in 1X PBS, as described in comparative studies investigating the hydrolytic degradation of PCL-based materials (Abdal-hay et al., 2020). For the different degradation analyses, the specimens (n = 7) were individually introduced into 15 mL Falcon tubes containing 10 mL sterile 1X PBS at pH 7.4 with 1% penicillin-streptomycin, closed to avoid evaporation, and maintained statically at 37°C. The solution was fully replaced once every 30 days. At different times (30, 60, 90, 120, 150, and 180 days), the samples were washed three times with deionized water and dried overnight in an oven at 37°C under vacuum. Week 0 was defined as the baseline, and at each time point the morphological characteristics, mass loss, and thermal properties were determined. With the exception of the week 0 samples (baseline), degraded samples were collected at different time points and used for the analyses described hereafter.
2.3.1 Morphology with scanning electron microscopy
The samples were trimmed with a scalpel and their surface and morphology were examined by SEM, as previously described in Section 2.2.1.
2.3.2 Mass variation
Mass loss from individual scaffolds was determined as previously described (Lam et al., 2009) by calculating the difference in mass at baseline and at each time point, measured with scales (0.1 mg resolution), as follows (Eq. 2):
[image: Formula for mass loss as a percentage, where initial mass (M sub i) minus final mass (M sub f) is divided by initial mass (M sub i) and multiplied by one hundred percent. Equation labeled as two.]
where Mi is the initial mass, and Mf is the final mass.
2.3.3 Gel permeation chromatography
Gel permeation chromatography (GPC) was used to determine the weight average (Mw) and number average (Mn) relative molecular weight and dispersity of the mPCL-HA scaffolds. Sections of the mPCL-HA scaffolds were cut and dissolved in tetrahydrofuran (THF) at a concentration of 1 mg/mL. All samples were passed through 0.22 μm PTFE membrane filters. Measurements were conducted on a PSS SECurity2 system consisting of a PSS SECurity Degasser; PSS SECurity TCC6000 column oven (35°C); PSS SDV column set (8 × 150 mm; 5 μm precolumn; 8 × 300 mm; 5 μm analytical columns; and 100,000 Å, 1,000 Å, and 100 Å); and an Agilent 1260 Infinity isocratic pump, Agilent 1260 Infinity standard autosampler, Agilent 1260 Infinity diode array and multiple wavelength detector (A: 254 nm, B: 360 nm), and Agilent 1260 Infinity refractive index detector (35°C). HPLC-grade THF—stabilized with BHT—was used as an eluent at a flow rate of 1 mL/min. Narrow-disperse linear poly (methyl methacrylate) (Mn: 202 g/mol to 2.2 × 106 g/mol) standards (PSS ReadyCal) were used as calibrants. Molecular weight and dispersity analyses were performed using PSS WinGPC UniChrom software (version 8.2).
2.3.4 Thermal property analysis
The thermal properties of the mPCL-HA composite scaffolds were investigated by differential scanning calorimetry (DSC), as described previously (Mohseni et al., 2018). Briefly, DSC was conducted using a Q100 DSC apparatus (TA Instruments, Newcastle, DE, United States) in aluminum crucibles in an argon atmosphere to study the thermal properties, such as glass transition temperature, melting temperature, and crystallinity of the 3D-printed scaffolds. The sample mass was 5–10 mg. The following temperature conditions were used: heating from 0°C to 100°C at a rate of 10°C/min, an isothermal segment at 100°C for 5 min, cooling to 0°C at a rate of 10°C/min, and an isothermal segment at 0°C for 5 min. Analysis was performed on the thermographs, utilizing Universal Analysis 2000 software (TA Instruments, Newcastle, DE, United States). The melting point and the heat of fusion (the heat of melting) were determined to calculate the polymer crystallinity. A reference of 135 J/g was used for 100% crystalline PCL (Crescenzi et al., 1972), and the degree of crystallinity (Xc %) of the polymer scaffold was calculated as follows (Eq. 3):
[image: Equation for crystallinity percentage: Xc equals delta Hm divided by delta Hm0, multiplied by one hundred percent, labeled as equation three.]
where ∆Hm and ∆Hmo are the enthalpies of melting of the sample and the hypothetical polymer that is 100% crystalline, respectively.
The thermal stability of the fabricated scaffolds was investigated by thermogravimetric analysis using a TGA Q50 instrument from ambient temperature to 600°C at a heating rate of 10°C/min under nitrogen gas flowing at 60 mL/min.
2.4 Animal experiments
2.4.1 In vivo study
Biocompatibility and osteoimmunomodulatory capacity of the scaffolds were assessed using a rat ectopic bone formation model. Ethical approval was obtained from the Queensland University of Technology (QUT) Animal Ethics Committee (UAEC) (Ethics Approval Numbers 2000000592 and 2000000593). All animal surgeries were performed at the QUT Medical Engineering Research Facility (MERF) at the Prince Charles Hospital campus (Chermside, Queensland, Australia). The study was conducted in accordance with the requirements of the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, and the ARRIVE 2.0 guidelines (Animal Research: Reporting of In Vivo Experiments) (Percie du Sert et al., 2020) were followed.
In this study, two 12-week-old male CBH-rnu/Arc (nude) rats with body weight (BW) of 217–260 g were purchased from the Animal Resources Centre (Canning Vale, Western Australia) and housed in individually ventilated double decker cages (Techniplast, GR 1800) in a pathogen-free and temperature-controlled environment. CBH-rnu/Arc (nude) rats are homozygous for the Foxn1nu mutation, which results in failure of thymus formation (dysgenesis of the thymus). This leaves no place for CD4+ and CD8+ T cells to differentiate and mature, making these homozygote rats T cell deficient (Kyriakides et al., 2022). The rats were allowed to acclimatize for a minimum of 1 week before commencing the experimental procedures and had access to sterile food and water ad libitum.
The rats received scaffolds alone (using the scaffold by itself without any bone grafts) and also scaffolds loaded with different types of ovine bone graft (1.0 g per scaffold). Bone graft was freshly harvested under sterile conditions from one female Merino sheep (55 kg BW, 1–2 years of age). Three different methods of harvesting bone graft from the intramedullary canal of the sheep’s femur or tibia were used: the Reamer-Irrigator-Aspirator (RIA) 2 system to harvest bone graft mix of bone chips and bone marrow, an aspirator to collect bone marrow, and application of a reaming-aspiration (R-A) method to harvest bone chips following bone marrow removal (Supplementary Figure S4). Table 1 lists the details of the harvesting methods, associated bone graft types, and experimental groups. Fibrin glue (160 μL, TISSEEL Fibrin Sealant, Baxter Healthcare International) was added to the different types of bone graft and then loaded onto the scaffolds, which had been sterilized with 80% (v/v) ethanol (evaporation method) (Lahr et al., 2020). All procedures, including scaffold preparation and perioperative procedures, were conducted in biosafety cabinets. Details for the setup of the biosafety cabinet are illustrated in Supplementary Figure S5.
TABLE 1 | Experimental groups and bone graft material types used in rat ectopic bone formation study. The material was mixed with fibrin glue (160 μL) and loaded onto the mPCL-HA Voronoi scaffolds (n = 2).
[image: Table comparing harvesting devices and bone graft material types across groups. Group Sc uses "Scaffold alone," ScRIA2 uses "RIA 2 system" with "Bone chips and bone marrow," ScA uses "Aspirator" with "Bone marrow," and ScRA uses "R-A method" with "Bone chips." Definitions include mPCL-HA, RIA 2 system, R-A method, and Sc.]The rat surgical procedure was adapted from Sabini et al. (2000). General anesthesia was induced and maintained with isoflurane (2%–4%) in oxygen. Subcutaneous (sc.) buprenorphine (0.05 mg/kg BW) and meloxicam (1 mg/kg BW) were administered for preemptive analgesia. Prophylactic antibiotic cefazolin (sc., 20 mg/kg BW) was given once preoperatively and for 2 days postoperatively. In total, four different types of constructs including scaffold alone or in combination with different types of fresh ovine bone grafts, as outlined in Table 1, were implanted in subcutaneous pockets created on the rat dorsum. Supplementary Figure S6 illustrates the scaffold preparation and (peri)operative procedures for anesthesia and surgery. Tramadol in drinking water (25 mg/L) was given for 5 days after surgery for postoperative analgesia. The rats were euthanized with CO2 asphyxiation 8 weeks post-implantation, as per National Health and Medical Research Council (NHMRC) guidelines.
2.4.2 Faxitron and μCT imaging of the specimens
Post-euthanasia, the animals were imaged inside a portable high-resolution X-ray cabinet (Faxitron MX-20, Faxitron Bioptics LLC, United States). Subsequently, the specimens were retrieved and fixed in 4% paraformaldehyde for 4 days before transferring to 70% (v/v) ethanol until needed for further analyses. All the specimens underwent µCT scanning with an isotropic voxel size of 17.2 μm3 (integration time 800 ms); they were assessed at a threshold of 340/1,000, a Gaussian filter width of 0.8, and gauss filter support of 1, and the total bone volume was calculated using the SCANCO proprietary scan evaluation software after segmentation.
2.4.3 Histology and immunohistochemistry
Fixed samples were cut longitudinally in two parts using an EXAKT 310 Diamond Band Saw (EXAKT Apparatebau GmbH & Co. KG, Norderstedt, Germany) to allow histological assessment of decalcified paraffin embedded samples by immunohistochemistry (IHC) as well as undecalcified samples embedded in resin.
For histological analysis, the samples were decalcified for 1 week in 10% EDTA pH 7.4 at 37°C using a KOS rapid microwave lab station (ABACUS, Brisbane, Australia). The decalcification process was verified by qualitative X-ray analysis. Samples were serially dehydrated in ethanol in an automated Excelsior ES tissue processor (Excelsior ES, Thermo Scientific, Franklin, MA, United States) and embedded in paraffin. Sections of 5 μm thickness were cut, collected onto polylysine-coated microscope slides, and then dried at 60°C for 16 h. A subset of the slides was stained with hematoxylin and eosin (H&E) using a Leica Autostainer XL (Leica Biosystems, Nussloch, Germany). Histological staining and immunohistochemistry were performed according to the protocol previously established by our group (Sparks et al., 2020). The primary antibodies specific to the osteogenic and osteoimmunomodulatory markers used for this study and the protocol specifications are provided in Supplementary Table S1. Stained slides were scanned using a 3DHistech Scan II Brightfield slide scanner (3DHistech, Budapest, Hungary) at ×20 objective with a spatial resolution of 0.27 mm.
Undecalcified samples were embedded in resin, as described by Sparks et al. (2020, for histomorphological evaluations. The embedded tissues were sectioned longitudinally at 200 μm using an EXAKT 310 Diamond Band Saw and ground to 30 μm for histological analysis and to 100 μm for SEM analysis, using an EXAKT 400CS micro grinder (EXAKT Apparatebau GmbH & Co. KG, Norderstedt, Germany).
The 30 μm ground resin sections were stained with modified Goldner’s Trichrome following standard laboratory protocols (Sparks et al., 2020). The stained sections were imaged using a Carl Zeiss microscope (ZEISS Axio Imager 2, Carl Zeiss Microscopy, NY, United States).
The 100 μm thickness resin sections were ground sequentially with sandpaper to produce a mirror-finish surface. The slides were then etched with 37% phosphoric acid (Ajax Finechem, Albany, NZ, cat. no. AJA371-2.5LPL) for 3 s, washed in running tap water for 5 min, and surface etched in 12.5% sodium hypochlorite (Ajax Finechem, cat. no. AJA82-500G) for another 5 min, followed by washing in running tap water for 5 min. The slides were dried overnight at room temperature. Subsequently, the ground sections were platinum sputtered at 4 nm (Leica ACE600 high vacuum sputter coater, Leica Microsystems, Australia) and then imaged with a TESCAN MIRA 3 high-resolution analytical SEM (Tescan, Brno, Czech Republic) at an accelerating voltage of 5.0 kV, a beam intensity of 8.0, and a constant working distance of 8 mm.
2.5 Statistical analyses
The experimental in vitro data were analyzed using R programming software (version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria) with RStudio, version 1.3.1073 (RStudio Inc., Boston, MA, United States). Values of p < 0.05 were considered statistically significant. The results are shown as the mean ± standard deviation (SD) and plotted using R. The R package “lme” was used to fit a generalized linear model (GLM) to predict the respective degradation parameters with the individual time points for mass loss, molecular weight, and crystallinity (time point as fixed factor). The statistics for this study were chosen in accordance with the guidelines provided by biostatisticians from the Research Methods Group of the QUT.
3 RESULTS
3.1 3D printing homogeneity, porosity, and mechanical characteristics of scaffolds
A representative mPCL-HA scaffold with the Voronoi design after printing is shown in Figure 1A. A reconstructed μCT scan showed adequate reproduction of the desired geometry by the 3D printing process (Supplementary Video S1). In Figure 1B, a fully interconnected strut network with high scaffold porosity of 72.8% ± 0.94% was observed, which is slightly different compared to the expected CAD model porosity of 63.3% (Supplementary Figure S7A). Supplementary Figure S7B shows the workflow for deriving the depicted scaffold porosity. High-resolution µCT did not identify any distinct HA particles (i.e., particles >2 µm in diameter); however, a bright rim in the periphery of the scaffold filaments suggests a more decentralized sub-micrometer powder particle distribution toward the edges of the struts within the mPCL-HA composite (Figure 1C). The filament diameter was approximately 120–155 µm (Figure 1C)—homogenous in size and well connected (Figure 1D). Scanning electron microscopy of the native samples showed high printing accuracy with appropriate filament integrity (Figures 1E1–E3). The mechanical properties of the mPCL-HA scaffolds with Voronoi structure resulted in a Young’s modulus of 11.80 ± 0.35 MPa and a yield strength of 0.76 ± 0.03 MPa. Supplementary Video S2 shows a representative mechanical compression test of the mPCL-HA Voronoi scaffolds. Based on these results, the Generation 4.0 mPCL-HA Voronoi scaffolds produced here were deemed suitable for subsequent in vitro and in vivo testing.
[image: Panel of images showing a series of magnified views and analysis of a sample. Image A displays a top view of the sample with measurements of 15 millimeters by 10 millimeters. Image B shows a section with an intricate internal structure. The graph presents porosity percentages with a striped bar. Image C provides a close-up of particles, noting dimensions: 120.21 micrometers and 154.28 micrometers. Image D highlights a textured surface with vertical lines, including an inset of finer detail. Images E1 to E3 offer progressively closer views of surface textures and structures.]FIGURE 1 | Morphological characterization of mPCL-HA Voronoi scaffolds. (A) Macroscopic image. (B) Micro-computed tomography (µCT) rendering and corresponding porosity (mean +/- SD shown, n = 8). (C) Assessment of HA distribution (white triangles). (D) µCT rendering of filaments and date reconstruction (inset). (E1–E3) Scanning electron microscopy (SEM) images of filaments at low (250×, E1), medium (1,000×, E2), and high (10,000×, E3) magnifications. Scale bars: B, 5 mm; C, 500 μm; C inset, 250 μm; E1, 200 μm; E2, 50 μm; E3, 5 μm.
3.2 In vitro degradation analysis
Slow degradation of the 3D-printed mPCL-HA Voronoi scaffolds, which were kept under simulated physiological conditions, was observed over a period of 180 days (Figures 2, 3). Scanning electron microscopy imaging indicated surface changes over time, but these minor changes did not disrupt surface integrity. Instead, small, isolated cracks indicated the occurrence of minor erosion processes, with only a slight progression over time within the follow-up period of 180 days (Figure 2). Furthermore, statistical analysis indicated that the effect of time was statistically significant and positive, particularly between baseline and 30 days, where the mass loss was observed to be more prominent compared to the other time points. However, the mass loss between baseline and the 180-day follow-up (0.47% ± 0.46%) was negligibly small (Figure 3A), although it is to be noted that variability increased at each time point. Gel permeation chromatography analysis also showed little reduction in the average molecular weight (Mw) from baseline (111.48 ± 5.4 kDa) to 180 days (93.42 ± 3.06 kDa), although the effect was statistically significant and can be described as linear (Figure 3B). The plot of number average molecular weight (Mn) is shown in Supplementary Figure S8. A statistically significant positive effect of time was observed for crystallinity, which increased particularly between baseline and day 60 and between day 150 and day 180 (Figure 3C). However, the overall difference between baseline (67.2% ± 3.5%) and 180 days (73.2% ± 1.5%) was, as expected, very small. Additional information on dispersity index is shown in Supplementary Figure S9.
[image: Series of electron microscope images showing material surface structure at different magnifications (194-250x, 1000x, 5000x, 9999-11000x) and time intervals (Baseline, 30, 60, 90, 120, 150, 180 days). Each row represents a different time point, illustrating structural changes over time.]FIGURE 2 | Assessment of surface integrity using scanning electron microscopy (SEM) images obtained during the 180-day period of in vitro degradation analysis of mPCL-HA scaffolds, which were kept in 1X PBS at 37°C throughout the follow-up period. Scale bars: 194–250×, 200 μm; 1,000×, 50 μm; 5,000×, 10 μm; 9,999–11,000×, 5 μm.
[image: Three line graphs depict data over degradation time in days.   Graph A shows mass percentage increasing from baseline to 180 days.   Graph B displays a decrease in weight-averaged molecular weight over time.   Graph C illustrates crystallinity percentage increasing slightly from baseline to 180 days.   Each graph includes error bars and statistical details, with significance levels noted.]FIGURE 3 | In vitro degradation characteristics of mPCL-HA scaffolds with the Voronoi design over time in PBS at 37°C. (A) Mass Loss, (B) Weight averaged molecular weight, (C) crystallinity. Means ± SD, n = 7.
3.3 In vivo rat ectopic bone formation model
A standardized operating procedure was followed for scaffold preparation, with and without additional bone graft loading, as per Table 1. Both rats endured the operation and the recovery phase without any relevant complications and reached the protocol end point after 8 weeks.
3.4 In situ radiographic and macroscopic assessment of specimens
High-resolution X-ray imaging of scaffolds in situ after euthanasia showed higher radio-opacity in the groups that received bone chips and bone marrow (ScRIA2 group) or bone chips alone (ScRA group) than in the groups with bone marrow alone (ScA group) or with the scaffold alone (Sc group) (Figure 4A). The radio-opacity in different groups indicated a homogeneous distribution of bone graft. Notably, the ScA group showed some opacity that followed the 3D scaffold network architecture (Figure 4A—yellow arrows). The Sc group, by contrast, was radiolucent, with no radiographic signs of new bone formation. Following X-ray imaging, the surgical sites were accessed and the specimens assessed in situ. Macroscopically, no overt inflammation or excessive fibrotic tissue layers surrounding the specimens was observed. Moreover, all experimental groups showed appropriate integration into the surrounding tissues, including macroscopically visible ingrowth of blood vessels (Figure 4B). Quantification of the mineralized tissue (total bone volume) using μCT imaging confirmed the observations of high-resolution X-ray imaging (Figure 4C). For the Sc group, very little total bone volume was observed (both 0.0004 mm3). Scaffolds loaded with bone marrow (ScA group) showed the lowest mean total bone volume of 3.32 ± 1.97 mm3 of all the bone graft test groups. Scaffolds loaded with bone chips and bone marrow (ScRIA2 group) elicited the largest mean total bone volume of 86.48 ± 7.53 mm3, while scaffolds loaded with bone chips only (ScRA group) were next with 61.74 ± 1.79 mm3. The homogenous distribution of the bone graft is shown in a representative segmented μCT image (Figure 4D—ScRA group) as well as in example (reconstructed) μCT scans of ScRIA2 group (Supplementary Video S3) and ScRA group (Supplementary Video S4).
[image: A: X-rays showing annotated regions ScA, ScRIA2, ScRA, and Sc on two images with highlighted areas. B: Close-up views of tissues marked with white arrows in four panels labeled Sc, ScRIA2, ScA, and ScRA. C: Bar graph comparing total bone volume in different groups, with ScRIA2 showing the highest volume. D: A detailed black-and-white image of a structure labeled ScRA.]FIGURE 4 | Specimen radiographic, macroscopic and µCT imaging assessments in situ. (A) High-resolution X-rays. (B) Scaffold integration and blood vessel ingrowth from surrounding tissue (indicated with triangles in B). (C) Total bone volume quantifications from μCT imaging data (mean ± SD, n = 2). (D) Representative reconstructed μCT image. Scale bar: D, 1 mm.
3.5 Immunohistochemistry using osteoimmunomodulatory and osteogenic markers
Overall, the homogenous distribution of bone graft is shown in representative μCT images (Figures 5A1–A4), and the H&E images of the scaffolds showed good integration within the host tissue (Figures 5B1–B4). The cellular responses around the mPCL-HA scaffold struts (Figures 5C1, C4, D1, D3, D4, 5E1–5E3—black dashed lines) and around the bone graft (Figures 5C2, C4, D2, D4, E2, E4—red dashed lines) were similar for all groups. Both CD68 and Mannose receptor (MR) reactivity were more prominent at a single layer of cells lining the surface of the scaffold struts, at osteoclasts lining the surface of the graft fragments, and also at cells within the tissue around the same areas (Figures 5C1–C3, D1, D4—red arrows). However, there were a few giant cells weakly reactive for nitric oxide synthase (iNOS), especially at the cells lining the outer surface of scaffold struts as well as the bone graft fragments (Figures 5E1, E3, E4—red arrows).
[image: A series of microscopic images comparing four groups: Sc, ScRIA2, ScA, and ScRA. The first row (A1-A4) shows μCT scans highlighting different structural densities. The second row (B1-B4) presents H&E stained sections with varying tissue morphology. The third row (C1-C4) displays CD68 immunostaining showing macrophage presence. The fourth row (D1-D4) illustrates MR markers indicating macrophage polarization. The fifth row (E1-E4) shows iNOS expression, related to inflammation. Red arrows indicate areas of interest across the images for each group. Black scale bars provide reference for size across different images.]FIGURE 5 | Micro-computed tomography (µCT) and histological and immunohistochemical analysis (osteoimmunomodulatory markers) of explanted specimens. (A1–A4) Three-dimensional reconstruction of the µCT data of the sample groups after specimen collection. (B1–B4) H&E overview and (C1–E4) IHC osteoimmunomodulatory markers. Cluster of differentiation 68 (CD68); inducible nitric oxide synthase (iNOS); Hematoxylin and eosin (H&E); Mannose receptor (MR). Scale bars: B1–B4, 2,000 μm; C1–E4, 50 µm.
Good tissue formation (Figures 6A1, A3) and integration of bone chips (Figures 6A2, A4—black dashed lines) throughout the scaffold strut architecture (Figures 6A1, A3—black dashed line) was further confirmed on the H&E images with high magnification (Figures 6A1–A4). The Sc group as well as the ScA group showed sparse collagen fiber formation aligning parallel to the outer surface of the scaffold wall (Figures 6A1, A3), and this was further confirmed by the lack of collagen type I (COL I) deposition (Figures 6B1, B3) at scaffold surface architecture (Figures 6B1, B3—black dashed line). Distinguishable stages of mineralization of the extracellular bone matrix could be seen through COL I stain reactivity within the ScRIA2 and ScRA groups (Figures 6B2, 6B4). The same groups presented localized areas of bone remodeling (woven bone), which were heavily stained for COL I and less reactive at the bone chip remnants (Figures 6B2, B4—red dashed lines). These fragments of the original bone graft (Figures 6C2, C4—red dashed lines), identified by the presence of islands of hypermineralized cartilage, were positively stained for collagen type II (Figures 6C2, C4), suggesting osteochondral bone formation (Li et al., 2022). Nevertheless, the bone chips positively stained for osteocalcin (OC), a late osteogenic marker of bone formation, expressed by early osteocytes, as well as at bone lining osteoblasts at the surface of the bone chips (Figure 6D2—red arrows; Figure 6D4). Fragments of the original bone chips (Supplementary Figures S10A, B—red arrows) and an osteon embedded with the new forming bone tissue were visibly distinguishable by H&E staining (Supplementary Figures S10C–E—yellow dotted line). Yet, the intervening space between bone chip fragments was bridged with newly forming bone and was clearly demarcated as depicted by OC staining (Supplementary Figures SF–J—red arrows). Although some of the original architecture of the bone chip fragments implanted were still apparent and empty lacunae were observed, active bone formation could be recognized by the presence of viable osteocytes, osteoclastic activity, osteoid seams (Supplementary Figures S11B–E) and osteoblasts lining the periosteal surface of the graft fragments (Figures 6D2, D4—red dashed lines), and the formation of small marrow cavities (Figure 6E2). The new tissue formed was well vascularized, as demonstrated by the von Willebrand factor positive staining at the endothelial wall of blood vessels for all groups (Figures 6E1–E4—red arrows).
[image: Four rows of histological images representing different staining techniques for tissues labeled as Sc, ScRIA2, ScA, and ScRA. Each column compares a different tissue type, while each row shows a specific staining: H&E, COL I, COL II, OC, and vWF. The images highlight variations in tissue structure and protein presence as indicated by different colors and intensities. Red arrows point to specific structural details. Scale bars are present for reference.]FIGURE 6 | Histological and immunohistochemical analysis (osteogenic markers) of explanted specimens. (A1–A4) H&E high magnification and (B1–E4) IHC osteogenic markers. Collagen type I (COL I); Collagen type II (COL II); Hematoxylin and eosin (H&E); Osteocalcin (OC); Van Willebrand factor (vWF). Scale bars: A1–E4, 50 µm.
3.6 Histomorphometric analysis using modified Goldner’s trichrome staining and SEM
Further corroborating the results of the decalcified samples, all experimental groups showed excellent integration into the surrounding host tissue in undecalcified samples (Figures 7A1–A4). The Voronoi mPCL-HA scaffolds alone (Sc group) showed excellent integration within the host tissue at 8 weeks post-implantation, particularly at the interface between the scaffold struts and connective tissue (Figure 7B1). Similarly, the treatment groups that included bone chips (the ScRIA2 and ScRA groups) showed good acceptance of the graft material and integration of the scaffold within the surrounding host tissue (Figures 7B2, B4). Notably, excessive soft tissue encroachment was avoided, and a small muscle layer derived from the rat’s panniculus carnosus integrated well with the outer surface of the scaffold wall was observed (Figure 7B3). Scanning electron microscopy imaging of the bone chips showed a viable osteocyte network within the graft fragments (see Supplementary Figure S12). Neovascularization with new blood vessels sprouting was observed (Figure 7C2—white circle dashed lines) throughout the bone graft and within the newly formed tissue surrounding the scaffold struts. Figures 7C2, C4 show white triangles pointing toward areas of bone remodeling, with osteoblastic osteocytes aligned at the interface of bone graft remnants and new bone formed (white asterisks in Figure 7C4, indicating well-integrated bone chip remnants). Similarly, blood vessels (white circle dashed lines) were also identified at the interface between the bone graft fragments and the new tissue being formed (Figure 7C2—osteocytes indicated with white asterisks in 7C2). The scaffold struts appeared to guide the collagen fiber orientation and alignment (Figures 7B3, C3, D3). Notably, crosstalk via lacuno-canalicular networks was observed between the osteocytes and bone chips and also the newly formed (bone) tissue (Figures 7D2, D4, see also Supplementary Figure S12).
[image: Goldner's Trichrome stain and scanning electron microscopy images compare four samples: SC, SCRIA2, ScA, and ScRPA. Each row shows two stained images (A1-B4) revealing structural elements such as connective tissue, muscle, and bone components. Adjacent scanning electron microscopy images (C1-D4) display detailed microstructures, highlighting tissue organization and specific formations, such as osteocytes and bone elements, indicated by arrows. Each sample reveals distinct morphological characteristics in both staining and microscopy techniques.]FIGURE 7 | Modified Goldner’s trichrome staining and scanning electron microscopy (SEM) analysis of the mPCL-HA Voronoi scaffolds without and with loading of different types of bone graft. (A1–B4) An overview of undecalcified sections is shown with Goldner’s trichrome staining showing good tissue integration throughout all experimental groups. (C1–D4) Scanning electron microscopy images following resin cast etching showing the ultrastructural morphology of scaffold-bone graft constructs. Notably, direct contact is observed between blood vessels and cells that are shaped like osteoblastic osteocytes [indicated by arrow in (C2)], which in turn may indicate active facilitation of new bone formation. Further, osteoblastic osteocytes next to bone fragments [bone fragments are indicated with black dashed lines in (C2)] also connect with those in the newly formed bone, thereby facilitating connectivity with the surrounding connective tissue [white triangles in (C2,C4)]. Please note the well-maintained lacuno-canalicular networks (D2–D4) between osteocytes and bone graft (turquoise *). Similarly, in the ScA and ScRA groups, good integration in connective tissue (D3) as well as direct attachment of osteocytes and newly formed bone tissue (D4) was observed [white * in (C4)]. Cellular extensions between the osteocytes [turquoise ** in (D2)] further stress the occurrence of well-orchestrated bone remodeling. BC, bone chip; CT, connective tissue; MU, muscle tissue; OT, osteocyte; SC, scaffold. Scale bars: (A1–A4), 2,000 μm; (B1–B4), 200 μm; (C1–C4), 50 μm (except C4, 100 μm); (D1–D4), 5 μm (except D4, 10 μm).
4 DISCUSSION
Over the past four decades, a steadily increasing number of studies has been published on the design and manufacture of scaffolds for bone tissue engineering (Supplementary Figure S13) (Hutmacher et al., 2023). Yet, only a small number of scaffolds have been translated from bench to bedside (Hollister, 2009; Hollister and Murphy, 2011; Hutmacher et al., 2023). Generation 1.0 and 2.0 scaffolds have been used clinically for more than 10 years after rigorous preclinical testing (Kobbe et al., 2020; Laubach et al., 2022b; Castrisos et al., 2022). Generation 3.0, which is a calcium phosphate-coated version of Generation 2.0, underwent rigorous preclinical testing and will be used in clinical trials in the near future (Laubach et al., 2022a). Yet, Generation 1.0–3.0 scaffolds use rectilinear layering designs because certified melt-based 3D printers and additive manufacturing platforms in the past did not allow the fabrication of complex scaffold geometries using medical-grade biomaterials without the use of additive support materials and extensive post-processing (Qi et al., 2021). The requirements for the support material and post-processing present considerable complexities, not only in manufacturing, but also in regulatory approval processes (Placone et al., 2020; Dizon et al., 2021). With a newly developed additive manufacturing platform, complex biomimetic architectures such as the established Voronoi design can be printed using a medical-grade composite material that contains an osteoinductive bioactive agent, namely mPCL-HA (Zhou et al., 2020; Hutmacher et al., 2023). Therefore, we present the first study to characterize the physical properties and in vivo biocompatibility of this Generation 4.0 scaffold in an animal model in combination with xenogeneic bone graft loading.
In the present study, high-resolution µCT analysis confirmed that a state-of-the-art printing quality was achieved with sub-micron powder particles well mixed with mPCL. However, HA has a higher density than PCL; thus, during the 3D printing extrusion process it may not be evenly distributed in the PCL matrix and therefore more prone to aggregate and settle at the edge of the filament (a phenomenon often referred to as “phase separation” or in the context of 3D printing as “sedimentation”) (Ghilan et al., 2020; van der Heide et al., 2022). It is conceivable that the seemingly decentralized distribution of HA particles observed in the filament periphery could be beneficial for in vivo biocompatibility of the biodegradable scaffolds, thereby further improving the biocompatibility and osteoconductivity and potentially the osteoinductivity of the composite scaffold (Lin et al., 2021). Importantly, at the scaffold nodes, excellent union and integration were achieved between struts. This feature has been shown to be crucial for efficient transmission of mechanical forces, even if thinning of the strut thickness might be observed during surface degradation (Lam et al., 2007). The mechanical properties of the Voronoi scaffolds fit well within the range of scaffolds previously used successfully in large animal models, with ≥70% porosity and fully interconnected pores printed with rectilinear filling and associated Young’s modulus of 22.2 MPa (Reichert et al., 2012; Sparks et al., 2020). The observed marginally higher actual porosity in the mPCL-HA Voronoi scaffolds compared to the design is not unexpected and could be due to a slight shrinkage of the PCL during the post-extrusion cooling process or influenced by process parameters such as printing speed, layer thickness and extrusion temperature (Jia et al., 2023). However, in particular, since a higher porosity of >70% was determined with simultaneous proper mechanical stability, suitability for in vivo testing could be ascertained. The minimal degradation observed here (less than 1% over 6 months) was optimal, which is a key requirement in SGBR to provide a temporary architecture to facilitate bone restitution throughout the entire process of bone regeneration (Fu et al., 2021). No pronounced autocatalysis was observed, in line with previous studies, which indicates a suitable in vitro degradation profile for the tested mPCL-HA Voronoi scaffolds (Hou et al., 2022), with only minor changes in mass, Mw, and crystallinity. As crystallinity variations affect the mechanical properties of scaffolds (Hou et al., 2022), the maintenance of crystallinity of the mPCL-HA Voronoi scaffolds within the timeframe studied implies that the mechanical properties will be driven by new bone formation and remodeling only, as initiated by the regeneration process and not dictated by the degrading scaffold in the initial critical stages of bone regeneration.
Despite the moderate Mw change, no loss of scaffold integrity was observed as the mass loss was <1% over a period of 6 months. Thus, the findings of high porosity, suitable mechanical properties, and slow degradation profile, which matched the basic requirements for successful translation to the SGBR concept, prompted the implantation of scaffolds in partially immunodeficient rats to assess their biocompatibility and interplay with different clinically-relevant bone graft materials. Although scaffold designs have been continuously optimized throughout the last decade, sufficient bone healing has only been achieved when biological components such as bone grafts are added (Reichert et al., 2012; Tetsworth et al., 2019; Henkel et al., 2021; Laubach et al., 2022b). As such, equipping scaffolds with osteogenic cells alone did not achieve sufficient bone regeneration (Reichert et al., 2012), as extracellular matrix (ECM) components are also required (Berner et al., 2015). This finding, in turn, conclusively indicates that loading scaffolds with bone graft is the most feasible alternative for achieving bone regeneration in large volume bone defects (Berner et al., 2015; Tetsworth et al., 2019; Kobbe et al., 2020; Laubach et al., 2022b). Our results showed that the different bone graft types used in the clinic, in combination with the mPCL-HA Voronoi scaffold, have good biocompatibility in vivo, confirming previous literature that tissue-engineered constructs of biomaterial-RIA 2 bone graft (Laubach et al., 2023b), biomaterial-bone marrow (Moro-Barrero et al., 2007; Bansal et al., 2009) and biomaterial-bone chips (Laubach et al., 2022b) are valuable options to achieve bone regeneration. Specifically—although this was not the hypothesis of this work—we showed that utilizing bone chips, bone marrow, or a combination of both was associated with superior bone volume compared to bone marrow alone. This is in line with previous literature (Laubach et al., 2023a) where the bone matrix is host to various growth factors such as insulin-like growth factor 1 (Seck et al., 1998), bone morphogenetic protein (BMP)-2 and BMP-4 (Sipe et al., 2004; Dimitriou et al., 2005; Pecina and Vukicevic, 2007), and transforming growth factor-ß1 (Perez et al., 2018) that are deeply embedded in the bone matrix and thus sustainably released over time as the matrix is degraded and remodeled (Canalis et al., 1988; Joyce et al., 1990). Such controlled release of growth factors is not possible with bone marrow, which is rapidly resorbed by the body, thus limiting sustained bone regeneration. In any case, the feasibility of loading the mPCL-HA Voronoi scaffolds with different types of bone graft has been demonstrated. Importantly, in support of the clinically-relevant SGBR concept, haptic feedback from the surgeons indicated no marked differences in scaffold loadability between groups, as pores could be filled with bone graft with ease and homogeneity, as confirmed by μCT-scanning.
Scaffolds fabricated from mPCL alone are known to promote an innate immune response (Baker et al., 2011); however, the subcutaneous implantation of the mPCL-HA composite scaffold resulted—as expected from clinical studies (Laubach et al., 2023b; Liodakis et al., 2023)—in a minimal non-inflammatory response as depicted by the IHC results for all experimental groups. In particular, we observed weak staining of foreign body giant cells with iNOS (M1 macrophage phenotype marker), indicating a balanced host defense to the scaffold-bone graft constructs. Excessive M1 polarization due to an extensive inflammatory foreign body reaction would have led to fibrous encapsulation and lack of extensive neovascularization and, ultimately, failure of the mPCL-HA scaffold integration (Graney et al., 2016). Interestingly, we did see endochondral bone formation on the scaffold-bone graft interfaces. It has been suggested that osteoblast differentiation can be induced by alternatively activated macrophages, including osteoclasts (Gu et al., 2017), which in turn can overturn pro-inflammatory responses and scavenge the by-products of biomaterials. As the inflammatory response elicited by implanted biomaterials is particularly modulated by characteristics such as scaffold morphology that can alter macrophage functions such as survival, adhesion, and secretion (Yim and Leong, 2005; Tan et al., 2006; Ainslie et al., 2009), the novel mPCL-HA Voronoi scaffold design used facilitated in vivo tissue integration. In line with literature (Lam et al., 2009), internal autocatalysis was neither observed for scaffolds in vivo, as intact cross-sections of scaffold struts with no “hollowed-out” structures were detected during the undecalcified sample examinations. Despite containing substantial supply of bone growth factors, bone grafts, when implanted in bone defects without scaffold support, are often rapidly resorbed due to the particle size and the absence of native bone matrix and also due to the inherently faster soft tissue formation compared to bone regeneration (Laubach et al., 2023b). The histological results observed in the present study suggest that the interconnected porous architecture of the mPCL-HA scaffold served as an osteoconductive matrix by providing the structural basis (Giannoni et al., 2008) for successful load of bone graft, initial deposition of structured soft tissue, and neovascularization. The beneficial biological environment observed in this study is in line with previous findings of enhanced neovascularization facilitated by the >70% porosity of the scaffold eliciting diffusion of oxygen and nutrient supply over short distances (Giannoni et al., 2008).
Furthermore, current mechanobiology theories indicate that osseous interfragmentary strain, stress, and fluid flow influence cell differentiation (Epari et al., 2010). Therefore, a reasonable hypothesis to explain the beneficial (bone) tissue growth observed in SGBR might be that entrapping bone graft within the scaffold interconnected pores reduces the interfragmentary strain. The reduction in interfragmentary strain between the small bone chips might induce and facilitate bone regeneration (Claes et al., 1997; Claes et al., 1998; Claes et al., 2018), as evidenced by our histological and SEM results. The small bone chip fragments served as osteoinductive surfaces and also provided osteoconductive attachment sites for bone-forming cells, thereby supporting and guiding bone formation directly onto their surfaces (Franchi et al., 2004). For illustrative purposes, SEM images derived from a different study showing dead osteocytes are depicted in Supplementary Figure S14. Literature indicates that during the surgical bone graft-harvesting processes, the lacuno-canalicular networks associated with the osteocytes nearest to the fragment surface might be disrupted (Shah and Palmquist, 2017). In the current study, we observed that the re-implanted ovine bone graft osteocytes remained viable and functional. Thus, in line with previous studies (Roberts and Rosenbaum, 2012; Shah and Palmquist, 2017), viable and functional re-implanted bone graft was associated with slow resorption of graft fragments with simultaneous deposition of new bone at the periphery of the graft eventually resulting in successful bone regeneration throughout the mPCL-HA Voronoi scaffolds loaded with bone graft.
4.1 Limitations
In vitro degradation analyses, even under the closest possible approximation to physiological conditions, such as those used in this work, are limited in their capacity for translation to living organisms. Polycaprolactone is biodegradable but only slowly hydrolytically bioresorbable in vivo (Vert, 2007; Lam et al., 2009). Therefore, the long-term fate of by-products of the novel mPCL-HA Voronoi scaffolds may need to be elaborated in future long-term in vivo and subsequent clinical studies. In particular, the biomechanical properties of the novel Generation 4.0 mPCL-HA Voronoi scaffolds need to be investigated in future long-term in vivo studies and compared with those of Generation 1.0–3.0 scaffolds. Furthermore, considering a sufficiently balanced immune response from a functioning immune system is essential for the initiation of the bone healing cascade and also for an effective healing sequence (Park and Barbul, 2004; Serhan and Savill, 2005), bone regeneration may have been affected by the chosen animal model. Depending on the type of T cell [i.e., negative (e.g., regulatory T helper cells) or positive (e.g., CD 8+ T cells)], regenerative effects on (bone) healing have been observed (Reinke et al., 2013; Schmidt-Bleek et al., 2015; Kyriakides et al., 2022). For instance, for allogeneic acellular skeletal muscle grafts implanted in immunodeficient (RNU, Foxn1-deficient) and immunocompetent Sprague Dawley rats, differences in muscle regeneration were observed (McClure et al., 2021). To avoid rejection of fresh bone graft, partially immunodeficient rats were used in the current study. Furthermore, to increase external validity and, in particular, to account for the osteoimmunomodulatory effect of the animal model and thus improve overall translatability, we used outbred animals that were not fully immunodeficient (Dirnagl et al., 2022). Nonetheless, as the interaction with the immune system is key to analyzing the SBGR concept, implantation in an orthotopic location and the use of large fully immunocompetent animals are suggested for future studies to validate the regenerative potential shown here.
5 CONCLUSION
In this study, we observed that the 3D-printed mPCL-HA Voronoi scaffolds possess the previously described key properties of SGBR: high porosity of >70%, suitable scaffold morphology with fully interconnected strut architecture, and in vivo biocompatibility, all of which are essential for promoting cell attachment, migration, proliferation, and differentiation and are thus critical for guiding bone regeneration. This study supports the use of mPCL-HA Voronoi scaffolds to successfully advance the SGBR concept toward future large preclinical animal studies and ultimately in clinical trials.
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Liver bioengineering stands as a prominent alternative to conventional hepatic transplantation. Through liver decellularization and/or bioprinting, researchers can generate acellular scaffolds to overcome immune rejection, genetic manipulation, and ethical concerns that often accompany traditional transplantation methods, in vivo regeneration, and xenotransplantation. Hepatic cell lines derived from induced pluripotent stem cells (iPSCs) can repopulate decellularized and bioprinted scaffolds, producing an increasingly functional organ potentially suitable for autologous use. In this mini-review, we overview recent advancements in vitro hepatocyte differentiation protocols, shedding light on their pivotal role in liver recellularization and bioprinting, thereby offering a novel source for hepatic transplantation. Finally, we identify future directions for liver bioengineering research that may allow the implementation of these systems for diverse applications, including drug screening and liver disease modeling.
[image: Diagram depicting two processes. Panel A illustrates embryonic development with a focus on the differentiation of a circle into hepatocyte, stellate cell, and Kupffer cell. Panel B shows in vitro 3D differentiation of hiPSCs (human induced pluripotent stem cells) into organoid, monolayer, and spheroid, leading to microtissue, recellularization, and bioprinting.]GRAPHICAL ABSTRACT | Schematic representation of in vitro differentiation protocols (A) and bioengineering applications (B). hiPSC = human induced pluripotent stem cell. (Created with BioRender.com.
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INTRODUCTION
The liver is the second largest organ in humans–constituting 3% of the total body mass–and the most vascularized one, receiving 25% of the cardiac output. Vascularization correlates with liver’s endocrine, exocrine, and metabolic functions, encompassing regulation of blood homeostasis, bile synthesis, detoxification of xenobiotics, and glycogen storage (Wang et al., 2021). The liver can be subdivided into hexagonal lobules, each containing many ascini–the fundamental hepatic functional units. The acinus is a cross-section between two adjacent portal triads, comprising the portal vein, hepatic artery, and intrahepatic bile ducts (zone 1, or periportal), and two adjacent central veins (zone 3, pericentral) (Figure 1A) (Abdel-Misih and Bloomston, 2010). Parenchymal hepatocytes populate the liver plates and account for the core hepatic metabolism, while non-parenchymal cells, including stellate, Kupffer and liver sinusoidal endothelial cells, play an essential role in extracellular matrix composition (Kamm and McCommis, 2022), immune response regulation (Li et al., 2022), and vascular tone modulation (Gracia-Sancho et al., 2021), respectively.
[image: Diagram showing the liver structure and cell differentiation. Part A illustrates the liver and zooms into a liver lobule, detailing components like the central vein, portal vein, hepatic artery, bile duct, and various cells including hepatocytes, stellate cells, and Kupffer cells. Part B depicts the differentiation process from human induced pluripotent stem cells (hiPSC) to hepatic lineages, indicating stages like definitive endoderm, hepatoblast, and hepatic-like cells, along with related factors like Activin A, Wnt3a, EGF, FGF2, HGF, and DEX.]FIGURE 1 | Graphical representation of liver anatomy (A) and hepatocyte differentiation standard protocol (B). hPSC = human pluripotent stem cell, HLC = hepatocyte-like cell (Created with BioRender.com, modified from (Telles-Silva et al. (2022)), with permission from the authors).
Liver diseases are a global concern, contributing to two million deaths annually (Ehrlich et al., 2019). These conditions encompass, according to the new nomenclature (Rinella et al., 2023): alcohol-associated liver disease (ALD) (Moradi et al., 2020), metabolic dysfunction-associated steatotic liver disease (MASLD), which includes metabolic dysfunction-associated steatohepatitis (MASH) (Soret et al., 2021), as well as Hepatitis B and C (Kulkeaw and Pengsart, 2021), and drug-induced liver injury (DILI) (Skardal et al., 2020). If left untreated, liver diseases progress to severe prognostic conditions, such as cirrhosis and hepatocellular carcinoma (HCC), often culminating in irreversible liver failure (Younossi et al., 2019).
End-stage liver disease is currently managed solely through transplantation. In 2023, the transplant waiting list saw the addition of 122 patients each day, marking a 6.9-fold increase compared to 2022 (Organ Procurement and Transplantation Network, 2022). Given the poor prognosis associated with end-stage liver failure and the significant financial burden it imposes on the healthcare system, any advancement capable of reducing transplantation waitlists would not only extend patient lifespans but also optimize healthcare expenditures (Hannezo and Heisenberg, 2019). However, it is crucial to note that artificial liver replacement remains an unmet need, and the shortage of liver grafts remains a pressing global issue.
The dependence on limited donors has required the development of alternative treatments based on bioengineering. Recellularization and bioprinting are two promising approaches to end organ shortage (Hunsberger et al., 2016). Scaffolds can be generated through cellular removal (i.e., decellularization) or by additive manufacturing using biomaterials to replicate the liver’s microenvironment. Both decellularized and bioprinted scaffolds need to be populated with millions of highly functional allogeneic or autologous liver cells, allowing the recovery of key hepatic functions. Therefore, in this review, we summarize recent differentiation protocols for generating distinct liver cell types and their applications for populating decellularized and bioprinted scaffolds.
CELL SOURCE AND HEPATOCYTE DIFFERENTIATION
To generate functional bioprinted and recellularized organs, a reliable cell source is imperative. Primary human hepatocytes (PHHs) represent the gold standard for hepatic research, exhibiting phase I and II metabolism, ammonia detoxification, and glucose synthesis (Desai et al., 2017). Nonetheless, the applicability of PHHs is constrained by their limited availability, low in vitro proliferation, and substantial donor-to-donor variability (Lauschke et al., 2016). Immortalized cell lines are the predominant in vitro model for hepatic research, presenting low cost and high proliferation. However, HepG2s are cancer-derived and fail to replicate the enzymatic activity of PHHs (Yang et al., 2023). A cell source alternative lies in human induced pluripotent stem cells (hiPSCs), which are reliable due to their sustained proliferation through self-renewal and potential to differentiate into cell lineages stemming from all three germ layers (Yamanaka, 2020). To differentiate hiPSCs into HLCs, researchers replicate the key molecular events that occur during liver embryonic development, subdivided into three consecutive stages: 1) commitment into foregut endoderm, 2) specification into hepatic progenitors, and 3) maturation to HLCs (Figure 1B). We will primarily focus on the last step, which represents a significant barrier to improving hepatocyte functionality.
In 2D in vitro hepatic differentiation, the factors HGF and DEX are essential. Although HLCs exhibit albumin synthesis, glycogen storage, indocyanine green (ICG) uptake, low-density lipoprotein (LDL) uptake, and urea secretion, they also express fetal liver markers (e.g., AFP, FOXA2 and GATA6) and have low CYP450 activity, akin to hepatocytes from <20 weeks of gestation (Funakoshi et al., 2011). Therefore, achieving terminal hepatic differentiation in vitro remains a challenge (Raggi et al., 2022).
To address the limited functionality of 2D HLCs, researchers have enriched differentiation media, incorporated cell-cell and cell-extracellular matrix interactions, and adopted multilayer and multicellular approaches (Mun et al., 2019). Ardisasmita et al. (2022) conducted a robust transcriptomic analysis of a myriad of HLCs from multiple studies, revealing a high transcriptome similarity between HLCs and PHHs (Ardisasmita et al., 2022). However, the proteome maturation, including abundance, distribution, post-translational modifications, and activity, is crucial for hepatocyte functionality and does not strictly correlate with transcriptome observations (Hurrell et al., 2019). Altogether, modifying the differentiation media composition improves the differentiation efficiency, but 2D models reach a plateau that is only trespassable by increasing the complexity of the cell culture model to better reproduce the liver microenvironment. Therefore, the growing adoption of 3D culture models, which mimic in vivo cell interactions during the embryonic development, has led to the production of more mature cells.
Organoids are the most used 3D platforms for liver differentiation. These mini-livers consist of parenchymal hepatocytes and cholangiocytes, as well as non-parenchymal cell types like Kupffer, stellate, and sinusoidal endothelial cells, all of which are critical for maintaining homeostasis and responding to the progression of liver disease (Koike et al., 2019). Ouchi et al. (2019) co-differentiated epithelial and stromal lineages from PSCs in a novel organoid culture, replicating the presence of supportive lineages on the liver, such as hepatic stellate cells and Kupffer cells (Ouchi et al., 2019). However, we note that organoids are heterogeneous, frequently irreproducible between batches, and necrotic at their core, reproducing liver function better than other in vitro models, but lacking microstructure accuracy (Harrison et al., 2021).
APPLICATION OF HIPSCS IN LIVER TISSUE ENGINEERING
Orthotopic liver transplantation currently stands as the sole efficacious treatment for severe hepatic failure. However, the scarcity of suitable donors for transplantation renders this solution impracticable. In response, researchers are increasingly turning to bioengineering models to alleviate the demand for donors in liver transplantation, especially recellularization of decellularized and bioprinted liver scaffolds (Reza et al., 2021).
HIPSC-DERIVED HEPATOCYTES FOR RECELLULARIZATION
Decellularization was one of the pioneering scaffold-based approach to replace the need for organ donors (Messina et al., 2020). Decellularization encompasses liver perfusion or full immersion in detergents (e.g., SDS, Triton X-100), which lyse cells without disrupting the tissue microstructure, followed by multiple saline solution washes (Ahmed et al., 2019). Enzymatic (e.g., nuclease, trypsin) or mechanical (e.g., agitation, pressurization, and shear stress) decellularization can be employed alone or in conjunction with detergents to enhance the removal of cell lysis residues (Faccioli et al., 2020).
After decellularization, the extracellular matrix graft (ECM-G) can be repopulated with organ specific cell types that adhere to the tissue microstructure, constituting the recellularization. Two key factors determine recellularization efficiency: 1) the method of cell deposition/reinsertion, and 2) the cell type. Static cell deposition involves injecting concentrated cell suspensions into the scaffold, resulting in limited cell penetration, seeding, and reduced microvessel establishment, yielding an overall efficacy ranging from 10%–25% (Watanabe et al., 2019). Active deposition, on the other hand, entails cell perfusion via the liver native vascular network, often via cannulation of the portal and central veins, leading to seeding efficacy as high as 85% (Asadi et al., 2021).
Various cell types, including PHHs, immortalized cell lines, and stem cell-derived cells, have been employed in the recellularization of human and non-human scaffolds (Antarianto et al., 2022). Acun et al. (2022) recellularized rat liver scaffolds with iPSCs and differentiated them into HLCs by perfusing defined factors. The resulting HLCs exhibited high expression of mature hepatic markers (e.g., HNF4A, CYP3A4, CEBPA and ALB), low expression of AFP, and a progressive increase in urea synthesis and albumin secretion (Acun et al., 2022). However, successful recellularization is not restricted to liver scaffolds. Abazari et al. (2020) generated HLCs with stable albumin secretion, urea synthesis, and Cyp3a4 activity within a decellularized amniotic membrane, underscoring the potential of non liver-specific ECM-G for deriving functional cells (Abazari et al., 2020).
To produce liver grafts compatible with transplantation, researchers are increasingly implementing hiPSC-derived hepatic cell lines for recellularization. Minami et al. (2019) recellularized a rat ECM-G with HLCs expressing ALB and CYP3A4 after 48 h of perfusion (Minami et al., 2019). However, elevated AFP expression and reduced albumin secretion indicated an immature phenotype in comparison to recellularization with PHHs. To evaluate the functionality of ECM-Gs within a physiological context, Kojima et al. (2022) transplanted a scaffold recellularized with human HLCs into a pig model. The graft retained liver markers and viability for 28 days, after which the absence of microvasculature induced cell death (Kojima et al., 2022).
Although decellularization preserves vascular microstructures, anastomosis alone is insufficient to maintain hemocompatibility. To address thrombus formation, researchers are enhancing endothelization during recellularization through gene editing. Hu et al. (2020) achieved increased vascular bed formation by overexpressing Syndecan-4 in endothelial cells, leading to competitive inhibition of THBS1 (Hu et al., 2020). However, overexpressing Syndecan-4 is associated with carcinogenesis (Habes et al., 2019). Therefore, further studies are warranted to assess the efficacy and the safety of editing distinct gene subsets.
We conclude, therefore, that liver decellularization has been demonstrating clear progress in efficiency (Rossi et al., 2019), although recellularization needs further improvement for suiting transplantation, especially regarding cell coverage (usually <75%), cell diversity, functionality, and long-term maintenance (Dai et al., 2022).
HIPSC-DERIVED HEPATOCYTES FOR BIOPRINTING
Biofabrication, defined as the automated production of functional tissues and organs, is a burgeoning field (Ambhorkar et al., 2020). Within the area, three-dimensional (3D) bioprinting holds promise for the manufacturing of artificial organs, enabling not only precise cell deposition, but shape and size control combining biocompatible bioinks and bioprinting techniques (He et al., 2022).
Bioinks can be generated from natural components (e.g., decellularized liver ECM, collagen, gelatin, alginate) or synthetic polymers (e.g., polyethylene glycol, polycaprolactone, polyvinylpyrrolidone) (Khoeini et al., 2021). Blackford et al. (2023) reported that HLCs cultured on soft polyethylene glycol (2.5%) secreted more ALB than PHHs and metabolized more urea than HLCs cultured in alginate (Blackford et al., 2023), underscoring the potential of synthetic polymers for bioprinting. Additionally, Abbasalizadeh et al. (2023) achieved a high yield of hiPSC-derived hepatic organoids by combining PEG microencapsulation and microfluidic systems, paving the way for cell transplantation (Abbasalizadeh et al., 2023).
In parallel to the bioink source, researchers produce hepatic microtissues through three primary printing methods: 1) extrusion-based, 2) stereolithography-based, or 3) laser-assisted.
Extrusion-based techniques entail bioprinting viscoelastic bioinks, with or without a cell suspension. Given the wide variety of commercially available extrusion-based bioprinters, this method is cost-effective and reliable (Khoeini et al., 2021). Goulart et al. (2019) successfully bioprinted iPSC-derived liver spheroids using bioink extrusion of an alginate/pluronic blend (Goulart et al., 2019). This resulted in increased urea synthesis, extended albumin secretion, and elevated gene expression of phase one metabolism enzymes. Despite the widespread use of extrusion-based scaffolds, they often require bioink crosslinking, which can lead to suboptimal long-term stability, and have low cell density and limited resolution.
Stereolithography utilizes light-dependent polymerization, resulting in accelerated bioprinting and enhanced scaffold stability (Khoeini et al., 2021). Sphabmixay et al. (2021) crafted elastic hepatic lobules that mimicked the native liver parenchymal and vascular microstructure, all while maintaining cell function for 7 days (Sphabmixay et al., 2021). Similarly, Wesseler et al. (2023) developed liver microphysiological systems that replicated physiological oxygen gradients and sustained the growth of HLCs. However, it is important to note that the technical expansion of stereolithography faces challenges, primarily stemming from the limited diversity of photosensitive bioinks and potential cell toxicity during UV-based polymerization.
Laser-assisted fabrication employs a laser beam to transfer energy to a metal-absorbing layer, leading to the precipitation of a cell-blended bioink from a coating layer into a reservoir created through beam scanning or image projection. This method allows for bioink deposition without the need for a nozzle, resulting in high-resolution, stable, and densely populated bioprinted structures (Khoeini et al., 2021). Koch et al. (2018) pioneered the laser printing of HLCs, underscoring the relevance of suitable hydrogels and sols for cell maintenance and function (Koch et al., 2018). While laser constructs exhibit functionality, their high cost limits extensive use in basic research (Ventura, 2021). However, co-culturing HLCs with endothelial cells can enhance the applicability of laser bioprints for disease modeling, potentially justifying the budget for applied research.
3D bioprinting provides an effective strategy for replicating the native liver microenvironment at both structural and functional levels, allowing for the recreation of liver lobule microstructures and enhancing the metabolism of HLCs (Agarwal et al., 2021). To develop constructs compatible with transplantation, it is crucial to reproduce the intrahepatic microstructure (Wang et al., 2022). Fukumitsu et al. (2023) printed hepatic models based on computed tomography liver imaging to facilitate pre-operative plans. This approach paves the way for generating personalized bioprinted livers not only by repopulating the constructs with autologous iPSC-derived cells but also by mimicking the patient’s vascular and biliary networks. However, the authors used a synthetic ink for the liver model, which is incompatible with the goals of personalized medicine, emphasizing the need of further research into anatomically functional stable, and biocompatible constructs.
Nevertheless, given the early stage of this technology in tissue engineering, addressing the challenges of vascularization, reproducibility, and scalability requires further model optimization on both the biomaterial (i.e., bioink composition, stiffness, and thickness) and cell (i.e., co-culture, functionality, and vascularization) fronts (Ma et al., 2020).
DISCUSSION
In the realm of cell manufacturing and sourcing, hiPSCs are catalyzing a revolution in disease modeling, therapy development, and personalized medicine (Napolitano et al., 2021). The capacity to differentiate hPSCs into every single human tissue, facilitated by growth factors, small molecules, and culture plates coated with ECM-like solutions (e.g., Matrigel, Geltrex), enables the in vitro mimicking of organ development.
Summarizing recent liver differentiation protocols, we evidenced the challenges in achieving the phenotype of native cells in vitro that persist across distinct tissues. Firstly, the use of complex supplements (e.g., KOSR) and coating solutions (e.g., Matrigel and Geltrex) simplifies cell culture routines and reduces experimental costs. However, these may compromise the precise tuning of cell fate determination–while complex supplements exhibit batch-to-batch variation (Bushweller et al., 2022) -, and animal-derived reagents reduce the efficiency of hPSCs differentiation (Saari et al., 2022). Secondly, classical monolayer (2D) cell culture and, consequently, hPSC differentiation inadequately mimic embryonic and tissue development, as gene regulation and morphogenesis critically depend on cell-cell and cell-ECM three-dimensional interactions (Jensen and Teng, 2020). Finally, reprogrammed hiPSCs retain epigenetic signatures of donor cells, limiting their efficiency in differentiating into alternative lineages (Calabrese et al., 2019).
Despite the challenges in hPSC differentiation protocols and applications, the strategies for overcoming them are aligned. Formulating chemically defined differentiation media employing animal origin-free (AOF) matrix components (e.g., fibronectin, laminin, poly-L-ornithine) standardizes cellular phenotypes (Pan et al., 2021). 3D-cell differentiation methods (spheroids, organoids, bioprinting, and bioreactors) enable the spontaneous or designed reconstruction of the developing tissue microenvironment (Xie et al., 2021). However, a remaining challenge for the therapeutic implementation of iPSC-derived liver cells is safety. iPSCs not infrequently exhibit concerning genomic and epigenomic aberrations (e.g., aneuploidies, translocations), which are retained by differentiated cells and may elevate the risk of tumorigenicity during in vivo long-term expansion (Zhang et al., 2021). Therefore, additional research with animal models is imperative to investigate the outcomes of transplanting scaffolds and bioprinted constructs recellularized with iPSC-derived cells.
Immunosuppression has been instrumental in graft survival and prevention of rejection following organ transplantation (Hunsberger et al., 2016). However, long-term immunosuppression carries several side-effects, including reduced quality of life, potential damage to the transplanted organ if not managed, and an increased risk of infection. The use of autologous cells can mitigate rejection and reduce the need for immunosuppression. Nevertheless, allogeneic sources are more cost-effective, with gene editing shedding light to the generation of universal cell lines for bioengineering applications. Complementarily, decellularized scaffolds align with hiPSC-derived cells to prevent organ rejection since no significant DNA and proteins remain after cell removal (Caires-Júnior et al., 2021).
Vascularization and innervation are not reestablished at the time of organ transplant (Hunsberger et al., 2016). Recellularizing biological scaffolds and bioprinted structures with hiPSC-derived liver-specific endothelial cells (Gage et al., 2020) or endothelial-containing liver organoids (Pettinato et al., 2019) enhances tissue integration within transplantation. Furthermore, inducing and regulating long-term vascularization remains a challenge. To enhance the establishment of a vascular network, small molecules and proteins induce endothelial cell proliferation and growth. However, stimulating cell proliferation in vivo is not cell type specific and represents a significant barrier, as the risk of carcinogenicity is proportionally increased (Mir et al., 2023). Consequently, researching the combination of distinct tissue-specific cell types and the vascularization by gene editing aligns with bioengineering goals, improving transplantation efficiency, organ functionality, and transplant lifespan (Yang et al., 2021).
Additional challenges encompass the storage and commercialization of artificial organs. Recent breakthrough research in cryobiology, including liver subzero preservation techniques (Ozgur et al., 2023), allow for incremental organ transportation by preserving the structure of decellularized organs or minimizing cell damage for recellularized ones. Ensuring construct stability is a significant challenge in translating bioprinting for transplantation. Synthetic biomaterials (e.g., PCL, PEG, PLGA) yield more stable structures but may elicit immunogenic responses. Conversely, while natural bioinks (e.g., alginate, collagen, gelatin) are biocompatible and degradable, achieving optimal printability requires precise adjustment of bioprinting parameters (e.g., bioink concentration, printing time, crosslinking strategy) and often involves blending with other biomaterials (Fang et al., 2023).
Despite remaining difficulties in translating in vitro advances with liver modeling to clinical trials, recent strides in bioengineering with hiPSC-derived cells point toward the establishment of tangible alternatives to traditional donor-dependent organ transplantation. Thus, we posit that the combination of iPSC-derived cells with decellularized matrices and bioprinted constructs will facilitate technological translation towards personalized medicine, creating alternative organ sources for liver transplantation.
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Bio-printed hydrogels have evolved as one of the best regenerative medicine and tissue engineering platforms due to their outstanding cell-friendly microenvironment. A correct hydrogel ink formulation is critical for creating desired scaffolds that have better fidelity after printing. Gelatin and its derivatives have sparked intense interest in various biomedical sectors because of their biocompatibility, biodegradability, ease of functionalization, and rapid gelling tendency. As a result, this report emphasizes the relevance of gelatin-based hydrogel in fabricating bio-printed scaffolds for orthopedic applications. Starting with what hydrogels and bio-printing are all about. We further summarized the different gelatin-based bio-printing techniques explored for orthopedic applications, including a few recent studies. We also discussed the suitability of gelatin as a biopolymer for both 3D and 4D printing materials. As extrusion is one of the most widely used techniques for bio-printing gelatin-based, we summarize the rheological features of gelatin-based bio-ink. Lastly, we also elaborate on the recent bio-printed gelatin-based studies for orthopedics applications, the potential clinical translation issues, and research possibilities.
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1 INTRODUCTION
Restoring a significant large bone or cartilage defect caused by illnesses, accidents, or trauma is one of the most challenging tasks in orthopedic therapeutic settings (Agarwal et al., 2021; Hu et al., 2024; Huang et al., 2024; Martins et al., 2024). While the regeneration of orthopedic tissue is a gradual process, it is also a complicated one that necessitates a wide range of abilities and knowledge. In the past, despite numerous attempts to resolve these difficulties. However, the present success is very little. The existing techniques have several disadvantages, including sluggish bio-integration and a significant risk of infection (Moriarty et al., 2019; Hou et al., 2024; Wu et al., 2024). Providing a close and comparable 3D milieu to natural tissue is critical to repairing faulty bone and cartilage, along with significant cell attachment, proliferation, differentiation, and the required bioactive component (Sood et al., 2021). Bioprinting has lately evolved as the best method for producing patient-specific cell-laden scaffolds for tissue regeneration, such as bone and cartilage. Bio-printing poses a significant edge to traditional fabricating approaches regarding scaffold geometry control, scaffold dimension specificity to properly match the intended place, 3D scaffold microstructures environment, and encapsulated cells’ good spatiotemporal dispersion (Sun et al., 2020; Cheng et al., 2021).
The classifications of 3D printing techniques in tissue engineering applications include 1) cell seeding on an already printed porous volume for cell adherence and proliferation to achieve an engineered tissue and 2) mixing cells with a bio-friendly ink before 3D printing to achieve better interactions and control of cells with their microenvironment. However, different strategies have distinct benefits and drawbacks. Among the bioprinting methods, the extrusion-based process of bioprinting stands out due to its cost-effectiveness, simplicity, and scalability, and thus, it is the most often employed (Cheng Y. et al., 2019; Chen et al., 2023). Appropriate rheological qualities, such as shear thinning behavior and thixotropy properties, are critical with this approach because they govern the extruding manner via a nozzle under pressure and the ability to preserve the intended form post-deposition (Li et al., 2019). As a result, it is critical to engineer a functional hydrogel ink with desired rheological and mechanical characteristics (Gopinathan and Noh, 2018; Gao et al., 2019). Furthermore, the bio-inks must be biocompatible, biodegradable, and tissue-specific without adversely affecting the encapsulated cells and adjacent tissues.
Hydrogels are a class of 3D network polymers with enormous capacity to expand and retain a high-water quantity. Recently, hydrogels have emerged as the most widely used material to make 3D-printed constructs for various tissue engineering applications. Painfully, hydrogels’ poor degradation rate and weak mechanical characteristics restrict their use as bone tissue engineering (BTE) biopolymers. Gelatin is an intriguing biomaterial for hydrogel formulation among natural polymers because of its gelation capabilities (Cheng et al., 2018; Choi et al., 2018; Yan et al., 2018; Nabavinia et al., 2019). As a low-cost polymer, gelatin offers good biomaterial features such as biodegradability, biocompatibility, cell adherence, and proliferation. In addition, gelatin is generally produced by mild hydrolysis of collagen (Saravanan et al., 2017; Hasan et al., 2018; Kim et al., 2018). It has also been used with other biomaterials to increase cell adhesion (Piao and Chen, 2017). Gelatin possesses exceptional biological properties due to the RGD (Arg-Gly-Asp) sequence, making it a superior choice for BTE to other biopolymers. Furthermore, it stimulates osteoclasts, contributing to enhanced osteogenesis (Kruppke et al., 2020; Wu et al., 2020). Despite its numerous biomaterial features, gelatin’s mechanical qualities and rapid breakdown restrict its application as a hard tissue engineering material (Hasan et al., 2018; Nabavinia et al., 2019). Adding reinforcing components to form a composite material is a valuable method for improving the characteristics of materials. Several researchers have recently published various research articles on bio-nanocomposites for orthopedics applications. These bio-nanocomposite bone replacements usually include granules, powders, porous or solid constructs, and bioactive metal prosthesis coatings (Yekta et al., 2018; Shuai et al., 2018; Shuai et al., 2019a; Shuai et al., 2019b; Kordjamshidi et al., 2019; Saber-Samandari et al., 2019). Various reinforcing materials have been explored in the past, which includes hydroxyapatite (HAp) (Nabavinia et al., 2019), graphene, and carbon nanotubes (Piao and Chen, 2017; Yan et al., 2018).
More than 500 papers have been published for cartilage tissue bioprinting (ref. Scopus search 3D Bio-printing, cartilage) (Figure 2A) and more than 800 for bone (ref. Scopus search 3D Bio-printing, Bone) (Figure 2B). Moreover, half of those publications were reported in the recent 3 years, indicating that it is an active area of research. Gelatin and its derivatives have received a lot of interest among these published studies because of its simplicity of synthesis at a cheap cost, acceptable biocompatibility, transparent structure for cell monitoring, photo-crosslink ability, and customizable physical and chemical characteristics (Xiao et al., 2019). However, few review papers on gelatin-based 3D bioprinting have been published thus far (Wang et al., 2017; Ying et al., 2018). To our knowledge, these review papers only cover a small portion of gelatin derivatives and applications, with no mention of orthopedic uses. Therefore, this review article summarized the most recent advances in bioprinted gelatin-based formulations for orthopedic repair. The interconnectivity summary between the gelatin-based formulations, printability, and biological functions of orthopedic cells. Gelatin-based bio-printing presents status and critical challenges summary to achieve more effective clinical translation. Figure 1 shows the trends for bioprinting of (a) BTE and (b) Cartilage tissue engineering (CTE).
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2 3D BIOPRINTING METHODS FOR GELATIN-BASED INKS
Micro molding, the most common method of creating gelatin-based 3D structures, fosters diverse cell activities. However, the bioprinting method has taken over due to the possibility of introducing typical complexity of 3D design, resolution, and spatial control over the fabricating process (Hölzl et al., 2016; Alhaskawi et al., 2024; Bhardwaj et al., 2024). The viscosity of bio-ink is a crucial aspect to consider in bio-printing approaches, particularly extrusion-based techniques (Catros et al., 2011). Pure gelatin bioprinting is difficult due to its intrinsic temperature sensitivity and poor viscosity at ambient temperature or higher. As a result, it could not meet the criterion for various tissues. Because of the various chemical and mechanical characteristics linked with different tissues and to mimic tissue ECM in nature, gelatin-based bio-ink has primarily been used in a modified form. Some of these alterations include concentration optimizations, functionalization with other molecules, and the insertion of second phases into the gelatin matrix. These parameters can also influence bio-ink characteristics, making them suited for specific tissues.
2.1 Extrusion based bioprinting
A wide range of 3D bio-printing technologies is widely accessible (Vijayavenkataraman et al., 2018; Vanaei et al., 2021), such as extrusion, inkjet, microfluidic, stereolithography, and laser-based techniques. These techniques enable variability in resolution levels, printing precision, working volumes, acceptable bio-inks, and the capacity to inculcate cells due to their material processing principles. Furthermore, their production speed and total consumption prices differ, resulting in efficiency differences. As a result, the extrusion bioprinting technology appears to be the most promising option for producing therapeutically relevant scaffolds (cm range) (Malda et al., 2013; Herzog et al., 2024; Padhy et al., 2024). Extrusion printing involves layer-by-layer bio-ink deposition on the printing platform through a cartridge nozzle (Figure 3A). However, in the absence of cells, the deposited substance is called biomaterial ink, and with cells, it should be referred to as bio-ink (Groll et al., 2019). Extrusion printing can be either pneumatically or mechanically propelled. In this printing method, various parameters that inform the printing qualities include effective flow rate, printing speed, and rheological qualities of the gel. These bioprinting approaches entail straightforward equipment, simplicity of use, and minimal cost. Another feature that distinguishes this technology is its high manufacturing volume, excellent precision (up to a micrometer level), and tremendous design flexibility (Schwab et al., 2020). Several computer-aided design (CAD) models, which are simple, easy to use, and consist of medical photographs of patients’ specific tissues, are freely or commercially accessible.
Gelatin and its derivatives are often used as hydrogel materials in extrusion bioprinting because they have minimal cell toxicity, strong biocompatibility, high accessibility, excellent rheological characteristics, and easy/flexible handling. However, maintaining good form accuracy and post-printing stability, particularly at physiological temperatures, as well as mechanical qualities that match the intended tissue, can be difficult due to gelatin’s inherent poor mechanical characteristics and temperature reactivity. Solving the latter problem entails altering gelatin with a molecule that imparts chemical or enzymatic crosslinking properties. Such modifications can aid post-printing stability/degradation because pure gelatin only has physical crosslinking depending on temperature. In addition, yield stress is essential in identifying the best biomaterial ink for extrusion printing methods. For example, static yield stress (αstat) is necessary for proper gel flow through the nozzle. While the dynamic yield stress (αdyn) determines the gel flow regulation. The bio-ink must possess both rigidity to facilitate the continuous filament extrusion through the nozzle in conjunction with minor deformation for shear thinning behavior necessary during extrusion bioprinting (Smith et al., 2018) (Figure 2). Printing gelatin at temperatures much below its melting point is the most popular method due to its gelation and viscous nature at such temperatures, which facilitate the printing handling.
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2.2 Light based bioprinting
Recently, light-based bioprinting has attracted much interest in the biomedical field, especially tissue engineering, due to its suitability to generate complex tissue architectures. The commonly available light-based bioprinting techniques include mask-based stereolithography (SLA), laser-based SLA, and digital light processing (DLP). DLP stands out among all these technologies due to its simplicity, versatility, and cost-effectiveness in printing intricate and complex tissues (Zhang et al., 2023). DLP bioprinting is a form of bioprinting process based on modified stereolithography. The operating method uses light to selectively harden a bio-ink layer by layer, additively producing a build (Figure 3B). DLP printers cure bioink planes by plane using a digital light projector. The single-layer projection onto the printing plane for photo-curing in DLP helps it to outperform the other bioprinting technologies. In addition, the printing time is constant in one layer, regardless of the complicated design. Consequently, the printer requires a vertically movable stage, greatly simplifying printer control. As of now, the reported SLAbioprinting technology resolution is around 100 µm and printing durations of below 1 h (Gou et al., 2014) while retaining extremely high cell viability (>90%). This great cell survivability and biocompatibility are due to no external shear stress on cells during bioprinting (Derakhshanfar et al., 2018), as opposed to the extrusion bioprinting technique. However, the material-light interaction, such as the physical characteristics of the bio-ink paired with the photocrosslinking process parameters, heavily influences the mechanical features and resolution of the 3D printed structures (Wang et al., 2018). Based on the photoinitiators, UV or visible light sources are widely employed in the DLP bioprinting technology. Two mechanisms-acryloyl-based crosslinking (Yue et al., 2015) and the thiol-ene click reaction (Greene et al., 2017), are routinely employed to establish covalent bonding in bio-inks by photocrosslinking without considerable cytotoxicity of encapsulated cells. As a result, when utilizing hydrogel macromers as bio-inks, the hydrogel should be modified with an alkenyl or acryloyl functional group. Many academia have published various studies using DLP for 3D bioprinting constructions for orthopedics, particularly cartilage tissue, employing various second-phase polymers (s) such as polyethylene glycol diacrylate (PEGDA) (Zhu et al., 2018), hyaluronic methacrylate (HAMA) (Lam et al., 2019), and silk fibroin methacrylate (SFMA) (Tao et al., 2022).
[image: Diagram comparing two bioprinting techniques. Panel A shows extrusion-based printing with bioink pushed through a nozzle onto a platform, creating a 3D printed scaffold. Panel B illustrates light-based crosslinking, where a digital micro-mirror device (DMD) projects images onto a photopolymerizable bioink, layer-by-layer, forming structures through photocrosslinking.]FIGURE 3 | Schematic illustration diagram of common bioprinting technology for orthopedic applications. (A) extrusion-based technique, (B) light-based technique.
2.3 Gelatin as a 3D bioprinting material for orthopedics applications
Gelatin is an intriguing biocompatible protein with a massive spectrum of physical and chemical features. These fantastic characteristics enable the production of high and low-viscosity gelatin-based bio-inks for various applications, including orthopedics. Gelatin improves bio-ink viscosity for extrusion printing methods because of its temperature-gelation phenomenon. At low temperatures, gelation of gelatin occurs and becomes very viscous; therefore, their physical gelation can temporarily stabilize the printed structure post-printing (Tajima et al., 2018; Yang et al., 2023). In contrast, the low viscosity of the bio-ink is necessary for light-based printing processes. The modified form of gelatin, known as gelatin derivatives, is the most common type used for different tissue engineering applications. One typical modification method is the methacrylation of gelatin, which results in gelatin methacrylate (GM) (Claaßen et al., 2018). Currently, the bio-ink formulations based on GM for specific cell type support to engineer or reconstruct functional tissues are ongoing (Wenz et al., 2017; Sun et al., 2018).
HAp, which accounts for approximately 60% of human B.T., and tricalcium phosphate (TCP) support osteogenic differentiation (Calabrese et al., 2016). These materials (HAp and TCP) are used extensively for orthopedic applications, and bioprinting is no exception. Adding these second-phase materials improves gelatin’s viscosity and its derivatives, which is critical for 3D extrusion bioprinting. However, it also produces biocompatible ink that aids orthopedic regeneration. Wenz et al. (2016) demonstrated a pro-osteogenic impact of GM bio-ink containing HAp. Anada et al. (2019) revealed octacalcium phosphate as a pro-osteogenic influence in GM in a comparable study. They further demonstrated greater vascular sprouting in GM hydrogels by lowering biopolymer concentrations.
Gelatin bio-printing would need effective management of its physical characteristics, especially during extrusion bio-printing because of its temperature sensitivity. Its melting point ranges between 30°C and 37°C based on the bloom intensity, concentration, and pH, making it unstable by melting under physiological conditions. Several ways have been investigated to address this constraint, including forming a permanent peptide link between the amino acids to preserve the structure’s stability at physiological temperature and culture media. Photocrosslinking and enzymatic crosslinking are the most often used techniques to stabilize gelatin-based printed constructs. Both systems have their advantages and disadvantages. The photocrosslinking of methacryloyl groups in GM occurs quickly (in seconds) upon exposure to light or UV, providing structural integrity to the printed construct (Pepelanova et al., 2018). In comparison, enzymatic crosslinking is more time-demanding (minutes) than photo-based crosslinking but less hazardous to cells. Because enzymatic approaches do not have uncrosslinked monomers or generate free radicals, which are not cell friendly, the reason for their cytocompatibility; however, both crosslinking methods provide permanent chain networks, thus providing gelatin chains needed stability for bio-printed structure’s mechanical strength. Enzymes are typically added to gelatin to help form peptide bonds between glutamine-carbonyl group residues and lysine-amino groups in the gelatin chain (Irvine et al., 2015; Naharros Molinero et al., 2024). The peptide bonds stabilize the printed construct and provide mechanical integrity. However, a photoinitiator is added to generate the free radical that initiates the crosslinking in the photocrosslinking method. Because of substrate selectivity, enzymatic crosslinking methods have a low prevalence of side effects. The enzymatic method also removes the requirement for specialized equipment as well as additional photosensitive chemicals that may be harmful (Irvine et al., 2015; Asim et al., 2023).
3 CHEMICAL STRUCTURE AND RHEOLOGICAL PROPERTIES OF GELATIN
Gelatin originated from a Latin word called gelatos, which means frozen/stiff. Gelatin sources include animals via thermal denaturation/partial hydrolysis. Figure 4A depicts gelatin’s chemical structure (Thakur et al., 2017). Gelatin contains around 88% protein, 10% moisture, and 1%–2% salts, with a dry-weight protein concentration of 98%–99% (Valcarcel et al., 2021). In addition, it consists of several molecular weight chains with molecular weights of (240–375 kDa) hydroxyproline, (160–250 kDa) proline, and (80–125 kDa) Glycine. Proline (20%–24%), hydroxyproline (20%–24%), and glycine (27%–35%) are the primary gelatin amino acids (Jafari et al., 2020) (Figure 4B). Gelatin is categorized into two categories based on the pretreatment of gelatin during the extraction process. Type A gelatin with 6–9 isoionic points is derived through an acid treatment process, while type B gelatin with 5 isoionic points is derived via an alkali treatment procedure (Hosseinkhani et al., 2015). In comparison, type A gelatin has a higher important amino acid content than type B, including threonine, cystine, lysine, hydroxyproline, glycine, alanine, proline, isoleucine, and leucine (Alam and Shubhra, 2015). Furthermore, more significant component amounts (concentration) improve gelatin characteristics and boost strength. In terms of bonding, gelatin is stabilized by various covalent bonds, and many weak bonds regulate its flexibility and separation. Gelatin at low temperatures can form hydrogen bonds and give collagen fold shape structure. Furthermore, the hydrogen bonds stabilize the triple helical arrangement, resulting from triple helix glycine residues and developing weak interactions with the oxygen in the carbonyl group (Kessler et al., 2021). Gelatin gel’s rheological or mechanical qualities are essential in characterization and product making, particularly in the pharmaceutical, biomedical, and food industries. It is convenient to make homogenous gelatin gel in a composition between 1% and 50% w/v (Djabourov et al., 1993).
[image: Diagram of an aspirin molecule on the left showing its structural formula with carbon, hydrogen, and oxygen atoms. On the right, a pie chart displays various amino acids: proline and hydroxyproline (25%), arginine (10%), aspartic acid (6%), alanine (9%), glycine (27%), glutamic acid (8%), and others (15%). Each section is color-coded.]FIGURE 4 | (A) Chemical Structure of Gelatin. (B) Amino acid percent composition of Gelatin.
3.1 Rheological tunability of gelatin-based printable inks for orthopedic applications
Gelatin has excellent rheological characteristics, but its heat-sensitive nature at physiological temperatures, which significantly impacts these properties, is a disadvantage. Various ways, however, have been used to improve the characteristics or molecular dynamics of gelatin bio-inks. The most common method is to cool it down to achieve a sol-gel transition and print (Bohidar and Jena, 1993). In addition, the addition of biopolymers (Lim et al., 2018; Sathish et al., 2022), proteins (Deng et al., 2021), particles (Diloksumpan et al., 2020; Ratheesh et al., 2020; Tavares et al., 2021), and their mixtures (Benning et al., 2017; Tian et al., 2021) can also improve gelatin printability and shape fidelity. Various researchers have investigated blending gelatin and its derivatives with other polymers to enhance its printability and rheological features. One of these studies combined 5% HAMA and 7% GM to produce a gel with improved rheological characteristics, consistent mechanical qualities, and printability (Lee et al., 2020).
4 GELATIN-BASED HYDROGELS PRINTED FORMULATION FOR CTE
4.1 Cartilage tissue characteristics
Cartilage is an elastic structural connective tissue with low avascularity and cellularity. Cartilage aids stress absorption, minimizes joint friction, and helps in supporting bone growth. The cartilage tissue’s elasticity features are due to its unique extracellular matrix (ECM), which consists mostly of proteoglycans and collagen II. The cartilage cells secrete a proteoglycan-rich platform, allowing water absorption by the tissue and retaining flexibility. Hydrogel systems resemble cartilage matrix molecular structures. Therefore, hydrogel systems are the best option to repair or regenerate cartilage tissue. In addition, they can supply the necessary biological and physical signals for stem cell and chondrocyte proliferation and differentiation.
The classifications of cartilage include elastic, fibro, and hyaline cartilage (Wang et al., 2022a; Sha ban, 2024). The elastic cartilage has a dense network of collagen elastic fibers responsible for its flexibility. Typical examples of elastic cartilage are the outer ear and epiglottis. On the other hand, hyaline cartilage possesses a closely packed smooth surface collagen network, which helps it be flexible and tough. In addition, hyaline cartilage is the commonest cartilage, and bone joint articular cartilage is a typical example. Furthermore, the cartilage within the bone, which acts as an ossification center or growth plate, is another example of hyaline cartilage. However, fibrocartilage is the best suited for support and stiffness due to bundles of collagen fiber embedded with chondrocytes; hence, it is the toughest among all cartilages. Fibrocartilage is present in the meniscus and intervertebral discs in articulating joints. The mechanical qualities of hyaline cartilage, such as articular cartilage, are caused by its biphasic nature. Water interacts with ions in the fluid phase, whereas collagen fibers interact with proteoglycans in the solid part. The liquid phase shift in the fibrous network under loading results in the tissue’s viscoelastic nature (Wilson et al., 2005). Proteoglycans’ charged sidechains preserve the differential osmotic pressure within the surrounding tissues and cartilage, helping in tissue viscoelastic behavior and water retention and the of the tissue.
Articular cartilage absorbs shock and cushioning in the joint when the body moves. Articular cartilage is extensively dependent on its compressive qualities. As a result, any materials intended for articular cartilage regeneration via the bio-printing method should possess comparable attributes. Furthermore, the intervertebral disc (IVD) structure is more complicated than the articular cartilage structure (Crump et al., 2023; She et al., 2023). The IVD annulus pulposus concentric fibrous layers encircled the nucleus pulposus, which carries the axial compressive loads. The cartilaginous endplates link the intervertebral discs’ top and bottom surfaces to the surrounding vertebrae. The IVD’s primary purpose is to take up and disperse loads applied to the spine when we move. Gravity’s axial compression is the fundamental stress on discs. The outer annulus fibrosus distributes the pressure axially. In addition, the body movement torsion lateral and bending stresses are also taken care of by IVDs. Furthermore, IVDs have compressive moduli ranging from 10 to 20 MPa and tensile moduli ranging from 2.6 to 3.5 MPa. Nevertheless, its mechanical shear stiffness is an essential attribute in our body’s axial movement and also involves the discs, which range from 20 to 300 N/mm anterior-posteriorly and 40–300 N/mm laterally (Grace et al., 2015). The material replicating the nucleus pulposus must be a firm supporting hydrogel. The material imitating the annulus fibrosus must include fiber-reinforcing aligned sections that can withstand axial stresses. When creating material solutions for particular cartilage tissues, tissue architecture, and mechanical qualities must be addressed because gelatin provides a hydrogel system with easily modulable mechanical characteristics based on the crosslinking concentration and degree and, as a result, commonly utilized for cartilage 3D bioprinting. Adding second-phase materials or changing gelatin bio-ink formulations can facilitate tunability to meet the desired cartilage tissue. The typical biomechanical properties of cartilage are illustrated in Table 1.
TABLE 1 | Example of biomechanical properties of cartilage (Kabir et al., 2021).
[image: Table displaying biomechanical properties and their values. The Poisson ratio is 0.4 ± 0.1. The instantaneous modulus at 1 millimeter per second loading rate is 52.14 ± 9.47 megapascals. Young’s modulus is 1.03 ± 0.48 megapascals. The equilibrium modulus is 7.48 ± 4.42 megapascals. The compressive modulus is 10.60 ± 3.62 megapascals. The dynamic modulus at 1 hertz is 7.71 ± 4.62 megapascals. The loss factor is 0.11 ± 0.02.]4.2 3D-printed cartilage construct requirements
Cartilage regeneration is a considerable clinical concern because of the tissue’s avascularity and poor cell density. Only symptomatic therapies are available for cartilage defects caused by illnesses such as osteoarthritis or trauma. In addition, autologous, abrasion chondroplasty, and allograft are advanced surgical methods only performed in chronic patients. These procedures, however, have many disadvantages, such as graft necrosis, donor site morbidity, shortage of donor sites, and absence of desirable geometry. Therefore, tissue engineering technologies that can assist cartilage tissue regeneration without requiring invasive surgery are an appropriate therapy option. Gelatin-based biomaterial systems can readily offer biophysical signals for cartilage cell growth and differentiation by mimicking the hydrated state of cartilage tissue. As previously indicated, the material characteristics of synthetic cartilage tissue will be the critical element in developing the bio-ink formulation.
Gelatin and its derivatives have previously been utilized with other materials to satisfy the demands of various cartilage tissues. According to one research, a larger quantity of GM + HAMA increased bio-ink stiffness and the synthesis of cartilaginous proteins matrix, resulting in a high premature phenotype. Even after ECM formation, the resultant biomimetically stratified structures preserved their gradient-like system and significantly increased COL2A1 gene expression (+178%) (Shopperly et al., 2022). Similarly, Deng et al. (2021) found that the combination of GM and SFMA gel showed acceptable mechanical characteristics in vitro. However, the combination of GM and SF grafted parathyroid hormone (SF-PTH) gel reduced chondrocyte enlargement and was advantageous in producing hyaline cartilage ECM. The in vivo investigations showed that the scaffolds derived from the variety of GM and SF-PTH/GM and SFMA gels enhance osteochondral engineering and retain a large amount of hyaline cartilage phenotype. Hence, combining gelatin with other biopolymers has not only shown outstanding mechanical features but also demonstrated an improved functionalities.
Gelatin and its derivative’s compression modulus may be easily increased by increasing crosslinking density and weight by volume (w/v) composition, although the acceptable shear/tensile characteristics are difficult to acquire. Mixing gelatin with other polymers produces interpenetrating networks with enhanced crosslinking capabilities. The hydrogel can sustain tensile/shear stresses because of its interpenetrating network. Several investigations have looked into gelatin in conjunction with several other methacrylate biopolymers. A classic example is research in which they created a printing resin of 10% GM and varied amounts of PEGDA. They observed that incorporating PEGDA into GM ink considerably increases printing resolution. Furthermore, the compressive investigation reveals that the modulus of the bio-printed scaffolds rises proportionately with the concentrations of PEGDA (Zhu et al., 2018).
4.3 Gelatin-based bio-ink formulations for CTE
Several cartilage engineering experiments employed gelatin and its derivatives as the primary inks and bio-inks components. Most of these studies focus on creating novel printable functional materials that might be cell-friendly and enable the printing of cartilage tissue, including ear or some meniscus portion, with the goal of tissue engineering. Printed cell-laden, well-defined constructs with patient-specific geometries have the potential to function as space fillers (Kreller et al., 2021; Murali and Parameswaran, 2024). Gelatin is mixed with other materials to enhance the scaffold’s material printability, mechanical characteristics, and long-term stability. In addition, biological activity (usually MSCs or chondrocytes) includes cell spreading, differentiation, and proliferation. Physical sol-gel transformation and enzymatic, chemical, or photochemical crosslinking are all used crosslinking processes. However, the differentiation of MSCs needs a few weeks of culture for chondrocyte formation; therefore, the long-time stability of cell-encapsulated scaffolds is critical (Chu et al., 2021). Table 2 comprises the recently developed gelatin-based bio-inks and the study parameters.
TABLE 2 | Examples of gelatin-biopolymers based bio-inks formulations for CTE.
[image: Table showing various 3D bioprinting settings, including ink preparation, crosslinking procedure, structure printed, used cells, bioprinter, remarks, and references. It lists different materials and methods, such as use of UV and CaCl2 crosslinking, along with varying bioprinter types. Remarks highlight improvements in mechanical properties, cell viability, and differentiation. The table references multiple studies showcasing different bioprinting approaches.]4.4 Cartilage tissue bio-printing
Gelatin has an intriguing viscoelastic property and chondrogenic potential, making it a clear choice of material for cartilage tissue bioprinting. Concentration variations, other biopolymer additions, and additives applications can also readily change gelatin’s rheological characteristics. Even though gelatin and its derivatives have the required physical qualities as biopolymers for printing and cartilage regeneration, they also have binding or bioactive sites for cell signaling and upregulation of chondrogenic pathways. Despite these characteristics, it lacks structural stability and integrity at physiological temperatures. As a result, hybrid systems that can provide stability to the hydrogel system have received much attention in cartilage 3D bioprinting. Therefore, the subsequent paragraph entails a summary of these strategies.
Researchers have used methacrylic groups to create photochemical polymerizations by functionalizing gelatin. The fabrication of physiologically stable and crosslinked structures is achievable by using photoresponsive polymer. In a study (Gu et al., 2018), the encapsulation of primary human chondrocytes in 10% (w/v) GM printed scaffold assisted by a reversible physical crosslinking technique. In addition, the UV light irreversibly crosslinked these printed constructions, ensuring their stability. Encapsulated chondrocyte metabolic activity and proliferation were higher in chondrocytes printed at ideal temperatures than in lower temperatures.
On the other hand, Lim et al. (2018) used tyramine and methacryloyl to dual-functionalize gelatin. The in vivo observation of implanted chondroprogenitor cells inside the printed hydrogel favors neo-cartilage production. The new hydrogel has a glue characteristic that promotes chondrogenesis and allows for safe lateral incorporation into chondral lesions (Figure 5). Hence, the highlighted studies suggest that gelatin-based methacrylic functionalized gel has minimal toxicity and appreciable printability. In addition to being non-toxic, it also supports chondrogenesis in both in vitro and in vivo studies.
[image: Panel A displays images of alginate structures varying with surface modifications and concentrations, alongside bar graphs and data tables indicating the effects on structural integrity. Panel B contains microscopic images displaying various stains and cell cultures, visualizing the effects of different treatments, accompanied by bar graphs showcasing quantitative data comparisons at days twenty-one and forty-two.]FIGURE 5 | Gelatin biopolymers-based bio-ink for CTE showing (A) printability. i. Different gelatin-based formulations 3D printed structure ii. Printed structure spreading ratio. iii. Shear thinning coefficient data from fitting power law to the shear viscosity linear region of the various bio-inks. iv. S-IPN Printed 3D grid construct. v. S-IPN printed meniscus construct. (B) S-IPN and IPN in vitro chondrogenesis study using TGF- β3 in either construct or cell culture media. i. Immunohistochemical and histological staining for calcium, collagen, sulfated glycosaminoglycan (sGAG), collagen type I, II, and X deposition at day 21 and 42 time points. ii. quantification of collagen, DNA, sGAG, and calcium deposited per construct. Reproduced with permission from Wang et al. (2021a).
De Moor et al. (2021) discovered how to modify the phenotypic of spheroid-laden structures by altering the physicochemical parameters of the hydrogel. The phenotypic modification aims to determine the influence of the spheroid maturation level prior to bio-printing on the construct phenotype. Interestingly, the late-stage spheroids printed with a 10 w/v % GM ink produced the best outcomes among the other w/v % studied. Therefore, GM is envisaged to be a suitable material for such applications.
Recently, the production of various biopolymer(s) and gelatin-based hydrogels resulted in fine-tuning their physicochemical and biological features. One of those research involved the development of a novel bio-resin by combining GM, methacrylate poly(vinyl alcohol) (PVA-MA), and a visible light transition metal-based photoinitiator. The developed transitional metal-based system has a high molar absorptivity, which aids the bio-printed scaffolds’ high-resolution 25–50 µm features. The high-resolution cell-laden hydrogel constructions with properly printed complicated and organized architecture demonstrated good cell survival, homogeneous distribution, and functioning (Lim et al., 2018). Likewise, in another work, a cell-laden bio-ink including human adipose-derived mesenchymal stem cells (hADSCs), GM, and HAMA was biopen-produced and maintained in the chondrogenic stimulus for 8 weeks in vitro. A thorough investigation revealed that the technique resulted in the creation of human hyaline-like cartilage (Onofrillo et al., 2018). Hence, it can be noted from both findings described in this paragraph that the incorporation of the second-phase materials does not pose any harm to the cells but enhances the physical integrity and stability of the printed constructs.
On the other hand, Stier et al. (Diloksumpan et al., 2020) disconnected the traditional association between polymer content, stiffness, and equilibrium degree of swelling. They also investigated building hydrogels with graded hydrogel compositions using layer-wise printing and following multiple tests of various biopolymer combinations combining GM, HAMA, and chondroitin sulfate, including the degree of methacrylate. The resultant glycosaminoglycan-graded hydrogel was stable for 28 days. Finally, the encapsulated chondrocytes were alive and formed a new matrix. Similarly, Lee et al. (2020) extrusion 3D bio-printed various GM and HAMA ratios for cartilage regeneration. The G7H5 (GM 7% and HAMA 5%) bio-ink formulation was best suited for constructing a more intricate larynx geometry, which included the thyroid cartilage, hyoid bone, cricoid cartilage, cervical trachea, and arytenoid cartilage. This bio-ink additionally offered a suitable milieu for the in vitro and in vivo chondrogenesis of tonsil-derived MSCs (TMSCs). Hence, the tunability of materials offers enormous benefits in CTE.
The present bio-inks are time-consuming and lack the structural support for a high-shape fidelity scaffold. Overcoming this can reduce the duration required for gel preparation and proper cell dispersion and preserve the predetermined geometry during printing with no extra help. Furthermore, high permeability may allow cell proliferation uniformity in bio-printed constructs, thus helping heal homogenous tissue. As a result, a good permeability time-sharing structure-supporting (TSHSP) hydrogel containing 0.75% CMC (carboxymethyl cellulose), 1% AHA (aldehyde-hyaluronic acid), 0.5% 4-arm poly (ethylene glycol) succinimidyl glutarate (PEG-SG), and 1% gelatin was developed in a study. The quick crosslinking dynamic of AHA/N-carboxymethyl chitosan constituted the basis for the TSHSP mechanism. The in vitro studies of nerves, muscles, and cartilage cells displayed homogenous cell development and impressive biological specificities (Chen et al., 2021). Including growth factors inside the bio-ink is a potential technique to accelerate tissue regeneration. Heparin’s binding solid affinity for alginate sulfate is a tool that can facilitate its adherence to alginate. This property has been used in one study to create a sulfated interpenetrating network (IPN) bio-ink comprising an alginate sulfate functionalized alginate-GM. This bio-ink was 3D printed and not only allowed the continuous discharge of transforming growth factor-3 (TGF-3) and the release of other proteins. It also creates an environment that helps strong in vitro chondrogenesis with no indication of hypertrophy or mineralization over long culture durations (Wang B. et al., 2021). Therefore, a second-phase functional polymer can facilitate and improve gelatin-based bio-ink for cartilage regeneration.
The subjection of printed hydrogel to high quantities of reactive oxygen species (ROS) at defects may impair their phenotypic and functioning, reducing regeneration efficiency. Therefore, an anti-oxidative multifunctional bio-ink is developed in a study to circumvent the ROS challenges. The bio-printed construct increased cell adherence and chondrogenesis of incorporated stem cells. Most notably, after incubation with H2O2, the hydrogel could protect the incorporated stem cells against overexpression of the MMP13 catabolic gene and ROS-facilitated cartilage-specific downregulation such as ACAN and COL2 anabolic genes (Shi et al., 2022). Hence, small molecules with specific functionalities can be incorporated into a bio-ink formulation for a specified function. This is one of the tremendous benefits that hydrogels offer, especially gelatin-based, which has enormous side chains with the potential for functionalization.
Aside from combining a polysaccharide with gelatin and its derivatives to create a cell-laden architecture, some research has looked at diverse protein-derived biopolymers. Cellular hypertrophy is one of the primary issues with today’s gold-standard synthetic cartilage. This results in temporary cartilage that eventually undergoes endochondral ossification to generate bone trabeculae. Chawla et al. (2017) looked at six 3D bio-printed silk-gelatin scaffold conditions to see which produced the most significant results regarding articular cartilage development. In the presence of TGF-1, bone marrow mesenchymal stem cells (BMSCs) undergo hypertrophic differentiation, whereas in the absence of TGF-1, the incorporated BMSCs in bio-printed silk-gelatin gel undergo articular cartilage-type differentiation.
The majority of biopolymers utilized for cartilage regeneration require crosslinking. As a result, different cross-linkers are rarely employed and are invariably harmful to cells. Therefore, the silk fibroin (SF) capacity to undergo secondary structure formation, which induced gelation coupled with a bulking agent, gelatin, produced a crosslinker-free bio-printed construct. Furthermore, the design promotes encapsulated chondrocyte development and proliferation, as well as the production of cartilaginous ECM. The chondrogenic gene expression increase with limited chondrocyte hypertrophy also confirmed the suitability of the developed formulation (Singh et al., 2019). Another interesting, person-specific polymer source is platelet-rich plasma (PRP), widely used as a therapeutic adjuvant for cartilage injury repair. However, PRP treatments in clinics are unsatisfactory and need improvement, particularly in bioactivity maintenance. As a result, Irmak and Gümüşderelioglu (2020) demonstrated a 3D bio-printed photo-crosslinked cell-laden construct containing GM and PRP for tissue-specific constructions. Analyses of in vitro studies indicated an enhancement of ATDC5 differentiation and proliferation in the regularly light-applied GM/PRP gel in the absence of any external chemical agents. More recent examples of gelatin-biopolymers used in bioink for CTE are listed in Table 2.
Mixing gelatin and its derivatives with particulate materials may improve its bioactivity and mechanical characteristics. Kosik-Kozioł et al. (2019) proposed a biomimetic bio-printed gel comprising β-tricalcium phosphate (TCP), alginate, and GM for creating a calcified type of cartilage using an extrusion-based bioprinting approach. The printed structures suitability assessment for cartilage regeneration using RT-qPCR for gene expression quantification such as osteogenic (ALPL, BGLAP) and important chondrogenic (COL1, COL2, COL10A1, ACAN) gene markers. Additionally, fluorescent immunocytochemistry assesses the printed construct quality. Another study used three different bioprinting techniques to bioprint GM, calcium phosphate, and glycosaminoglycan additive biopolymer to assess which bioprinting technique is more cell-friendly. Among the three examined 3D bioprinting processes, DLP printed structures permitted the most significant observed growth in cell number after 7 days (Bedell et al., 2022). The results demonstrate how different bioprinting methods can affect the viability of the cell-laden construct. In another study, a short fiber-reinforced double-network bio-ink was 3D printed to provide an anatomically correct and mechanically adjustable construct for CTE (Figure 6). The addition of short PLLA fibers increases printing fidelity and promotes the generation of mechanically robust constructions. Furthermore, this mechanically reinforced alginate/GM double-network bio-ink is biocompatible and promotes in vitro chondrogenesis of bone marrow-derived stromal cells (Wang et al., 2022b). Hence, particle materials have been shown to provide bioactivities and mechanical functionalities to printed constructs. More recent examples of gelatin particle-based use in bioink for CTE are listed in Table 3.
[image: Panel A shows confocal micrographs of cells at various time points (C0, D1, D7, D14, D21, D28) with live and dead stains. Panel B is a bar graph comparing cell viability between Ca2+ and 3DP groups. Panel C shows a bar graph of cell viability over different days (D1 to D28). Panel D includes histological images with different staining techniques: i and iii show tissue morphology, while ii and iv show cellular detail at higher magnifications.]FIGURE 6 | Gelatin plus nanoparticle for CTE showing (A) Live/deal cell staining confocal image for BMSCc encapsulated scaffolds from day 1–28-day point with no significant difference in viability. (B) The Ca2+ physically crosslinked and 3D-printed BMSCs viability at day 1 using unpaired t-test, and (C) for various day points using one-way ANOVA. (D) In vitro, scaffold cartilage paraffin sections stained with (i) H&E, (ii) immunohistochemistry, and Safranin O/Fast Green for (iii) type II collagen and (iv) aggrecan. Reproduced with permission from Wang et al. (2022b).
TABLE 3 | Examples of gelatin-particles-based bio-inks formulations for CTE.
[image: A table comparing various ink preparations for 3D bioprinting, including crosslinking procedures, printed structures, used cells, bioprinters, remarks, and references. Entries detail combinations like methacrylated alginate with CaCl2 for cylindrical structures, and glycerol and fibrinogen with enzyme thrombin for mesh structures. Each row discusses the improved mechanical properties or biological functions achieved, such as enhanced cartilage repair and bone regeneration. References denote associated studies.]PCL and other synthetic polymers have previously been used to support 3D printing cell-laden structures for self-standing tissue constructions. These strategies are frequently implemented concurrently (i.e., simultaneous printing of plastics and cell-laden bio-inks). Research proved that auricular cartilage repair employing PCL as scaffolding, GM and HAMA layers printed in between, and Lutrol F-127 as sacrificial material. The obtained mechanical characteristics of the resultant hybrid construct are like those of natural cartilage. The printing procedure did not affect the proliferation or viability of hMSC supplied inside the bio-ink (Chung et al., 2020). In another work, PCL microchambers were pre-printed to direct the formation of cellular spheroids. The biomechanical characteristics and composition of the bio-printed construct were comparable to natural cartilage (Daly and Kelly, 2019). In the same version, Ruiz-Cantu et al. (2020) bio-printed chondrocyte cell-laden GM in between PCL plastic structures to improve the mechanical and biological qualities of the developed 3D structure. After 50 days of culture, the 3D bio-printed constructions revealed neocartilage development and mechanical rates similar to nasal alar cartilage. The composite structures’ collagen type II and glycosaminoglycans presence also demonstrated neocartilage development. Even though PCL provides hydrogels with considerable mechanical support, its structural integration with hydrogel is problematic. To find better-automated support solutions. In one study, cellulose nanocrystals support the structural component of a mechanically reinforced hydrogel ink and GM/HAMA ATDC5 cell-laden bio-ink (Figure 7). The printed hybrid scaffolds displayed high mechanical stability, and the printing phase did not primarily affect the survival of ATDC5-encapsulated cells in the scaffold (Fan et al., 2020). More recent examples of gelatin hybrid system use in bioink for CTE are listed in Table 4.
[image: Diagram illustrating a multi-step process for aligning fibers in a structure, including detailed views of fiber arrangements and deformation. Panel A shows the alignment steps. Panel B includes bright field and merged fluorescence images highlighting the grid-like pattern. Panel C presents a series of images capturing strain deformation at various magnifications, with red and green markers indicating areas of interest. Panel D shows two graphs plotting stress versus strain, capturing the mechanical properties of the materials.]FIGURE 7 | Gelatin plus polymer for CTE showing (A) Schematic representation of hybrid printing steps and (B) Hybrid printed confocal and optical micrographs of the hybrid printed scaffold. The confocal image’s green and red dotted lines represent the GM/HAMA and CNC-reinforced biopolymer, respectively. The red fluorescence signifies the rhodamine-labeled GM for GM/HAMA, while the green part is the FITC-labeled GM for the CNC-reinforced system. (C) Confocal images showing the hybrid structure integrity after 20% strain compression in 10 cycles. The white dots and the arrow on 50% strain compression analysis result in 10 cycles revealing structural defects. (D) (i) stress-strain graph for 20% strain during 10 compression cycles. (ii) stress-strain graph for 50% during 10 compression cycles. Adjusted and reproduced with permission from Fan et al. (2020).
TABLE 4 | Examples of Gelatin-hybrid-based bio-inks formulations for CTE.
[image: Table showing different bioprinting experiments detailing ink preparation, crosslinking procedure, structure printed, used cells, bioprinter, remarks, and references. Materials include PCL, Pluronic PCL with HAMA, and sacrificial ink with PCL. Structures include mesh, cartilage, and microchannels. Bioprinters are REGENHU 3D, 3D Bioplotter, and multinozzle. References are from years 2019 to 2021 with remarks on cellular behavior, ECM secretion, and construct development.]5 GELATIN-BASED HYDROGELS PRINTED FORMULATION FOR BTE
5.1 Natural bone characteristics
Bone gives the human body structure and stability. It is a mineralized hard tissue that may regenerate on a smaller scale. More minor bone fractures heal on their own, and they are also often treated using the clinical casting method. However, in case of a significant fracture defect, the defect site will not heal without the help of implants or surgical intervention. Significant bone fracture defects, also called critical-sized bone defects, are often 1–2 cm in size or bigger or when the bone circumference loss is >50% owing to disease, high-energy trauma, or accident (Nauth et al., 2018; Liu F. et al., 2023; Han et al., 2023; Su et al., 2023; Xia et al., 2023). These deformities are challenging to treat since surgical procedures only stabilize the bone fracture. Still, biological material is required to occupy the defective space and assist in new tissue formation. As a result, bioprinting technology, coupled with tissue engineering, offers enormous promise for treating large bone defects. Additionally, printing necessary shapes using clinical defect area photographs to achieve a correct match. There are two kinds of bone tissue: cancellous and cortical. The cortical bone is a thick, dense exterior layer that accounts for 4/5 of bone mass. Cortical bone comprises densely packed osteons with concentric rings surrounding a central canal. Additionally, cortical bone is anisotropic and has a 5%–15% porosity (Morgan et al., 2018; Rodriguez Palomo et al., 2023; Zhou et al., 2023). Furthermore, the cortical bone has a transverse elastic modulus of 10.1 ± 2.4 GPa and a longitudinal elastic modulus of 17.9 ± 3.9 GPa (Reilly and Burstein, 1975). The less dense, lighter, and spongy interior is called cancellous bone and comprises trabeculae. To produce the core bone, the cancellous bone forms a thin but robust interconnectivity with a porosity of about 40%–95% (Morgan et al., 2018). Finally, trabecular bone moduli vary from 10 to 3,000 MPa (Morgan and Keaveny, 2001; Siriphannon and Rukchonlatee, 2023).
The bio-ink bone ultrastructure imitation can boost the production of mechanically robust bone in an in vivo environment since the mechanical qualities of bone are challenging to recreate in the bio-printed strategy. Bone is a nanocomposite containing the protein-mineral crystal. The ECM of bone contains collagen type I, which functions as a scaffold for crystallizing the deposited calcium phosphate to carbonated HAp nanocrystals (Murab et al., 2020). Combining collagen type I present in amino acid residues of hydroxyproline with HAp produces relatively large binding energy nanocomposites between 63 and 126 kJmol−1 (Cutini et al., 2019). Because of this robust nanocomposite ultrastructure, bone tissue has high compressive strength and flexibility. Therefore, if the bio-inks formulation has a similar chemistry to HAp nanocomposite production, in that case, they may be able to aid in the regeneration of mechanically robust bone tissue. Thus, gelatin-based biopolymer has the potential to be a chemically acceptable bio-ink solution for bone tissue bioprinting due to its inherent cell-friendly behavior and the possibility of its mechanical structure tunability.
5.2 3D printed bone constructs requirements
The present surgical procedures for treating large-size bone deformities involve induced membranes, allografts, autografts, and transfer (bone). However, all the mentioned surgical procedures have drawbacks (Bezstarosti et al., 2021; Dalfino et al., 2023). Autografts have the flaws of lack of geometry conformity, secondary morbidity, and a lack of greater graft availability. Conversely, allografts have disadvantages such as transfection, core necrosis, and lack of geometry conformance. Until recently, tissue engineering concepts have served as excellent solutions to all the problems associated with the current therapy methodology. Shape conformation is solved via 3D printing and bioprinting since scaffolds are fabricated in the precise shape and size of the defect location utilizing the defect area medical pictures. The primary critical requirement of the biopolymer is to give recruited cells with a bone-like ultrastructure and chemistry. This bone-like chemistry would provide progenitor cells like BMSCs with physical and chemical signals to develop toward osteogenesis and bone-unique ECM deposition.
Various mineral particles such as HAp may be mixed with hydrogels such as gelatin to improve the bio-ink mechanical qualities such as stiffness while also giving biochemical signals for bMSC development. In one study, after 14 days of printing, a biopolymer system involving HAp, gelatin, and alginate stimulates the osteogenic differentiation of (adipose-derived mesenchymal stem cells) ADSCs (Wang et al., 2016). In contrast, in the control group (alginate-gelatin), the bio-ink system containing HAp improved bone deposition in the mice. The improvement in bone mineralization suggests that particulate HAp can activate osteogenic signaling pathways, creating mineralized, mechanically stable bone tissue. In another study, Sharma et al. (2019) recently bio-printed SF-G-CaCl2 constructs to investigate the effect of calcium release in bone formation. However, the bio-printed scaffolds containing calcium particles enhance the osteogenesis of hMSCs via 1) upregulating the osteogenic markers like OPN, RUNX2, ON, alkaline phosphatase (ALP), and COL I gene expression, 2) upregulating the osteocytic markers such as PDPN, SOST, and DMP 1 gene expression; 3) upregulating the BMP2, BMP4, and β-catenin gene expression; and 4) facilitating mineral deposition, then the scaffolds without calcium. As a result, biochemical and biophysical signals can facilitate the development of gelatin-based bio-inks for BTE. Although, composite formations of mechanical toughness offer a better significant benefit since they can maintain the bio-printed scaffolds in vivo while aiding in more bone formation.
5.3 Gelatin-based bio-ink formulations for BTE
Based on the literature, the wide use of gelatin-based biopolymers as materials for printing bone regeneration scaffolds is apparent. The investigations generally focused on techniques to improve the material’s osteogenic differentiation capability and mechanical characteristics of the scaffolds, as well as on achieving increased vascularized structures (Alcala-Orozco et al., 2020; Zhang et al., 2020; Yang et al., 2022). Pure gelatin or its derivative inks and mixes with other biopolymers, similar to cartilage printing inks, were proposed. Furthermore, printed materials loaded with bioactive materials, including calcium oxide or silica nanoparticles (Tavares et al., 2021), active glasses (Ojansivu et al., 2019), HAp nanoparticles (Allen et al., 2022), or tricalcium phosphate (Jalandhra et al., 2022), have been created. The mineral improves the printed scaffolds’ bioactivity, often enhancing mechanical characteristics, biocompatibility, and higher natural tissue biomimicry. The use of photochemical crosslinking is more than other crosslinking types, such as physical and enzymatic crosslinking. Table 3 shows some recent instances of gelatin-based inks for printing in BTE.
5.4 Bone tissue bio-printing
Autografts and allografts are still the conventional surgical therapy for large-sized bone defects. Both provide mechanical stability and strong integration but possess several drawbacks. The major weaknesses of autografts remain donor site scarcity and morbidity for significant deformity and the unavailability of preferred shapes for implant fitting. In addition, allografts are costly, rare, and include the danger of disease transmission. Larger allografts acquire necrotic cores because they are not coupled to the host’s circulatory network and generate secondary problems. Therefore, bio-inks with biophysical and biochemical signals that can be bio-printed to match the large defect area might be a feasible technique for such BTE. Irmak et al. (2019) used a microwave approach to create a more elastic and robust 3D bio-printed GM than the standard method. Superior mechanical characteristics, increasing cellular survival, adhesion, proliferation, mineralization, ALP activity, and osteogenic genes mRNA expression levels of preosteoblastic MC3T3-E1 cells were found in the formulated hydrogels. This research exemplifies how gelatin may be adjusted to increase its mechanical properties. Celikkin et al. (2022) 3D printed a 5% GM containing MSC. The in vivo findings indicate excellent tissue integration, with no evidence of fibrotic encapsulation or impaired bone growth. Epithelial-mesenchymal interaction (EMI) is an essential element in bone healing. Anything that increases EMI production will inevitably encourage BTE. Recently, epithelial, MSC, and GM cells were 3D printed to aid in promoting EMI by cell recombination. The dimensional culture pattern offered an excellent atmosphere for DPCs and HERS cells to develop mineral deposition patterns, as seen by eosin staining, hematoxylin staining, Masson staining, and immunohistochemistry investigation of the printed construct in vivo. As a result of their interactions, they enhance alveolar bone repair (Tang et al., 2022). Hence, bioinks having both physical and biochemical cues offer enormous potential in BTE.
Combining gelatin and its derivatives with other biopolymers to create an interconnected network and a more mechanically stable hydrogel is an effective strategy for increasing bioactivity. During the osteogenic development of MSC, silk-gelatin bio-ink was bio-printed to stimulate the Indian hedgehog (IHH) and canonical Wnt/-catenin pathways (TVA-BMSC). The encapsulated cell’s early differentiation markers, mid and mid-to-late-stage markers, and terminal osteocytic gene expression demonstrate the construct’s suitability. Furthermore, T3 incorporation and endochondral ossification modeling facilitate the activation of Wnt/-catenin, PTH, and IHH pathways. As a result, stem cell osteogenic differentiation potential and mineralization are enhanced (Chawla et al., 2018). In another dimension, Ma et al. (2017) studied the ECM stem cell interactions via a bioprinting approach to achieve an optimal ECM for alveolar bone repair. The bio-ink formulation consisting of PEGDA and GM was bio-printed with periodontal ligament stem cells (PDLSCs). Finally, an in vivo investigation employing 4/1 GM/PEGDA revealed that PDLSC-laden gel with an optimal formulation outperformed the other formulations for bone development. Similarly, in another study, three biocompatible biopolymers, HA, hydroxyethyl acrylate (HEA), and GM, were employed as cell carriers for bone cell loading in lattice shapes. The 3D bio-printed product demonstrated stable rheology and outstanding biocompatibility (Noh et al., 2019). These studies revealed the importance of bio-ink formulation to encapsulate cell functionalities. More recent examples of gelatin-biopolymer systems used in bioink for BTE are listed in Table 5.
TABLE 5 | Examples of Gelatin-biopolymers-based bio-inks formulations for BTE.
[image: A table comparing various bioinks used in bioprinting, detailing ink preparation, crosslinking procedure, structure printed, used cells, bioprinter, remarks, and references. The table includes information such as cell types used like BMSCs, HUVECs, MC3T3-E1 among others, various bioprinting techniques, and remarks on cell viability and differentiation. It spans multiple studies, referenced with authors and years.]To protect cells against extrusion printing shear stress, the use of microgel cell encapsulated core-shell structure is desirable. One study (Fan et al., 2020) fabricated a core-shell structure consisting of an alginate shell layer and type I collagen core layer microgel using a multichannel microfluidic device to achieve a better cell viable product. The materials SFMA, GM, and microgels were combined and 3D printed. Compared to a 15% SFMA/GM construct, the microgels-15% SFMA/GM construct demonstrated improved biocompatibility and bone formation capability. In most fabrication processes, including additive manufacturing, quickly developing efficient vascularized tissue by 3D-printed constructs remains difficult. Li et al. (2022a) presented a solution to this problem whereby they established and bio-printed a new bio-ink formulation consisting of deferoxamine (DFO)-loaded ethosomes (Eth), GM, and GGMA. The sustained release of DFO from the gel having DFO enhances its mineralization, migration of endothelial cell and tube formation, and osteoblast ALP expression (Figure 8).
[image: Panel A shows experimental results on cell growth and differentiation. Subpanel i displays images of stained cell cultures under different conditions, while subpanel iv shows similar cell culture images with different staining. Subpanels ii and iii present bar graphs comparing various treatment groups at different time points, highlighting quantitative differences in cell growth and differentiation. Panel B consists of images and graphs related to material testing. Subpanel i shows physical changes in materials over two and four weeks. Subpanels ii and iii feature bar graphs depicting weight loss and mechanical properties over time. Subpanel iv provides histological images of materials, illustrating structural changes over two and four weeks.]FIGURE 8 | Gelatin biopolymers-based bio-ink for BTE showing (A) deferoxamine (DFO)-loaded ethosomes GM/GGMA (Eth-DFO@GM/GGMA) construct osteogenic and angiogenic capacity in vitro. (i) HUVECs revealing Analytical and original tube formation post 9 h culture. (ii) the number of meshes, master segments, and the number of junctions in quantitative analysis. (iii) 21 days BMSCs culture of Alizarin Red S (ARS) staining digital and microscopic images of various bio-ink groups. (iv) Day 14 ALP staining of BMSCs encapsulated construct microscopic and digital images. (v) ALP activity quantitative analysis. (B) (i) Micro-CT micrograph of 2 and 4 weeks post-implantation of 3D reconstruction in a rat cranial bone defects. (ii) 2 and 4 weeks bone volume (BV)/tissue volume (TV) and (iii) bone mass density (BMD) analysis postoperatively. (iv) H&E staining histological analysis at 2 and 4 weeks. The black arrows indicate the new bone formation. Adjusted and reproduced with permission from Li et al. (2022a).
Because gelatin is short of physical stability, adding nano or microparticles may improve the bio-ink physical and mechanical characteristics through nano/micro composites. Interestingly, using the same particle may additionally aid regeneration by carrying bioactive compounds. These mechanical characteristics increases may give biomechanical signals for differentiating mesenchymal stem cells into osteogenic lineages. One recent study (Chung et al., 2020) showed that Laponite® (LPN) and GM were 3D bio-printed to create effective cell-instructive scaffolds. The in vitro nanocomposite study demonstrated high form integrity, human bone marrow mesenchymal stem cells (hBMSC) survivability, and improved osteogenic differentiation support. VEGF-loaded LPN-GM scaffolds revealed considerably greater vascular penetration than GM-VEGF scaffolds. Yu et al. (2020a), on the other hand, bio-printed two bio-polymer gels of strontium-doped calcium silicate powder (FGSr) and fish gelatin methacrylate (FGM). The bio-printed composite outperformed FGM scaffolds regarding mechanical properties, biocompatibility, and osteogenesis differentiation of human Wharton jelly-derived mesenchymal stem cells (WJMSC). Similar results were obtained by embedding silanated silica particles (Choi et al., 2021) and nano-attapulgite (nano-ATP) (Figure 9) (Liu C. et al., 2023) in other studies. Hence, incorporating particles provides mechanical integrity to the cell-laden construct and offers biomechanical cues and bioactivity, enhancing the BTE. More recent examples of gelatin particle systems used in bioink for BTE are listed in Table 6.
[image: A scientific figure includes multiple panels. Panel A (i and ii) shows stained images of cells under different treatments: Control, 0.25% nano-ATP, 0.5% nano-ATP, and 1.0% nano-ATP. Panel A (iii) displays a bar graph of ALP activity over time and treatment concentrations. Panel A (iv) shows another bar graph comparing OD values across treatments with significant differences marked. Panel B (i) depicts bone images under Control and 0.5% nano-ATP. Panel B (ii to v) presents bar graphs comparing bone volume (BV), bone volume fraction (BV/TV), bone surface (BS), and bone surface density (BS/TV). Panel B (vi and vii) contains histological images of bone, stained with different markers and treatments, highlighting structural differences.]FIGURE 9 | Gelatin plus nanoparticle for BTE showing (A) 3D bio-printed BMSCs-laden cell-instructive osteogenesis ability. (i) Day 14 ALP and ARS staining micrograph. (ii) ALP quantitative activity measured between the 405 nm and 562 nm ratio. (iii) calcium minerals deposition quantification by measuring the ARS mineralized stained in the scaffolds. (B) New bone formation histological and micro-computed tomography (μCT) assessment. (i) 2 weeks post-surgery, 3D reconstructed μCT micrographs. The red mark inside the circle indicates the new bone formed. (ii) BV, (iii) bone surface (BS), (iv) BV/TV, and (v) bone surface density (vi) 2 weeks bone defect H&E and Golder’s Trichome staining. (vii) Day 5 and 7 Osteoclasts TRAP staining. Reproduced with permission from Liu et al. (2023b).
TABLE 6 | Examples of Gelatin-particles-based bio-inks formulations for BTE.
[image: A table listing various bioprinting methodologies, including columns for ink preparation, crosslinking procedure, structure printed, used cells, bioprinter, remarks, and references. Each row details a different experiment, with diverse materials and techniques used for 3D bioprinting. The remarks column summarizes the outcomes, such as improved cell viability, mechanical properties, and differentiation capabilities. References include various studies with publication years.]Creating a functional and biomimetic nanocomposite bio-ink is another viable option that some researchers have taken advantage of by developing a bio-printed scaffold for orthopedic intervention. A study used (nano-silica) nSi, gelatin, and alginate to bio-print cell-laden rat bone marrow mesenchymal stem cells (rBMSCs) ECM mimicking structure. The nSi in the bio-ink improves the mechanical strength and printability of the encapsulated rBMSCs and triggers osteogenic differentiation. The in vivo investigation further validated the formulation’s potential for critical size defect bone repair (Liu et al., 2020). Similarly, another study created graphene oxide (GO)/alginate/gelatin hMSC-laden bio-ink to build bone-mimicking constructs via a bioprinting approach (Zhang et al., 2021).
Improving osteogenesis through neuropeptide release and neural network restoration is an appealing technique for healing large-size bone deformation. Although the defect area sympathetic nervous system (SNS) is stimulated by traumatic bone defects, causing severe catecholamine release obstructing quick bone repair. In one study (Li S. et al., 2022), nifedipine, a calcium channel blocker, was incorporated in the bio-ink to lower catecholamine concentrations in the bone defect location and promote bone regeneration. The released nifedipine restricted nerve cells’ calcium channels, preventing the activation of SNS and, eventually, reducing catecholamine production. Therefore, reducing catecholamine release facilitates an increase in the bone repair of a critical-size calvarial defect rat model by migration of BMSCs, inhibiting osteoclastogenesis in vitro and promoting osteogenic differentiation.
Bone tissue has a significant vascularization. The interaction of vascular and osteogenic cells is essential for developing these two very different tissue types and their physiological maintenance and repair. One study (Leucht et al., 2020) investigated an all-gelatin-based toolkit containing GM, acetylated GM (GMA), and gelatin to adjust the bio-inks characteristics toward increased printability and more significant support of vascular network creation. The co-culture of bio-printed hADSCs and human dermal microvascular endothelial cells (HDMECs) of constructs revealed tissue-specific functional cells. Interaction influenced the vascular-like architecture creation and maintenance, boosting osteogenesis. On the other hand, Shahabipour et al. (Xia et al., 2023) bio-printed an osteon-like structure by depositing osteogenic and angiogenic bio-inks from the coaxial nozzle shell and core areas. The bio-inks comprise gelatin, GM, alginate, and HAp nanoparticles with preferential HUVECs cells for the core and MC3T3 for the shell: the bio-printed coaxial structure-maintained survivability and the expression of angiogenic and osteogenic factors better than the traditional structure. Similarly, instead of HAp, amine-functionalized copper (Cu)-doped mesoporous bioactive glass nanoparticles (ACuMBGNs) were employed in another study (Zhu et al., 2022).
Because of the macrophage polarization failure and the bone defect site inflammatory milieu, large bone deformation remains a huge therapeutic problem, especially for diabetic patients. Chemicals material or chemicals with anti-inflammatory properties can get around this problem. In one of the recent studies (Sun X. et al., 2021), they combined GM, 4-arm PEG, RAW264.7 macrophages, BMSCs, and mesoporous silica nanoparticles (MSNs) loaded with BMP-4. MSNs substantially increased the mechanical strength and sustained the release of BMP-4. The released BMP-4 enhanced the polarization of RAW264.7 to M2 phase macrophages, facilitating the production of anti-inflammatory components and lower pro-inflammatory factor levels, enhancing rat model bone regeneration.
A hybrid system is another technique investigated for mechanically improving and creating a sturdy 3D build. This technique uses a synthetic polymer scaffold framework that meets the tissue regeneration requirements of strong mechanical characteristics, for example, orthopedic and a self-soft-regulating milieu for cells. In one study (Liu et al., 2022), GM/PCL scaffold was bio-printed and pretreated with Wnt3a loaded ST2 (bone marrow stromal cell line) for 24 h. The 24-h pretreatment increased the cell viability, proliferation, mineralization, and osteogenic differentiation of the encapsulated ST2 in vitro and improved osteogenesis and angiogenesis in a large-size bone defect of calvarial mice, shown in Figure 10. In a similar version, Firouzian et al. (2020) created a biomimetic rat tissue construct to simulate the heterogeneous mechanical characteristics of spinal cord tissue. The cell-laden gelatin/alginate/fibrinogen and primary rat neural cells printed in between the PLGA collagen-coated platform to mimic the soft cell tissue microenvironment. The post 14 days culture analysis of the cell viability, scaffold interface, and immunostaining indicates a homogeneous spread of stable, elongated, healthy neurites and neural cells. However, Nulty et al. (Morgan and Keaveny, 2001) formulated a fibrin-based bio-ink containing HUVEC and hBMSCs for the pre-vascularization of printed PCL scaffolds. The implanted hybrid device in rats with significant femoral bone deficiencies supports new bone formation. The in vivo analysis using Micro-computed tomography (CT) angiography demonstrated enhanced vascularization and large new bone formation. Hence, plastic materials do not only serve the purpose of mechanical support but also give the microenvironment of biomimetic bone tissue.
[image: A scientific image featuring various panels displaying experiments related to 3D-bioprinted scaffolds and bone tissue analysis.  Panel A: Illustrates a 3D-bioprinted scaffold with images of live-dead staining showing live (green) and dead (red) cells, and a graph of live/total cell counts over days.  Panel B: Displays alkaline phosphatase (AP) staining images, bar graphs showing AP activity, β-catenin expression, and relative gene expression (including osteoblast-related genes).  Panel C: Shows Alizarin Red S staining of mineralized matrices, with accompanying bar graphs quantifying mineralization.  Panel D: Presents trichrome staining at different time points and H&E staining images of bone repair, with graphs quantifying specific markers.  The panels include detailed experimental data relevant to tissue engineering and regenerative medicine.]FIGURE 10 | Gelatin plus polymer plastic for BTE showing (A) Cell viability assay and ST2/GM/PCL hybrid construct fabrication. (i) schematic representation and gross image of the 3D printed construct. (ii) live/dead staining fluorescence images. (iii) cell viability quantifications at 1,4, and 7-day points. The one-way ANOVA confirms that the cell viability was not statistically different. (B) Osteogenic activity of ST2/GM/PCL hybrid system. (i) ALP staining and (ii) ALP activity quantification. (iii) key factor β-catenin expression of Wnt signaling and (iv) osteogenic markers genes (Runx2, Ocn, Colla1, ALP, and Osx). (C) Mineralization of ST2/GM/PCL hybrid system. (i) ARS staining, (ii) mineralization quantification. (D) Animal study of critical-size defects in mice. (i) Micro-CT at week 8 after implantation of ST2/GM/PCL hybrid system (the control group is shown in the green circle while the brown circle depicts the Wnt3a group, and the ICG-001 group is the yellow circle). (ii) Bone defect section tissue H&E staining. The white dotted area represents PCL, and HB indicates the host bone. (iii) Bone area (B.A) per tissue area (T.A) quantitative analysis. (iv) BV/TV statistical histomorphometry analysis, Osteoblast per tissue area (N.O/T.A). Every study was compared to the control group. Reproduced with permission from Liu et al. (2022).
Large and open bone defects are extremely at risk of pathogens, which can result in high infection chances and delay bone healing. A scaffold with dual osteoinduction and bacterial suppression functionalities is required to promote the effective healing of infectious bone lesions. One recent study (Wang M. et al., 2021) created a hybrid system comprising modified cells using PCL/mesoporous bioactive glass/DOX and bio link. The in vitro and in vivo investigations demonstrated that the fabricated hybrid system could actively produce BMP2, which helps stimulate osteoblast development, causes ectopic bone synthesis, and has antimicrobial properties. More recent examples of gelatin hybrid systems used in bioink for CTE are listed in Table 7.
TABLE 7 | Examples of Gelatin-hybrid-based bio-inks formulations for BTE.
[image: A table displays information on various 3D bioprinting ink preparations. Columns list ink preparation, crosslinking procedure, structure printed, used cells, bioprinter, remarks, and references. Details include the use of different materials like PCL, PLGA, Strontium, and others; crosslinking via UV and CaCl2; structures such as square networks and porous disks; cells like BMSCs, C2C12, and others; diverse bioprinters; and remarks on cell viability, mechanical properties, and vascularization. References cite studies from 2020 to 2022.]Volumetric bioprinting (VBP) has recently emerged as a revolutionary technique that utilizes light projections to fabricate centimeter-scale tissue constructs within seconds (Bernal et al., 2019; Kelly et al., 2019; Rizzo et al., 2021; Gehlen et al., 2023). This nozzle-free approach leverages existing imaging techniques like CT scans to create complex 3D structures with high resolution and exceptional cell viability. One recent study demonstrated the potential of VBP for enhanced in vitro bone formation using 3D endothelial co-culture (Gehlen et al., 2023). They identified a soft bioink formulation (5% GelMA, 0.05% LAP) that promotes cell-matrix interactions and communication within the 3D construct. This optimized bioink led to increased expression of bone-specific markers in co-cultured constructs compared to monocultures, suggesting accelerated osteogenic differentiation. Additionally, they successfully established a perfusable pre-vascularized bone construct (Figure 11), paving the way for future studies on bone tissue maturation and function. While promising, further research is needed to address limitations. The developed constructs exhibit limited matrix mineralization and lack mature osteocyte markers. Future studies could explore higher cell densities using optical tuning methods and incorporate additional factors like co-culture with macrophages/osteoclasts and mechanical stimulation to enhance osteogenesis (Sims and Walsh, 2012; Wittkowske et al., 2016; Bernal et al., 2022). Another work used endothelial co-culture and tomographic volumetric bioprinting (VBP) to achieve ultrafast bone tissue model bio-manufacturing. The heterocellular contacts of 3D endothelial co-cultures improve osteogenic development in printed settings. The elevated early osteocytic markers gene expression in 3D co-cultures post 3 weeks validated this osteogenic differentiation enhancement (Gehlen et al., 2022). Overall, volumetric bioprinting holds immense potential for revolutionizing BTE. Addressing the existing limitations and exploring the suggested future directions are crucial for advancing this technology toward clinical applications and creating functional bone replacements.
[image: Diagram illustrating the creation of perfusable cell-laden constructs. Panel A shows steps: hollow-channel structure, hMSC monoculture, osteogenic differentiation, HUVEC injection, and self-organization in collagen gel. Panel B displays an image with hMSC and HUVEC, highlighting structural integration. Panel C shows a circular HUVEC distribution. Scale bars indicate sizes of 1 millimeter and 300 micrometers, respectively.]FIGURE 11 | Establishment of a heterocellular perfusable pre-vascularization model. (A) Schematic of the experimental procedure for endothelial channel lining in 3D bioprinted constructs. (B) The 3D rendered confocal image of an endothelium-lined channel on day 14 demonstrates successful cell integration (hMSCs: green, HUVECs: red). (C) Cross-section confocal image confirms continuous endothelial lining within the channel (HUVECs: red). Scale bars: B = 1 mm, C = 300 µm. Reproduced with permission ref. Gehlen et al. (2023).
6 4D BIO-PRINTING OF GELATIN-BASED BIO-INKS FOR ORTHOPEDIC APPLICATION
4D printing has evolved to counteract the shortcomings of invariability and complicated structures in tissue engineering and other bio-related disciplines, which are difficult to make via 3D printing (Li et al., 2017; Mahmood et al., 2023; Wang et al., 2023). Skylar Tibbits, an MIT professor, offered a newfangled notion at a TED (technology, entertainment, design) conference that resourcefully channeled the universe’s ingenuity in 3D toward 4D printing. As a result, an additional factor, time, must be considered in addition to the already known x, y, and z-axes geometry in 3D printing (Choi et al., 2015; Sajjad et al., 2023). The 4D printing approach allows the printed construct to vary in form (give dynamicity). Thus, it functions throughout the transformation with the help of the necessary stimuli, such as water (Sydney Gladman et al., 2016), pH (Zhang et al., 2013), thermal (Guo et al., 2018), magnetic (Kokkinis et al., 2015), and so on. Printing in 4D is rapidly expanding its bounds in almost every area, including biomimetics (Momeni and Ni, 2018), electronics (Hua et al., 2018), origami (Janbaz et al., 2016), fashion (Zarek et al., 2016), and a promising biomedical domain [devices (Zarek et al., 2017), tissue engineering (Hendrikson et al., 2017), and so on]—to investigate its dynamism.
The significant advancements in 3D and 4D printing capabilities in biomedicine have generated a subset of 3D and 4D bioprinting attributable to the actualization of physiologically suitable biopolymers involving cell incorporation. As a result, the emergence of 4D bioprinting has induced organ printing dynamicity, such as the heart and other biomedical objects, to maintain tempo with organic physiological characteristics, rendering sensitivity to the surrounding environment (Ambekar and Kandasubramanian, 2019; Rastogi and Kandasubramanian, 2019). The attribution of the 4D bio-printed construct’s responsiveness may be due to cell maturation or the biopolymer shape memory effect, which tries to instill functionalities into the bio-printed construct. Shape memory and smart materials, which have an extraordinary characteristic of storing the translation information between the parent and programmed geometry when subjected to an appropriate microenvironment (stimulus), have intrigued several scientists around the globe with therapies and medications. Nonetheless, both shape memory or smart materials and the stimulus must encourage the physiological systems functioning of the human body. Water-sourced stimulants, for instance, enrich swelling cell-laden scaffolds for varied geometries, including curving, folding, and bending, depending on the bio-printed scaffold anisotropy. Similarly, heat (close to physiological temperature) and magnetic stimuli can cause changes while sustaining cell viability. Cell maturation allows tissue creation over a long duration to mimic the natural complexities in a manufactured 3D structure for practical functioning (Korde and Kandasubramanian, 2019; Yang et al., 2019).
According to Scopus information, despite gelatin’s value (whether in composite or pristine form), its 4D applicability in tissue regeneration and other (bio) engineering applications, such as orthopedic, remains quantitatively sparse. However, Ding et al. (2022) presented a simple method for creating a resilient and adjustable gradient via multi or single-material one-step 4D bio-fabrication (Figure 12). Various photocurable biopolymers such as GM, PEG, alginate, and their derivatives were bio-printed and examined for layer gradient degree of crosslinking with the help of a UV absorber. Furthermore, the developed simple printing strategies can be applied to other hydrogel-based applications, including ion-transfer printing, photomask-aided microfabrication, photo-patterning, and 3D bio-printing for more sophisticated construct architectures. Finally, a 4D bone-like tissue development study established proof-of-concept 4D tissue engineering.
[image: Illustration showing various stages and diagrams of hydrogel swelling and drug delivery testing. Panels a and b depict hydrogel design and swelling process with brief captions. Panels c to k show microscopic close-ups of hydrogels with different colorants and tracers, labeled PEG-A, GM, OMA, etc. Graphs in sections c, d, and e display measurements of DNA levels and calcium content over four weeks in NC, EG, and PC groups. Panel f shows a larger hydrogel with a scale bar for size reference. Unique markings and labels help compare structures and chemical reactions.]FIGURE 12 | A typical gelatin-based 4D bioprinting for orthopedic application showing (A) hydrogel crosslinking gradient schematic, (B) deformation illustration of a gradient hydrogel after swelling. Curling demonstration of (C) PEGDA, (D) GM and (E) OMA achieved under RhB (0.03% w/v) UV absorber. (F) Zoom out micrograph of OMA hydrogel revealing continuous gradient; OMA curved hydrogel bar using various UV absorbers such as (G) FITC (0.03% w/v), (H) AAb (0.05% w/v), and (I) HMAP (0.01% w/v); bilayer hydrogel bars derived using (J) OMA/GM and (K) OMA(g)/GM illustrating the multi-material fabrication feasibility. The OMA(g) represents the OMA gradient hydrogel. Reproduced with permission from Ding et al. (2022).
A few years ago, the invention of 5D printing technology employed five axes to create curves, and more sophisticated things came to life. 6D printing technology now combines the ideas of 4D and 5D printing to create constructs that change geometry with time in reaction to external inputs. Future research will incorporate a mix of multi-dimensional printing technologies and intelligent materials. Multi-dimensional additive manufacturing technology will push the printing dimension to higher degrees of structural flexibility and printing efficacy, good qualities for a wide range of orthopedic applications.
7 CHALLENGES IN CLINICAL TRANSLATION
After scanning patients’ limbs, patient-specific 3D printing of fracture objects is becoming increasingly common. These scaffolds feature a snap closure and personalized fit, perforated and porous to increase skin visibility and reduce skin irritation to help minimize issues in the casting approach. Contrarily, overcoming the bio-printing of orthopedic tissues, many hurdles faced at the clinical stage are imperative before patient use. First and foremost, finding suitable and consistent recruitment of bio-printed cells to obtain an appropriate tissue is still challenging. In an ideal situation, the encapsulated cells must be derived or harvested from the patient to bio-print an appropriate tissue. The isolation of patient bMSCs requires the aspiration of bone marrow, followed by cell expansion in a Good Manufacturing Practices (GMP) facility and printing using a bio-ink formulation created according to GMP procedures. This technique’s intricacy is time-demanding, leading to a lag between tissue construct separation, actual implantation, and printing. As a result, those time-consuming techniques may not be therapeutically feasible when the patient requires rapid assistance.
Second, GMP facilities’ availability globally in hospitals is minimal, limiting the clinic translation to a few locations. Furthermore, the insurance company’s unwillingness to support, the added expenses, and the funding by the national health systems to make and use these products without clinical proof are a few examples of the challenges. As a result, its translatability is further limited to a few chosen medical institutes, significantly limiting the early phases of development. Finally, and probably most critically, a stumbling block exists in the research process. There are not enough surgeon scientists, tissue engineers, and scientists who can perform substantial preclinical animal testing, which serves as a prerequisite before clinical studies. In fact, several animal experiments are conducted on small animals, such as rats, thus providing minimal mechanical behavior information under physiological pressures. Increasing geometries and implant size is critical when analyzing biomaterials for human clinical translation.
Nevertheless, big-size animal models with similar features of physiological tissue stresses and implant sizes may not consistently reproduce the large joints of human biomechanics due to our upright and bipedal nature. Finally, industrial engagement is critical to translation. Due to competing interests, industrial partnerships are challenging to oversee; therefore, most academic institutions cannot handle and control the connections systematically and efficiently due to their intrinsic complexity and available resources. Even with these reservations, a significant partnership involving clinicians, fundamental research, and industry is necessary to take the developed bio-formulations from the laboratory to the bedside regularly and efficiently. As a result, in-depth animal experiments, ethical partnerships, interdisciplinary teams, and collaborations involving industries might pave the path for 3D bio-printable gelatin systems to scale through translation.
8 CONCLUSION AND FUTURE PROSPECTS
Bioprinting involves the use of hydrogels and specified cells to create cell-laden constructs with the aim of engineering a particular tissue. In contrast to traditional fabrication techniques, bioprinting offers various interesting benefits, including excellent spatiotemporal resolution, desired nano/microstructures at a preferred location on the bio-printed construct, and large throughput production. The 3D bioprinting process has substantially improved printing speed, resolution, and accuracy due to rapidly emerging technologies in mechanical instruments and software. Developing a good bio-ink with appropriate biocompatibility, mechanical and rheological qualities, and printability is critical in generating a desired orthopedic cell-laden construct. Notably, gelatin is mechanically weak and cannot be stable for long; however, these two factors are important for BTE. Additionally, bioactive substances which may promote chondrogenesis and osteogenesis are also absent. As a result, gelatin and its derivative are mixed with other functional nanomaterials/polymers to develop bio-ink with adjustable characteristics.
Additionally, it is necessary to consider developing the ink to sustain various kinds of cells based on their needs. The developed bio-formulations should also support the uniform distributions of chondrocytes with the bio-printed construct and ECM repair, which is critical for CTE. Nevertheless, depending on the target site’s need, it should be able to manage the breakdown of gelatin-based scaffolds. Additionally, including various stimuli-responsive materials in bio-ink and investigating implanted cells’ response to stimuli exposure is also important.
Microfluidic networks can be printed within the scaffold to mimic blood vessels, ensuring vital nutrient and oxygen flow to implanted cells and engineered tissues. This paves the way for treating conditions like osteoporosis and fractures by printing porous scaffolds that promote bone ingrowth and faster healing. While challenges in bioink stability, long-term compatibility, and printing techniques remain, the future of 3D bioprinting with gelatin is incredibly promising. With continued research, this technology could offer personalized solutions for healing, regeneration, and, ultimately, improved quality of life for countless patients. It is worth noting that creating a commercially practical gelatin-based 3D printed product necessitates using principles from numerous fields, including software, instrumentation, biotechnology, material science, chemistry, and so on. As a result, academics worldwide with diverse skills should collaborate with the industry to create innovative bio-ink formulations on a big scale to improve patients’ quality of life.
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Gelatin Methacryloyl (GelMA) is one of the most used biomaterials for a wide range of applications, such as drug delivery, disease modeling and tissue regeneration. GelMA is obtained from gelatin, which can be derived from different sources (e.g., bovine skin, and porcine skin), through substitution of reactive amine and hydroxyl groups with methacrylic anhydride (MAA). The degree of functionalization (DoF) can be tuned by varying the MAA amount used; thus, different protocols, with different reaction efficiency, have been developed, using various alkaline buffers (e.g., phosphate-buffered saline, DPBS, or carbonate-bicarbonate solution). Obviously, DoF modulation has an impact on the final GelMA properties, so a deep investigation on the features of the obtained hydrogel must be carried on. The purpose of this study is to investigate how different gelatin sources and synthesis methods affect GelMA properties, as literature lacks direct and systematic comparisons between these parameters, especially between synthesis methods. The final aim is to facilitate the choice of the source or synthesis method according to the needs of the desired application. Hence, chemical and physical properties of GelMA formulations were assessed, determining the DoFs, mechanical and viscoelastic properties by rheological analysis, water absorption by swelling capacity and enzymatic degradation rates. Biological tests with lung adenocarcinoma cells (A549) were performed. Moreover, since 3D bioprinting is a rapidly evolving technology thanks to the possibility of precise deposition of cell-laden biomaterials (bioinks) to mimic the 3D structures of several tissues, the potential of different GelMA formulations as bioinks have been tested with a multi-material approach, revealing its printability and versatility in various applications.
Keywords: multimaterial 3D printing, bioprinting, GelMA bioink, scaffold, sacrifical polymer

1 INTRODUCTION
3D cell culture-based research experienced an exponential growth in the last 30 years (Jensen and Teng, 2020; Ding et al., 2023). One of the most advanced techniques to produce 3D cell cultures is 3D bioprinting, a rapidly rising technology, that allows researchers to recreate in vitro models and engineered tissues for a plethora of applications, ranging from regenerative medicine, 3D organ bioprinting for transplantation, high-throughput screening of drug and toxicology screening (Bejoy et al., 2021). Moreover, both healthy and diseased models can be reproduced (Walus et al., 2020). Among the different technologies introduced (Papaioannou et al., 2019), extrusion-based bioprinting (EBB) takes a special place in consideration as one of the most used (Ramesh et al., 2021) and consists in the deposition of bioink, a formulation composed of an acellular biomaterial embedded with cells (Groll et al., 2019). EBB offers the possibility to perform multi-material printing with multiple independent printheads (Ravanbakhsh et al., 2021). A wide range of materials can be printed at once, such as hydrogels, sacrificial inks or thermoplastic materials (B. S. Kim et al., 2019; Kolesky et al., 2016), leading to a further level of complexity of the printed models. For example, this technique can address the common issue of the absence of vasculature in most of the 3D models developed so far (E. P. Chen et al., 2021; Ileiwat et al., 2022). Hydrogels have proved to be the optimal choice as bioink materials (Xie et al., 2023), due to their biocompatibility, biodegradability and remarkable capacity to trap huge amounts of water, improving the transportation of O2 and nutrients (Saroia et al., 2018). Furthermore, they can support cell adhesion and proliferation when they have a structure similar to the extracellular matrix (ECM) in which cells are embedded in vivo (González-Díaz and Varghese, 2016).
Hydrogels can be classified as synthetic, natural, or they can be derived from a natural source and further chemically modified to provide more stable mechanical properties, of which natural polymers generally lack (X. B. Chen et al., 2023). Chemical modifications include grafting of chemical groups such as vinyl sulfone or methacrylic acid to promote hydrogel formation or with peptide sequences such as RGD to enhance cellular adhesion (Baruffaldi et al., 2021). Methacrylation, in particular, allows to introduce photosensible groups to the side chains of different natural polymers, such as silk (S. H. Kim et al., 2018), hyaluronic acid (Spearman et al., 2020) or gelatin (Shi et al., 2023), improving their mechanical properties.
Gelatin Methacryloyl (GelMA), one of the most widely used bioink (Shi et al., 2023), is obtained by reacting gelatin and methacrylic anhydride (MAA). Different sources of gelatin are commonly used, however, the most employed in bioengineering applications are Type B bovine gelatin (Pahoff et al., 2019; Vassallo et al., 2022; Villata et al., 2023) and Type A porcine gelatin (González-Gamboa et al., 2022; J. Y. Lee et al., 2023; Nagaraj et al., 2022; Paul et al., 2023). In 2000, Van Den Bulcke et al. (Van Den Bulcke et al., 2000) proposed the first synthesis method for GelMA, which involved the use of PBS as solvent and a simple dropwise addition of MAA to the heated solution. Subsequently, many researchers tried to improve the reproducibility of the synthesis and to optimize the amount of used MAA. First, a sequential addition of the MAA at a precise rate was proposed (Nichol et al., 2010), then the buffer was changed to a sodium carbonate-bicarbonate (CB) with a pH of 9.6, that was adjusted after every MAA addition to enhance the reaction efficiency (B. H. Lee et al., 2015).
Finally, Shirahama at Al (Shirahama et al., 2016) presented a One-pot Method, using CB buffer (pH 9.4), and adjusting the pH before a single dropwise addition of MAA to the heated gelatin solution. The latter method sensibly reduces the amount of MAA used and guarantee a better batch to batch consistency of the synthesized GelMA (Zhu et al., 2019). However, to the best of our knowledge, there is currently no direct comparison between GelMA obtained with different protocols.
In this study, various aspects of the synthetized GelMA will be analyzed by chemical, mechanical and biological characterizations, starting with addressing the effects of a pre-filtration step, used in some case studies (Shirahama et al., 2016; Ko et al., 2019; Zhu et al., 2019; Zhou et al., 2022). Then, the effects of the One-Pot method on GelMA synthesis using different gelatin sources (Type A from porcine skin, Type B from bovine skin) and different Degrees of Functionalization (DoF) were characterized with a focus on the rheological properties of the material. Finally, a comparison between the first method introduced by Van Den Bulcke and the One Pot method developed by Shirahama and further refined by Zhu will be presented, to compare the first method introduced and the one that offers the most refinement in terms of MAA quantity optimization, reduction of the numbers of operation and reproducibility.
The last section is dedicated to the feasibility to combine the printing of different GelMA formulations and Pluronic F-127, a thermosensitive polymer known for its optimal performance as sacrificial ink (S. Liu et al., 2022). One crucial aspect, to reach good level of resolution in multimaterial 3D bioprinting, is the compatibility between the materials that are printed in a single printing session. Therefore, in this study, an investigation was carried to print GelMA scaffold with hollow, patent channels inside with a relatively small size (<400 µm) that could be further used to replicate a perfusable vascular network in following studies.
2 MATERIALS AND METHODS
2.1 GelMA synthesis
Gelatin Methacryloyl (GelMA) was synthesized by following two previously reported protocols (B. H. Lee et al., 2015; Van Den Bulcke et al., 2000) and it was derived from type B gelatin from bovine skin (Bloom 50-120, Sigma Aldrich, G6650) and type A gelatin from porcine skin (Bloom 300, Sigma Aldrich, G2500).
The first method used, referred to as “Method 1,” was firstly described by Van Den Bulcke (Van Den Bulcke et al., 2000) and, briefly, consisted in the dissolution of 10 g of gelatin into 100 mL of Dulbecco’s Phosphate Buffered Saline (DPBS, Sigma Aldrich, D1408) to obtain a concentration of 10% w/v at 50°C for 1 h. To introduce methacryloyl groups to gelatin’s reactive amine and hydroxyl groups, different amounts of Methacrylic Anhydride (MAA, Sigma Aldrich, 276685) were added dropwise under continuous stirring, specifically 2 mL, 4 mL and 8 mL to obtain low, medium or high degree of functionalization (DoF). The reaction lasted 2 h in the dark at 40°C under magnetic stirring, then was stopped by diluting the reaction mixture with an equal volume of DPBS (i.e., 100 mL). The resulting solution was, then, dialyzed against ddH2O with cellulose membrane (12–14 kDa molecular weight cutoff, Sigma Aldrich D9527) for 2 weeks at 40°C under magnetic stirring. Water was substituted twice a day to completely remove unreacted MAA.
In the case of pre-filtration, dialyzed GelMA solution was firstly filtered with laboratory filter paper or with a sequential filtration using laboratory filter paper and then 0.22 µm PES membrane filters (Aisimo, ASF33PS22S). Finally, GelMA was freeze-dried and stored at room temperature (RT) in the dark until use.
Zhu and colleagues previously used the second method (referred to as “Method 2”) to optimize the amount of MAA used and guarantee more consistent batch-to-batch results (B. H. Lee et al., 2015; Zhu et al., 2019). Briefly, 10 g of gelatin was dissolved at 10% w/v in a carbonate-bicarbonate (CB) buffer at 0.25 M and the pH was then adjusted to 9.4 with 5 M HCl (Sigma Aldrich, 320331) or NaOH (Sigma Aldrich, 221465) solutions. To reach the desired percentage of gelatin modification, different amounts of MAA were used: 0.938 mL, 0.705 mL and 0.317 mL for target DoF of 100% (i.e., High), 85% (i.e., Medium) and 60% (i.e., Low). Specifically, MAA was added slowly and dropwise, then the reaction proceeded for 1 h at 55°C under magnetic stirring at 500 rpm. After, the final pH was adjusted to 7.4 with small amounts of 5M HCl or NaOH solutions to stop the reaction. The solution was finally dialyzed against ddH2O with cellulose membrane (12–14 kDa molecular weight cutoff, Sigma Aldrich, D9527) for 1 week at 40°C under magnetic stirring. Water was substituted twice a day to completely remove unreacted MAA. GelMA was then freeze-dried and stored at RT in the dark until use.
2.2 Degree of functionalization (DoF)
The o-phtalaldheyde (OPA) based assay is considered a conventional technique to quantify the DoFs of photo-crosslinkable biopolymers (Pien et al., 2022) and has been used to characterize gelatin modification (Yue et al., 2017; Krishnamoorthy et al., 2019).
OPA reagent (Thermo Fischer, 26025) was warmed at RT before usage. Briefly, different solutions of unmodified gelatin in DPBS (0.02, 0.1, 0.5, 0.75 and 1 mg/mL) were prepared to derive the standard curve. GelMA solutions in DPBS were prepared at 1 mg/mL concentration. After proper dissolution by warming them at 50°C followed by vortexing, they were cooled down to RT and then reacted with OPA on a ratio of (1:2 v/v) for 60 s. A microplate reader (Synergy™ HTX Fluorescence Multi-Mode Microplate Reader) used an excitation/emission of 360/460 nm to measure the fluorescent intensity of the samples after 5 min from the reaction. The DoF was, then, calculated as described in the follow equation 1:
[image: Formula for Degree of Freedom (DoF) is shown as: DoF equals open parenthesis one minus C subscript eq divided by C subscript sample close parenthesis times one hundred percent.]
Where [image: Equation displaying "C" with subscript "eq," representing equivalent capacitance.] is the equivalent modified gelatin concentration of the sample determined by the standard curve and [image: Italicized letter C followed by the subscript text "sample" in a serif font style.] is the tested sample concentration.
2.3 GelMAs and Pluronic formulation preparation
GelMA hydrogel was obtained by dissolving freeze-dried GelMA at a concentration of 10% w/v in Gibco BenchStable™ DMEM GlutaMAXTM medium (Thermo Fisher, A41921-01), which had been previously combined with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma Aldrich, 900889) as photoinitiator at the concentration of 2.5 mg/mL. This photoinitiator can be exited both by UV and blue light (Lim et al., 2020). The solution was heated at 60°C for 30 min and filtered sequentially through 0.45 µm and 0.22 µm PES membrane filters to sterilize it. All solutions were pre-warmed to 37°C before cells embedding.
Pluronic hydrogel was prepared by dissolving Pluronic F-127 (Sigma Aldrich, P2443) in ddH2O at a concentration of 32% w/v. To ensure proper mixing the solution was stirred at 300 rpm in a beaker cooled in an ice bath. The obtained sacrificial ink was filtered through 0.45 µm PES membrane filters (Aisimo, ASF33PS45S) and 0.22 µm PES membrane filters to sterilize it.
2.4 Swelling
To quantify the swelling behavior in different GelMA formulations, 400 μL of each 10% w/v GelMA solutions was casted in cylindrical molds with a 10 mm inner diameter and photopolymerized for 3 min in a UV oven (Asiga) at λ = 365 nm, 10 mW/cm2. Samples were then incubated at 37°C in DPBS for 24 h to reach swelling equilibrium. Afterward, excess water was gently removed from the hydrogels using paper and then weighed. Subsequently, the samples were freeze-dried and weighed again. The swelling ratio was calculated as described in equation 2:
[image: Formula for swelling ratio in percentage: \( \text{Swelling ratio (\%)} = \left( \frac{w_s}{w_d} - 1 \right) \times 100 \% \), where \( w_s \) is the swollen weight and \( w_d \) is the dry weight.]
Where [image: Please upload the image or provide a URL for me to generate the alternate text.] is the swollen weight and [image: The image contains the mathematical expression "w" subscripted by the letter "d".] is the freeze-dried weight.
2.5 Enzymatic degradation
The rate of GelMA degradation was evaluated through an enzymatic degradation assay. Briefly, 400 μL of each 10% w/v GelMA solutions with LAP was casted in cylindrical molds with a 10 mm inner diameter and photopolymerized for 3 min in a UV oven (Asiga) at λ = 365 nm, 10 mW/cm2.
Samples were freeze-dried to obtain the undegraded GelMA weight. Then, samples were rehydrated at 37°C in DPBS for 24 h to reach swelling equilibrium. A collagenase solution in DPBS at 0.75 U/ml was prepared using a type XI collagenase (Sigma Aldrich, C9407). Finally, each swollen sample was immersed in 1.5 ml of collagenase solution, collected at every time point (0h, 4h, 6h, 8h, 24h), and freeze-dried to measure the degraded GelMA weight. The residual weight was measured as:
[image: Residual weight percentage is given by the formula: residual weight equals the ratio of \( w_2 \) to \( w_1 \) multiplied by one hundred percent.]
Where [image: Please upload the image you would like me to generate alternate text for.] is the degraded weight and [image: It seems like there might have been an error or missing image in your request. Please upload the image or provide a URL, and I will assist you with generating the alternate text.] is the undegraded weight.
2.6 Rheological characterization
Rheological measurements were performed using an Anton Paar rheometer (Physica MCR 302) in parallel-plate mode with a 0.3 mm gap between two aluminum plates, each with a diameter of 20 mm. To determine the linear viscoelastic range (LVE), oscillatory tests were performed at a constant frequency of 1 Hz, ranging from a strain of 0.01%–1000%. A temperature ramp test was performed to measure the storage modulus (G′) of GelMAs and Pluronic F-127 at a constant frequency of 10 Hz and a constant strain 1% ranging from 3°C to 37°C with a linear increase of 2°C per minute. Based on the results obtained, a constant temperature of 12°C was used for GelMAs derived from type B gelatin and 20°C for GelMAs derived from type A gelatin for further tests, regardless of their DoFs.
Shear thinning behavior was tested by setting the shear rate range from 1 to 1,000 s−1. Assessment of the viscosity recovery, after shear stress application, was obtained by applying a shear rate of 1 s−1 for 25 s of 100 s−1 for 50 s, and again 1 s−1 until the end of the measurement.
Real-time photorheological measurements were performed using a dedicated quartz bottom plate. An optic fiber LED light l = 405 nm and 10 mW/cm2 was placed under the bottom plate. A constant strain of 5% and a constant angular frequency of 10 rad/s were set, and the UV light was switched on after 30 s to let the system stabilize before the photopolymerization.
All experiments were carried out in the LVE and at least three times.
2.7 Cell culture
For cell culture analysis, two human lung adenocarcinoma cell lines, A549 and A549-GFP+, kindly provided by Dr. Valentina Monica, Department of Oncology, University of Torino, AOU San Luigi Gonzaga were used. For A549-GFP+, A549 were infected to constitutively express histonic protein H2B fused with the Green Fluorescent Protein (GFP). Both cell lines were cultured in Gibco BenchStable™ RPMI 1640 GlutaMAXTM medium (Thermo Fisher, A41923-01) supplemented with 10% v/v Fetal Bovine Serum (Sigma Aldrich, F9665) and 1% v/v penicillin/streptomycin (Sigma Aldrich, P4333) and incubated in a humidified incubator at 37°C with 5% CO2.
2.8 Cell viability Assessment
Viability of A549 cells was determined using a 3-(4,5-Dimethylthiazol-2- il)-2,5-Diphenyltetrazolium Bromide (MTT, Sigma Aldrich, M2128) assay (Bhattacharyya et al., 2022). Briefly, 1.5 × 106 cells/mL were embedded in GelMA dissolved in DMEM at a concentration of 10% w/v and 50 μL volume was cast in a 96-well tissue culture plate (Greiner Bio-one, 651160). After, GelMA was crosslinked for 1 min using a UV oven (Asiga) at λ = 365 nm, 10 mW/cm2 and incubated with 200 μL of complete medium. At the desired time points, after medium removal, samples were incubated at 37°C for 4 h with 200 μL of MTT solution at the concentration of 0.5 mg/mL in cell culture medium. Then, the reaction was stopped by the removal of the solution and formazan salts were dissolved in 200 μL of DMSO (Sigma Aldrich) by shaking the plate at 80 rpm for 2 h at RT. Absorbance was measured at 570 nm, using 650 nm as reference wavelength, by BioTeck Synergy™ HTX Multi-Mode Microplate Reader.
To assess post-printing viability, bioprinted constructs were stained with Live/Dead kit (Sigma Aldrich, 04511). Briefly, the solution for the reaction was prepared according to the manufacturer’s instruction. After two washing steps in DPBS of 5 min each, the staining solution was added and incubated at 37°C for 30 min. The constructs, after being washed with DPBS, were analyzed by a microscope (Eclipse Ti2 Nikon, Tokyo, Japan) equipped with a Crest X-Light spinning disk confocal microscope and a Lumencor SPECTRA X light engine.
2.9 3D bioprinting
The different bioprinted architectures were designed using the BioCAD software (RegenHu, Switzerland) and produced with a 3D discovery bioprinter (RegenHu, Switzerland).
GelMA containing cells (1.5 × 106 cells/mL) was loaded in 3 mL UV-secure cartridges (Sigma Aldrich, 928801-1EA) and cooled in ice for 10 min to allow an initial pre-gelation of the hydrogels. In the meanwhile, Pluronics F-127 sacrificial ink was loaded in 5 mL clear cartridges (Sigma Aldrich, 928836-1EA) and allowed to warm up at RT.
The formulation was extruded using temperature-controlled pneumatically driven extrusion printhead (RegenHu) equipped with 25G conical nozzles with an internal diameter of 250 μm (Nordson EFD, 916765), directly into 12 well suspension plates (Greiner Bio-one, 665102). The feed rate was 20 mm/s with a printing pressure of 0.080–0.100 MPa for GelMA derived from Type A gelatin and 0.050–0.080 MPa for GelMA derived from Type B Gelatin. The cartridge temperature was set at 20°C and 12°C, whereas the cooling plate temperature was set at 18°C and 4°C for GelMA derived from type A gelatin and for GelMA derived from type B gelatin, respectively.
Pluronic F-127 was extruded at RT using a pneumatically driven extrusion printhead (RegenHu) equipped with a 27G blunt needle with an internal diameter of 200 μm (Nordson EFD, 917532). The feed rate was 10 mm/s with a printing pressure of 0.4-0.45 MPa.
Each printed structure was photopolymerized for 2 min using an optic fiber LED light λ = 405 nm and 10 mW/cm2 and covered with complete medium.
2.10 Cell seeding of the channels
After printing and photopolymerization, the plate was cooled down at 4°C for 15 min. Afterwards, the sacrificial ink was washed away with DPBS and then, A549 GFP+ cells were resuspended in complete medium at the density of 1.5 × 106 cells/mL. Finally, 10 µL of the prepared mix were added inside the empty channel, the well was filled with 1.5 mL of complete medium and incubated at 37°C, 5% CO2 until the analysis performed by microscopy.
2.11 Statistical analysis
Statistical analysis was performed by using Two-Way ANOVA and t-test, depending on the need. The corresponding symbols were used in the graphs shown to indicate the p-value, none = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
3 RESULTS AND DISCUSSION
3.1 Pre-filtration effects on GelMA chemical, mechanical and biological properties
Filtration of GelMA solution prior freeze-drying is commonly used in literature, both for Method 1 synthesis (Ko et al., 2019; Zhou et al., 2022) and for Method 2 synthesis protocols (Shirahama et al., 2016; Zhu et al., 2019). As the method of filtration is not fully described in literature, two commonly used methods were tested, first with laboratory paper filter (PF), then with a combination of laboratory paper filter and 0.22 μm membrane filters. To verify the potential beneficial effects of this preliminary step, a chemical, mechanical, and biological characterization, initially with GelMA obtained using Method 1 and with a High target DoF, was conducted, No statistical difference was found in the DoFs (Figure 1A), and GelMA High showed a DoF >90% in all cases obtained with the Method 1 synthesis. Swelling is one of the pivotal properties of hydrogels, as it indicates their ability to increase in volume by absorbing solvents. In the case of GelMA, the swelling equilibrium is reached after 24 h (He et al., 2023), whereas the swelling rate is mainly influenced by DoF and concentration. According to our experiments, filtration of the dialyzed GelMA solutions does not statistically affect the swelling rate (Figure 1B). Photorheological tests (Figures 1C, D) are used to evaluate the mechanical properties of the crosslinked hydrogels and were conducted at different temperatures for each GelMA source, considered to be optimal for the printing process of each derived bioink (20°C for GelMA derived from type A gelatin, 12°C for GelMA derived from type B gelatin) based on a temperature ramp test (Supplementary Figure S1). A similar behavior was observed among GelMA obtained from the same source, reaching a G′ of 27.7 ± 1.3 kPa for GelMA derived from Type B gelatin and 31.6 ± 2.0 kPa for GelMA from Type A gelatin, confirming that filtration of the dialyzed solutions does not affect the mechanical properties of the photopolymerized hydrogels.
[image: Graph A shows bar charts comparing the degree of functionalization between different methods. Graph B displays bar charts of swelling data for the same methods. Graph C is a line graph showing photorheology at twenty degrees Celsius for various methods. Graph D presents similar data for photorheology at twelve degrees Celsius. Both C and D demonstrate changes in modulus over time.]FIGURE 1 | (A) DoF quantification of GelMA obtained using Method 1, with or without pre-filtration, (B) Swelling rate of GelMA obtained using Method 1 derived from type A and type B gelatin at 10%, with or without pre-filtration after 1 day after reaching the swelling aequilibrium (C, D), Photoreological characterization of GelMA obtained using Method 1 derived from type A (C) and type B (D) gelatin at 10%, with or without pre-filtration at the optimized temperatures for each gelatin source.
The MTT assay on A549 cells (Figure 2) showed that GelMA without pre-filtration and with laboratory filter paper pre-filtration supports cell viability, whereas pre-filtration with 0.22 μm membrane filters greatly hindered it. Based on the results obtained from this characterization, pre-filtration of GelMA before freeze-drying was not further used for GelMA syntheses regardless of the method.
[image: Bar graph showing MTT assay results with optical density measured at 570/650 nanometers for various methods. Day 1 bars are in light orange, and Day 7 bars are in dark orange. Method 1 High + P shows the highest values, particularly on Day 7. Multiple statistical significance markers are present, denoted by asterisks.]FIGURE 2 | MTT analysis in A549 cells on GelMA obtained using Method 1. None = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
3.2 Evaluation of gelatin source and methacrylic anhydride amount effects of GelMA hydrogel properties
From the chemical characterization, GelMA obtained from Type A gelatin showed a higher DoF than GelMA from Type B gelatin (Figure 3). Low, Medium, and High DoF resulted in 58.37% ± 0.29%, 81.84% ± 0.17%, 91.66% ± 0.17% and 43.80% ± 1.59%, 73.14% ± 2.49%, 81.31% ± 0.42% for Type A and B derived GelMA, respectively. For examples, GelMA derived from Type A gelatin with a medium target DoF and GelMA derived from Type B gelatin with a high target DoF possess similar values 81.84% ± 0.17% and 81.31% ± 0.42%, respectively. As previously reported in literature, those difference has to be attributed to the different isoelectric points (IEP) of Type A and B gelatin, respectively pH 7-9 for Type A gelatin and 5-6 for Type B gelatin (Aljaber et al., 2023). The One-Pot method proposed in literature (Zhu et al., 2019), optimizes the quantity of MAA used adjusting the pH based on Type A gelatin IEP. This finding underlines the necessity to optimize the MAA quantity and reaction pH to reach a desired target DoF taking into account the gelatin source especially when using Method 2 protocols which involves a more efficient control of the pH during the synthesis reaction. As higher DoFs results in tighter polymeric networks due to the increased number of crosslinks (Krishnamoorthy et al., 2019), swelling rates of the hydrogels (Figure 3B) decreased as the DoF increases, ranging from 724% ± 3% to 1158% ± 25% for GelMA derived from Type A gelatin and from 1190% ± 36% to 1768% ± 22% for GelMA derived from Type B gelatin.
[image: Bar graph A shows the degree of functionalization for Types A and B with Method 2, having low, medium, and high values. Bar graph B displays swelling rates for the same types and methods. Significant differences are indicated with asterisks above the bars, with Method 2 High consistently showing higher values.]FIGURE 3 | (A) DoF quantification of GelMA derived from type A and type B gelatin (B), Swelling rate of GelMA obtained derived from type A and type B gelatin at 10%, after 1 day after reaching the swelling equilibrium. None = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
An extensive rheological characterization of different GelMAs formulations has been carried on. One crucial aspect to assess is the optimal printing temperature for each GelMA source. A temperature ramp test (Figures 4A, D) was performed on GelMA derived from Type A and B gelatin with different DoFs synthetized with Method 2. GelMA derived from Type A showed a temperature transition range from gel to sol from 15°C to 28°C, whereas GelMA Type B exhibited the same interval between 8°C and 25°C. The optimal compromise to have good printability and a sufficiently high temperature that does not significantly hinder cell viability was found to be 12°C for GelMA derived from Type B gelatin and 20°C for GelMA from Type A gelatin. In this way, a G’ > 100 Pa was obtained from all GelMA formulations, except for GelMA from Type B gelatin with a Low DoF, that, however, was found inadequate to handle even after photopolymerization. Then, amplitude sweep and flow curve measurements (Supplementary Figure S2) provided the LVE range to perform the following characterization and confirming the thixotropic behavior of GelMA hydrogels. A sufficient recovery rate after high shear stress is crucial for a good bioink candidate (Paxton et al., 2017) as the deposed bioink filament must retain its shape without collapsing. As reported (Figures 4B, E) GelMA derived from Type A gelatin exhibits a low recovery rate, reaching ∼40% of the initial viscosity after 20 s regardless its DoF, whereas GelMA derived from Type B gelatin demonstrated a much better recovery, reaching 73%, 90% and 98% of the initial viscosity for High, Medium, and Low DoF respectively. An explanation of this behavior can be attributed to the fact that Type B gelatin is completely denatured, resulting in generally shorter gelatin chains, while Type A gelatin generally has residual collagen triple helix structures (Gorgieva and Kokol, 2011) that may contribute to a slower recovery rate. On the other hand, photorheological tests (Figures 4C, F) underlined the dependency between the DoF and the photopolymerized hydrogels G′. This is advantageous as, after the choice of the gelatin source, hydrogels with different stiffness can be obtained by optimizing just a set of printing parameters.
[image: Six panels showing rheological data:  A. Blue curve of storage modulus vs. temperature with decreasing trend. B. Blue curve of recovery after shear stress over time, showing a sudden drop and recovery. C. Blue curve of photorheology indicating an increase in storage modulus over time. D. Orange curve of storage modulus vs. temperature with decreasing trend. E. Orange curve of recovery after shear stress with a similar sudden drop and recovery. F. Orange curve of photorheology indicating an increase in storage modulus over time.]FIGURE 4 | Rheological (A, B, D, E) and photorheological (C, F) characterization of GelMA derived from Type A and B gelatin using Method 2 synthesis. Temperature ramp tests were used to identify a suitable printing temperature for each source of GelMA, marked with a dotted line. The following tests were performed at the choesen temperature for each source.
Results from the MTT assay performed on A549 cells (Figure 5) showed good ability to sustain cell viability. During the experiment, excessive swelling, and degradation of GelMA derived from Type B gelatin with a Low DoF made it impossible to handle the samples, thus results are not shown. Also, cells embedded in GelMA derived from Type A with a Low DoF tended to escape from the hydrogel and adhere/proliferate on the well bottom in a 2D fashion.
[image: Bar chart illustrating MTT assay results. The chart compares absorbance (O.D., 570/650 nm) for different methods and media across two days. Day 1 bars are light orange, and Day 7 bars are dark orange. Significant differences are marked with asterisks for certain comparisons. Methods A and B, with varying media, show different absorbance levels.]FIGURE 5 | MTT analysis in A549 on different GelMA formulations with different DoFs and gelatin sources obtained using Method 2 synthesis. None = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
3.3 Synthesis protocols comparison
A comparison between the two synthesis protocols was performed on GelMA derived from Type A and B gelatin with a High DoF, as it is found to be the most widely used in literature for bioprinting applications due to its ability to maintain good printability and promotion of cell proliferation (W. Liu et al., 2017; Ning et al., 2020; Schulik et al., 2023; Villata et al., 2023). As indicated by DoF measurements (Figure 6A), GelMA derived from Type A gelatin exhibits DoFs in the range between 90% and 95%, 94.73% ± 0.31% and 91.66% ± 0.17% for Method 1 and 2 syntheses, respectively, which can be considered similar in terms of performance. The results of this analysis were confirmed by a not-statistically significant difference in the swelling rate measurements (Figure 6B). Different results were obtained with GelMA derived from Type B gelatin, reaching 93.60% ± 0.77% and 81.31% ± 0.42% for Method 1 and 2 syntheses, respectively, indicating a >10% difference in the DoF. Also, the swelling rate of Method 1 and 2 GelMA formulations derived from Type B gelatin showed a statistically relevant difference, 950% ± 61% and 1190% ± 36% for Method 1 and 2, respectively, in line with the results obtained with DoF measurements. As previously discussed, the different results obtained when using Type B gelatin may be attributed to its different IEP (Aljaber et al., 2023), thus not being suitable to obtain the same results as Method 1 synthesis when using parameters found in literature relative to Method 2 synthesis protocol that uses Type A gelatin as source for GelMA.
[image: Bar charts comparing Type A and Type B for two metrics: Degree of Functionalization and Swelling. Chart A shows both types near 100%, with significant differences. Chart B shows Type B has a higher swelling rate than Type A. Two methods are represented in orange shades.]FIGURE 6 | (A) DoF quantification of GelMA derived from type A and type B gelatin (B), Swelling rate of GelMA obtained derived from type A and type B gelatin at 10%, after 1 day after reaching the swelling equilibrium. None = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
Enzymatic degradation profiles (Figure 7) exhibited a similar fashion for all the formulations with only Method 1 GelMA derived from type B gelatin fully degraded after 24 h.
[image: Line graph titled "Enzymatic Degradation" showing residual weight percentage over time in hours. Four methods are compared: A Method 1 High (orange), A Method 2 High (red), B Method 1 High (blue), and B Method 2 High (purple). The residual weight decreases over time for all methods, with Method B1 showing the steepest decline.]FIGURE 7 | Enzymatic degradation profile of different GelMA formulation over 24 h.
Comparison of the rheological characteristics of GelMA obtained with different protocols has been carried out similarly as reported in the previous paragraph. Temperature ramp tests (Figures 8A, D A, D) showed no difference in the behavior of GelMA derived from Type A gelatin, whereas GelMA derived from Type B gelatin revealed a marked difference in the viscosity exhibited during the gel state, with Method 1 GelMA having less than half G′ than Method 2 GelMA (70.45 ± 0.97 Pa vs. 165,73 ± 5.6 Pa). This difference may cause lower printing resolution in Method 1 GelMA derived from Type B gelatin. Recovery capacity (Figures 8B, E), on the other hand, maintained the same trend in both syntheses, with 40% and 42% recovery after 20 s for GelMA derived from Type A gelatin with Method 1 and 2, respectively, and 73% for GelMA derived from Type B gelatin with both Method 1 and 2. Also, photorheology tests (Figures 8C, F) demonstrated comparable trends and values in both syntheses.
[image: Six graphs display rheological data for different methods. A and D show storage modulus vs. temperature. B and E illustrate recovery after shear stress over time. C and F present photorheology at specific temperatures. Two sets of data are compared: Method 2 with blue lines in A-C, and Method High with orange lines in D-F. Each chart contrasts variations in storage modulus, viscosity, and temperature over time.]FIGURE 8 | Comparison of the rheological (A,B,D,E) and photorheological (C,F) properties of GelMA derived from Type A and B gelatin using Method 1 and 2 syntheses. Temperature ramp tests were used to identify a suitable printing temperature for each source of GelMA, identified with a dotted line. The following tests were performed at the chosen temperature for each source.
The MTT assay on A549 cells (Figure 9) showed that all the formulations guaranteed an increase in cell viability suggesting cell proliferation has taken place.
[image: Bar graph illustrating the results of an MTT assay comparing two methods on Day 1 and Day 7. Bars are labeled A Method 1 High and B Method 2 High for both days, with Day 1 in light orange and Day 7 in dark orange. Bars show higher optical density values on Day 7 for both methods, indicating increased cell viability. Significance is noted with asterisks above the bars.]FIGURE 9 | MTT analysis in A549 cells on different GelMA formulations with different gelatin sources and a High DoF obtained using Method 1 and 2 syntheses. None = p > 0.05, * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
3.4 GelMA 3D bioprinting
For the bioprinting printing experiments, only High DoF GelMA formulations were used, as high DoF is generally used in different tissue engineering applications (Krishnamoorthy et al., 2019). Grids were printed with 10 layers with 1.5 mm interspace between the struts, for a dimension of 10 × 10 × 2.5 mm. Average strut width was measured from confocal microscopy images (Figure 10). GelMA derived from Type A gelatin (Figures 10A, B) displays thinner struts, with a width of 288 ± 73 µm for Method 1 synthesis and 288 ± 56 µm for Method 2 synthesis, whereas GelMA derived from Type B gelatin (Figures 10C, D) displayed, when intact, thicker struts, with a width of 435 ± 89 µm for Method 1 synthesis and 403 ± 111 µm for Method 2 synthesis.
[image: Four grayscale images showing gel patterns labeled as GelMA A - High and GelMA B - High. Each set has two methods for assessment: Method 1 and Method 2. Images A and B display distinct circular patterns, with Image A having darker, prominent circles. Images C and D show lighter, more diffused patterns, with Image C having faint circular impressions. Scale bars are present on each image.]FIGURE 10 | Confocal microscopy brightfield images of A549-embedded GelMA grids, GelMA derived from Type A gelatin with High DoF obtained with Method 1 and 2 ((A, B), respectiviely) and GelMA derived from Type B gelatin with a High DoF obtained with Method 1 and 2 ((C, D), respectively). Scalebar = 1 mm.
Moreover, GelMA type A has shown the ability to support thicker structures. GelMA derived from Type A gelatin obtained with Method 2 maintained the desired shape on the bottom layers, avoiding the elephant foot effect that has been observed with the other formulations (Figures 11C, D).
[image: Four images comparing 3D-printed structures of GelMA A and GelMA B using two different methods. Panel A shows GelMA A structures with Method 1 and Method 2 from a top view. Panel B shows GelMA B structures similarly from the top. Panels C and D display side views of the same structures for GelMA A and GelMA B, respectively. Each image includes a scale bar of 5 millimeters.]FIGURE 11 | 3D Bioprinting of A549-embedded GelMA grids. Lateral and front view of GelMA derived from Type A gelatin with High DoF obtained using Method 1 and 2 (A, C) and GelMA derived from Type B gelatin with High DoF obtained using Method 1 and 2 (B, D). Scalebar = 5 mm.
Live & Dead staining was performed right after the printing process to assess print-related cell death and all the formulation showed a viability >85%. As shown in Figure 12, GelMA obtained with Method 1 allowed to maintain higher viability regardless of the gelatin source.
[image: Four fluorescence microscopy images labeled A, B, C, and D show cells treated with GelMA A and B using two methods. Green areas indicate live cells, while dark areas suggest dead cells. Panel E visually compares the percentage of live (green) and dead (red) cells for each method, demonstrating high cell viability across all methods in a bar chart format.]FIGURE 12 | Live & Dead Staining of A549-embedded GelMA grids, GelMA derived from Type A gelatin with High DoF obtained with Method 1 and 2 ((A, B), respectively) and GelMA derived from Type B gelatin with a High DoF obtained with Method 1 and 2 ((C, D), respectively). Live & Dead of different formulations quantification (E). Scalebar = 1 mm.
Based on those results, GelMA derived from Type A gelatin obtained with Method 2 was considered the formulation with the best compromise between high printing fidelity and high cell viability.
3.5 GelMA 3D multimaterial printing
For multimaterial printing, 13 × 6 × 20 mm rectangular construct with 0.5 mm interspace between the struts were printed. A single channel embedded in the GelMA structure was printed with Pluronic F-127. Pluronics F-127 was removed and channels were seeded with A549 GFP+ as previously reported. After 1 day of culturing images were taken (Figure 13). Overall, all channels demonstrated a sufficient perfusability, however, only GelMA from gelatin Type A synthesized with Method 2 showed a better shape fidelity and allowed reproducibility over sequential constructs printing in a single session (Supplementary Figure S3).
[image: Four panels labeled A to D show microscopic images of GelMA samples with high concentration. Panels A and B represent GelMA A using two different methods, while panels C and D represent GelMA B using the same methods. Green fluorescent areas indicate specific features within the samples. Scale bars are visible in each image.]FIGURE 13 | Seeded channels in printed GelMA derived from Type A gelatin with High DoF obtained with Method 1 and 2 ((A, B), respectively) and GelMA derived from Type B gelatin with a High DoF obtained with Method 1 and 2 ((C, D), respecti respectively). A549 GFP+ cells were seeded in the hollow channels 1 day before acquiring the images. Scalebar = 1 mm.
4 CONCLUSION
This study compared the effects of the synthesis protocol and gelatin source on GelMA bioink formulations, with an orientation towards multimaterial bioprinting. Method 2 synthesis showed overall better performances than Method 1 with Type A gelatin as source, uses optimized amounts of MAA and has shorter dialysis time that allows faster syntheses. For multimaterial printing applications, GelMA derived from Type A gelatin obtained with Method 2 synthesis was found to be the best biomaterial candidate for our bioink, showing appropriate viability support and good interactions with the sacrificial material Pluronics F127 to obtain soft models containing hollow, patent channels that can be further optimized to form a microvasculature. Performances from GelMA derived from Type B gelatin varied significantly when comparing the synthesis protocols, further studies to optimize its target DoF are mandatory to optimize its synthesis with the Method 2 protocol, as its consistency respect to Method 1 protocol is not respected as with GelMA derived from Type A gelatin. However, since GelMA derived from Type B exhibited great ability to maintain cell viability, its use as bioink base would be strongly recommended for thin constructs or, if a thicker model is needed, embedded bioprinting, a 3D bioprinting strategy that exploits sacrificial baths to maintain the bioink shape during the extrusion process, could represent a solution.
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Introduction: Autologous platelet concentrate (APC) are pro-angiogenic and can promote wound healing and tissue repair, also in combination with other biomaterials. However, challenging defect situations remain demanding. 3D bioprinting of an APC based bioink encapsulated in a hydrogel could overcome this limitation with enhanced physio-mechanical interface, growth factor retention/secretion and defect-personalized shape to ultimately enhance regeneration.Methods: This study used extrusion-based bioprinting to create a novel bioink of alginate/cellulose hydrogel loaded with thrombocyte concentrate. Chemico-physical testing exhibited an amorphous structure characterized by high shape fidelity. Cytotoxicity assay and incubation of human osteogenic sarcoma cells (SaOs2) exposed excellent biocompatibility. enzyme-linked immunosorbent assay analysis confirmed pro-angiogenic growth factor release of the printed constructs, and co-incubation with HUVECS displayed proper cell viability and proliferation. Chorioallantoic membrane (CAM) assay explored the pro-angiogenic potential of the prints in vivo. Detailed proteome and secretome analysis revealed a substantial amount and homologous presence of pro-angiogenic proteins in the 3D construct.Results: This study demonstrated a 3D bioprinting approach to fabricate a novel bioink of alginate/cellulose hydrogel loaded with thrombocyte concentrate with high shape fidelity, biocompatibility, and substantial pro-angiogenic properties.Conclusion: This approach may be suitable for challenging physiological and anatomical defect situations when translated into clinical use.Keywords: additive manufacturing, bioprinting, platelet rich fibrin, hydrogel, reconstruction
INTRODUCTION
Reconstructive craniomaxillofacial-surgery addresses defect situations in the anatomical head and neck region due to trauma, cancer and other pathologies or infections (Khan, 2008; Amrollahi et al., 2016; Eguia et al., 2020). These defects remain clinical challenging with possible implications for functional (mastication, swallowing, phonation) and aesthetic outcome of the patients that directly affect quality of life. Autologous free flap transfer is the current gold standard in reconstruction, but can be hampered by patient’s morbidity (Tatullo et al., 2012; Turnbull et al., 2018). Here, biomaterials of different origin and classes are in need to replace restricted autologous tissue transfer. As an innovative drug delivery system, the class of autologous platelet concentrate (APC) can promote wound healing and tissue repair. Therefore, it is heavily used in regenerative and reconstructive surgery such as orthopedic procedures, cardiac surgery, plastic surgery, gynecology, urology, and medical esthetics as well as craniomaxillofacial-surgery (Gupta et al., 2021; Puricelli et al., 2023). The different cells involved, like thrombocytes and leukocytes confined in the structure-given fibrin net of these blood-derived products, release growth factors that can further interact with other cell types to initiate angiogenesis and stimulate immunological as well as other cellular processes involved in tissue regeneration (Miron et al., 2017a; Trzeciak et al., 2022). As a great advantage, the chair-side production and simple processing are timesaving and cost-efficient. Especially, second generation APC such as Platelet Rich Fibrin (PRF) that only need one centrifugation process and no addition of exogenous substances have gained increasing awareness (Kobayashi et al., 2016). On the downside, the multiple preparation protocols lead to different concentrate formulations that are partly controversial and discussed in terms of substantial variation of cell composition (e.g., with or without the inclusion of leukocytes) and growth factor release kinetics (e.g., outburst vs. slow and steady). These specifications of each formulation were subject to multiple previous studies (Dohan Ehrenfest et al., 2012; Schär et al., 2015; Masuki et al., 2016; Zwittnig et al., 2022). Centrifuge characteristics and centrifugation protocols can significantly affect the parameters (Dohan Ehrenfest et al., 2018; Al-Maawi et al., 2022). Besides these technical reasons for variations in the APC compositions and biological activity, inter-individual differences must be considered. Andrade Aldana et al. found an impact of gender and peripheral blood parameters on cellular content and fibrin concentrations of an APC (Andrade Aldana et al., 2022). Evanson et al. described differences in growth factor release depending on gender and age (Evanson et al., 2014). Cigarette smoke and uncontrolled diabetes mellitus type 2 affect platelet activation of APCs negatively (Srirangarajan et al., 2021; Das and Amaranath, 2022). In addition, and focusing on the biophysical aspect, APC show poor mechanical strength and rapid degradation that limit its usage in challenging defect situations (Mu et al., 2020). Our working group and others have attempted to solve these problems by combining APC with other biomaterials, such as collagen matrices (Blatt et al., 2020) or bone substitute materials (Blatt et al., 2021a; Blatt et al., 2021b). 3D bioprinting of a hydrogel loaded with APC could result in a direct physio-mechanical interface and enhance growth factor retention and prolonged and/or increased secretion. Secondly, defect situations could be addressed with personalized shape of the gel to support host integration. This could ultimately enhance regeneration.
Generally, 3D printing, also known as additive manufacturing (AM) or rapid prototyping, is defined as a versatile layer-by-layer fabrication technology of 3D objects through computer-aided design/computer-aided manufacturing (CAD/CAM). This technology has had an increasing impact on society and healthcare since its first introduction in the late 1980s (Ligon et al., 2017). Several process methods have been established, such as material extrusion, material jetting, binder jetting sheet lamination, vat photopolymerization, powder bed fusion, or directed energy deposition (Ligon et al., 2017). With substantial progress during the last decade, recent advances have enabled the 3D printing of biocompatible materials, cells, and supporting components into complex 3D functional living tissues (bioprinting). It shows excellent versatility in printing various biologics, including cells, tissue spheroids and strands, cell pellets, decellularized matrix components, micro-carriers, and cell-laden hydrogels. Therefore, 3D bioprinting in regenerative medicine is interesting in addressing the need for tissues and organs suitable for transplantation. It has already been used for the generation and transplantation of several tissues, including multilayered skin, bone, vascular grafts, tracheal splints, heart tissue, and cartilaginous structures (Murphy and Atala, 2014; Ozbolat and Hospodiuk, 2016).
Using inkjet (jet-based, drop-on-demand), microextrusion, or laser-assisted printing, a printable formulation with living cells (“cell/bioink”) can be encapsulated within polymeric hydrogels. These provide a suitable environment for cell growth and are highly customizable, allowing for several biochemical and biophysical properties to control cell functions, including cell adhesion, migration, proliferation, and differentiation, thus making them a valuable conduit for the fabrication of tissue constructs (Dell et al., 2022).
Goal of this study is to develop a novel bioink of alginate/cellulose hydrogel loaded with thrombocyte concentrate using extrusion based bioprinting to create a material inducing tissue regeneration in challenging defect situation where autologous flap transfer is not possible. Although other studies have been described employing these techniques or materials alone, to our knowledge the combination has not been described. Alginate is considered bioinert and cost-effective with a well-known gelling capacity but lacks the ability to support cell adhesion and spreading (Liu et al., 2023). The incorporation of APC in the formulation may overcome this limitation. Additionally, methylcellulose is a suitable material to enhance viscoelastic properties of the hydrogel (Ahlfeld et al., 2020; Banda Sánchez et al., 2023). The constructs were analyzed for their chemico-physical properties and influence on cell viability and proliferation in vitro. Additionally, their pro-angiogenic potential was assessed in vivo. Lastly, an extensive analysis of the total proteome and secretome of the prints was performed. This provides a fundamental understanding of the printed structures, aiding in comprehending future host interactions in clinical use.
MATERIALS AND METHODS
Preparation of injectable PRF (iPRF)
Injectable PRF (iPRF) from three healthy donors was manufactured as described in the literature (Miron et al., 2017b; Blatt et al., 2020). Briefly, after venous blood collection of 60 mL with unique vacutainer systems (i-PRF; Process for PRF, Nice, France), centrifugation of the blood was done according to the manufacturer’s protocol (700 rpm for 3 min, relative centrifugal force (rcf-max) = 60 g at 40° rotor angulation with a radius of 88 mm at the clot and 110 mm at the max; Duo Quattro centrifuge, Process for PRF, Nice, France). The iPRF for the preparation of the bioink was used as subsequently described. The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of Landesärztekammer Rhineland-Palatine (no. 2019-14705_1, approved 09 September 2020). Informed consent was obtained from all subjects involved in the study.
Establishment of the bioink
The elemental composition of the hydrogel, comprising sodium alginate and methylcellulose, along with their concentrations, is detailed elsewhere (Ahlfeld et al., 2020). In brief, sodium alginate powder was dissolved at a concentration of 3% (w/v) in phosphate-buffered saline (PBS) or injectable Platelet Rich Fibrin (i-PRF). Methylcellulose at a concentration of 9% (w/v) was then added to the sodium alginate solution, and the final hydrogel was allowed to swell for 20 min.
Print process
The BioX from Cellink (Gothenburg, Sweden) was employed for 3D bioprinting of the hydrogel scaffolds. Printing was conducted at room temperature using a pneumatic printhead, a 3 mL pressure cartridge, and a conical nozzle with an inner diameter of 0.25 mm. The model template was created with the accessible computer-aided design (CAD) program FreeCAD. A simple cylinder with a diameter of 10 mm and a height of 3 mm was designed and provided to BioX as a.stl-file. The printer’s internal slicing program defined the internal structure of the model and the printing parameters, with a chosen 20% honeycomb structure for infill. The models were printed at a speed of 10–12 mm/s and a pressure of 70–80 kPa, using 24-well plates as the printing surface. The prepared hydrogel models were cross-linked with a 100 mM calcium chloride solution for 10 min.
Scanning electron microscopy
For scanning electron microscopy (SEM), samples were fixed in a buffered formaldehyde solution. Following fixation, the samples underwent dehydration in ethanol, freeze-dried, sputtered with gold in an argon atmosphere. Subsequently, the samples were visualized using a scanning electron microscope (SEM; ESEM XL-30, Philips, Eindhoven, Netherlands).
Histological evaluation
For histological evaluation of the hydrogels, hematoxylin and eosin (H&E) staining were performed following fixation in a buffered formaldehyde solution (4%) and subsequent paraffin embedding. Sections of 7 µm thickness were deparaffinized in xylene and rehydrated in ethanol with decreasing concentration. H&E staining was carried out using hematoxylin (Sigma-Aldrich, St. Louis, Missouri, United States) and eosin (Sigma-Aldrich) after rinsing with distilled water. Subsequently, staining was followed by dehydration with ethanol at increasing concentrations and treatment in xylene. Histological sections were photographed using a Leica MS 5 tripod (Leica Microsystems, Germany) and a JVC KY-F75U C-mount digital camera (JVC, Yokohama, Japan).
X-ray diffraction and IR-spectroscopy
The X-ray diffraction (XRD) characterization was performed using an ID3003 TT (GE Sensing&Inspection technologies) with Cu K-alpha radiation and a position-sensitive detector (PSD). Solid samples were measured in the range of 5°–90°2θ with a step width of 0.03°2θ. For IR-spectroscopy, a Nicolet™ iS™ 50 FT-IR-spectrophotometer was employed with a resolution of 8 cm-1 and an average of 52 scans.
Cytotoxicity assay with L929 cells
For in vitro cytotoxicity tests, L929 cells (Mouse fibroblast cell line, Thermo Fisher Scientific, Germany) were used in an assay according to DIN EN ISO 10993-5. The preparation and printing of the hydrogel were performed as described above. Ten thousand cells/well were seeded in a 96-well plate for 24 h. Subsequently, the L929 medium was replaced with supernatants from hydrogel models, each printed 24 h and 72 h before and then incubated for 24 h and 72 h, respectively. Following incubation, the treatment fluid was exchanged with 100 µL/well of a 1 mg/mL 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, United States) solution in serum-free medium. The treated L929 cells were incubated with the MTT solution for 2 h before the solution was replaced by 100 µL isopropanol/well (Thermo Fisher Scientific, Waltham, MA, United States). Finally, absorbance was measured with the GloMax Multidetection (570/560 nm; Promega, Walldorf, Germany).
Biocompatibility assay with SaOS-2 loaded i-PRF hydrogel scaffolds
To assess the biocompatibility of the i-PRF bioink, human osteogenic sarcoma cells (SaOS-2) were utilized. These cells were cultured as a monolayer at 37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium F12 (DMEM F12) (Gibco, Life Technologies, Carlsbad, United States) supplemented with 10% (v/v) fetal calf serum (FCS) (Biochrom, Berlin, Germany) and 1% (v/v) penicillin-streptomycin (PS) (Sigma-Aldrich, Steinheim, Germany). The i-PRF bioink was prepared as described, and 100 µL of a SaOS-2 cell suspension was added per mL of bioink, resulting in a final cell concentration of 1.6×106 cells/mL bioink. Cell-loaded hydrogels were then printed as previously described and incubated in DMEM F12 supplemented with 10% (v/v) FCS and 1% (v/v) PS at 37°C and 5% CO2. The viability of SaOS-2 cells entrapped in the hydrogel scaffolds was assessed 24 h and 96 h after printing using the alamarBlue® assay (Life Technologies, Karlsruhe, Germany). The assay was performed and modified according to the manufacturer’s instructions. For each experiment, three cell-loaded models were covered with 500 µL of a 10% alamarBlue solution each for 5 h. The GloMax Multidetection System measured the fluorescence intensity (excitation 525 nm; emission 580–649 nm; Promega, Walldorf, Germany).
VEGF, TGF-ß and PDGF ELISA
The growth factor expression of the printed constructs was analyzed by enzyme-linked immunosorbent assay (ELISA), according to the manufacturer’s protocol as previously described (Blatt et al., 2020). Samples were diluted 1:1 with Reagent Diluent. Antibodies for Vascular Endothelial Growth Factor (VEGF), Transforming Growth Factor ß1 (TGF-ß), and Platelet-Derived Growth Factor (PDGF) were employed following the manufacturer’s protocol (R&D Systems, Minneapolis, MN, United States). Absorbance at 450 nm was analyzed using an ELISA plate reader and specific software (SoftMax Pro 5.4, Molecular Devices, San Jose, CA, United States) at both the starting point (0 h) and after 72 h
Chorioallantoic membrane (CAM) assay
The chorioallantoic membrane (CAM) assay was used to evaluate the influence of the prints (alginate/cellulose hydrogel with PBS vs. alginate/cellulose hydrogel with PRF bioink) on angiogenesis in vivo. As previously described (Blatt et al., 2020), fertilized white Leghorn chicken eggs (LSL Rhein-Main, Dieburg, Germany) were incubated at 38°C at constant humidity until the fourth day of embryological development. After removing 8–10 mL of egg white, a 3 × 3 cm2 window was cut into the eggshell under sterile conditions. On day 7, the samples were placed and incubated for an additional 96 h. Microscopic analysis at 50-fold magnification was then performed by entering the sample and defining the region of interest (ROI) using a digital microscope and its software (KEYENCE, Neu-Isenburg, Germany). Vessels were quantified using a deep learning application, as previously described (IKOSA, CAM assay [V3.10], ©KML Vision GmbH) (Annese et al., 2023). Subsequently, the embryos were euthanized by cutting the main vessels.
Protein extraction for proteome analysis
The proteome analysis included the native Platelet Rich Fibrin (PRF_nat, n = 5), the bioink of alginate/cellulose hydrogel loaded with injectable Platelet Rich Fibrin (i-PRF) (PRF_3D, n = 5), and the secretome of the bioink of alginate/cellulose hydrogel loaded with i-PRF in PBS for 24 h at 4°C (PRF_sec, n = 5). Initially, the protein-extraction procedure for the respective samples was carried out using our in-house protocol (Perumal et al., 2019; Perumal et al., 2020). The samples were homogenized in the T-PER Tissue Protein Extraction Reagent (Thermo Scientific Inc., Waltham, MA, United States), and stainless-steel beads using a Bullet Blender homogenizer (BBY24M Bullet Blender Storm, Next Advance Inc., Averill Park, NY, United States). The supernatant of the tissue homogenates was subjected to buffer exchange and sample cleaning using 3 kDa centrifugal cut-off filters (Amicon Ultra 0.5 mL, Merck Millipore, Carrigtwohill, Ireland). Protein concentration estimation was determined by employing the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, United States) before in-solution trypsin digestion and peptide purification with SOLAµ™ SPE HRP plates (Thermo Fisher Scientific, Rockford, United States) according to the manufacturer’s instructions. The resulting peptide eluate was concentrated to dryness in a centrifugal vacuum evaporator and dissolved in 0.1% formic acid with the final protein concentration of 250 ng/μL.
Mass spectrometry (MS)-based clinical proteomics analysis
The nano-liquid chromatography (nLC)-MS system utilized consisted of an EASY-nLC 1,200 system (Thermo Scientific, Rockford, United States) with an Acclaim PepMap RSLC, 75 µm × 50 cm, nanoViper analytical column (Thermo Scientific, Rockford, United States) directly coupled to ESI-LTQ-Orbitrap-XL MS (Thermo Scientific, Bremen, Germany), as described elsewhere (Perumal et al., 2022). Two microliters of each sample (500 ng) were used to fractionate peptides at a flow of 300 μL/min. Solvent A was LC-MS grade water with 0.1% (v/v) formic acid, and solvent B consisted of LC-MS grade acetonitrile with 20% (v/v) water and 0.1% (v/v) formic acid. The gradient per sample had a total run time of 240 min: 0–210 min: 5%–30% B, 210–220 min: 30%–100% B, 220–240 min: 100% B. In brief, the LTQ-Orbitrap operated in a data-dependent mode of acquisition, and survey full-scan MS spectra from m/z 300 to 2000 were acquired in the Orbitrap with a resolution of 30,000 at m/z 400 and a target automatic gain control (AGC) setting of 1.0 × 106 ions. The ten most intense precursor ions were sequentially isolated for fragmentation and recorded in the LTQ (Perumal et al., 2022).
Label-free quantitative proteomics analysis, functional annotation, and pathways analyses
The acquired continuum MS spectra were analyzed utilizing MaxQuant version 2.2.0.0 software (Cox and Mann, 2008; Luber et al., 2010; Cox et al., 2014; Tyanova et al., 2016). The tandem MS spectra were searched against the Homo sapiens database [Uniprot, reviewed (Swiss-Prot); Accession date, 14 January 2023; Annotated proteins, 20,404] with a target-decoy-based FDR for peptide and protein identification was set to 0.01. The summary of MaxQuant parameters employed in the current analysis is tabulated in Supplementary Data_01. The generated protein list from the MaxQuant analysis was used for subsequent statistical analysis with Perseus version 2.0.7.0 software (Tyanova et al., 2016). First, a log2 transformation of all protein intensities was done, and results were filtered to only include proteins with 100% valid measured values in at least one of the study groups. Missing values were imputed from a normal distribution in standard settings (width: 0.2, downshift: 1.8), enabling statistical analysis (Tyanova et al., 2016). The list of the significantly differentially abundant proteins in the designated comparison groups was used for functional annotation analysis employing the Ingenuity Pathway Analysis (IPA) (Krämer et al., 2014).
Cell viability and proliferation of human umbilical vein endothelial cells (HUVECs)
Human umbilical vein endothelial cells (HUVECs) (PromoCell, Heidelberg, Germany) were cultured following the supplier’s recommendations, as previously described (Brendel et al., 2012). Lentiviral vectors encoding the enhanced green fluorescent protein were used for cell transduction to enable subsequent fluorescence microscopic examination of the cells on the printed hydrogel models. Viral supernatants, collected and concentrated from transfected 293T producer cells, were prepared as described earlier (Brendel et al., 2012). For gene transfer, 15,000 HUVECs were seeded into 24-well tissue culture plates (Greiner, Frickenhausen, Germany) in 500 μL media supplemented with 5 μg/mL protamine sulfate. Two rounds of transduction on days 1 and 3 were performed at a cumulative multiplicity of infection (MOI) of ∼100 to achieve >98% gene marking. After completion of the hydrogel models, 100 µL of a HUVECs cell suspension (5 × 106 cells/mL) was pipetted onto each model. After 30 min, 1 mL of culture media was added to each model and then incubated at 37°C and 5% CO2. AlamarBlue assays were conducted at 24 h and 96 h after printing the models to assess cell viability and cell proliferation. The assay was performed and modified according to the manufacturer’s instructions. For each experiment, the hydrogel models were covered with 500 µL of a 10% alamarBlue solution each for 5 h. The GloMax Multidetection System measured the fluorescence intensity (excitation 525 nm; emission 580–649 nm). Three models were printed per experiment and covered with HUVECs. The experiment was repeated three times.
Statistical analysis
Data were analyzed by GraphPad Prism (GraphPad Software, version 8.0.0 for Windows, San Diego, CA, United States, www.graphpad.com, accessed on 1 October 2022). The results are presented as mean ± standard deviation (SD). Statistical significance was determined through one-way ANOVA, with asterisks denoting significance levels as follows: *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, and not significant (n.s., p > 0.05). Student’s two-sided t-test was employed for group comparisons, with p < 0.05 considered statistically significant to identify differentially abundant proteins in the label-free quantitative proteomics analysis. Unsupervised hierarchical clustering analysis of the identified differentially abundant proteins was performed according to Euclidean distance (Linkage, Average; Preprocess with k-means, enabled; Number of clusters, 300; Maximal number of iterations, 10; Number of restarts, 1). The top enriched terms of the gene ontology cellular component (GOCC), molecular types, biological functions upstream regulators, and canonical pathways of the differentially abundant proteins were presented with p-value calculated using Benjamini–Hochberg (B-H) multiple testing correction (one-sided Fisher’s exact test, -log B-H p-value >1.3).
RESULTS
Alginate/cellulose hydrogel loaded with thrombocyte concentrate exhibits an amorphous structure characterized by high shape fidelity
Firstly, the surface characteristics of the prints were evaluated with scanning electron microscopy (SEM), while chemico-physical properties were assessed with X-ray diffraction (XRD) and IR-spectroscopy. SEM images of the hydrogel surfaces (Figure 1) revealed a smooth surface in lower magnification for both PBS (Figure 1A) and PRF-loaded hydrogels (Figure 1E). At higher magnification, small globular structures (approximately 0.5 µm in diameter) with long processes were observed on the surface of PRF-loaded prints (Figure 1G), absent on the surface of PBS control prints (Figure 1C). These structures likely represent the remnants of thrombocytes. Sections of the hydrogels demonstrated an internal network, with both hydrogels comprising dense lamellar structures and interposed open areas (Figures 1B, D, F, H). Subsequent histological evaluation of the hydrogels (Figures 1I/J) revealed a mesh of amorphic fibers in both PBS (Figure 1I) and PRF (Figure 1J). In PRF-loaded constructs, aggregates and fibers of high eosinophilic material were visible, which were absent in PBS native hydrogel prints.
[image: A series of images comparing PBS and PRF. Panels A to D show SEM images of PBS with different magnifications. Panels E to H display SEM images of PRF. The middle column contains histological images, with PBS on the top and PRF on the bottom. Panel K presents an XRD graph comparing the intensity versus two theta for PRF and PBS. Panel L is an FTIR spectrum with labeled peaks for both PRF and PBS over wave numbers.]FIGURE 1 | SEM images of 3D prints with alginate/cellulose hydrogel with PBS (A–D) vs. alginate/cellulose hydrogel loaded with iPRF (E–H). Representative images of the surface in low (A, E) and high (C, G) magnification, as well as sections in low (B and F) and high (D, H) magnification, are shown. Furthermore, histological images of 3D prints with PBS (I) and loaded with PRF (J) after hematoxylin and eosin staining (Bar = 50 µm). XRD Analysis (K): For both groups, broad, amorphous humps around 15°–35°2q represent a nearly full amorphous character of the analyzed samples (grey line: PBS samples, red line: PRF loaded constructs). In the PRF-loaded sample, various peaks appear at 29.3, 39.2, and 47.2°–48.7°2q representing the semi-crystalline character of the bioink itself. (L) In addition to intense water bands, there may be metal hydroxide vibrations or OH-group vibrations associated with polymers shown in the IR spectra (n = 3) for each sample, dashed line: PBS samples, solid line: PRF-loaded constructs).
The XRD analysis (Figure 1K) reveals the nearly complete amorphous nature of the samples, evident from the background and broad, amorphous humps observed around 15°–35°2θ. Notably, in the PRF-loaded constructs, distinct peaks emerge at 29.3, 39.2, and 47.2°–48.7°2θ. While these peaks could not be unequivocally assigned, they do not correspond to either alginate or cellulose. It is, therefore, plausible that they signify the semi-crystalline character intrinsic to the bioink itself. Additionally, the IR spectra, aside from featuring intense water bands, may exhibit vibrations associated with metal hydroxide or OH-groups in the polymers (Figure 1L).
Alginate/cellulose hydrogel loaded with thrombocyte concentrate reduces cytotoxicity, increases cell viability and proliferation, and demonstrate substantial pro-angiogenic growth factor release
To assess potential cytotoxic effects, cytotoxicity assays were conducted using L929 cells, a standard cell line for such experiments following DIN EN ISO 10993-5 guidelines. The cells were exposed to medium supernatants derived from the hydrogel models previously incubated for 24 h and 72 h. No cytotoxic effects, as defined by ISO 10993-5 (indicated by a reduction in cell viability of >30% compared to the control), were observed with the supernatants from both the native PBS and PRF hydrogel models (Figure 2A). In contrast to PBS prints, the PRF hydrogel models exhibited a positive impact on the cell viability of L929 cells (>100% compared to the control). To assess the cell compatibility of the hydrogel, SaOS-2 cells were introduced to examine viability and proliferation after 24 h and 96 h using the AlamarBlue assay. Viability of the included SaOS-2 cells was demonstrated 24 h after the printing of the cell-loaded PRF hydrogel. Subsequent assays after 96 h revealed an increase in cell viability (Figure 2B), indicating an elevated cell proliferation rate of the SaOS-2 cells.
[image: Graphs and fluorescence microscopy images illustrate the effects of PRF on HUVECs. (A) Box plot of cell viability percentages. (B) and (C) Show mean fluorescence intensity under different conditions. (D) Microscopy comparing HUVEC with PBS and PRF at 24 and 96 hours. (E), (F), and (G) Line graphs display VEGF, PDGF, and TGF-beta levels in pg/mL. Asterisks indicate significance levels, with annotations for statistical significance.]FIGURE 2 | (A) Box plots illustrate the cell viability of L929 cells in the cytotoxicity assays. (according to DIN EN ISO 10993-5). No cytotoxic effects could be observed (as defined by ISO 10993-5 and indicated by a reduction in cell viability of >30% compared to the control). (B) Box plots show high cell viability after 24 h and increased viability after 96 h of incorporated SaOS-2 cells in the PRF-based bioink loaded alginate/cellulose hydrogels via AlamarBlue assay. (C) Box plots demonstrate cell viability and proliferation via Alamarblue assays of the HUVEC-seeded prints. (D) Representative fluorescence microscopic examinations of the GFP transduced HUVECs on the respective samples (PBS hydrogel models left, PRF incorporated prints right) after 24h and 96 h. Boxplot demonstrate growth factor expression of VEGF (E), PDGF (F), and TGF-ß (G) via ELISA of the respective growth factors of the alginate/cellulose hydrogel loaded with PRF bioink (pg/ml, n = 3, means ± SD, *p < 0.05, **p < 0.01, and ns determined by one-way ANOVA).
To simulate the physiological attachment processes of cells to the hydrogel model, HUVECs were cultured on the printed surfaces. AlamarBlue assays were employed to investigate potential positive effects of PRF-loaded hydrogel on cell viability and proliferation, conducted after 24 h and 96 h on the cell-populated models. Additionally, fluorescence images of cells transduced with GFP on the model surface were captured (Figures 2C, D). On the native PBS prints, low viability rates were observed for HUVECs after both 24 h and 96 h. In contrast, higher viability rates were evident for HUVECs on the PRF models after 24 h, and this significantly increased after 96 h (Figure 2C). Fluorescence microscopic examination of HUVECs on the PBS hydrogel models revealed few healthy, adherent cells. In contrast, HUVECs on the PRF models exhibited optically healthy and adherent cells after 24 h. Moreover, after 72 h, significantly more cells were observed by fluorescence microscopy, aligning with the results of the AlamarBlue assays (Figure 2D).
In terms of growth factor expression, ELISA analyses of cell free models revealed substantial expression and release of the respective growth factors of the alginate/cellulose hydrogel loaded with PRF bioink. At the initial measurement point immediately after incubation (0 h), the analyzed pro-angiogenic growth factors VEGF (Figure 2E), PDGF (Figure 2F), and TGF-ß (Figure 2G) exhibited high expression levels. After 3 days (72 h) of incubation, the release of growth factors decreased but remained evident. Notably, VEGF expression remained consistently high without a significant decrease over time.
The addition of the bioink to hydrogel constructs of alginate/cellulose enhances the pro-angiogenic potential in ovo
To assess pro-angiogenic properties of the prints in vivo, the CAM assay was performed. This revealed a significantly enhanced number of branching points when comparing mean numbers between native PBS hydrogels and hydrogels loaded with PRF, incubated from 0h to 72 h. In contrast, native hydrogels tended to increase the mean vessel total area of the CAM, a trend that was reduced in the presence of PRF-loaded constructs, though without reaching statistical significance. Hydrogels loaded with PRF demonstrated a tendency to positively influence total vessel length and mean vessel thickness compared to PBS hydrogels (Figure 3).
[image: Graphs A to D compare four different treatment groups (PBS 0, PBS ITZ, Blank N, Blank N ITZ) across metrics: number of branching points, vessel total area, vessel total length, and vessel tortuosity index, respectively. Statistical significance is indicated by asterisks and "ns" denotes non-significance. Image E shows a stereoscopic photo of a vascular structure on a grid background, likely illustrating the experimental findings.]FIGURE 3 | CAM assay to assess pro-angiogenic properties of the PBS and PRF prints in vivo: number of branching points (A) significantly enhanced in hydrogels loaded with PRF vs. PBS hydrogels after 72 h (t72). In contrast, the presence of the PRF loaded prints reduced mean vessel total area (B), but increased total vessel length (C) and mean vessel thickness (D) without reaching statistical significance. Representative images (E) of the hydrogels on the CAM at 72 h (input, left side) and the automatic cell count via respective software (right side) (pg/ml, n = 5, means ± SD,*p < 0.05 and ns determined by one-way ANOVA).
Proteome and secretome revealed a substantial amount and homologous distribution of pro-angiogenic proteins in the 3D-construct
Label-free proteomics analysis identified 225 proteins with a 1% false discovery rate (FDR) across all 5 biological replicates in the designated groups (Figure 4A; complete protein list in Supplementary Data S2). The top ten most abundant proteins, constituting approximately 90% of the total identified proteins, included serum albumin (ALB; ∼70%), serotransferrin (TF), apolipoprotein A1 (APOA1), alpha-2-macroglobulin (A2M), IGHA1, and beta-actin (ACTB) (Figure 4B).
[image: Heatmap (A), stacked bar chart (B), and Venn diagram (C) depicting protein data. Heatmap shows protein intensity levels across conditions. Bar chart displays protein intensity percentages for different proteins. Venn diagram illustrates shared and unique proteins among three conditions.]FIGURE 4 | Proteome profiles of PRF in the native and 3D forms and the PRF secretome: (A) Heat map depicts the hierarchical clustering of all 225 total proteins based on the log2 protein intensity related to the designated groups. (B) Bar charts show the degree of mean percentage of top abundant proteins in the designated groups. (C) The venn diagram illustrates the total number of proteins identified in all samples after 24 h. PRF_nat: native platelet concentrates; PRF_3D: 3D-printed platelet concentrates; PRF_sec: 3D-PRF secretion/secretome.
PRF_nat exhibited the highest number of identified proteins (221), while PRF_3D had the lowest (121). PRF_sec, with 173 proteins, showed a higher number than PRF_3D. Notably, 119 proteins (∼53%) were common to all three samples, with 51 shared between PRF_nat and PRF_sec (Figure 4C). PRF_nat had the highest number of exclusively identified proteins (50, ∼22%).
Statistical analysis revealed 93 significantly differentially abundant proteins in PRF_sec vs. PRF_3D (Figure 5A; Supplementary Data S3). The majority (84 proteins, ∼90%) were increased in abundance in the PRF_3D secretome, including APOB, TLN1, C4BPA, C1S, YWHAZ, and ITGA2B (Figure 5D). Further functional annotation and pathways analyses indicated higher complexity and abundance of proteins in PRF_nat compared to PRF_3D (Figure 5B) and PRF_sec (Figure 5C; Supplementary Data S3).
[image: Four-part image showing three scatter plots labeled A, B, and C, and a heatmap labeled D. Plots show Log₂ differences versus -Log₁₀(p-values) comparisons between different conditions of PRF (PRF_sec vs. PRF_3D, PRF_3D vs. PRF_nat, PRF_sec vs. PRF_nat) with points colored red, green, and black. Heatmap displays differentially abundant proteins across conditions, with colors indicating z-scores from green to red.]FIGURE 5 | Differential expression profiles of PRF proteins: Volcano plots illustrate the significantly differentially abundant proteins identified based on the log2 difference in the (A) PRF_sec vs. PRF_3D, (B) PRF_3D vs. PRF_nat and (C) PRF_sec vs. PRF_nat. Significance threshold is at p < 0.05. (D) The heat map depicts the hierarchical clustering of the significantly differentially abundant proteins in the PRF_sec vs. PRF_3D. Upregulated proteins are shown in red, and the downregulated proteins are in green. PRF_nat: native platelet concentrates; PRF_3D: 3D-printed platelet concentrates; PRF_sec: 3D-PRF secretion.
In an effort to elucidate the functions of the 84 differentially upregulated PRF-secreted protein clusters, the IPA tool was utilized to analyze the most significant canonical pathways, diseases, and biological functions. The protein-protein interaction (PPI) network analysis revealed that the majority of the secretome comprised peptidases and transporter proteins localized in the extracellular space (Figure 6).
[image: Network diagram illustrating cellular components and interactions, categorized into extracellular space, plasma membrane, cytoplasm, and nucleus. Nodes represent molecules, coded by shape for roles such as enzyme or receptor. A legend clarifies symbols.]FIGURE 6 | Protein-protein interactions (PPIs) of the differentially upregulated secretome proteins: The PPI of the PRF secretome shows the networks of differentially abundant proteins, which were highly increased in abundance in the secretome compared to the 3D PRF. The different color intensities correspond to the degree of differential expression. Proteins are annotated according to their cellular localization and are depicted as different shapes that represent the functional classes of the proteins.
Among these proteins, an extracellular protein, fibronectin (FN1), showed the highest number of PPIs, followed by two cytoplasmic proteins composed of YWHAZ and heat shock cognate 71 kDa protein (HSPA8). Further analysis demonstrated that the top significantly affected canonical pathways were involved mainly in acute phase response signaling (p = 2.00 × 10−13, z-score = 1.41), LXR/RXR activation (p = 3.16 × 10−16, z-score = 3.05), actin cytoskeleton signaling (p = 5.01 × 10−15, z-score = 2.31, coagulation system (p = 2.09 × 10−9, z-score = 0.82), signaling by Rho family GTPases (p = 3.89 × 10−5 z-score = 2.00), and VEGF signaling (p = 3.89 × 10−4, z-score = 1.00) (Figure 7). All these signaling pathways were found at high level in the PRF secretome except for the IL-12 signaling and production in macrophages, which was expressed at low level (p = 7.94 × 10−14, z-score = −3.74).
[image: A bubble chart shows various signaling pathways ranked by -log(p-value), with the x-axis representing -log(p-value) and the y-axis listing pathway names. The pathways include VEGF signaling and acute phase response signaling, among others. Bubble sizes indicate pathway significance, with larger bubbles representing more significant pathways. The color of the bubbles varies, possibly denoting different categories or groups. Notably, the acute phase response signaling pathway has the largest and most prominent bubble on the chart, highlighting its high significance.]FIGURE 7 | Top significant canonical pathways of the PRF secretome: Bubble plot of the top significantly (p < 0.001) enriched canonical pathways associated with the differentially abundant proteins in the PRF secretome. Overall z-scores are represented by the color orange, which indicates activation, blue indicates inhibition of the signaling pathways; and grey indicates not quantifiable activity pattern. The size and color of each bubble represent a number of differentially abundant proteins in each pathway and z-score, respectively.
In the functional analysis of the PRF secretome, pathways associated with hemostasis (p = 3.04 × 10−25, z-score = 1.20), complement activation (p = 1.22 × 10−18, z-score = 1.50), adhesion of blood cells (p = 2.64 × 10−15, z-score = 2.84), cell movement (p = 5.45 × 10−15, z-score = 4.12), inflammatory response (p = 2.13 × 10−12, z-score = 3.9), activation of blood platelets (p = 2.90 × 10−12, z-score = 1.00), and angiogenesis (p = 4.15 × 10−10, z-score = 1.11) were expressed at high levels. Interestingly, the bleeding functionality (p = 1.34 × 10−13, z-score = −2.48), synthesis of reactive oxygen species (p = 4.59 × 10−9, z-score = −1.18), and thrombocytopenia (p = 2.08 × 10−8, z-score = −1.07) were found at low level (Figure 8).
[image: Bar and line graph showing different biological pathways. Bars represent negative log p-values, indicating significance, and the line represents activation z-scores, indicating activity direction. Pathways include "Neutrophils" and "Coagulation," among others, with varying levels of significance and activation.]FIGURE 8 | The bar chart depicts the top 15 significant [-log (p-value) > 1.3] biological functions attributed to the differentially abundant PRF secretome proteins. Bars represent the -log (p-value) (left y-axis) and the line represents the activation z-score (right y-axis) of each function and disease.
Finally, the role of upstream regulator molecules, including transcription factors and cytokines, which were predicted to significantly modulate the downstream expression of PRF secretome was investigated. The large majority of regulators consisted of cytokines composed of interferon-gamma (IFNG; p = 8.61 × 10−10, z-score = 1.40), interleukin-6 (IL-6; p = 1.03 × 10−8, z-score = 2.29), interleukin-1β (IL-1β; p = 3.53 × 10−8, z-score = 1.73), tumor necrosis factor (TNF; p = 2.67 × 10−6, z-score = 2.74), interleukin-4 (IL-4; p = 3.62 × 10−6, z-score = 2.78), oncostatin M (OSM; p = 1.40 × 10−4, z-score = 2.94) and interleukin-5 (IL-5; p = 3.69 × 10−4, z-score = 2.40) (Figure 9A). Another cluster of regulators comprised transcription regulators, namely, serum response factor (SRF; p = 2.91 × 10−10, z-score = 3.09), hepatocyte nuclear factor 4 alpha (HNF4A; p = 3.82 × 10−9, z-score = 0.97), signal transducer and activator of transcription 3 (STAT3; p = 5.48 × 10−5, z-score = 2.70) and tumor protein 53 (tp53; p = 2.75 × 10−4, z-score = 1.08). All regulators were predicted to be activated in the downstream regulation of PRF secretome apart from the ligand-dependent nuclear receptor, peroxisome proliferator-activated receptor alpha (PPARA; p = 4.63 × 10−8, z-score = −2.24), the activity of which was significantly inhibited. On the other hand, although the activity pattern of the platelet-derived growth factor (PDGF) was not quantifiable, the participation of this dimeric glycoprotein in the regulation of the PRF secretome was also significant (p = 2.79 × 10−2). Among these regulators, TGF-β is one of the most significantly implicated regulator with the highest activation z-score (p = 1.48 × 10−10, z-score = 3.26). The exemplary profile of the proteins governed by activated TGF-β showed the downstream regulation of a large cluster of enzymes, peptidases, and proteins with other molecular functions (Figure 9B).
[image: Bar graph and network diagram depicting gene expression data. Panel A shows a bar graph with genes on the x-axis, and -log(p-value) and activation z-score on the y-axis. Blue bars represent -log(p-value), and a red line represents z-score. Panel B displays a network diagram, highlighting TGFβ1 at the center with connected genes symbolized by various icons, indicating their roles (e.g., enzyme, transporter). A legend explains the icons.]FIGURE 9 | Predicted upstream regulators of the PRF secretome. (A) Bar chart shows the profiles of top selected significant [-log (p-value) > 1.3] upstream regulators associated with the significantly differentially abundant proteins in the PRF secretome. Bars represent the -log (p-value) (left y-axis) and the line represents the activation z-score (right y-axis) of each regulator. (B) Exemplary interaction network profile of TGF-β-regulated differentially expressed secreted proteins. Different shapes represent the various classes of proteins.
DISCUSSION
The presented study focuses on the 3D extrusion-based bioprinting of a novel bioink consisting of an autologous platelet concentrate (PRF) incorporated into an alginate/cellulose hydrogel construct. Key findings include the successful feasibility of the bioprinting process and the demonstration of high biocompatibility. The chemico-physical properties with a high shape fidelity of the printed constructs are well suited for personalized regeneration concepts. ELISA analyses further reveal a significant release of pro-angiogenic growth factors from the printed constructs, contributing to accelerated cell viability and proliferation. Pro-angiogenic potential is partially confirmed in vivo. Notably, this study presents a comprehensive validation of the print’s proteome and secretome, indicating a substantial presence of abundant proteins both in the native PRF and the printed hydrogel loaded with PRF-based bioink. The significant overlap in proteins between the native and 3D-printed platelet concentrates and secretome underscores the homologous distribution of proteins in the 3D construct. This proves the feasibility of the print process with no degradation of the respective proteins.
In the context of bioprinting processes, bioinks are considered biologically functional products that incorporate living cells and biomaterials. These bioinks can be processed with cells as suspensions or dispersions, deposited simultaneously in a separate printing process, or used as transient support materials (Groll et al., 2018). Alginate, known for its low toxicity, gelling capacity, and cost-effectiveness, is a widely used material for bioink formulation. While alginate is cytocompatible and bioinert, it may lack the ability to support cell adhesion and spreading. To overcome this limitation, different proteins and bioactive factors are often incorporated into alginate-based bioinks to enhance their physicochemical and biological properties and promote cell adhesion, proliferation, and differentiation (Liu et al., 2023). In our approach, a 3% w/v alginate concentration was chosen based on its favorable outcomes in terms of cell viability (Banda Sánchez et al., 2023). To enhance viscoelastic properties of the hydrogel, alginate was blended with methyl cellulose (MC), a cut-compatible water-soluble cellulose derivative. A 9% w/v concentration of MC was used, following literature recommendations (Ahlfeld et al., 2020; Banda Sánchez et al., 2023). In recent years, bioinks containing human plasma have been introduced to strengthen the patient-specific concept (Ahlfeld et al., 2020). Ahlfeld et al. introduced a bioink based on fresh frozen plasma blended with alginate/methylcellulose, demonstrating that the inclusion of plasma promoted cell spreading and the formation of intercellular interactions in the hydrogel. The authors hypothesized that fibrinogen in plasma played a key role in enhancing cell attachment (Ahlfeld et al., 2020). In our approach, Platelet Rich Fibrin (PRF) was used instead of plasma, considering the 210-fold higher concentration of platelets and fibrin found in PRF compared to plasma. This substitution was anticipated to accelerate the regenerative potential of the bioinks. The analysis of the viability and adherence potential of the sarcoma cell line SaOS-2 presented in our study aligns with these assumptions.
A limitation of our study is the lack of investigation into the impact of native Platelet Rich Fibrin (PRF) and the bioink-containing print on other cell lines beyond SaOS-2, L929 cells, and HUVECs. Specifically, mineralizing cells related to bone tissue regeneration were not evaluated. Recent research has demonstrated the positive effects of PRF on cell proliferation, differentiation, mineralization, and inflammation reduction, especially in the context of bone tissue regeneration (de Lima Barbosa et al., 2023). Other 3D printing approaches incorporating PRF have utilized human osteoblast-like MG-63 cell lines and bone marrow-derived stem cells, showing higher viability (Song et al., 2018; Rastegar et al., 2021). It can be hypothesized that the presented approach may have similar effects on these cell lines. However, we focused on soft tissue healing, and the potential implications on bony regeneration were not addressed. Ongoing studies are dedicated to exploring these aspects.
Our results suggests that Platelet Rich Fibrin (PRF) does not counteract but rather supports the high viscoelastic properties of the hydrogel. In a study by Mu et al. (2020), biphasic hydrogels based on gelatin nanoparticles and injectable PRF (iPRF) were developed. These hydrogels were described as bioactive and adaptable to the topographical and mechanical conditions of irregular-shaped defects. The outstanding mechanical properties of these hydrogels were considered a valuable solution for addressing clinical challenges in treating bone defects with a high degree of local complexity. In alignment with this, we demonstrated that the printed constructs had a nearly complete amorphous character. Interestingly, the loading of the constructs with PRF resulted in a semi-crystalline character. This finding is noteworthy for future clinical applications where prints must be adapted to complex and irregular-shaped defect situations. The ability of PRF to influence the mechanical properties of the hydrogel may contribute to its utility in addressing specific challenges associated with irregular-shaped defects.
As shown in previous studies, a combination of different materials and iPRF [for example, the combination of collagen membranes or bone substitute materials with an autologous platelet concentrate (Blatt et al., 2020; Blatt et al. 2021a; Blatt et al. 2021b)] led to similar release kinetics in comparison to the native APC. Since APC are well known for their pro-angiogenic potential, this approach can be used for the prevascularization of the respective biomaterial and, therefore, enhancement of the regenerative potential (Blatt et al., 2021a). The interaction between the biomaterial and APC can be amplified through bioink formulation via 3D bioprinting. The blotting process in bioprinting establishes a direct physio-mechanical interface, potentially leading to growth factor retention and prolonged and/or increased secretion. Our results demonstrate growth factor release kinetics of the printed constructs comparable to the known release kinetics of native APC (Blatt et al., 2020). In particular, the stable expression of vascular endothelial growth factor (VEGF) at a constantly high level during the measurement suggests prolonged and sustained kinetics in bioink formulation via 3D bioprinting. VEGF is a key regulator in the process of neo blood vessel formation (Carmeliet, 2003; Carmeliet, 2005; Potente et al., 2011; Eelen et al., 2018). Principally, one can differ between vasculogenesis and angiogenesis. Whereas vasculogenesis describes the blood vessel formation de novo from circulating endothelial precursor cells and is mainly associated with embryological development (one of the exceptions are specific pathophysiological processes such as carcinogenesis), angiogenesis defines the neo vessel formation via sprouting and intussusception of pre-existing ones (Djonov et al., 2003; Asahara and Kawamoto, 2004). The presented release kinetics of the prints with low level of PDGF and TGF-ß and consistent VEGF level after 72 h can initially support this processes and underscore their pro-angiogenic potential. Additionally, it is known the APC can cause induction of genes associated with angiogenesis and wound healing such as Fibroblas-Growth-Factor 2 (FGF-2) or Angiopoetins that contribute to the discussed influence on angiogenesis (Singh et al., 2022). Since TGF-ß is the key upstream regulator of FGF2 (Gualandris et al., 2022), we focused on VEGF, PDGF and TGF-ß analysis (as essential regulator of angiogenesis) in this study.
However, a major limitation of the presented study is the lack of long-term analysis of specific growth factor retention and secretion. Other studies, such as the one by Yi et al. (2022), have used a bioink based on PRF and alginate/gelatin, showing prolonged and sustained growth factor release with the advantage of personalized molding. The extended release kinetics of APC-containing bioink in this study are hypothesized to result from the mechanical properties of the bioink polymer and electrostatic interactions between growth factors and the gelatin or fibrin network matrix (Yi et al., 2022). The presence of metal hydroxide vibrations or OH-group vibrations associated with polymers observed within the IR spectra supports the hypothesis of a direct physio-mechanical interface between the hydrogel and APC. This characteristic makes the approach ideal for reconstructive procedures of soft tissue, where regeneration typically requires 6–8 weeks.
The literature describes various autologous platelet concentrate (APC) preparation protocols for 3D bioprinting applications (Song et al., 2018; Bahraminasab et al., 2022; Le et al., 2023; Sui et al., 2023). APC preparations of different generations vary in manufacturing protocols, mechanical properties, and biological activity, leading to different growth factor release kinetics (Dohan Ehrenfest et al., 2012). These release kinetics appear to be preserved after the printing process. Studies, such as one by Le et al. (2023), have shown that hydrogels incorporated with PRF demonstrate higher growth factor release for PDGF and VEGF compared to first-generation APC-incorporated gels. The wide range of 3D printing methods, from filament-free printing to fused deposition modeling and extrusion-based printing, contributes to the heterogeneity in incorporating APC into bioinks (Song et al., 2018; Bahraminasab et al., 2022; Le et al., 2023; Ren et al., 2023). Currently, there is no study that directly compares these different protocols, making it challenging to recommend a single best method for incorporating APC into bioinks. However, in-situ bioprinting is highlighted as a promising method for individually addressing defect situations directly in patients. This approach involves incorporating autologous platelet concentrates, easily accessible and readily available at the bedside, into individually formed hydrogels intraoperatively. These hydrogels can then be directly printed into the defect for reconstruction purposes (Zhao et al., 2022).
In the present study, not only the specific growth factor release was measured, but the pro-angiogenic character of the constructs was also assessed in vivo with the CAM assay. The assay has several limitations such as a nonspecific inflammatory response and its high sensitivity to environmental factors (e.g., pH or osmolarity). Additionally, timing of the angiogenesis analyses is crucial. Especially the initial exponential embryological vessel growth and rearrangement of existing vessels makes it sometimes hard to distinguish from a falsely increased vascular density. On the other hand, it is a relatively simple, quick, and low-cost model to properly assess angiogenesis in vivo. Therefore, it seems superior to other in vitro methods such as tube formation assays (Ribatti, 2016). Recent studies demonstrated this assay feasible to investigate the influence of APC in combination with biomaterials on angiogenic potential (Blatt et al., 2020; Blatt et al. 2021a; Blatt et al. 2021b). To study these effects, different methods of quantifying vasculature have been used and described including the manual count of the vessels. However, this is quite time-consuming and prone to human bias whereas automated and semi-automated applications enable the quantitative assessment of various vasculature morphometric and spatial parameters (Faihs et al., 2022). With recent developments in artificial intelligence, new possibilities for image analysis have emerged. The IKOSA platform, as used in this study, facilitates AI-based analysis of vascular networks on CAM images, the underlying image analysis model is based on a fully convolutional neural network, which uses an InceptionResNetv2 as an encoder and a U-Net based structure as a decoder path (Faihs et al., 2022). The analysis results in a segmentation map in terms of a binary mask representing the vessel area at pixel level. The study by Faihs et al. (2022) suggests that the IKOSA method is considered the most precise for analyzing vascular parameters, specifically the branching points and mean vascular thickness. This conclusion is based on a comparison with the standard manual count. Additionally, IKOSA is noted to provide an advantage by allowing the evaluation of further vascular parameters that cannot be effectively assessed through manual counting.
Our results suggest that the presence of autologous platelet concentrate (APC) enhanced vessel density in the CAM (chorioallantoic membrane) based on references to previous studies (Blatt et al., 2020; Blatt et al. 2021a; Blatt et al. 2022). Although the vessel density, reflected by the total area of the vessels and mean vessel thickness, did not show a significant increase for the constructs loaded with PRF-based bioink compared to native hydrogels, there was a marked tendency for an increased vessel total length and a significant enhancement in the number of branching points. These findings show a notable influence of the constructs loaded with the PRF-based bioink on angiogenesis, opening the possibility for further small animal studies before potential clinical translation of the technique.
As a significant finding, we present a thoroughly analysis of the total secretome of the native autologous platelet concentrate (APC) and the constructed bioink. This analysis provided insights into the presence of proteins in the 3D construct compared to the native PRF, demonstrating the feasibility of the printing approach. It is noteworthy that, so far, only two studies have investigated the proteome of PRF, and there is a lack of prior research analyzing the secretome of a PRF-based bioink. The focus of the analysis was primarily on the influence on angiogenesis, considering that APCs are best known for their pro-angiogenic potential, emphasizing their clinical relevance in reconstructive surgery (Miron et al., 2017c). While angiogenesis is crucial for tissue regeneration, it is important to note that other regenerative activities also play a role in addressing challenging defects, and further investigations may be warranted to explore a broader spectrum of biological functions related to regeneration.
Hermida-Nogueira et al. (2020) performed Liquid chromatography–mass spectrometry (LC-MS/MS) and longitudinal analysis by Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH). They identified a total of 705 proteins within the PRF as well as 202 differentially secreted proteins over time. In their approach, Yaprak et al. (2018) used 2D gel electrophoresis. Here, the matrix-assisted laser desorption/ionization coupled to time of flight mass spectrometry (MALDI-TOF/TOF) analysis revealed contrary results with few abundant proteins. The discrepancy between the mentioned study results could be explained by the PRF extraction method used by Yaprak et al. (2018) to exclude fibrin. This may have led to the removal of other proteins along with the fibrin that explains the low level of protein identifications. The proteomics analysis conducted in this study provided evidence of the presence of many proteins identified in the native PRF. This finding further supports the high biological activity of APC, such as PRF, and underscores their clinical utility in reconstructive surgery. Additionally, the 3D-printed hydrogels loaded with PRF exhibited a reduced but similar number of proteins compared to the native PRF. This suggests that the process of 3D printing and incorporation into hydrogels did not significantly alter the overall protein composition, highlighting the stability of the bioink and its potential for use in regenerative applications.
In contrast, the secretome of the 3D constructs incorporating Platelet Rich Fibrin (PRF) revealed the identification of more proteins compared to the native APC. Although approximately 22% of the proteins were exclusively found in the native APC, around 53% of these proteins were common to all three sample types (native PRF, 3D-PRF, and secretome). Our study represents the first detailed exploration of the biological activity of the new 3D printable bioink, composed of an alginate/cellulose hydrogel loaded with PRF. The findings include the identification of top abundant PRF proteins, such as ALB, A2M, APOA1, and complement C3 (C3), which mainly consist of platelet-released factors identified in previous investigations (Tiedemann et al., 2022).
As further key findings, proteomics validated high level of TGF-β as one of the essential upstream regulators, as well as VEGF and PDGF. Serum response factor was the second-highest activated upstream regulator. SRF is a known downstream mediator of VEGF signaling in endothelial cells and a critical requirement for VEGF-induced angiogenesis by starting endothelial cell migration and proliferation (Chai et al., 2004). Correspondingly, the downstream proteins regulated by SRF comprised mostly cytoskeletal proteins (ACTA1, ACTB, ACTN1, CFL1, FLNA, ITGA2B, MYH9, TLN1, and VCL) with several similar proteins also annotated in VEGF signaling (ACTA1, ACTB, ACTN1, and VCL). Therefore SRF is seen as a master regulator of the actin cytoskeleton and contractile apparatus (Miano et al., 2007). VEGF promotes SRF expression and nuclear translocation and increases SRF binding activity to DNA in endothelial cells through both Rho-actin and MEK-ERK dependent signaling pathways (Chai et al., 2004). Therefore, SRF seems crucial for the known clinical regenerative potential of APC and should be investigated in future studies. Next, Peroxisome proliferator-activated receptor alpha (PPARα), an upstream regulator, was expressed at low levels. Platelet PPARa critically mediates platelet activation and contributes to the prothrombotic status under hyperlipidemia (Li et al., 2022). PPARα and PPARγ were identified to mediate anti-angiogenic processes that limit platelet activation and thrombosis (Wagner and Wagner, 2020; Li et al., 2022). Again, this emphasizes the pro-angiogenic potential of PRF and its 3D-printed constructs presented in this study.
Furthermore, influence of the prints on immune cells and respective pathways that trigger an immune response are critical and decide between integration and rejection of the foreign material in the host. In particular, the role of TGF-β is emphasized as a key cytokine that regulates various aspects of T cell biology, including development, activation, proliferation, differentiation, and apoptosis (Chen, 2023). The subpopulation of FOXP3+ regulatory T cells (Treg) is identified as crucial for maintaining immune homeostasis by suppressing the activation of potentially harmful effector T cells (Ou et al., 2023). Our results points out that TGF-β, a significant upstream regulator in PRF and its 3D-printed constructs, may induce the differentiation of Tregs. This differentiation process is associated with the Glycoprotein A repetitions predominant (GARP), a transmembrane protein and TGF-β binding partner. The regulation of immune capacity by inducing regulatory CD4+ T cells is attributed to GARP, as previously described in native PRF (Trzeciak et al., 2022). Furthermore, native PRF polarized macrophages to a “M0/M2-like” phenotype (Trzeciak et al., 2022). Given the significant overlap in proteome and secretome between native PRF and the 3D-printed constructs, our results suggest that the printed constructs may exhibit similar anti-inflammatory effects. However, it acknowledges the need for further preclinical trials to specifically demonstrate the anti-inflammatory capacity of the 3D-printed constructs with PRF.
Our study has several significant limitations. Firstly, the research is constrained to in vitro and in ovo analyses, and there is a lack of in vivo testing in actual wound healing scenarios. The challenges associated with animal research on autologous platelet concentrates (APC), particularly Platelet Rich Fibrin (PRF), are highlighted in other studies: obtaining high-quality APC, quick coagulation times, difficulties in clot activator use, and limitations in accessing appropriate vessels, especially in small animals like rats or rabbits, are noted as potential challenges for in vivo studies (Mourão et al., 2023). Our approach is positioned as a feasibility study demonstrating the printability, physico-mechanical properties, and biological activities of a hydrogel with a bioink containing thrombocyte concentrate. To adhere to the “3R concept” (Replacement, Reduction, Refinement) of animal welfare, the study primarily focuses on in vitro and in ovo analyses. Future animal research is suggested to address the challenges in APC research in animals and to evaluate the long-term effects and stability of the bioink in living organisms. Another limitation is the analysis of cell viability, proliferation, and migration, which was conducted with a limited number of cell lines. We focused on cells involved in soft tissue healing, and the implications for osteogenic differentiations of stem cells were not evaluated. Future studies should consider a broader range of cell types, especially those relevant to bone tissue regeneration. Furthermore, no long-term analysis of growth factor retention and secretion of the prints was conducted. Long-term evaluations in future (animal) studies are suggested to assess the sustained effects for improved tissue regeneration using the proposed approach. Lastly, scalability and changes in bioink’s properties after up-scale to large defect situations remain unexploited. This is a challenge in 3D bioprinting research that most studies of the current literature lacks. Printing of intricate scaffold architectures can help to design hierarchical formulations and structures (Agrawal and Hussain, 2023) that optimizes scalability and can lead to new in situ print applications (Zhao et al., 2022).
In summary, while our study provides valuable insights into the feasibility and initial biological activities of the proposed 3D-printed constructs, it underscores the importance of addressing these limitations in subsequent research, including in vivo studies, long-term analyses and scalability.
For the outlook, 4D printing holds enormous potential when additive manufacturing is included in tissue regeneration procedures in biomedical and healthcare settings. The goal of this approach is to incorporate time as the fourth dimension, providing the prints with the flexibility to modify their morphology with the help of smart materials. In short, 3D printed materials can be transformed into 4D prints via an external stimulus such as temperature or radiation, enabling them to function as smart dynamic structures. With a second external impulse, transformation takes place (Agarwal et al., 2023). With this new technique, drug delivery systems can be encapsulated into the 3D construct and released upon a specific stimulus. For the presented approach, this method is conceivable for APC in cooperated bioinks and subsequent growth factor release on the defect site, for example, in wound healing approaches due to pH changes.
CONCLUSION
A new 3D bioprinting approach to create an alginate/cellulose hydrogel loaded with a thrombocyte concentrate bioink with excellent rheological characteristics and high biocompatibility was demonstrated. The printed hydrogel loaded with Platelet Rich Fibrin (PRF) revealed the presence of numerous abundant proteins. The substantial overlap in proteins between native and 3D-printed platelet concentrates, as well as their secretomes, indicates the homologous presence of proteins in the 3D construct, thus demonstrating the feasibility of the 3D printing process without degradation of the respective protein. This finding provides evidence for its pro-angiogenic potential and underscores its suitability and functionality in clinical settings.
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Diabetes is a metabolic disorder characterized by high blood sugar. Uncontrolled blood glucose affects the circulatory system in an organism by intervening blood circulation. The high blood glucose can lead to macrovascular (large blood vessels) and microvascular (small blood vessels) complications. Due to this, the vital organs (notably brain, eyes, feet, heart, kidneys, lungs and nerves) get worsen in diabetic patients if not treated at the earliest. Therefore, acquiring treatment at an appropriate time is very important for managing diabetes and other complications that are caused due to diabetes. The root cause for the occurrence of various health complications in diabetic patients is the uncontrolled blood glucose levels. This review presents a consolidated account of the applications of various types of three-dimensional (3D) printing and bioprinting technologies in treating diabetes as well as the complications caused due to impaired blood glucose levels. Herein, the development of biosensors (for the diagnosis), oral drug formulations, transdermal drug carriers, orthotic insoles and scaffolds (for the treatment) are discussed. Next to this, the fabrication of 3D bioprinted organs and cell-seeded hydrogels (pancreas engineering for producing insulin and bone engineering for managing bone defects) are explained. As the final application, 3D bioprinting of diabetic disease models for high-throughput screening of ant-diabetic drugs are discussed. Lastly, the challenges and future perspective associated with the use of 3D printing and bioprinting technologies against diabetes and its related chronic complications have been put forward.
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1 INTRODUCTION
Diabetes, commonly referred to as a “silent-killer disease” or a “rich man’s disease” has been growing as a major chronic disease of concern in recent times (Khan et al., 2019; India Today, 2023). According to International Diabetes Federation (IDF), 10.5% of population at the age group of 20–79 years has diabetes and half of the population among this 10.5% is unaware about the possession of the disease (International Diabetes Federation, 2024). The study by IDF also reported that by the year 2045, it is expected that one in eight adults (equivalent to 783 million) will be diabetic (International Diabetes Federation, 2024). Diabetes is a metabolic disorder characterized by higher concentrations of blood sugar/glucose levels. Pre-diabetes is a kind of metabolically disordered health condition, where the individual possesses high blood sugar level than the normal range (Khan et al., 2019). Although the pre-diabetic condition is characterized by high blood glucose, the detected high blood sugar level might not be appropriate enough to confirm the diabetic condition. Diabetes has been classified into three types, namely, the type 1 diabetes (T1D) where the body is unable to produce enough insulin), type 2 diabetes (T2D) or non-insulin dependent diabetes (where the body produces insulin but is unable to use it effectively) and gestational diabetes (diabetes developed during pregnancy) (Centers for Disease Control and Prevention, 2023).
The high blood glucose initially affects the large blood vessels (leading to macrovascular complications), and if left undiagnosed, also starts affecting the small blood vessels (resulting in microvascular complications). As high blood sugar can bring down the immunity in an individual, it has to be noted that a diabetic patient is susceptible for acquiring infections often than a healthy person (Berbudi et al., 2020). Hence, the treatment measures need to be taken from the beginning stage of diagnosis of diabetes or pre-diabetes. Acquiring treatment at an appropriate time in the early stage is very important for the effective management of diabetes.
In recent years, 3D printing and 3D bioprinting are gaining attention as forefront technologies in diagnosis and treatment of various disorders/diseases. These technologies are extensively used for the production of pharmaceutical drugs, medical products and artificial organs (Cui et al., 2021; Yi et al., 2021; Tripathi et al., 2023). Chakka and Chede (2023) define the term “3D” in “3D Printing and Bioprinting” as “Design,” “Develop” and “Dispense” (Chakka and Chede, 2023). The technology comprises the creation of a three-dimensional (3D) object from a CAD/digital 3D model. 3D printing and 3D bioprinting technologies, despite holding the similar working principle, differ from each other in terms of the composition of the ink used for printing the objects. 3D printing is used for printing solid materials and hence the composition of printing ink is polymers and chemicals. On the other hand, 3D bioprinting is used for the production of substrates, artificial organs and in vivo models that mimics the cellular microenvironment in living organisms. The ink used in 3D bioprinting process consists of biological materials such as cells/living tissues along with (bio) polymers, growth media, regulators, etc. And hence the ink used in a 3D bioprinting process is referred to as “bioink.”
3D printing and bioprinting technologies are used in various ways in the diagnosis and treatment of diabetes. This review highlights the recent applications of 3D printing and bioprinting in treatment of diabetes and some of the common health complications caused due to diabetes. Role of 3D printing and 3D bioprinting technologies in the diagnosis and treatment of diabetes (hyperglycemia) and its associated chronic complications (especially neuropathy, hypertension, dyslipidemia, peripheral diabetic neuropathy, diabetic wounds, diabetic foot ulcers), engineering of pancreas (to overcome graft rejection due to pancreas transplant) and bones (to treat and manage bone fracture and inhibition of osteogenesis) and fabrication of 3D drug testing models for rapid screening of anti-diabetic drugs have been discussed. Lastly, a glimpse of challenges and future perspective associated with 3D printing and 3D bioprinting in the management and treatment of diabetes is discussed.
2 TYPES OF 3D PRINTING
Different types of 3D printing strategies have been used in the production of pharmaceuticals or biomedical devices for the diagnosis and treatment of diabetes. Extrusion-based 3D printing, Fused Deposition Modeling (FDM), Co-axial extrusion-based 3D printing, Stereolithography (SLA) 3D printing, Digital Light Processing (DLP)-based 3D printing, Selective Laser Sintering (SLS) and Ink-Jet Printing (IJP) are the various kinds of 3D printing and bioprinting techniques used in the development of pharmaceuticals and biomedical products. The working principle of some of the 3D printing approaches are described below:
	(a) Extrusion-based 3D printing and bioprinting: Extrusion-based bioprinting has been evolving as one of the leading approaches for the manufacture of pharmaceuticals, regenerative medicine and tissue engineering. The principle behind the working of an extrusion-based 3D bioprinter is that ink [drug(s) loaded in the polymeric gel] or bioink (polymer with biological materials) will be extruded through the nozzles to create 3D structures. The so formed 3D bioprinted structures can be further crosslinked for obtaining final 3D structures. Figure 1 presents the schematic of the working principle of an extrusion-based 3D bioprinter.
	(b) Fused Deposition Modeling (FDM): FDM, also referred to as “Fused Filament Fabrication” is a process in which the solid/thermoplastic filaments are extruded in a layer-by-layer manner through a nozzle after melting to form a 3D-object (Acierno and Patti, 2023). The main requisite of the printing material for its use in FDM 3D printing is that the molten printing material should be capable of solidifying immediately once the printing is over. FDM is mostly used in the continuous production of pharmaceuticals.
	(c) Co-axial 3D bioprinting: Co-axial 3D bioprinting is a strategy that facilitates multimaterial printing that simultaneously dispenses multiple bioinks through a single filament (containing concentric orifices to dispense bioinks concentrically). This kind of 3D printing strategy is mostly used in biofabrication of cell-laden constructs/tissue engineering applications (Hong et al., 2019; Kim and Nam, 2020; Liu et al., 2022) and to a certain extent in the manufacture of pharmaceutical formulations (Talebian et al., 2021). An interested reader can explore for more details on the applications of co-axial 3D bioprinting in tissue engineering by referring to the review by (Kjar et al., 2021).
	(d) SLA 3D printing and bioprinting: SLA, also known as “vat polymerization” 3D printing is a process in which the photosensitive resin in the form of liquid is poured into a tank and cured by UV light for solidification (Dassault Systèmes, 2024). SLA 3D printing and bioprinting techniques are mostly used in the fabrication of pharmaceutical formulations and cell scaffolds, especially the bone scaffolds. Figure 2 presents the schematic of principle behind the working of a SLA 3D printer/bioprinter.
	(e) DLP-based 3D printing and bioprinting: In DLP-based 3D bioprinting, the digital light source is allowed to project layer-by-layer in the form of surface light on a liquid photosensitive resin surface, followed by solidification of layers. Figure 3 presents the schematic of the working principle of a DLP-based 3D printer/bioprinter.

[image: Diagram of a 3D bioprinting process with labeled components: syringe filled with bio-ink, a piston, and a needle for extrusion. An optional UV light source is for photo-crosslinking. The setup includes a petri dish with crosslinking medium and a temperature-controlled surface for thermal crosslinking. Air is indicated above the syringe.]FIGURE 1 | Schematic of an extrusion-based 3D bioprinter [Reproduced from (You et al., 2017] with permission. Copyright 2017 MDPI).
[image: Diagram illustrating the components of a 3D printing system. It includes a platform jack above a build platform supporting a 3D printed structure. Below is a resin VAT. A light source and programming mirror control the light, directing it towards the printer. An arrow indicates the potential movement of the platform jack.]FIGURE 2 | Schematic of the working principle of a SLA 3D printer/bioprinter (Verisqa et al., 2022).
[image: Diagram illustrating the components of a 3D printing setup. From top to bottom: platform jack, build platform, and 3D printed structure above a resin vat. Below, there is a programming mirror reflecting light from a sun-like light source. Arrows and labels indicate each part.]FIGURE 3 | Schematic of the working principle of a DLP-based 3D printer/bioprinter (Verisqa et al., 2022).
3 APPLICATIONS OF 3D PRINTING AND 3D BIOPRINTING IN DIABETIC PATIENTS
3.1 Diagnostic applications
3.1.1 Biosensors and other analytical tools
Biosensors are analytical devices used in sensing and detection of high glucose level in diabetic patients. Liu et al. (2021) devised and investigated the utility of MN-based biosensor for subcutaneous-level interstitial glucose sensing applications (see Section 3.2.2.) (Liu et al., 2021). Remarkably, Goel and co-workers developed a portable platform using a combination of 3D printing, laser (CO2 laser) and electrode (graphene electrode) technologies that could detect the sugar level in patients with type I and type II diabetes (Kumar et al., 2023). Very recently, Piaggio et al. (2024) proposed a smart-tool for screening diabetic neuropathies based on the integration of 3D printed accessories and a smartphone app. The findings from the experiments conducted with 11 normosubjects established that the smart-tool could serve as a practical solution to improve the SoC of diabetic patients suffering with diabetic neuropathy (Piaggio et al., 2024).
3.2 Therapeutic applications
3.2.1 Oral medications
3D printing has been recognized as one of the promising strategies implemented for the production of oral solid dosage forms (Ventola, 2014; Ahmad et al., 2023). Various printing methods such as 3D extrusion-based printing (Ahmed et al., 2021), Fused Deposition Modeling (FDM) (Ibrahim et al., 2019), Ink-Jet Printing (IJP) (Stranzinger et al., 2021) and Semi-Solid Extrusion (SSE) printing (Cui et al., 2019) have been used by researchers for the production of various types of oral formulations. Khaled et al. (2015) employed 3D extrusion-based printing and produced polypills containing captopril, nifedipine and glipizide with controlled release profiles. These polypills potentially find its use in the treatment of hypertension in diabetic patients (Khaled et al., 2015).
Ahmed et al. (2021) reported Self-Nano Emulsifying Drug Delivery System (SNEDDS)-based 3D-printed tablet formulation containing GLMP and rosuvastatin (RSV) for treating dyslipidemia in diabetic patients (Ahmed et al., 2021). Extrusion-based 3D printing method was employed for the preparation of the formulation. The comparison of SNEDDS tablets with non-SNEDDS tablets indicated that the drug release behaviour of SNEDDS tablets were superior to that of the non-SNEDDS tablets (Ahmed et al., 2021). The researchers surmised that the formulated SNEDDS-based tablets could serve as a promising combined oral medication for diabetes treatment.
Ibrahim et al. (2019) 3D printed Metformin HCL tablets using Poly Vinyl Alcohol (PVA) as polymer by FDM and investigated the drug loading, tablet design and dissolution studies for those 3D printed tablets (Ibrahim et al., 2019). Likewise, Gioumouxouzis et al. (2018) 3D printed bilayer oral solid dosage form combining metformin for prolonged and glimepiride (GLMP) by FDM for immediate drug delivery (Gioumouxouzis et al., 2018). Stranzinger et al. (2021) used Near-Infrared (NIR) hyperspectral imaging as a monitoring tool for on-demand manufacturing of ink-jet printed metformin hydrochloride formulations (Stranzinger et al., 2021).
Cui et al. (2019) utilized SSE 3D printing and fabricated tablets with customized internal structures containing personalized doses in it (Cui et al., 2019). The researchers used glipizide as model drug and investigated the effect of three different concentrations of the polymer HPMC K100LV polymer in the 3D printing of glipizide tablets (Cui et al., 2019). The study revealed that the tailored drug release was achieved with the 3D printed tablets, thereby proving that personalized tablets prepared by SSE 3D printing can be effectively used to modulate the physicochemical properties of drug (Cui et al., 2019).
3.2.2 Transdermal drug delivery systems
Transdermal drug delivery has been gaining attraction as an effective drug delivery system since it offers several advantages such as being patient friendly, non-invasive, and potential to bypass the first-pass metabolism by liver (Alkilani et al., 2015; Wong et al., 2023). It is not astonishing to see that the application of transdermal drug delivery system has also been progressing in the battle against diabetes.
Pere et al. (2018) reported the fabrication of polymeric microneedle (MN) patches containing insulin by means of (SLA) printing (Pere et al., 2018). A biocompatible class I resin, Dental SG was photopolymerized into pyramid and cone designs. Insulin was loaded into three carbohydrate-based drug carriers, namely, the trehalose, mannitol and xylitol, which were further inkjet print-coated onto the pyramid and cone MN designs. Effect of MN design on the insulin release and the integrity of the drug carrier containing insulin were evaluated. The three carriers were reported to maintain good integrity with xylitol exhibiting best performance and insulin release was found to be rapid with both the pyramid and cone designs. The researchers suggest that the proposed biocompatible 3D printed-MNs would be biocompatible as well as scalable (Pere et al., 2018).
Analogous to the discussed work above, Economidou et al. (2019) fabricated 3D printed MN patches with superior skin penetration capacity by photopolymerizing biocompatible resin layer-by-layer in pyramid and spear designs, for intradermal delivery of insulin by means of stereolithography (SLA) (Economidou et al., 2019). Carrier made up of sugar, and insulin were coated onto the surface of resin by Ink-Jet Printing. The researchers concluded that the fabricated MN system was able to exhibit fast insulin action and well-controlled hypoglycemic condition during the in vivo trial experiments with diabetic mice. Following this study, the same research team worked on the optimization of design and manufacturing parameters of 3D printed solid MNs of insulin for improved strength, sharpness, and delivery (Economidou et al., 2021). It was illustrated that the coating morphology, piercing behaviour and fracture of the MNs were influenced by its geometry (Economidou et al., 2021).
Interestingly, very limited number of reports have explored the formulation of MN system by extrusion-based 3D printing. Wu et al. (2020) demonstrated the employability of extrusion-based 3D printing in the fabrication of insulin-loaded MN patch for regulated delivery of insulin and glucose management in diabetic mice (Wu et al., 2020).
A step ahead of transdermal drug delivery, Liu et al. (2021) explored the use of MNs subcutaneous-level interstitial glucose sensing applications (Liu et al., 2021). A biosensor constructed by the integration of four techniques, namely, 3D printing, microfabrication, an electroplating and an enzyme immobilization was investigated for the sensing, continuous and painless monitoring of interstitial glucose level in mice (Liu et al., 2021). The MNs-based biosensing device exhibited a consistent and steady detection of glucose in various biological fluids such as in buffer, plasma, and simulated interstitial fluid (ISF) (Liu et al., 2021). The authors proposed that the electroplating and microfabrication techniques aided the sensor to sense and detect glucose with good sensitivity in a broad detection range (Liu et al., 2021). This finding could possibly pave for the invention of new analytical devices for continuous monitoring of blood glucose levels which will be extremely useful one for diabetic patients.
3.2.3 Orthotic insoles
50% of diabetic patients were believed to develop symptomatic peripheral neuropathy within 25 years of first occurrence of diabetes (Volmer-Thole and Lobmann, 2016). Peripheral diabetic neuropathy is one of the major chronic complications that affects feet, legs, digestive system and heart (Zaino et al., 2023). However, the organ system that often gets affected because of this neuropathy is the nervous system of the legs and feet. The orthotic insoles are special kind of biomedical product that finds its application in the treatment of foot-related complications caused because of peripheral diabetic neuropathy among diabetic patients. Foot insoles are used in relieving pains (especially site-specific pains) in persons hailing diabetic foot complications. Plantar pressures (or distribution of loads on foot) in diabetic patients act as one of the important parameters in evaluating the progression of diabetes (Zuniga et al., 2022). Custom insoles, also referred to as “Standard of Care (SoC) insoles” are well-known for its use in dealing with diabetic foot plantar pressures. Though these SoC insoles are customized, these still do possess a drawback of being dependent on the generic properties of materials. However, recent research has evidenced the 3D Printing strategy could be employed to circumvent this drawback by relying on individualized materials in the fabrication of diabetic-friendly personalized insoles (Mancuso et al., 2023). Mancuso et al. (2023) conducted a pilot study named “DIAPASON” (DIAbetic PAtients Safe ambulatiON) and studied the safety of 3D-printed insoles, when used by an italian patient with foot complications associated with T2D in an ambulatory setting (Mancuso et al., 2023).
In the past few days, integration of 3D printing, scanning, materials chemistry and software application have been highly beneficial in fine-tuning the procedure of insole fabrication process and in enhancing the performance of insoles as well (Zuniga et al., 2022; Mancuso et al., 2023). For instance, Zuniga et al. (2022) developed 3D-printed insoles employing the thermoplastic polyether-polyurethane and thermoplastic polyurethane polyester-based polymer for diabetic patients and evaluated its efficiency in plantar pressure distribution with electronic pressure sensors (Zuniga et al., 2022). The insoles were found to perform well and were reported to possess potential in managing diabetes. The patients also provided feedback that the insoles made up of thermoplastic polyurethane polyester-based were comfortable than that of the standard insole and the insole made up of the thermoplastic polyether-polyurethane. Similarly, Muir et al. (2022) evaluated the plantar distribution potential of 3D printed accommodative insoles (Muir et al., 2022). Patient-specific metamaterials were used in the 3D printed insole design. Likewise, Hudak et al. (2022) developed a novel workflow to fabricate patient-specific 3D printed accommodative foot orthosis with personalized lattice metamaterial (Hudak et al., 2022).
Maharana et al. (2022) proposed a kind of 3D printed, mechanically operated dynamically self-offloading customized therapeutic footwear that involves no use of sensors and actuators (Maharana et al., 2022). The foot dimensions and walking style were customized in the therapeutic footwear made of the polymer, thermoplastic polyurethane (Maharana et al., 2022). The working principle of the therapeutic footwear was based on the mechanism that when a load is applied, the snapping arches in the footwear enters the negative-stiffness regime. In contrast, offloading the load will snap to a different shape, followed by reverting back of the snapping arch to the initial shape when the load disappears (Maharana et al., 2022). The research team hypothesize that the snapping mechanism helps to keep the feet well-balanced, and also assist in quicker healing of the injured sites of the feet (Inidian institute of science, 2022; Maharana et al., 2022).
3.2.4 Diabetic wounds and foot ulcers
Diabetic wounds are another kind of complications that affects the quality of life of most of the diabetic patients with peripheral neuropathy. A typical wound healing process comprises four important phases, namely, hemostasis, inflammation, proliferation and remodeling (Guo and DiPietro, 2010; Huang et al., 2022). Unlike in non-diabetics, the blood circulation gets slowdown in diabetic patients and hence the body’s efficiency to deliver nutrients to the wound regions gets disrupted. This causes the diabetic wounds to heal slowly. Moreover, the diabetic wounds are also associated with high infection risk. Similar to wounds, some diabetic patients also suffer with slow healing foot ulcers, commonly referred to as “Diabetic Foot Ulcers (DFU).” While diabetic wounds are caused by cuts or abrasions, DFU starts as wounds and further progresses as foot sore with poor ability to heal. DFU is a kind of skin lesion caused because of the neuropathic complications in T1D and T2D patients when sugar level is not under control. DFU, if left untreated may lead to amputation (Kushmakov et al., 2018). The impairment of wound healing or DFU in diabetes is mainly attributed to poor immune response (NIH Research Matters, 2020), poor glycemic control (Game, 2008), renal failure (Game, 2008) and visual impairment (Game, 2008). Hence, early detection and treatment for DFU is very much important. For past few years, 3D bioprinting has been explored by several researchers in fabricating scaffolds for wound healing. Our literature survey indicate that good number of review articles have been contributed by researchers in this regard (Tsegay et al., 2022; Freedman et al., 2023; Pita-Vilar et al., 2023; Uchida and Bruschi, 2023). This section presents the recent applications of 3D bioprinting in the production of scaffolds for diabetic wound healing.
Fratini et al. (2023) integrated microfluidics technology with co-axial 3D bioprinting to fabricate a wound dressing that can simultaneously reduce the bacterial load and promoting wound healing (Fratini et al., 2023). Customization of a wound-healing scaffold based on the nature of wound in a patient can help in managing patient’s demand efficiently. Accordingly, Glover et al. (2023) fabricated 3D bioprinted polycaprolactone (PCL) scaffolds of different designs (honeycomb, square, parallel, triangular and double-parallel) loaded with an antibiotic, levoflocixin and investigated the sustained drug release for wound-healing applications (Glover et al., 2023). The impact of scaffold geometry and antibiotic concentration on the mechanical properties were examined. Figure 4 presents the digital images of 3D bioprinted PCL scaffolds of various designs and the fexibility a bioprinted scaffold. Also, the drug release characteristics of scaffolds were investigated in the study. The researchers established that the scaffolds can be modified according to the size of the wound and can serve as a potential strategy for treating DFU when compared with that of the conventional treatment strategies as it could perfectly meet the patient’s demand by being simpler and economical (Glover et al., 2023). Jiang et al. (2023), recently contributed an informative review on the present status and progress on dressing management for DFU (Jiang et al., 2023). Table 1 presents the summary of literature reports available on the 3D bioprinting of scaffolds fabricated for healing of diabetic wounds and DFU.
[image: Six-panel image showing various 3D-printed structures with a scale for size reference. Panels A to E display different geometric patterns: honeycomb, grid, and rows of vertical structures, each with a ruler beneath measuring up to 4 centimeters. Panel F shows a gloved hand holding a small object.]FIGURE 4 | Digital images of 3D bioprinted PCL scaffolds of different designs: (A) honeycomb, (B) square, (C) parallel, (D) triangular, (E) double-parallel, and (F) the fexibility a bioprinted scaffold [Reproduced from (Glover et al., 2023) with permission. Copyright 2023 Springer Nature].
TABLE 1 | Summary of literature reports available on 3D bioprinted hydrogels/scaffolds fabricated for diabetic wound healing and DFU healing applications.
[image: A table listing various types of 3D printed biomaterials, their hydrogel compositions, fabrication methods, comments, and references. It includes entries such as scaffolds with nanocomposite hydrogel, antibiotic scaffolds with levofloxacin, and wound dressings with DNA from salmon sperm. Fabrication methods include bioprinting and 3D printing. Comments cover properties like antibacterial activity and wound healing enhancement. References are cited from different authors and years ranging from 2018 to 2023.]3.3 Engineering of pancreas and bones
3.3.1 3D bioprinted organs, bio scaffolding/encapsulation systems
Among the various organs in the organ system, pancreas play a vital role in maintaining blood glucose level (Sharabi et al., 2015; Roder et al., 2016) by secreting the glucose-maintaining hormones, insulin and glucagon. A pancreas is an elongated organ localized behind the stomach and across the belly. A pancreas consists of an exocrine chamber of secretory cells that synthesizes digestive juice, further releases the juice into pancreatic duct, and an endocrine chamber of islet cells. These islet cells include α cells and β cells that do produce two vital hormones, glucagon and insulin for maintaining and regulating the blood glucose level (Moulle and Parnet, 2019). A schematic demonstrating the structure and constituents of a pancreas is shown in Figure 5.
[image: Diagram illustrating the pancreas anatomy and cellular structure. The left side shows the pancreas with ducts, duodenum, bile duct, and surrounding organs. The right side details pancreatic islet cells, including beta, delta, alpha, and other cells, along with blood capillaries and acinar cells.]FIGURE 5 | Schematic representation of a pancreas and its constituents [Reproduced from (Moulle and Parnet, 2019) with permission. Copyright 2019 MDPI].
When the function of a pancreas or liver is impaired, the regular glucose metabolism in the body will be disrupted, thereby leading to pre-diabetes or diabetes. Though chemotherapy via intake of drugs such as metformin or insulin therapy can be adopted as a treatment for T2D (the condition where the body is unable to use the produced insulin) or T1D (the body is unable to produce enough insulin) the drug-based or insulin therapy may become inadequate for patients during the course of time. In such a condition, the patients will be in need of pancreatic islets or pancreas transplant (Wszola et al., 2021). Islet transplantation is in forefront among the various strategies available for treating T1D. However, islet transplantation may unfortunately fail due to inevitable reasons such as immune response directed by the host to the transplanted cells, low viability and low functionality of islet cells.
Transplantation of bioartificial organs (bioartificial pancreas) is an attractive strategy that can be employed to circumvent the above-mentioned drawbacks. Fabrication of a bioartificial pancreas is a complicated process and utmost care should be taken with respect to several aspects notably source of islet cells, biocompatibility to the host, possession of vascularization network and enriched nutrient supply. Figure 6 presents the schematic indicating the various factors that influence the fabrication of a bioartificial pancreas (Soetedjo et al., 2021).
[image: Diagram depicting the fabrication of a bioartificial pancreas, centered in a pentagon. Arrows point to five components: Source of islets, Housing cells, Proangiogenic factors, Modulation agents, and Connect to host. Each component includes specific tasks like encapsulation, selection, and transplantation, highlighted in different colors.]FIGURE 6 | Considerations for the fabrication of bioartificial pancreas (Soetedjo et al., 2021).
3D Bioprinting can be employed to get rid of the drawback of graft rejection by the body through means of facilitating donor-independent T1D treatment strategy. A polymer chosen for bioprinting organs should possess the vital characteristics such biodegradable, biocompatible, 3D printable, crosslinkable and storable. In donor-independent T1D treatment strategy of restoring glucose homeostasis, the human stem cells will be cultured in vitro and differentiated into β cells (insulin-producing cells) and α cells (glucagon-producing cells). The β and α cells will be impregnated into the bioink for the 3D bioprinting of pancreas, which will be transplanted into patients (Wszola et al., 2021). Accordingly, Farina et al. (2017) fabricated a functionalized encapsulation system and examined its utility in the subcutaneous engraftment of islet-like cells (Farina et al., 2017). The encapsulation system was to offer protection against acute hypoxia, enhanced hydrophilicity, good cell attachment and proliferation properties (Farina et al., 2017).
The components in Extracellular matrix (ECM) influence the biological activity, mechanical stability and life span of the in vitro pancreatic culture (Daoud et al., 2011). This demands the fine-tuning of composition of ECM to ensure long-term usage and preservation of in vitro pancreatic cellular/tissue models. Daoud et al. (2011) examined the functions of human islet cells within the three various 3D extracellular matrices, namely, collagen I, collagen I with the ECM components fibronectin/collagen IV, and microfabricated scaffold with ECM-supplementation (Daoud et al., 2011). The researchers demonstrated that the 3D ECM containing the ECM components extended the life span of human islet culture. Surprisingly, the microfabricated scaffold with ECM-supplementation presented an insulin release behavior that is identical to that of the freshly isolated pancreatic islets (Daoud et al., 2011).
Kim et al. (2019) conducted a study and proposed that the pancreatic tissue-derived extracellular matrix can function as a possible candidate to mimic the native microenvironment in transplantable 3D pancreatic tissues through the observations from their research (Kim et al., 2019).
Concurrently, Klak et al. (2023) biofabricated 3D bionic scaffolds of islet cells with dECM (decellularized extracellular matrix)-based bioink using an extrusion-based 3D bioprinter, and investigated its activity on the murine models (Klak et al., 2023). The 3D bioprinted pancreatic petals were found to continue the secretion of insulin and neovascularization after transplantation, thereby dropping the plasma glucose concentration in the murine models (Klak et al., 2023). Also, Kavand et al. (2023) constructed a microstructure that can hold pancreatic islets in a specific location within the anterior chamber of the eye (ACE) and promote tissue engraftment (Kavand et al., 2023). Chen et al. (2022) reported the fabrication of 3D printed mini-capsule device containing islets that can be used for the delivery of islet cells as a treatment of T1D (Chen et al., 2022). DLP-based printing method with an exposure time of 20 s (the exposure time was confined to 20 s in order to ensure long-term survival of the islet cells) was adopted to construct the mini-capsule devices with a groove structure (the groove structure prevents the leakage of islet cells due to gravity settlement) using gelatin methacrylate (GelMA) (Chen et al., 2022). Upon subcutaneous transplantation of the encapsulated islet cells into an immunocompetent mice model, the researchers observed that the islet cells reduced the Foreign Body Reaction (FBR) from host to graft and also reduced the hyperglycemic symptoms without using immunosuppressant for long-term proving to be an effective treatment for T1D (Chen et al., 2022). Similarly, Hwang et al. (2021) designed a 3D bioprinted hybrid encapsulation system containing pancreatic islets as a treatment strategy for T1D (Hwang et al., 2021). The hybrid encapsulation system comprises an outer part polymer capsule (microporous in nature) and an inner part dECM hydrogel with pancreatic islet-like aggregates (nanoporous in nature). The 3D bioprinted hybrid encapsulation system was proven to possess enhanced therapeutic potential by directing structural maturation and functional enhancement of cells (Hwang et al., 2021).
3.3.2 Management of diabetes-associated bone defects
The hyperglycemic condition and altered metabolism in T1D and T2D patients enhance the risk of fracture, impairs fracture healing and interferes with bone forming process (Jiao et al., 2015; Xu et al., 2023). Diabetic micromilieu with chronic inflammation and Diabetic Infectious Micromilieu (DIM) play a major role in the impairment of a bone regeneration process (Li et al., 2022; Xu et al., 2023). Recently, Jiang et al. (2023) 3D bioprinted the scaffolds made up of GelMA and strontium (Sr)-holding bioactive glass nanoparticles (Sr-MBGNs: mesoporous in nature) with a goal of remodeling the pathological diabetic micromilieu into immunomodulating nanocomposite with enhanced angiogenic, osteogenic and anti-inflammatory properties. The researchers observed that the Sr-MBGNs aided as a biomineralization precursor, in turn stimulated the release of calcium, silicon and strontium ions, thereby ensuring bone regeneration efficiency (Xu et al., 2023).
Interestingly, Yang et al. (2021) developed a 3D bioprinted enzyme-functionalized scaffold that performs multiple functions such as angiogenesis, anti-inflammation and osteogenesis (Yang et al., 2021). The so-called “multifunctional scaffold” was composed of alginate polymer, catalase-assisted biomineralized calcium phosphate nanosheets (CaP@CAT NSs) and glucose oxidase (GOx) enzyme. The alginate offered mechanical strength to the scaffold while GOx reduced the hyperglycemic environment by oxidizing glucose into gluconic acid and hydrogen peroxide (H2O2). The CaP@CAT NSs in scaffold was an important constituent of the scaffold for the scavenging of H2O2 molecules. This overall process induced creation of a hypoxic microenvironment, which in turn stimulated neovascularization, thereby promoting bone regeneration (Yang et al., 2021).
Osteogenesis inhibition caused by the stem cell dysfunction is another factor responsible for the impairment of a bone regeneration process in a diabetic patient (Chen et al., 2022). Researchers have observed that activation of Glycogen Synthase Kinase-3β (GSK-3β) by high glucose leads to osteogenesis inhibition by stem cell dysfunction (Zhang et al., 2016; Chen et al., 2021; Chen et al., 2022). As a strategy to promote osteogenesis by inhibiting GSK-3β, Chen et al. (2022) fabricated lithium-based mesoporous bioactive glass (for in vitro study) and lithium-based mesoporous bioactive glass/Poly Lactic-co-Glycolic Acid (PLGA) composite scaffold by 3D printing (for study in diabetic mice), followed by investigation of osteogenesis effect of the scaffolds (Chen et al., 2022). The researchers concluded that the scaffolds were effective enough in reversing the suppression of osteogenic differentiation by augmentation of Itga3 and activation of β-catenin/Tcf7/Ccn4 signaling pathway (Chen et al., 2022).
“Critical-sized bone defect” is a kind of bone defect that fails to heal spontaneously without surgical intervention because of the fact that its size surpasses its intrinsic healing potential (Schemitsch, 2017; Roddy et al., 2018). Sun et al. (2021) fabricated 3D bioprinted scaffolds using bioink composed of polymers gelatin, GelMA, 4-arm poly (ethylene glycol) acrylate (PEG), BMP-4 (Bone Morphogenetic Protein-4)-loaded mesoporous silica nanoparticles (MSNs), RAW264.7 macrophages (a macrophage cell line) and BMSCs (bone marrow stromal cells) (Sun et al., 2021). The researchers observed that the implantation of the scaffold in calvarial critical-size defect models of diabetic rats promoted osteogenic differentiation of BMSCs and this enhanced the bone repair in rat models (Sun et al., 2021).
3.4 3D drug testing models
3D in vitro models are the excellent therapeutic screening tools as they can mimic the exact the microenvironment of biological system. Kim et al. (2021) fabricated 3D bioprinted in vitro models of diseased skin containing the pathophysiological hallmarks such as the adipocyte hypertrophy, inflammatory reactions, insulin resistance and vascular dysfunction found explicitly in patients with T2D (Kim et al., 2021). The developed in vitro model was found to exhibit slow re-epithelization is one of the important hallmarks of diabetic skin. The research team surmised that upon stimulating an intercellular crosstalk between epidermis and dermis, the normal keratinocytes could be differentiated into diabetic epidermis by interacting with diabetic dermis (Kim et al., 2021). The researchers illustrated that this diabetic skin model can act as a perfect disease model for its use in drug development (Kim et al., 2021).
4 CHALLENGES AND FUTURE PERSPECTIVES
The 3D printing and bioprinting technologies are expensive. This factor limits their affordability for their use in the manufacture of 3D printed medicines/bioprinted organs for public use. Most of the research related to 3D printing and bioprinting are still limited to lab scale and translational research needs to be given more importance among the researchers. Importance should be given towards understanding the impact of 3D printed and bioprinted products in biological systems by conducting pre-clinical studies and case studies wherever applicable. Secondly, though 3D printing technology can afford fabrication of pharmaceuticals with varying sizes and shapes, the production of anti-diabetic drug formulations with customized doses depending on the age and other factors of patients has not been explored till date. In the current scenario, research and development on personalization or individualization is sparse. Hence, significant importance ought to be provided to the development of patient-centric pharmaceutical/biomedical products rather than the “one-size-fits-all” medication types. Thirdly, efforts have to be improved to obtain Food and Drug Administration (FDA)-approval for the 3D printed and bioprinted products. Till date, Spritam is the only 3D printed medicine that has been approved for use by the Food and Drug Administration (FDA). Therefore, more emphasize need to be given towards 3D printed/bioprinted product development, marketing and its utility for public use. In vitro drug testing models, identification of solutions for the ethical issues against the use of 3D printed or bioprinted products is another area to be focused on.
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Tympanic membrane perforation (TMP) is one of the most common conditions in otolaryngology worldwide, and hearing damage caused by inadequate or prolonged healing can be distressing for patients. This article examines the rationale for utilizing three-dimensional (3D) printing to produce scaffolds for repairing TMP, compares the advantages and disadvantages of 3D printed and bioprinted grafts with traditional autologous materials and other tissue engineering materials in TMP repair, and highlights the practical and clinical significance of 3D printing in TMP repair while discussing the current progress and promising future of 3D printing and bioprinting. There is a limited number of reviews specifically dedicated to 3D printing for TMP repair. The majority of reviews offer a general overview of the applications of 3D printing in the broader realm of tissue regeneration, with some mention of TMP repair. Alternatively, they explore the biopolymers, cells, and drug molecules utilized for TMP repair. However, more in-depth analysis is needed on the strategies for selecting bio-inks that integrate biopolymers, cells, and drug molecules for tympanic membrane repair.
Keywords: tympanic membrane perforation, 3D printing, tissue engineering, repair, wound healing

1 INTRODUCTION
The tympanic membrane (TM) is essential for sound conduction. However, trauma, otitis media, and iatrogenic injury can lead to TM perforation (TMP), ranging from minor tears to complete rupture (Anand et al., 2021; Castelhano et al., 2022; Hu et al., 2023). While some perforations heal spontaneously, more considerable injuries often require surgical intervention due to associated otalgia, hearing loss, and patient inconvenience (Anand et al., 2021). The mainstream therapy combines autologous material repair with tympanoplasty (Marchioni et al., 2020; Sainsbury et al., 2022). However, it poses risks such as tissue sampling harm and increased surgical risks, often leading to complications such as foreign body reactions and persistent infections. These conditions highlight the urgent need for moderately priced non-autologous grafts (Sainsbury et al., 2022; Kuo et al., 2018; von Witzleben et al., 2023). Tissue engineering offers repair materials as an alternative to autografts. Bioengineered scaffolds show promise in supporting cell growth, maintaining cell morphology, and promoting extracellular matrix formation (Kuo et al., 2018).
Recent advancements in three-dimensional (3D) printing technology have enabled the fabrication of complex biofunctional patches, allowing precise control over scaffold design and incorporating cells and growth factors to enhance performance (Bracaglia et al., 2017; Kuo et al., 2018; Prendergast and Burdick, 2020). However, selecting appropriate biopolymers and 3D printing methods to restore mechanical properties and sound conduction function remains challenging, given the current state of material and technological development (McMillan et al., 2023; Vyas et al., 2023). Various printing methods, such as inkjet printing, extrusion-based printing, laser-assisted printing, and fused deposition modelling, offer options for fabricating bioengineered scaffolds for TM regeneration (Bozkurt and Karayel, 2021; Kakkad et al., 2023; Brumpt et al., 2024). Meanwhile, combining biological and chemical synthetic materials has led to novel composite materials, including electrospinning membranes, films, and hydrogels, offering potential solutions for TMP repair (Rostam-Alilou et al., 2021).
A comprehensive understanding of 3D printing technology and biopolymers is essential for developing innovative printing inks, selecting suitable 3D printing techniques, and creating tissue engineering strategies. Despite recent articles reviewing TM perforation repair and 3D printing experiments (Aleemardani et al., 2021; Hussain and Pei, 2021; Ilhan et al., 2021; Khan et al., 2022; Vrana et al., 2022; Zhao et al., 2022; McLoughlin S. et al., 2023; Hu et al., 2023; McMillan et al., 2023), only some have examined the specific selection strategies and the role of 3D printing in this context. In this review, we selected studies based on the following criteria: publications from the last 5–7 years, peer-reviewed articles, and studies focusing on the application of 3D printing in tympanic membrane repair. To provide a comprehensive overview, we included several studies that demonstrated the efficacy of 3D printing in TMP repair. For example, Kuo et al. (2018) showed that 3D-printed grafts significantly improved healing rates compared to traditional methods. Similarly, Jang et al. (2022) reported enhanced biocompatibility, versatility, and precision in creating complex, multifunctional scaffolds for tissue engineering using 3D-printed animal models. The subsequent sections will provide additional examples, elaborating on the diverse approaches and promising outcomes in applying 3D-printed scaffolds for tympanic membrane repair.
Despite its promise, 3D printing for tympanic membrane repair faces several challenges, including high costs of materials and equipment, complex production requirements, and time-related drawbacks. Non-professionals require extensive training, and finding suitable bio-ink materials involves significant trial and error. Additionally, long-term clinical studies are necessary to thoroughly assess the risks and benefits of this technology. Moreover, further long-term clinical studies are needed to fully understand the potential risks and benefits of this technology.
This paper aims to fill this gap by extensively exploring the development and innovation of various bioinks and 3D printing technologies, along with their selection criteria, efficacy, and limitations for 3D printing of the TM. In addition, it discusses in vitro and in vivo trials related to the fabrication of scaffolds for TM repair using these methodologies. This review is structured as follows: Section 1 discusses the current state of TMP repair techniques. Section 2 explores the general overview of 3D printing technologies in TMP repair. Section 3 focuses on the integration of biopolymers, cells, and drug molecules into bio-inks. Section 4 lists the biopolymers available for printing materials used in TMP repair, and Section 5 provides an analysis of future directions and clinical applications.
2 TYMPANIC MEMBRANE WOUND HEALING
2.1 Tympanic membrane structures and compositions
The TM serves multiple functions, including insulating the middle ear from external pathogens, maintaining negative pressure, and converting external sound into vibrational frequencies for hearing (Maharajan et al., 2020) (Figure 1). Comprising three layers—outer epithelial, intermediate fibrous connective tissue, and inner mucosa—the TM undergoes continuous regeneration and self-cleaning (Maharajan et al., 2020; Wu et al., 2021). The fibrous connective tissue layer, with its intricate arrangement of fibres, plays a crucial role in acoustic-mechanical conversion and conduction. Various fibre orientations, such as circumferential, radial, and parabolic, influence the TM’s elasticity and resilience. Radial fibres significantly impact rigidity, while circular fibres affect resilience and structural integrity (Anand et al., 2021; Wu et al., 2021).
[image: Diagram illustrating the process of hearing. Part A shows sound waves entering the ear, vibrating the eardrum, then moving through the ossicles to the cochlea. Part B depicts the auditory pathway anatomy, highlighting structures within the ear such as the cochlea, middle ear bones, and ear canal.]FIGURE 1 | Schematic diagram of frontal anatomy of the ear (B) and airborne transmission of sound (A) (using the right ear as an example).
2.2 Tympanic membrane perforation
TM perforations can be classified by their size and location. Minor to medium-sized TM perforations often heal spontaneously or with antibiotic therapy, whereas larger or central TM perforations may become chronic if left untreated (Castelhano et al., 2022; von Witzleben et al., 2023; Ilhan et al., 2021). Persistent perforations, especially those associated with otitis media, can result in hearing loss due to excessive scar tissue or an unstable neo-tympanum. Consequently, it could lead to permanent hearing impairment, especially high-frequency sounds (von Witzleben et al., 2023). Untreated or recurring perforations may also contribute to psychological issues and higher mortality rates, posing significant healthcare challenges.
2.3 Current treatments and limitations
Surgical intervention (e.g., myringoplasty) is often necessary for persistent TM perforations (Kuo et al., 2018; Jang et al., 2022). Myringoplasty procedures (type I tympanoplasty) involve placing repair material to elevate the TM flap. The success rate of cartilage repair surgery varies widely, underscoring the importance of surgeon skill in addressing irregular perforation shapes (Kuo et al., 2018). However, reliance on autografts can prolong surgical time and exacerbate postoperative recovery. While exploring using 3D printed guides for autograft fitting shows promise, it remains labour-intensive. Although tissue engineering of the TM is still in its early stages of development, creating pre-prepared uniform repair materials could improve surgical outcomes and accessibility, providing a potentially superior alternative (Rostam-Alilou et al., 2021).
3 STRATEGIES OF 3D PRINTING
3D printing, as a manufacturing technology, involves the layer-by-layer deposition of ink in the form of droplets or continuous filaments under the influence of mechanical, piezoelectric, electrostatic, thermal, or ultrasonic forces, with each layer accumulating according to predetermined parameters (Liashenko et al., 2020; Dou et al., 2021). These inks may contain natural or synthetic polymers, biological tissues, or a combination (Shahverdi et al., 2022). Considering the diverse regenerative capacities of patients, 3D printing allows for the customisation of bio-ink composition to create patient-specific materials for tympanic membrane repair. Producers can tailor these materials to have anti-inflammatory, antibacterial, and regeneration-inducing properties (Liaw and Guvendiren, 2017; Kuo et al., 2018; Liashenko et al., 2020; Yang et al., 2021). 3D printing-based fibre extrusion technology holds promise in restoring the fibre arrangement of the TM’s connective tissue layer, which is crucial for guiding the arrangement of epithelial cells and fibroblasts, as well as collagen deposition (Anand et al., 2021).
The average thickness of the TM is approximately 0.1 mm (Ilhan et al., 2021; Lee E. et al., 2022; Morgenstern et al., 2024). The development of TM tissue engineering could be enhanced using printing nozzles with adequate precision to fabricate patches. There is more than one printing method capable of achieving sub-100-micron accuracy. The key lies in preserving the loaded drugs’ activity and the cells’ functionality within the product. Currently, stereolithography is more advanced in research on nanoscale printing resolution, achieving a minimum resolution of 65 nm (Hengsteler et al., 2021). However, it has high demands on the ink and can only print photopolymer materials (Hengsteler et al., 2021). 3D printing can systematically and precisely arrange various ink components into three-dimensional engineered structures, offering significant advantages in dimensions, shapes, repeatability, and positional accuracy (Ma et al., 2024; Morón-Conejo et al., 2024). Composite scaffolds made of different polymers and biological components have already been created with the current achievable resolution and have demonstrated promising application outcomes (Brandl et al., 2024; Lipkowitz et al., 2024; Ventisette et al., 2024). Thus, within the current resolution limitations, investigating various bioink components to improve the biological functionality of scaffolds represents a promising research avenue. Therefore, in the following section on 3D printing strategies, it is crucial to discuss integrating biologically active components and cells rather than modified nozzle size. 3D printing infusing bioactive molecules and cells in ink, called bioprinting, enhances cell regeneration potential (Vrana et al., 2022).
The transition of printed products from a fluid to a solid state typically requires crosslinkers or catalysts. Recently, a technology known as 4D printing has emerged, allowing for altering printed product shapes over time dimensions. However, this technology requires materials responsive to external stimuli, which must be utilised (Chen et al., 2023; Pourmasoumi et al., 2023). While no single 3D printing technology can replicate all tissue complexities, inkjet printing, laser-assisted printing, and extrusion printing offer unique advantages, disadvantages, and limitations.
3.1 Construct design
Constructing the 3D printed model involves converting image patterns into STL format files, followed by slicing to generate G-code files for the bioprinter tool path. Alternatively, designers can use morphological data or clinical images, such as MRI and CT scans, to create STL files (Boulenger de Hauteclocque et al., 2023; Takaoka et al., 2024; Willershausen et al., 2024). Exploring different toolkit options for creating customised TM models is also feasible (Jiménez et al., 2019). Printer resolution referred to as layer thickness inversely affects print quality and printing time. Porous structures can be achieved by freeze-drying a mixture of solution and emulsifier and removing ice crystals, providing control over scaffold porosity for growth (Abbasi et al., 2020).
CAD techniques are used to acquire patient-specific TM structures, often by scanning the intact TM of the opposite ear to create a CT image for CAD modelling (Bozkurt and Karayel, 2021). Clinical images could offer personalised TM tissue structure information as potential templates for patch printing on-demand. Virtual calibration using clinical image data helps improve resource efficiency. Bio-CAM (Bio-computer-assisted manufacturing) simulates physical models on computers to predict manufacturing feasibility. It often utilises classical formulas and finite element method (FEM) calculations, with the laminar multiphase flow model being widely employed (Amorfini et al., 2018; Mangano et al., 2022).
Studies have extensively investigated the factors affecting cell sedimentation in inkjet printing, including clogging, viscosity, and printing height. Extrusion printing parameters, such as dispensing pressure, printing time, and nozzle diameter, have also been analysed. Laser-assisted printing research has focused on studying the impact of laser energy, base film thickness, and hydrogel viscosity on droplet size, cell proliferation, differentiation, and viability.
Bio-CAM, in conjunction with Bio-CAD, improves print quality and speeds up printing processes, thereby advancing the development of bioprinting technologies. Machine learning algorithms show promise in predictive modelling and parameter tuning for the long-term utilisation of 3D-printed structures.
3.2 Printing methods
When it comes to the printing method, there are several options available (Figure 2), including inkjet printing (e.g., droplet-on-demand, continuous inkjet bioprinting), extrusion-based printing (EBP) (e.g., pneumatic, mechanical, piston, or rotating screw-driven extrusion), electro-assisted bioprinting, light-assisted (e.g., digital light processing), and laser-assisted printing (e.g., laser-induced forward motion, laser-guided direct writing, two-photon polymerisation) to choose from (Ng et al., 2019; Bozkurt and Karayel, 2021; Garcia-Villen et al., 2023).
[image: Diagram illustrating four types of 3D printing techniques. A shows material extrusion through a funnel to a platform. B depicts a syringe extruding layers onto a surface. C illustrates a droplet method, depositing droplets onto a base. D shows a UV-assisted printer with a cone and platform, curing materials with UV light.]FIGURE 2 | Four different 3D printing methods. (A) Inkjet Bioprinting. (B) Extrusion Bioprinting. (C) Laser-assisted Bioprinting. (D) Stereolithography Bio-printing.
Inkjet-based 3D printing utilizes nozzle spraying similar to 2D inkjet printing. It offers cost-effective and rapid printing with high cell survival rates. However, it has uneven droplet sizes, necessitating further development of droplet control technology. There is also a possibility that traditional inkjet printing generates thermal and mechanical stress, which can alter cell phenotypes. Therefore, researchers should decrease the cell density and utilize a bioink with low viscosity (Ablanedo Morales et al., 2023; Sörgel et al., 2023). In the field of bioprinting, technological advancements and innovations are progressing rapidly. A new method for gel-free cell printing on Gelatin Methacrylate (GelMA) coated slides has recently emerged. Masaeli and Marquette (2019) applied inkjet printing principles to directly print gel-free cells onto GelMA-coated coverslips, with the aim of creating intricate multilayer cellular models suitable for soft tissue engineering. The research team used a piezoelectric inkjet bioprinter with an 80 μm nozzle diameter and a droplet deposition precision of 5 μm. Despite some variability in droplet diffusion, the spacing between cell droplets remained approximately 210 μm. The absence of hydrogel in the cell suspension resulted in a low viscosity of 1.00E-03 Pa·s, achieving a high cell density of 2.3 × 107 cells/mL. There was no cell clogging in the print nozzle, and this method reduced cell damage compared to traditional inkjet bioprinting. Although repairing TMPs requires an adhesive patch, and the non-adhesive cell model cannot be directly applied, the precision and cell viability highlighted in this study provide inspiration for cell therapies for TMPs. Future research may focus on developing high cell density inkjet-printed scaffolds. Most research and development efforts are directed towards the latter few printing technologies.
EBP shares similarities with inkjet printing but employs higher pressures for viscous inks without high-temperature requirements. It typically uses pneumatic pumps, pistons, or mechanical screws (Vrana et al., 2022). Black (2020) explored the optimal parameters for obtaining isotropic tympanic membrane grafts using a pneumatic extrusion printer for Hot Direct Ink Writing. Jang et al. (2017) detailed the use of EBP and melt-spun in the fabrication of tympanic membrane scaffolds, noting the differences in tissue integration and mechanical properties. The team plotted the MSCs-laden bioink on the PCL/collagen fibrous surface at a processing temperature of 32°C, a pneumatic pressure of 170 ± 15 kPa, and a nozzle moving speed of 10 ± 2 mm/s. High cell density is a fundamental research topic in bio-manufacturing engineering and science, crucial for ensuring key characteristics of newly formed tissues (Dou et al., 2021). EBP, extensively employed in tissue engineering, presents a trade-off between printing precision and maintaining high cell viability at 107 cells per millilitre density (Wang et al., 2022) and could be a popular choice for 3D printing of biomimetic eardrums.
Fused deposition modelling (FDM) combined with electrostatic spinning produces finer fibres and mitigates the drawbacks of traditional electrostatic spinning. However, this method is constrained to creating structures smaller than 3 mm due to charge interactions. Recent studies have combined Fused Deposition Modeling (FDM) with Melt Electrowriting (MEW) and Gel Plotting techniques to fabricate TM patches for perforation repair. This innovative approach explores FDM’s potential in TM patch applications. The hybrid method utilizes FDM’s precision and structural control, while MEW enables the production of ultrafine fibrous networks to replicate the intricate structure of the native TM. Gel Plotting is used to create a pressure-tight membrane by coating the meshes with collagen type I. The study revealed that the conical shape of the patch significantly improved its acoustic properties compared to fiber alignment, which is crucial for sound transmission post-TM repair. This finding contrasts with previous studies on flat patches. The research emphasizes the importance of achieving a conical structure in TM patches to mimic the native TM accurately and highlights the advantages of 3D printing in producing such structures with precision. Despite FDM’s benefits in controlling macro-architecture and ensuring mechanical strength, challenges remain in bioprinting to replicate the native TM and in substituting PCL with more biocompatible materials.
Furthermore, the need for post-processing to remove support materials can complicate the production process. Xie and colleagues (Xie et al., 2019) investigated an electrically assisted bioprinting method. Instead of using the commonly employed PCL material in FDM, the researchers utilized GelMA loaded with cells for printing. Unlike FDM, which typically uses PCL, this study employed cell-laden GelMA for printing. They initially fabricated low-concentration GelMA hydrogel microspheres loaded with bone marrow stem cells. By utilizing the inherent electric force, the method ensured the uniform formation of droplets ejected from the nozzle without dispersion or shape distortion while retaining the cellular capabilities of the loaded cells. They further confirmed the effectiveness of drug loading by producing microdroplets containing dextran and fluorescein. Currently, the application of FDM in TM repair is limited. Combining these technologies and materials shows promise as an advancement in developing effective TM repair patches.
Laser-assisted printing techniques, such as digital light processing and stereolithography, utilise laser pulses to activate donor layers (Zhou X. et al., 2024; Mohammad Mehdipour et al., 2024). Digital light processing is an enhanced version of stereolithography that enables faster production (Yilmaz et al., 2024). The platforms offer advantages such as non-porous printing, superior biocompatibility, high resolution, efficiency, and smoother interlayer interfaces (Cao et al., 2022). Nevertheless, their current limitation lies in the ability to print materials suitable for photo-polymerisation, necessitating additional steps for chemical modification of the ink (Aksit et al., 2018). Furthermore, the need for ink to fill the reservoir raises concerns about material wastage, especially for cell-laden and active molecule-laden materials, which may result in higher costs. Research on utilizing this technology for TM patches is still under investigation. Nobus (Nobus et al., 2024) and colleagues developed three types of scaffolds using digital light processing: Norbornene-modified gelatin (GelNBNB), Gelatin methacryloyl (GelMA), and alkene-functionalized PCL (E-PCL). Stereolithography requires pre-printing sample testing using UV-VIS spectrophotometry, droplet tests to determine effective resin crosslinking parameters, and rheology and viscosity testing to ensure successful scaffold fabrication. While these scaffolds exhibited good physicochemical properties and cell compatibility, their performance in repairing acute TM perforations in a rabbit model was suboptimal, with some perforations remaining unhealed 4 weeks post-surgery. The scaffolds’ low content of biopolymers and other active components may not adequately induce tissue repair. Further animal and in vitro studies are needed to refine the ink formulations to enhance repair efficacy.
Combination printing methods, such as coaxial printing and extrusion combined with electrospinning, provide innovative approaches for high-resolution printing and scaffold stability, offering potential applications in TM tissue engineering. A study conducted by Chen et al. represents a groundbreaking effort in producing gelatin/poly (lactic-co-glycolic acid) (PLGA) electrospun fibres for three-dimensional (3D) printing. This process results in customised scaffolds with controllable shapes and large pores (Chen et al., 2019). By integrating spiral-assisted additive manufacturing and rotational electrospinning techniques, researchers developed multi-layered polymer/glass scaffolds characterised by hierarchical porosity, high mechanical strength, controlled degradation, and excellent biocompatibility (Touré et al., 2020). Another innovative approach that combines 3D printing and electrospinning technologies has facilitated the production of dual-scale anisotropic scaffolds. This approach offers a promising avenue for advancing musculoskeletal tissue engineering and addressing the challenges of treating considerable bone defects (Huang et al., 2020).
The TM is a specialized membrane structure that needs to be constantly mobile. Perforations in the TM usually occur in the pars tensa, and perforations larger than 25% are critical points that affect its motion and sound transmission functions (Stomackin et al., 2019). The microstructure of the TM is closely related to its acoustic properties. The mouse tympanic membrane is commonly used as an animal model in hearing research because it exhibits low-frequency hearing characteristics similar to humans (Stomackin et al., 2019). Its collagen fibres in the outer layer of the pars tensa are radially oriented, while in the inner layer, they are circumferentially oriented and interwoven. Elastic fibres are distributed in radial and circumferential directions, coexisting with collagen fibres, spindle fibroblasts, the capillary network, and vimentin-positive cells that grow within this matrix. No differences in the directional distribution of elastic fibres have been found (Wu et al., 2021). The discovery of this 3D structure inspires the material arrangement in printed TM patches, potentially enhancing the ability of additive-manufactured patches to accommodate hearing compensation during the TM healing process, thus highlighting the structural controllability advantage of 3D printing.
Many existing multi-material 3D printers can meet the demand of printing a product with different ink components simultaneously, suggesting the feasibility of depositing various fibres separately. For example, Brown et al. (2022) utilized the multi-material printer Objet350 Connex3 3D printer (Stratasys, Eden Prairie, MN) to design and print a blast test model of the ear that combines hard tissue (temporal bone) and soft tissue (external auditory canal, TM). The pressure changes in this model during blast testing were similar to those in human temporal bone donors, demonstrating the effectiveness of this type of 3D-printed anatomically accurate model.
These achievements are all thanks to more intelligent printing machines, continuously improved printing techniques, and optimized printing parameters. They indicate the robust development and promising prospects of 3D printing technology, providing a solid technical foundation for manufacturing 3D-printed patches for repairing TM perforations.
3.3 Applications in other organs
The integration of two or more technologies to fabricate regenerative scaffolds has been successfully demonstrated in various fields, showing promising prospects and feasibility for application in tissue engineering. Moreover, the techniques already utilized in other tissues offer valuable insights for experimental exploration and research into TM repair.
Drawing insights from the advancements in 3D printing applied to other tissues is of significant value for assessing the prospects of 3D printing for the TM. For instance, in bone and cartilage tissue engineering, various 3D printing techniques, such as inkjet printing, extrusion, stereolithography, and selective laser sintering, are commonly employed (Feng et al., 2021; van der Heide et al., 2022). However, current methods primarily focus on powder deposition rather than achieving a natural, smooth interface. To address this issue, researchers are investigating utilising fully elastic materials and integrating nanomaterials such as graphene into stress-relaxed hydrogels or chemically modifying hydrogels. This approach holds promise for the development of composite materials.
Furthermore, advancements in soft tissue additive manufacturing, including cell-based printing for tissues such as cartilage, cornea, heart, hair follicle, retina, skin, and liver, have seen significant progress (Masri et al., 2022; Ainsworth et al., 2023; Fang et al., 2023; Kang et al., 2023; Maihemuti et al., 2023; Son et al., 2023; Xu et al., 2023). In particular, skin tissue engineering has initiated in vivo bioprinting trials. Inspired by layered printing techniques and the incorporation of drugs and biologically active agents into scaffolds, researchers are exploring innovative approaches for tissue engineering applications.
In retinal fabrication, 3D printing technology offers numerous benefits in tissue engineering and regenerative medicine. Masaeli et al. successfully printed a layered retinal model using a carrier-free bioprinting method with a piezoelectric inkjet dispenser. This method resulted in a higher cell population compared to classical tissue culture plates, showcasing the potential of acellular printing in membrane tissue transplantation (Masaeli et al., 2020). Furthermore, 3D printing technology has significantly advanced thin film manufacturing. Kim et al. (2018) used cultured human corneal endothelial cells (HCECs) engineered to overexpress RNase 5 (R5-HCECs) and collagen as bioinks, incorporating 0.02% arginyl-glycyl-aspartic acid (RGD) to minimize cell loss. They successfully printed a cornea with excellent optical properties, providing new treatment options for ocular diseases. This grid-like soft tissue structure achieved a seven-layer configuration, whereas the TM typically consists of three layers: inner, middle, and outer. The microanatomy suggests that, by utilizing such formulations, a biomimetic TM could be printed by directly including TM epithelial cells and fibroblasts into the bio-ink instead of relying on stem cells that need differentiation. This method has the potential to produce a microstructure closely resembling the native TM, thereby improving the effectiveness of patch-induced TM structural remodeling.
The confocal structure of the tympanic membrane (TM) presents a unique challenge in its replication compared to other tissues. Traditional 3D printing typically involves additive manufacturing from the bottom to the top layer on a flat platform, resulting in products that do not inherently form a conical structure. However, advancements in retinal tissue engineering have already led to the development of dome-shaped or convex corneas. For example, Xu et al. (2023) ingeniously utilized the gravity of droplets and the thermo-responsive nature of the bioink to design a smooth convex structure closely resembling the natural cornea. The tip thickness of this structure could vary with the printing temperature and altering the GelMA/collagen ratio in the ink could adjust its transparency and mechanical properties. While the parameters in their study were optimized for corneal biomimetics and thus are not listed here, this concept inspires the potential fabrication of a conical, transparent TM patch by adjusting similar parameters.
In Campos’s laboratory (Duarte Campos et al., 2019), type I collagen and agarose hydrogel were used as bioinks with a 300-micron nozzle equipped with an electromagnetic micro-valve, employing a drop-on-demand (DoD) bioprinting strategy instead of micro-extrusion printing. By evenly distributing and depositing four types of droplets in a specific spatial sequence, they successfully fabricated a dome-shaped biomimetic corneal structure, with human corneal stromal keratocytes demonstrating viability comparable to that in the native cornea. However, these innovative ophthalmic studies require further modifications, such as scaling down product specifications and increasing adhesion, before being applied to the TM. The potential to replicate the native shape of the tympanic membrane indicates a promising future for 3D printing in developing biomimetic tympanic membranes, highlighting the promising future of 3D printing in creating biomimetic TM grafts.
4 BIOINK PROPERTIES AND TISSUE ENGINEERING ADVANCES
The formulation of 3D printing ink for tissue engineering involves liquid biopolymers, many of which are absorbable and commonly used in tissue healing and regeneration (Yeleswarapu et al., 2023). Designing bioink formulations is one of the critical and complex steps in 3D printing. Sometimes, single-material inks fail to meet the dual viscosity requirements for 3D printing and compatibility for tissue degradation (Navara et al., 2023). Blends and composites of different materials have emerged as viable alternatives, particularly in various human tissue 3D printing applications such as TM patching. This section examines the desirable properties of hydrogels and highlights novel crosslinked hydrogels used in tissue engineering, along with an overview of added cells and growth factors. Bioink development has introduced pure cellular printing alongside cell-free and cellular inks (Yeleswarapu et al., 2023). Most bio-inks consist of a hydrogel, prepolymer solution, and cells, with the hydrogel playing a critical role in providing structural support and determining the bio-inks fundamental physical and chemical properties. To repair perforations in the TM, injectable materials are not feasible; it is necessary to print a structure with sufficient mechanical strength to support the membrane’s vibrations at various frequencies. The ideal scaffold would closely replicate the native structure of the tympanic membrane, with bioink filaments arranged to induce cell proliferation and migration in a manner that optimizes sound transmission, gradually degrading over time. This process involves not only the performance parameters of the printing machine but also the indispensable enhancement of resolution through the modification of bioink formulations. Ideally, the hydrogel should be printable, cross-linkable, mechanically robust, biocompatible, and have controllable degradability (Pitzanti et al., 2024).
The relationship between the physicochemical properties of bio-inks and their impact on material printing and tissue growth is intricate and multifaceted. Achieving the optimal solution ratio for bio-inks is crucial for enabling healthy cell and tissue growth while ensuring the appropriate surface tension and wettability of ink droplets (Navara et al., 2023). Proper tension enables precise deposition of droplets and prevents collapse, while wettability influences droplet height and distribution. Viscosity influences cell distribution and scaffold fidelity, but excessive viscosity hampers extrudability (Navara et al., 2023). Shear thinning, where the viscosity decreases with flow rate, is desirable for maintaining cell distribution and extrudability simultaneously.
It is important to note that the tympanic membrane (TM) is a tiny and thin structure, with an average size of 8 mm by 9 mm and a thickness of only 0.1 mm. Repairing such delicate tissue requires equally light and thin materials to avoid damaging the wound edges during the repair process. Thinner grafts demonstrate higher sound-induced velocity for isotropic TM grafts than thicker ones when conducting low-frequency sounds. Therefore, in the context of current extrusion-based 3D printing techniques commonly used for fabricating biomimetic TMs, it is crucial to use nozzles with a small inner diameter and fine ink filaments.
Black (2020) provided optimal parameters for a multi-material hot printhead pneumatic printer, specifying a nozzle inner diameter of 200 µm and a movement speed of 20 mm/s. Using these parameters, they fabricated biomimetic TM grafts with a diameter of 8 mm from polycaprolactone diol (PCL), P-PCL (PCL blended with 25% wt poly (ethylene glycol) (PEG)), poly (ester urethane urea) (PEUU), and P-PEUU (PEUU blended with 25% wt PEG). The researchers arranged the ink filaments in these grafts into 50 concentric circles and 50 radial fibres. Human keratinocyte and fibroblast cells were seeded onto these grafts, showing proliferation on all materials and forming distinct topographical features, with the highest degree of alignment observed on P-PEUU grafts and the lowest on PCL grafts. These patches were degradable by lipase, with P-PEUU grafts showing the highest degradation rate and PCL grafts the lowest. The anisotropic PEUU and P-PEUU grafts developed by this group exhibited adjustable mechanical strength similar to the human TM. By altering the air pressure and printing speed, they balanced the requirements for filament diameter, shear force, and extracellular matrix alignment. The biomimetic materials demonstrated good biocompatibility, suggesting their potential in clinical TM patches that enhance effective sound conduction. This study provides valuable insights into the settings for 3D printing inks in the fabrication of biomimetic TMs, highlighting the potential of 3D printing in TM repair.
Various bioinks, incorporating novel combinations and chemical modifications, address scaffold quality control issues (McLoughlin S. T. et al., 2023). For instance, Sharif et al. developed a glycidyl methacrylate-modified gelatin with enhanced mechanical properties, as demonstrated in corneal repair. Different crosslinking methods, such as ionic, thermal, photo, or enzyme-based methods, offer versatility in bioink properties and 4D printing capabilities. Combining materials cured in different ways allows for temporary shaping during printing and subsequent curing.
Recent advancements include utilising anion-cation charges to alter hydrogel network properties over time, enabling 4D printing with reduced biotoxicity. Additionally, reversible crosslinking methods, such as those involving Ca2+ and thermoresponsive chains, offer controllable scaffold properties. Cryogelation methods and photo-cross-linkable baths can enhance scaffold stability and mechanical properties.
Given the abundance of existing research on 3D printing in bone and cartilage, its application in the bone and cartilage reconstruction in the otolaryngology field has been at the forefront. Precedents occurred for regenerating auricular cartilage and the ossicular chain, demonstrating promising outcomes in reconstruction (Zhong and Zhao, 2017). The application of tissue engineering in the external ear and tympanic membrane continually evolves. The external ear must maintain a specific shape, and the tympanic membrane must resist sound wave vibrations; both require scaffolds with sufficient mechanical strength for effective repair. Thus, in preparing bioink for 3D printing the tympanic membrane, it is essential to incorporate compounds that enhance mechanical strength. This requirement distinguishes it from the repair of other membrane-like tissues such as skin, sclera, and cornea. Incorporating stem cells into bio-inks shows promise for tissue repair, but challenges remain in providing a suitable environment for inducing cell differentiation and proliferation.
The tympanic membrane (TM) is a thin tissue layer that connects the external ear canal to the middle ear cavity, with both sides exposed to air. When placed as a patch on the TM, it tends to dry out, which is not conducive to cell growth (Jang et al., 2017). Therefore, a bioink with good swelling properties is more suitable for creating patches for this specialised tissue; given the current advancements in material development, ink in hydrogel form is a promising option. Bioprinted scaffolds, such as polycaprolactone/collagen/alginate-MSC (PCAMSC) scaffolds, provide a moist environment and deliver stem cells, demonstrating effectiveness in TM repair, leading to enhanced healing rates and hearing recovery.
A study compared four different combinations of collagen-based bioprinting scaffolds with human adipose stem cells (hASCs), basic fibroblast growth factor (bFGF), and human-derived umbilical cord serum (hUCS): CEC, CEC-F, CEC-U, and CEC-FU. These combinations were used to assess their effects on cell proliferation and migration (Jang et al., 2022). The results indicate that scaffolds containing growth factors and serum successfully facilitated both the proliferation and migration of keratinocytes. Notably, the scaffold supplemented with hUCS and bFGF exhibited the most significant enhancement in promoting TM regeneration. However, long-term effects on tissue thickness and potential tumour formation require further investigation.
Extruding a qualified cell-laden bioink must be stable under the shear forces exerted during printing, and the extruded material must remain insoluble under physiological conditions. It should closely mimic the extracellular matrix (ECM), possessing excellent biocompatibility and controllable gelation and degradation times (Gupta et al., 2021). Combining biologically active molecules, such as serum and growth factors, with cells and polymer scaffolds demonstrates superior efficacy in promoting TM healing compared to individual components. By modifying the bioink formulation, the cellular distribution and proliferation within cell-laden scaffolds fabricated by bioprinting can surpass those achieved through manual seeding. The collaborative interaction between bioactive ingredients and stem cells in promoting keratinocyte migration and subsequent TM reconstruction highlights the potential efficacy of advanced tissue engineering strategies for addressing TM perforations.
5 BIOPOLYMERS
The use of biopolymers in fabricating tympanic membrane (TM) grafts has seen significant advancements in recent years. These materials were selected for their unique properties, which include biocompatibility, controllable mechanical characteristics, and the ability to degrade safely within the body (Chuang et al., 2024; Jia et al., 2024; Li et al., 2024; Zhu et al., 2024). This section delves into the rationale behind choosing specific biopolymers for TM repair, highlighting their advantages and disadvantages. Furthermore, we will present case studies illustrating the practical applications and outcomes of using these biopolymers in clinical settings. Through a detailed examination of traditional and more recent materials, such as the shift from conventional polymers to innovative biopolymers like silk, we aim to comprehensively understand the current landscape and future directions in TM graft fabrication.
Gelatin was chosen for its biodegradability and medical use, and the FDA has approved it. As a commonly used bulking agent, it is biocompatible but lacks mechanical solid properties, and uncrosslinked gelatin is typically soluble (Rodriguez et al., 2017). By modifying gelatin with photocrosslinkable methacrylamide groups, the widely used material GelMA turns up. GelMA is combined with other polymers for various printing techniques in tissue engineering due to its excellent biocompatibility. Its controllable physicochemical properties and easily modifiable structure make it more advantageous than other photosensitive materials in light-assisted printing technologies such as stereolithography and digital light processing (Shi et al., 2024; Yilmaz et al., 2024).
One challenge with using low concentrations of GelMA is its low viscosity, making it difficult to maintain shape during printing—a common issue for natural biopolymers. However, hydrogels made by combining GelMA with different materials can overcome this limitation. GelMA can be part of an ink formulation or used alone to create drug-loaded microspheres for hydrogel drug delivery systems (Su et al., 2024). These drug delivery systems can enhance drug bioavailability, reduce systemic side effects, and decrease dosing frequency, making them increasingly common in tissue engineering scaffolds. Biodegradable and biocompatible biopolymers are the preferred materials for drug carriers. Keratin is a structural protein found in hair, nails, and feathers rich in cell-binding sequences promoting cell adhesion and proliferation, making keratin-based hydrogels highly biocompatible. A Laboratory developed an innovative multi-drug combination therapy scaffold, GEN@PVA/GelMA-KerMA, which incorporates antibacterial drug gentamicin (GEN) and growth factor FGF-2-loaded nanoparticles, using GelMA-KerMA as the bioink for 3D printing. The scaffold features conical microneedles on its surface. It treats TMPs by providing sustained local drug release, controlling infections, and promoting epithelial regeneration while maintaining tympanic membrane integrity. This patch exhibits good antibacterial performance against P. aeruginosa, S. aureus, and E. coli. It also demonstrates good biocompatibility, promoting cell attachment and proliferation due to the rough surface of the FGF-2@GEN@PVA/GelMA-KerMA patch and the incorporated drug FGF-2 (Bedir et al., 2024).
Alginate is a widely used material for TM repair, and researchers are designing and printing alginate-based patches. Concerns arise regarding the compatibility of these patches with the irregular perforated edges of the TM and their ability to support tissue growth. The study by Jang and his team successfully addressed this issue. Their previous research pointed out that combining collagen and umbilical cord serum (UCS) can effectively accelerate cell growth and promote the repair of chronic TMPs. In their subsequent experiments, they developed MSC-laden alginate as a bioink, aiming to create a cell-laden scaffold composed of collagen and alginate. Considering the insufficient mechanical strength of alginate and collagen scaffolds, they incorporated polycaprolactone (PCL) fibres to enhance mechanical strength. The cell-laden matrix exhibited high cell viability, reaching 94.1% ± 1.5% (Jang et al., 2017). Another study examined the potential of 15 wt% polylactic acid (PLA) scaffolds mixed with 3 wt% chitosan (CS) or 3 wt% sodium alginate (SA) for repairing TMs.The researchers identified the 3 wt% CS or 3 wt% SA ratios as the most printable. The 3D printing scaffold mimicked the thickness of the natural tympanic membrane, demonstrating successful adhesion and distribution of mesenchymal stem cells. The in vitro results indicate their suitability for personalised, cost-effective tissue repair patches. Both scaffolds exhibited enhanced swelling properties, which indirectly increased material elasticity, helping the scaffold to adapt to the vibrations during the healing process of the tympanic membrane without dislocation or rupture, further confirming the compatibility of alginate and other biopolymers with 3D-printed biomimetic tympanic membranes (Ilhan et al., 2021). Despite demonstrating the feasibility of a cell-friendly extrusion printing system, further in vivo experiments are necessary to validate its efficacy.
As listed in Table 1 under Bioink Ingredients, collagen is frequently used as a component of bioink in recent 3D-printed tympanic membrane (TM) scaffolds. Collagen, a natural extracellular matrix component, contains functional peptide chains that promote cell adhesion, proliferation, and differentiation, exhibiting excellent biodegradability and low immunogenicity (Nayak et al., 2023; Chen et al., 2024). The orientation of natural collagen fibres varies across different human tissues, providing an inductive environment for cell proliferation and differentiation. Scaffolds containing oriented collagen can enhance the mechanical properties of load-bearing tissues, and collagen-based bioink, neutralised with TRIS-HCl, offers a milder cell printing environment (Garcia-Villen et al., 2023; Zhou Y. et al., 2024). Although collagen is abundantly sourced and relatively easy to obtain, the stringent conditions required for collagen extraction pose challenges in ensuring consistent quality across batches (Garcia-Villen et al., 2023). Another limitation is its softness and low viscosity, resulting in low resolution and insufficient mechanical strength when printed as a scaffold alone (Montalbano et al., 2023).
TABLE 1 | 3D applications in otology.
[image: A detailed table shows various scaffold structures used in scientific experiments. Columns include scaffold structure, bioink ingredients, printing methods, experimental models, outcome evaluations, and references. Each row describes a distinct scaffold type with corresponding details, such as components like polydimethylsiloxane or gelatin, printing methods including digital light processing or extrusion bioprinting, and models like in vitro tests or animal models. Outcome evaluations and specific study references are provided for each scaffold type with corresponding findings.]Hyaluronic acid, also derived from the extracellular matrix, is a commercially available natural polysaccharide commonly used in transdermal drug delivery systems. It possesses excellent moisture retention capabilities, providing a humid environment conducive to cell growth. However, its complex extraction process, low mechanical strength, and potential limitations on cell proliferation and differentiation are notable drawbacks. Hydrogels with good swelling properties can similarly offer a moist environment for cells (Wang et al., 2023; Nita et al., 2024). Although there are few cases of 3D printing TM patches with hyaluronic acid, its transdermal drug delivery characteristic might provide new insights into developing TM drug-releasing patches.
A single biomaterial, such as hyaluronic acid (HA) or collagen, may have low mechanical strength and short gelation times, making it unsuitable as a standalone printing ink. Mixing multiple materials in appropriate ratios can address these issues, enhancing printability, structural stability, and controllable degradation rates of the bioink. Optimal combinations can also mitigate the limitations posed by toxic crosslinkers and high-temperature curing in bioprinting (Duarte Campos et al., 2019; Moro et al., 2022). For instance, methacrylated hyaluronic acid (HAMA), obtained by modifying hyaluronic acid, is suitable for stereolithography printing, producing hydrogels with excellent stiffness and cell viability (Mohammad Mehdipour et al., 2024).
Silk fibroin contains various reactive groups and residues that can undergo covalent crosslinking. The transformation from random coil to β-sheet crystallisation induces a sol-to-gel transition, making silk fibroin an ideal structural matrix due to its cytocompatible crosslinking methods, ease of procurement and processing, controllable degradability, and mechanical properties (Sun M. et al., 2021). Degummed natural silk has been approved by the Food and Drug Administration (FDA). It can be modified through extraction, blending, grafting polymerisation, self-assembly, crosslinking, interpenetrating network, and enzymatic catalysis (Xu et al., 2024). Studies have demonstrated that silk can be non-toxically crosslinked with glycerol, resulting in scaffolds with good structural stability. These scaffolds, tested in vivo in mouse models, maintained their structure for up to three months—significantly longer than the 30 days typically required for chronic TMP repair. This characteristic, combined with its controlled complete biodegradability and minimal inflammatory response, highlights the advantages of silk-based bio-inks in TMP repair (Rodriguez et al., 2017). Another combination of silk and gelatin has been applied to repair rat skin defects. This scaffold, incorporating fibroblast growth factor 2 (FGF-2) into gelatin-sulfonated silk, supported cell growth and promoted angiogenesis, addressing clinical challenges in full-thickness skin defect repair (Qi et al., 2017). Combining silk with other biopolymers, such as gelatin and collagen, is a common strategy to enhance the performance of these bioinks (Huh et al., 2018; Li X. H. et al., 2021; Li Q. et al., 2021). Applying this to the tympanic membrane, which also faces issues of fibrous overgrowth in traditional repairs, suggests the potential for 3D-printed porous silk-based scaffolds with additional growth factors to test their ability to restore the TM’s three-layer structure to its native state.
Furthermore, regenerated silk in composite scaffolds helps enhance cell adhesion, differentiation, and proliferation, showing promising potential in tissue regeneration (Kumari et al., 2020; Sun W. et al., 2021). A unique feature of silk fibroin, compared to other biopolymers, is its ability to undergo sol-gel transitions in response to enzymes or sound waves without requiring high-temperature or acidic environments for curing, which helps maintain cell viability in cell-laden inks and control gelling conditions (Fu et al., 2022). When used as load-bearing materials, natural silk requires sericin removal to reduce molecular weight, which can affect bulk viscosity and degradation ratios (Ealla et al., 2022). Although the TM is not a load-bearing tissue, it must vibrate in response to sound waves. Thus, the mechanical strength of sericin-free silk fibroin patches must be further tailored and studied to meet the demands of different batches. The degumming process may present a technical challenge in interdisciplinary efforts to fabricate biomimetic TM patches (Sun W. et al., 2021).
Currently, extrusion printing is the predominant method for 3D printing silk, but silk protein structures can also be modified to suit other printing techniques. For instance, researchers have developed a bioink by covalently crosslinking fluorescent silk fibroin with glycidyl methacrylate (GMA) and successfully used digital light processing to print an outer ear model (Lee Y. J. et al., 2022). Although the application of silk-based bioink in TM repair is still unexplored, other laboratories have achieved promising results using silk to fabricate TM patches. For example, a study used electrospinning to create patches from polycaprolactone (PCL) and silk blends and tested their application in smaller TM perforations. These patches adhered firmly to the repair site with minimal fluid from the temporal bone, aiding TM healing (Benecke et al., 2022). This experiment relied on repulsion forces generated by an electrical field to influence fibre diameter and bending instabilities at the same solution concentration, requiring strict parameter control. Incorporating cells into the mixture for precise 3D printing could simplify parameter setting, but the viability and proliferation of cells in silk-based bioink still need further investigation. It is anticipated to be a candidate ink material for 3D printing eardrum perforations.
However, challenges persist regarding the degradation of specific scaffold components and their long-term effects, requiring additional investigation.
There is a sensor mimicking the locust’s TM consisting of bisphenol-A ethoxylate dimethacrylate (BEMA) and BaTiO3 500 nm nanoparticles (NPs) via digital light processing stereolithography (Domingo-Roca et al., 2018). The manufacturing team observed that this sensor exhibited behaviour similar to the locust’s TM at each frequency. Despite differences in the mass distribution of specific regions on the locust TM and imperfections in handling interfaces during the printing process, which led to the opposite direction of wave propagation compared to the locust TM, the product still demonstrated the potential of 3D-printed TMs. Advancements in printing technology and precision facilitate the development of more biomimetic structures. However, for the bionic tympanic membrane intended for ear implantation, it is essential to consider its potential degradation by biological enzymes and how this degradation might impact its functionality. Future researchers should adapt and improve the material to address these concerns.
A biomimetic tissue consisting of epithelial and stromal components was laser-assisted printed to layer two types of stem cells within hydrogels. This approach mimics the stratified structure of the epithelial tissue in the human cornea, showcasing strong cell viability and differentiation (Sorkio et al., 2018). This biomimetic structure represents a pioneering demonstration of the feasibility of 3D bioprinting combined with human stem cells in corneal tissue engineering. It provides a solid foundation for bioprinting similar membranous structures, such as the TM, of which the whole three layers consist of cells and collagen less than 100 µm in average thickness.
6 PRECLINICAL RESEARCH STUDIES AND FUTURE CLINICAL APPLICATIONS
In recent years, there have been ongoing explorations into the feasibility of using various materials or combining different technologies in 3D-printed scaffolds for treating TMP, yielding promising results. However, the safety and efficacy of many new repair materials still need to be clarified, necessitating evaluation before clinical trials. We outline various scaffold structures, bioink ingredients, printing methods, models used, outcome evaluations, and corresponding references in recent explorations of 3D-printed scaffolds for tympanic membrane repair (Table 1), detail the recent advancements in preclinical studies, including in vitro and animal models, that have laid the groundwork for future clinical applications.
Some studies have progressed in TM regeneration by utilising 3D bio-printed scaffolds for in vivo repair. A polycaprolactone/collagen/alginate-mesenchymal stem cell (PCAMSC) scaffold was developed and tested in a rat subacute perforation model (Jang et al., 2017). Following the repair of rat TM perforations using this scaffold compared to a scaffold without mesenchymal stem cells, it was found that the closure rate of perforations was higher in the experimental group with added stem cells than in the control group. Additionally, superior recovery of auditory brainstem response (ABR) thresholds and regenerated TM thickness was observed across all frequencies in the experimental group compared to the control group. Furthermore, the vibration velocity in the experimental group approached that of the standard control group. These findings suggest incorporating cells, drugs, or other bioactive substances can enhance TM healing and functional recovery. Optimising efficiency can be achieved by adjusting the types and quantities of drugs and cells loaded.
Patient-specific materials for TM repair could play a crucial role in facilitating the clinical implementation of 3D printing, particularly for preoperative preparation. Experimental evidence has already demonstrated that such materials can significantly reduce intraoperative time and even minimise trauma to autologous graft donor sites. Kuo et al. (2018) utilised endoscopic imaging and bioprinting to fabricate individually tailored TM grafts with GelMA and gelatin. The butterfly structure eliminates surgical glues and sutures; it enhances mechanical stability while including fibroblast components and accelerates wound healing. Animal studies have shown an improvement in healing TM perforations. In 2021, patient-specific 3D-printed templates were used in clinical surgery by the team led by Yang et al. (2021). They ingeniously leveraged the template obtained through the controllable nature of 3D printing paths to effectively guide cartilage-perichondrium cutting during surgery, significantly reducing the surgical time.
Moreover, the closure rate reached 100%, surpassing that of the non-template group. This shape better conforms to the patient’s physiological structure and provides a superior scaffold for TM healing. The template group’s postoperative air-bone gap (ABG) was significantly lower than the preoperative level.
Based on the findings from preclinical studies, we discover the potential clinical applications and benefits of 3D-printed tympanic membrane scaffolds. The previously mentioned scaffolds significantly accelerate wound healing, promote epithelial cell proliferation, and enhance fibre deposition. The controllable characteristics of 3D-printed filaments and the advantage of additive manufacturing with various bioinks for the same structure further enhance the benefits of 3D-printed scaffolds. Combined with clinical imaging and CAD modelling technologies, these scaffolds’ personalised and quantitative production is a critical advantage over other patch manufacturing methods. Although this technology requires interdisciplinary expertise for clinical translation and involves high time costs, its benefits outweigh the drawbacks. It remains an auspicious and innovative research direction. There is a need for further research to fully understand the long-term effects of these materials on hearing restoration. Additional research is needed to design and initiate clinical trials to evaluate the efficacy and safety of our 3D-printed scaffolds in human subjects.
7 CONCLUSION AND FUTURE DIRECTIONS
3D printing for preparing materials for TM repair has garnered significant scholarly and popular attention. However, further comparative studies are necessary to understand the effects of different material properties, such as thicknesses and viscosities, on residual TM tissue. The impact of patches obtained through 3D printing on this tissue still needs to be fully understood compared to conventional patches. Notably, both mechanical properties and microstructure play crucial roles in prognosis. 3D printing enables control over fibre orientation in artificial TMs, albeit the disorganised yet ordered structure of the physiological TM.
For the bionic tympanic membrane intended for ear implantation, it is essential to consider its potential degradation by biological enzymes and how this degradation might impact its functionality. Future researchers should adapt and improve the material to address these concerns. Significant progress has recently been made in soft tissue additive manufacturing technologies. The development of multi-material 3D printing techniques has opened new possibilities for precisely fabricating soft tissues. By integrating the properties of different materials, researchers can achieve higher biocompatibility and mechanical performance. These advancements show great potential in various soft tissue manufacturing domains. As a member of the thin membranous tissues (TMT) (McLoughlin S. T. et al., 2023), current 3D printing research on the tympanic membrane is less extensive than studies on skin, cornea, and sclera. However, their experimental results provide valuable references for 3D printing of the tympanic membrane.
As previously mentioned, traditional extrusion printing methods have evolved to incorporate different extrusion forces to meet material structural requirements and improve resolution. The earliest inkjet printing has been innovatively modified into a direct cell printing method without material, solving the problem of cell damage during extrusion. Laser direct writing and other technological and bioink formula improvements have significantly advanced bioprinting. Combining the recent explorations in 3D printing for tympanic membrane repair listed in Table 1 further validates the application value of 3D printing technology in otology.
An ink with the appropriate composition is likely to create an optimal environment for fibroblast growth and fibrin alignment. The advantages of 3D printing, such as reduced damage to donor sites, decreased operative time, and the ability to control mechanical and biological properties and patch configuration, justify interdisciplinary clinical investigation.
A decade ago, the development of 3D printing and its integration with medical disciplines was unforeseen, but it has since made significant strides. There is potential to create personalised repair stents for acute and chronic TM perforations and produce patches that enhance hearing recovery. However, challenges remain in developing suitable composites and determining the optimal blend of synthetic and biomaterials, which necessitates approval from regulatory agencies and investment from commercial entities. Despite these challenges, the 3D printing of TMs has profoundly impacted the field of TM repair, expanding its horizons.
Applying 3D printing technology in tympanic membrane manufacturing has achieved significant results. Successful cases demonstrate its important value in otological surgeries. This technology enhances the precision and efficiency of tympanic membrane patch fabrication and reduces costs, providing a more economical and practical solution for clinical tympanic membrane repair. It simplifies the process of obtaining grafts during surgery, shortens operation time, and reduces the burden on patients. However, current research still faces several challenges, such as developing bioink formulations that can be rapidly translated to clinical use and conducting clinical trials. Future research should focus on addressing these issues to advance the field. Additionally, interdisciplinary collaboration should be encouraged to apply 3D printing technology to more areas of soft tissue manufacturing, promoting its widespread application in medical and industrial fields.
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Background and Aims: Diabetic foot ulcers (DFUs) are a serious complication of diabetes mellitus (DM), affecting around 25% of individuals with DM. Primary treatment of a DFU involves wound off-loading, surgical debridement, dressings to provide a moist wound environment, vascular assessment, and appropriate antibiotics through a multidisciplinary approach. Three-dimensional (3D) printing technology is considered an innovative tool for the management of DFUs. The utilization of 3D printing technology in the treatment of DFU involves the modernization of traditional methods and the exploration of new techniques. This review discusses recent advancements in 3D printing technology for the application of DFU care, and the development of personalized interventions for the treatment of DFUs.Methods: We searched the electronic database for the years 2019–2024. Studies related to the use of 3D printing technology in Diabetic foot were included.Results: A total of 25 identified articles based on database search and citation network analysis. After removing duplicates, 18 articles remained, and three articles that did not meet the inclusion criteria were removed after reading the title/abstract. A total of 97 relevant articles were included during the reading of references. In total, 112 articles were included.Conclusion: 3D printing technology offers unparalleled advantages, particularly in the realm of personalized treatment. The amalgamation of traditional treatment methods with 3D printing has yielded favorable outcomes in decelerating the progression of DFUs and facilitating wound healing. However, there is a limited body of research regarding the utilization of 3D printing technology in the domain of DFUs.Keywords: diabetes foot ulcers, 3D printing, bio-materials, new treatments, intelligent detection
1 INTRODUCTION
Nowadays, the aging of society is accelerating, and the growth of age and the degradation of physiological functions will induce a variety of diseases, such as various cancers and chronic diseases (DeSantis et al., 2019; Feng et al., 2024; Shen et al., 2022; Feng DC et al., 2023). Diabetes mellitus (DM) is the most common chronic metabolic disease with high incidence, which brings serious public health burden (Collier et al., 2024; Lin et al., 2023). The global prevalence of DM is estimated at 9.3 percent (463 million people) in 2019. By 2030 and 2045, this proportion may increase to 10.2% (578 million) and 10.9% (700 million) respectively (Magliano et al., 2019).
Diabetic foot (DF) is one of the serious complications of diabetes (Du et al., 2023; Bellomo et al., 2022). Eighty five percent of individuals with diabetes mellitus undergoing lower extremity amputation have had DFUs (Thorud et al., 2016; Lepäntalo et al., 2011). Therefore, early identification, prevention and effective DF management are essential to improve the quality of life of DM patients (Guo et al., 2024). DF is currently managed primarily through medication, wound care, and surgery. Among these treatments, management based on 3D printing has gained the attention of researchers.
3D printing technology facilitates the production of personalized equipment with complex structures, and also offers new possibilities for customized solutions (Dong NJ et al., 2022; Silva et al., 2022; Chen et al., 2024; Wu et al., 2024; Jiang et al., 2024). In diabetic foot management, 3D printing can customize wound dressings and assistive devices, and can be combined with biomaterials to promote wound healing and functional restoration of the foot (Beach et al., 2021; Armstrong et al., 2022; Collings et al., 2021; Jørgensen et al., 2018; Wang et al., 2023). We provide a comprehensive review of the implementation of 3D printing technology in the integrated management of DFUs.
2 METHODOLOGY
2.1 Search strategy
The literature search was conducted in electronic databases for the years 2019–2023. The search strategy in PubMed was as follows: ((“Diabetic Foot”[Mesh]) OR (Diabetic foot ulcer[Title/Abstract])) AND ((“Printing, Three-Dimensional”[Mesh]) OR ((((((((((((((((((((3D printing[Title/Abstract]) OR (Printing, Three Dimensional[Title/Abstract])) OR (Printings, Three Dimensional[Title/Abstract])) OR (Three-Dimensional Printings[Title/Abstract])) OR (3-Dimensional Printing[Title/Abstract])) OR (3 Dimensional Printing[Title/Abstract])) OR (3-Dimensional Printings[Title/Abstract])) OR (3-Dimensional Printings[Title/Abstract])) OR (Printings, 3-Dimensional[Title/Abstract])) OR (3-D Printing[Title/Abstract])) OR (3 D Printing[Title/Abstract])) OR (3-D Printings[Title/Abstract])) OR (Printing, 3-D[Title/Abstract])) OR (Printings, 3-D[Title/Abstract])) OR (Three-Dimensional Printing[Title/Abstract])) OR (Three Dimensional Printing[Title/Abstract])) OR (3D Printing[Title/Abstract])) OR (3D Printings[Title/Abstract])) OR (Printing, 3D[Title/Abstract])) OR (Printings, 3D[Title/Abstract]))). In addition, the reference lists of the included articles were investigated to identify other relevant articles that could not be found through the initial electronic search strategy.
2.2 Inclusion and exclusion criteria
Studies related to the use of 3D printing technology in DF were included. Studies, review papers, book chapters, conference abstracts, reviews and research protocols published in any language other than English were excluded. The first step was to eliminate duplicate articles by looking at titles and abstracts through EndNote. Next, titles were screened to remove irrelevant articles. Then, abstracts and full texts of relevant articles were read and screened for inclusion based on predefined criteria. Finally, criteria-compliant articles were included.
2.3 Result
A total of 25 identified articles based on database search and citation network analysis. After removing duplicates, 18 articles remained, and three articles that did not meet the inclusion criteria were removed after reading the title/abstract. A total of 97 relevant articles were included during the reading of references. In total, 112 articles were included. The flow chart of this study was presented in Figure 1.
[image: Flowchart illustrating the article selection process. Starts with identification: 128 articles from PubMed and Web of Science. Screening removed 7 duplicates and 9 irrelevant articles. Evaluation included 112 articles for testing.]FIGURE 1 | Flow chart of literature search.
3 MODELS
3.1 3D printing of DFUs models
The paucity of drugs for DFU treatment in the clinic is partly due to the lack of good experimental models to predict their effects. The mouse model is superior to the human body in terms of wound repair due to the abundance of hair follicle stem cells and growth factors, leading to the questioning of the mouse-based diabetes model (Phang et al., 2021). The 3D printed of DFUs model resembles human skin in anatomical structure, mechanical and biochemical features, and transcriptomics and proteomics also show similarities to human skin development (Admane et al., 2019). The analysis of the 3D models is presented in Table 1.
TABLE 1 | Analysis of the 3D models.
[image: Table comparing various studies on 3D models for medical applications. Columns list study, objective, evaluated parameters, main conclusion, and research direction. Focus is primarily on 3D-printed scaffolds and models for wound healing and disease treatment, highlighting their effectiveness and potential in various contexts.]3.2 3D organotypic skin models
3D printing-based skin models can accelerate wound healing by reducing inflammation, inhibiting fibrosis or increasing angiogenesis or regeneration (Kondej et al., 2024).3D skin modelling is divided into scaffold and scaffold-free systems, with scaffold modelling being widely used due to altered porosity, surface chemistry and permeability. Scaffolds composed of biopolymers mimic the extracellular matrix (ECM) and provide support and signals to cells, creating organotypic models that mimic native human skin (Phang et al., 2022). Cross-linked polymer hydrogels and matrix gels are commonly used scaffold materials, in addition to nanofibers, collagen sponges, agarose peptide microgels, polystyrene and polycaprolactone (Mohandas et al., 2023). Stent materials function differently and are used to replicate disease outcomes. 3D printed scaffolds are convenient, support high cellular loads and remain viable to accelerate healing, and also deliver stable antibiotics for effective treatment of chronic wounds (Sun et al., 2018; Glover et al., 2023). Intini et al. fabricated chitosan (CH) porous 3D printed scaffolds for skin regeneration. They loaded normal human dermal fibroblasts and keratin-forming cells into the scaffold holes to form a skin-like layer. The CH scaffolds promoted wound healing in diabetic rats compared to commercial patches and self-healing (Intini et al., 2018). Furthermore, the scaffold-free system serves as a scaffold alternative structure that alleviates poor biocompatibility. Such systems are essential for analyzing ECM protein regulation in human skin and can transfer cells from two to three dimensions, inducing deep upregulation of matrix body proteins and generating complex tissue-like ECM (Vu et al., 2021). Engineered skin substitutes cannot fully mimic the complex native environment of wound healing. However, 3D printed scaffolds offer a solution to the recurrent problem of limited donor tissues and high donor site morbidity seen in tissue transplantation, while in vitro their fragile structure may lead to tissue damage, and in vitro bioprinting and artificial implantation carry the risk of contamination (Tan et al., 2022; Singh et al., 2020).
3.3 3D hyperglycemic wound models
Fibroblast growth factor (FGF) is an important factor to consider in the design of DFU models. 3D human skin equivalent (HSE) models consisting of cells from DFU patients can induce an inflammatory response and have been used to study diabetic inflammation, drug testing, and to reduce reliance on animal-derived ECM (Smith et al., 2021; Smith et al., 2020). The researchers also developed a three-dimensional hyperglycemic wound model of normal human keratinocytes, demonstrating common phenotypes of DFU such as re-epitheliazation, granulation and damage caused by keratinocyte over-proliferation (Phang et al., 2021). Induced pluripotent stem cells (iPSCs) were generated from fibroblasts of patients with diabetes and from fibroblasts of healthy persons harvested from skim. They were modified and induced to differentiated into fibroblasts. Research has found that the gene expression and characteristic matrix composition exhibited by iPSC-derived fibroblasts in 3D dermal-like tissues were similar to those of primary fibroblasts, and they continuously promoted matrix remodeling and wound healing in chronic wound environments, demonstrating therapeutic potential. IPSC reprogramming is considered effective in promoting cell healing to eliminate genetic traits (Pastar et al., 2021; Kashpur et al., 2019). Currently, there are still challenges in printing biological models in high permeability and high glucose environments. Based on existing studies progress, we need to develop more mature DF trauma models.
3.4 3D angiogenesis model
DF vascular injury and impaired healing of diabetic ulcers are associated with poor angiogenesis of granulation tissue (Lin et al., 2019). Hyperglycemia induced increased production of reactive oxygen species and the exacerbation of apoptosis during ischemia (Han et al., 2021) which it is also considered an influential factor in the injury of DFUs. The 3D endothelial cell germination test is more reflective of the angiogenic process of endothelial cells than the traditional 2D test and can be used as a screening tool for hyperglycemic applications (Phang et al., 2021). 3D printed endothelial progenitor cell skin patches together with adipose-derived stem cells accelerate wound closure, re-epithelialization, neovascularization and blood flow (Kim et al., 2018). 3D printing not only significantly improves the flexibility and precision of in vitro modelling, but also dramatically reduces costs and shortens development cycles through high customisation, rapid fabrication of complex structures, and the use of a wide range of biocompatible materials. This technology facilitates interdisciplinary integration and strengthens collaboration between biology, medicine and engineering, making it a key tool to support innovation in multiple fields such as clinical research, drug screening and disease modelling. The application of joint 3D printing technology to manufacture experimental models is presented in Figure 2.
[image: 3D-assisted insoles, wearable testing appliances, 3D wound detection camera, and 3D imaging detection technology are shown. Insoles aid in wound healing; appliances monitor temperature differences for diabetic foot ulcers. The wound detection camera assesses ulcer size and depth. Imaging technology uses infrared and optical freeze imaging for customizing devices.]FIGURE 2 | 3D printing of experiment models.
4 COMBINED 3D-PRINTED THERAPIES
4.1 Autologous minimal manipulation of homologous adipose tissue (AMHAT)
Adipose tissue contains high levels of cell growth factors that can promote angiogenesis and wound remodeling (Lavery et al., 2007). Furthermore, anti-inflammatory cytokines and healing-related peptides may positively affect wound healing (Pallua et al., 2009). Thus, autologous micro-fragmented adipose tissue can significantly improve the healing of small amputations following DFU surgery (Lonardi et al., 2019). For patients, subcutaneous liposuction to extract fat cells is relatively simple and less painful (Gimble et al., 2007). In a single-arm pilot study, ten patients with chronic DFUs were treated with autologous minimally manipulated homologous adipose tissue (AMHAT). During follow-up, the patient wounds healed well (Armstrong et al., 2022). 3D printing was combined with minimally manipulated ECM (MA-ECM) to create bio scaffolds that increase the speed of wound healing in patients (Kesavan et al., 2021; Kesavan et al., 2024; Yoon and Song, 2024). Fibrin gel is biocompatible and mimics the clotting process, reduces inflammation, and promotes cell adhesion and proliferation to accelerate healing. In addition, it has good mechanical strength. Thus, Fibrin gel was added to a 3D-AMHAT scaffolds, which not only promote wound healing, were easily absorbed without interfering with the healing process, but were also strong enough to withstand changes in mechanical stress during the healing process, thus further accelerating wound healing (Bajuri et al., 2023). By combining autologous adipose tissue and 3D printing technology to create a biocompatible and mechanically robust scaffold, the effectiveness and speed of diabetic foot wound healing can be significantly improved. 3D printing combined with autologous fat grafting helps DF wounds healing and is considered a new approach to treatment at DFUs.
4.2 Combined 3D printed guide-guided lateral tibial transport
Transverse tibial bone transfer (TTBT) is a novel surgical approach to treat DFUs, and several clinical trials have confirmed its efficacy (Godoy-Santos et al., 2017; Kallio et al., 2015). However, during conventional bone transfer, the periosteum may be damaged, and deviations in the angle of screw placement can result in the direction of bone transfer that is not perpendicular to the slice, which can lead to postoperative spatial heterogeneity on both sides of the body and affect the growth of the microvascular network (Randon et al., 2010). Yuan-Wei Zhang et al. performed TTBT under the guidance of a 3D-printed guide plate with DM patients. This new technique is effective in preserving the relative integrity of the bone window and periosteum. Moreover, surgeons can simulate the surgical plan on a 3D model, improving the accuracy of the operation (Wang et al., 2023).
4.3 Functional dressings in conjunction with 3D printing
DFU is characterized by persistent chronic inflammation, granulation tissue formation, and reduced vascularization (Hu and Xu, 2020). Single dressings have limited effect, DFU dressings are enhanced with bioactive molecules. Hydrogels are considered to be excellent wound dressings (Tran et al., 2023; Feng et al., 2023; Sarkar and Poundarik, 2022; Glover et al., 2021; Gomes et al., 2020). Multifunctional bioprinter dressing increase the thickness of wound granulation tissue and promote the formation of blood vessels, hair follicles and collagen fiber networks (Huang et al., 2022). For examples: The addition of VEGF to 3D-printed dressings enhanced the proliferation of endothelial cells, promoted the formation of blood vessels in the body, and accelerated wound healing. Interleukin four and antioxidant-rich autologous bio gel protected fibroblasts in patients with diabetic foot ulcers (DFUs) and facilitated wound healing (Tan et al., 2020; Mashkova et al., 2019; Yang et al., 2022). In another development, a silver vinyl-based 3D-printed antimicrobial ultra-porous polyacrylamide (PAM)/hydroxypropyl methylcellulose (HPMC) hydrogel dressing was designed with a porosity of 91.4%. It featured open channels that allowed it to absorb water rapidly, taking in up to 14 times its own weight. The large pores helped reduce swelling, minimized the risk of dressing dislodgment, and promoted the healing of infected wounds (Liu et al., 2021). Furthermore, 3D-printed silver gelatin dressings demonstrated good antimicrobial properties and promoted wound healing. A hydrogel infused with nanofibers was used to synthesize tissue-like structures and was applied to rat skin breaks, showing excellent biocompatibility and antibacterial effects (Bahmad et al., 2021; Jin et al., 2023; Wan et al., 2019). Additionally, the encapsulation of antimicrobial peptides and PDGF-BB into porous 3D radially aligned nanofiber scaffolds (RAS) allowed for the recruitment of fibroblasts, endothelial cells, and keratinocytes to clear bacterial infections and enhance granulation tissue formation (Li et al., 2024). The researchers also undertook a technological update to develop a coaxial microfluidic 3D bioprinting technology combining flow-assisted dynamic physical crosslinking and calcium ion chemical dual crosslinking method, designing a biologically active multilayer core-shell fibrous hydrogel loaded with PRP. The prepared hydrogel exhibited excellent water absorption and retention capabilities, good biocompatibility, and broad-spectrum antibacterial effects (Huang et al., 2023). The combination of 3D printing technology and biomaterials such as cytokines enables wound dressings to be personalized, with precise control of the material structure, multifunctional, and effective in promoting angiogenesis, tissue regeneration and optimizing drug release. This significantly improves wound healing efficiency and therapeutic efficacy. The analysis of the 3D-printed therapies is presented in Table 2. And The application of 3D printing technology combined with biological materials in surgery and wound care was presented in Figure 3.
TABLE 2 | Analysis of the 3D-printed therapies.
[image: A table summarizes studies on the effectiveness of 3D-bioprinted therapies for wound healing. It includes columns for study details, objectives, evaluated parameters, main conclusions, and research direction, focusing on diabetic foot ulcers and innovative materials. Each row details specific studies, highlighting the therapeutic potential of 3D-bioprinted hydrogel scaffolds, biografts, and other advanced materials in promoting wound healing and reducing inflammation. The research direction consistently focuses on 3D-printed therapies.][image: Three panels illustrate 3D printing of experimental models. The left panel shows organotypic skin models using 3D-printed scaffolds. The middle panel depicts hyperglycemic wound models with FGF and diabetic podocytes simulating high-sugar environments. The right panel displays angiogenesis models, highlighting improved angiogenesis and accelerated healing in diabetic foot ulcers.]FIGURE 3 | Combined 3D-printed therapies.
5 AUXILIARY TOOLS FOR JOINT 3D PRINTING
5.1 3D assisted insoles
3D printing-assisted customized insoles can reduce the incidence of DFUs and reduce plantar pressure, thereby mitigating the risk of DFUs and infections (Leung et al., 2022). Below we present the application of 3D printing-assisted manufacturing of insoles in diabetic foot management.
5.1.1 Auxiliary materials
The 3D printed circular honeycomb structure insole can withstand large deformations, improve energy absorption and breathability, and adapt to different foot shapes. After finite element analysis, the addition of a hemispherical heel pad effectively reduces contact force and pressure (Leung et al., 2022). Personalized metamaterials have the characteristics of the substrate and the lattice microstructure inside. The features can meet individual needs and reduce plantar stress (Muir et al., 2022). Pressure-reducing shoes are thought to impair balance, but researchers have developed a 3D-printed rocker midsole and self-adjusting insole that can reduce plantar pressure and maintain balance (Malki et al., 2024).
5.1.2 Graded unloading pressure
Pressure unloading is a method of relieving pressure on the foot and promoting wound healing. There are several offloading devices, such as walkers, half-shoes, orthotics, felt foam and total contact casts (TCC) (Nabuurs-Franssen et al., 2005). TCC has the disadvantage of continuous irritation of the skin and skin ulcers on the plaster and a risk of muscle atrophy (Armstrong and Lavery, 1998; Caravaggi et al., 2000). Felt and foam conditioning dressings applied over and proximal to ulcers and applied to the foot are more effective (Meneses et al., 2020). Felt and foam dressings are not as effective at reducing pressure as casts, walkers or half-shoes. Walkers and half-shoes, although convenient and inexpensive, are not as effective at reducing pressure as TCC (Lavery et al., 1996). For neurogenic and neurochemical foot ulcers patients, increased biomechanical stress is one of the most important ways leading to ulceration (Nabuurs-Franssen et al., 2005). Localized generation of high loads in the soft tissues at the site of stress concentration can lead to cell and tissue damage. This, in turn, increases the risk of secondary ulceration in these areas (i.e., where the insole material passes between the insole and the holes) (Shaulian et al., 2023). The Graded-Stiffness (GS) method is a novel unloading solution that combines 3D printed polygonal heels and stiffness distribution designed to redistribute plantar pressure to prevent and treat heel ulcers. The structure is progressively stiffened from the inside to the outside, optimizing the unloading position through graded stiffness and material properties. Finite element analysis shows that this multi-material device effectively reduces heel pressure and distributes stress (Shaulian et al., 2023; Shaulian et al., 2022). The optimal stiffness of the sole is correlated with the user’s body weight (BMI), in order to minimize foot pressure (Chatzistergos et al., 2020). Combining mechanical with kinematic measurements can better detect plantar loading in specific foot regions (Giacomozzi et al., 2014). The cone-beam computed tomography (CBCT) was employed to generate a 3D skeletal model of the foot. They performed image segmentation and conducted precise angular measurements in various anatomical planes. The objective was to establish a relationship between bone structure and plantar loading (Belvedere et al., 2020). The analysis of the auxiliary tools is presented in Table 3.
TABLE 3 | Analysis of the auxiliary tools.
[image: A table with research studies on foot-related technologies. It includes columns for Study, Objective, Evaluated Parameter(s), Main Conclusion, and Research Direction. Research focuses on insoles, 3D printing, wound imaging, and thermography, aiming to improve foot care through auxiliary tools.]5.2 Wearable testing appliances
By measuring the temperature difference between the same parts of the feet, we can find the potential risk of DFUs and the common alert threshold is 2.2°C (Lavery et al., 2004). Patients doing self-care at home are often unable to accurately self-assess their condition, and are often treated too late when their feet become necrotic. The researchers used foot sensors to measure differences in skin temperature, which alerts when the temperature reaches an alarm threshold, and the data can be displayed, stored, or transmitted. However, existing devices are unable to study the complex dynamics of temperature changes over time (Martín-Vaquero et al., 2019). Recent studies have used 3D printed insoles equipped with personalized anatomical sensors to continuously monitor foot temperature, taking into account individual differences. A study showed that foot temperatures rose significantly faster in diabetic patients than in controls in the sitting position, at the bunion and at the head of the fifth metatarsal. This was the first time that foot temperature changes between two groups was quantified and may reveal new biomarkers associated with differences in soft tissue and angiogenesis (Beach et al., 2021). Furthermore, sensor-based insoles should also consider humidity parameters when detecting pressure and temperature (Tian et al., 2024). In another study, the multifunctional Janus membrane (3D chitosan sponge-ZE/polycaprolactone nanofibers-ZP) is thought to monitor and treat diabetic wounds, with its unidirectional water transport and strong antimicrobial capacity aiding wound healing. The membrane also monitors wound status through color and fluorescence changes, providing a basis for early intervention in diabetic patients (Liu et al., 2024).
5.3 3D wound detection camera
According to international guidelines, effective assessment of the size and depth of diabetic foot ulcers improves treatment success. Current assessment methods include the use of disposable rulers and metal probes (Monteiro-Soares et al., 2020). However, there are several drawbacks, including subjective error, variability in measurement time, horizontally transmitted infections and clinical waste (Fernández-Torres et al., 2020). In response to changes in ulcer size, the researchers developed the WAM 3D monitoring camera for wound assessment, which is not limited by wound size, is particularly effective in measuring heels, toes, and curved areas of the body, and is a non-invasive means of reducing the risk of infection, with digitized images suitable for telemedicine applications (Jørgensen et al., 2018; Rasmussen et al., 2015). A study analyzed 63 ulcers in 38 diabetic foot patients and found that a 3D camera effectively measured the ulcerated area and that the measurements correlated linearly with healing time, which could be used as a prognostic marker and an early identification criterion, as well as an indicator of medication efficacy (Lasschuit et al., 2021; Malone et al., 2020; Vangaveti et al., 2022). However, we still need new experiments to establish this modality.
5.4 3D imaging detection technology
Thermal imaging technology provides early warning and prevention of DFU by monitoring temperature changes in the feet of diabetic patients. However, commonly used infrared cameras can only capture 2D images, requiring multiple shots to obtain a complete ulcer view. Such operation is not feasible in an already busy clinical practice and at home (van Doremalen et al., 2020; Liu et al., 2015; Rismayanti et al., 2022). Therefore, the researchers used 3D infrared imaging to overcome the shortcomings of two-dimensional imaging. The technique clearly shows the temperature difference between ulcers and normal tissue, identifies potential ulcers and danger zones, and also detects diffuse temperature elevation, suggesting inflammation or infection. It is able to analyze information about ulcers and differentiate between background and normal tissue, and the camera’s viewing angle and distance have a low impact on imaging (Liu et al., 2015). 3D optical cryo-imaging was used to assess the redox state of DFU wounds. In experiments, wound redox status in diabetic mice was quantified by in vivo fluorescence and 3D optical cryo-imaging and found to be correlated with mitochondrial dysfunction and increased oxidative stress, as well as the wound size. This technique can be used as a non-invasive indicator to assess complex wound healing (Mehrvar et al., 2019). Specific benefits of 3D printing technology in the manufacture of assistive devices include: individualized customization for patients, providing unparalleled comfort and functionality; orthopedic appliances designed to better fit the patient’s bone and muscle structure, reducing pressure points and enhancing orthopedic performance; rehabilitation devices such as gait trainers, which are customized to incorporate biomechanical modelling to improve the efficiency of rehabilitation; and sports aids such as knee pads and insoles, which reduce the risk of sports injuries and enhance sports performance through precise fit. In addition, 3D printing can also facilitate the upgrading and updating of diabetic foot testing equipment. These innovations not only enhance the functionality and user experience of assistive devices, but also promote the popularity and cost-effectiveness of personalized healthcare services. The application of 3D printing technology in assistive devices and ulcer monitoring is shown in Figure 4.
[image: Diagram showing a 3D in vitro model, auxiliary tools for joint 3D printing, and combined 3D-printed therapies. Arrows form a circular flow between these elements, illustrating an integrated approach.]FIGURE 4 | Auxiliary tools for joint 3D printing.
6 MATERIAL DIVERSITY IN 3D BIOPRINTING
3D bioprinting creates 3D functioning tissues/organs by precisely depositing bioink made of matrix, biological components and living cells (Xu et al., 2022). 3D printed products combined with biomaterials could control the flexible release of drugs or factors and protect sensitive biomaterials from the harsh wound environment to ensure treatment effectiveness (Pop and Almquist, 2017). Below I will introduce several common bioprinting materials. Hydrogels, owing to their excellent biocompatibility, biodegradability, and ability to mimic the extracellular matrix, are crucial in bioprinting. They support cell adhesion, growth, and crosslinking, with controllable degradation rates, making them ideal materials for promoting cell proliferation and tissue regeneration (Wang et al., 2022; Mandrycky et al., 2016). Natural materials such as gelatin and fibrin-based materials have good biocompatibility in 3D printing and can enhance cell function. For bioinks without intrinsic binding sites, incorporating cell-binding peptides (such as RGD sequences) could improve cell adhesion and viability (Cadena et al., 2021; Cadamuro et al., 2023). Biopolymers, such as gelatin methacryloyl (gelMA), chitosan, and hyaluronic acid, were advantageous because they mimicked the properties of natural ECM, had low immunogenicity, and could be modified to include motifs in their chemical structure to promote cell activity (Yue et al., 2015). Nanofibers are sustainably renewable, non-toxic, have a high specific surface area and aspect ratio and excellent mechanical properties (Li et al., 2021). Moreover, nanomaterial-based hydrogels have strong rheological properties, processability and electrical stimulation responsiveness, and also promote tissue regeneration (Tang et al., 2018; Hasan et al., 2018). Biomaterials are widely researched for their unique and superior properties. Different tissue-specific biomaterials containing cytokines and immunomodulatory properties encouraging tissue regeneration have been designed and implanted into locations of injured tissue to increase the therapeutic effectiveness of tissue regeneration (Xiong et al., 2022). Despite the great potential of bioprinting technology, there are deficiencies in biomaterials, such as insufficient mechanical strength of bioinks and challenges in precisely controlling the degradation rates of hydrogels. Additionally, some materials may be incompatible with bioprinting technology, leading to issues like clogging and reduced printing accuracy. The porosity of natural materials also limits cellular penetration and tissue integration. Consequently, the design and optimization of biomaterials still require further in-depth research (Heinrich et al., 2019). In summary, biomaterials have significant potential for development in the future.
7 WHERE IS 3D PRINTING GOING?
DM is a serious health problem that cannot be cured although existing drugs can alleviate the symptoms there is an urgent need to gain a deeper understanding of this pathology and to develop new models of the disease. Organoid technology offers an important opportunity to accurately mimic in vivo tissues by building 3D structures (Tsakmaki et al., 2020). 3D technology accelerates skin tissue regeneration and wound healing by accurately mimicking the physiological microenvironment and enhancing the complex network of inter-cellular interactions and bio-signal transduction, which allows the cells that promote wound repair to exhibit higher levels of viability and differentiation (Choudhury et al., 2024). Current 3D skin models, although partially successful in clinical applications, still have limitations due to the lack of elements such as immune cells, blood vessels, nerves and sweat glands. Secondly, there is a growing demand from patients and physicians for improved skin sensation and regeneration. Creating a unified bioink model of the skin that incorporates all these elements remains a major challenge (Ansaf et al., 2023; Tao et al., 2019). Topical treatment with dressings as part of DFU management practices creates a protective physical barrier, maintains a moist environment, and drains exudate from DFU wounds (Jiang et al., 2023). However, there are fewer types of clinically applied dressings, which need to be changed frequently, consume a lot of manpower and financial resources, and are ineffective, affecting the confidence of doctors and patients. At the same time, the high price of dressings also reduces patient compliance (Jiang et al., 2023). Moreover, existing commercial applications struggle to meet the needs of foot care and customized footwear. There is a need to improve software quality to support accurate measurements, enhance foot health awareness, and promote the prevention and treatment of foot problems (Kabir et al., 2021). 3D printing technology can provide personalized dressings and footwear solutions, improving fit and protection, which is beneficial for better managing DFU. Overall, 3D printing has great potential in DFU management, but development has been slow due to insufficient research and lack of precision in modelling for foot management. Therefore, we need a large number of preclinical and clinical studies to validate the benefits of 3D printing technology in DFU management.
8 SUMMARY AND OUTLOOK
3D printing technology offers unparalleled advantages, particularly in the realm of personalized treatment. The amalgamation of traditional treatment methods with 3D printing has yielded favorable outcomes in decelerating the progression of DFUs and facilitating wound healing. We summarize this in Figure 5. However, there is a limited body of research regarding the utilization of 3D printing technology in the domain of DFUs. The development of a 3D in vitro ulcer model that accurately simulates the hyperglycemic conditions in vivo is a significant challenge. One of the key factors in addressing the lack of 3D models is the promotion of keratogenic cell differentiation and proliferation. The reprogramming of iPSCs has also offered valuable insights for the construction of 3D skin models. Zebrafish share 87% genetic similarity with humans, pending development of experimental models close to humans. Effective 3D bioprinting dressings for chronic wounds are still lacking, in bi-layered biological dressings as well as dual AMPs are worth exploring by researchers. The development of wearable devices is still in its infancy. The development of sensors has to synergistically analyze the specificity of the skeletal and even the muscular structure of the foot, in addition to physical detection to better assess DFU diseases. There is a lack of awareness amongst medical professionals regarding the application of 3D printing technology in the management of DFUs.
[image: Illustration depicting the application of 3D printing in medical treatments. Three areas are highlighted: functional dressings with hydrogel, growth factors, and nanoparticles; adipose tissue combined with scaffold for tissue manipulation; and innovative surgical methods using guide-guided lateral tibial transport. A 3D printer is shown centrally, symbolizing technology's integration into these processes.]FIGURE 5 | 3D printing application in diabetic foot management.
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Introduction: Decompressive hemicraniectomy (DC) is a procedure used to treat elevated, therapy-refractory intracranial pressure. Despite the severity of the underlying pathology, selected patients quickly regain mobility and are at risk of secondary injury due to the post-craniotomy defect. A 3D-printed helmet offers a quickly available and safe solution. Up to now, postoperative CT scans have been used as a template for helmet construction. In this study, we present an alternative helmet construction using a non-invasive 3D scan (ArtecLeo, Artec3D), which is used to capture craniometrics data, plan the shape of the helmet, and compare it with routinely performed CT scans. A significant difference in defect displacement between supine scans and standing or sitting scans is evident, which is quantified.Methods: We included six patients who underwent decompressive craniectomy due to therapyrefractory elevation of intracranial pressure as a consequence of following pathologies: large intracerebral hemorrhage, large cerebral infarction, sever traumatic brain injury and poor grade subarachnoid hemorrhage. All patients underwent 3-D scan and subsequently, a helmet was created to cover the craniectomy area.Results: A surface heat-map comparison was performed to demonstrate the differences between the data obtained by 3-D scan (lying and sitting position) and CT-scan. Furthermore, the heat-map demonstrates the frontal and posterior surface difference between CT-scan and sitting position. Comparing the lying position 3-D scan and CT-scan, we were able to demonstrate a tissue shift, mainly in cranial and frontal areas.Conclusion: We demonstrated that non-invasive 3D-scan (Artec3D) is a feasible alternative to scan the head of the patients after DHC in order to construct a 3D-printed Helm. According to the heat-map analysis, it seems to be more reliable data assessment method in independently moving patients.Keywords: 3D printing, additive manufacturing, custom medical devices, neurosurgery, 3D imaging
INTRODUCTION
Decompressive hemicraniectomy (DC) is an emergent, life-saving procedure used in treatment of therapy refractory intracranial hypertension. According to the severity of underlying pathology, the mortality and morbidity of DC remains high (Ndiaye Sy et al., 2021). After initial recovery, the bone flap re-insertion (cranioplasty) needs to be performed to repair the cranial defect. According to contemporary literature, the complication rate of cranioplasty lowers, if this is performed at least 60 days after initial decompression (Corallo et al., 2014).
In such cases, the cerebral tissue remains exposed to atmospheric pressure, which might cause functional impairment by otherwise healthy brain (Schuss et al., 2012). Furthermore, in selected cases, good functional outcome with rapid neurological recovery is achieved. Such patients undergo intensive rehabilitation and are in need of helmet to prevent the potentially fatal injury (Kurland et al., 2015) of the non-protected cerebral tissue in case of fall. According to individual differences in neurocranium morphology (Noble et al., 2019), conventional pre-fabricated helmet might not be feasible for all patients (Schur et al., 2020).
3-D printed helmet has been recently presented as a quickly available, individualized and patient-tailored solution (Pang et al., 2022). However, in cases where patients are rapidly able to sit and walk independently, the assessment of the cranial defect in computer tomography (CT) might limit the adjustment as it does not optimally assess the transcalvarial hernia configuration (Liao et al., 2015) in upright position.
In our study, we propose a concept of 3-D printed helmet based on non-invasive 3-D head scan by ArtecLeo from Artec3D Performed by patients, who rapidly achieved mobility after decompressive 3D printed helmet based on data from an Artec 3D scan.
METHODS
We included six patients who underwent decompressive craniectomy due to therapyrefractory elevation of intracranial pressure as a consequence of following pathologies: large intracerebral hemorrhage, large cerebral infarction, sever traumatic brain injury and poor grade subarachnoid hemorrhage. All patients underwent rapid clinical recovery and were able to sit and walk independently. The 3D scan for the helmet was performed afterwards.
Scanning
A CT scan (computed tomography) uses X-rays to create detailed cross-sectional images of the body’s internal structures, often used for medical diagnostics. In contrast, a 3D scan employs non-invasive techniques like structured light or laser technology to capture the external geometry of objects or body surfaces, focusing on surface detail rather than internal structures.
The most prevalent types of scanners are laser scanners and structured light scanners. Essentially, both scanner types operate in a similar manner by emitting light that is reflected by the object being captured (Haleem et al., 2022). Klicken oder tippen Sie hier, um Text einzugeben. This returning light is then captured by the receiving optics. Structured light scanners project light onto the object in a defined pattern. By analyzing this pattern, deformations and distortions of structures can be detected. The triangulation method is used to capture the spatial coordinates X, Y, and Z of individual measurement points (Javaid et al., 2021). In this process, angular measurements of individual triangles are carried out using trigonometric functions.
The number of acquired measurement points increases with longer scanning durations, resulting in a point cloud. Occasionally, multiple individual scans are generated during the scanning process, which are automatically merged and supplemented with texture through an optional camera system. An important parameter is the number of images captured per second.
For the investigation, the mobile handheld scanner ArtecLeo was utilized. This scanner offers the advantage of being deployable in operational environments and is remarkably user-friendly in terms of handling. The outcome is a surface model of the object, which can be edited and customized using the appropriate graphics software. Thanks to this high acquisition rate, it is possible to fully scan the head of the patient within a matter of minutes.
Subsequently, we compared the data obtained by ArtecLeo with the routine post-operative CT scan. The differences in a shape were presented in a form of a heat map created in software Zeiss Inspect (Carl Zeiss IQS Deutschland GmbH, 2024). The differences between a 3D scan, with the patient seated, and the CT scan, with the patient lying down, were presented in the form of a heat map generated using Zeiss Inspect software. This heat map provides a direct comparison of defect displacement, with the CT data used as the baseline actual data and the scan data as the target data.
The comparison and overlay of the scan data with the CT data are performed using the Zeiss Inspect software. This software is designed for the evaluation of optically measured 3D surface data. A reference model, in our case the CT data, is superimposed with an actual model, the 3D scan. The alignment of both models is achieved through an Iterative Closest Point (ICP) algorithm, which utilizes transformations (translation and rotation) to align two 3D point clouds and identify common points. A surface comparison as shown in Figure 1, using defined measurement points, illustrates the displacement and generates a heatmap.
[image: Six diagrams of a head with colored brain activity maps. Each side view shows varying red, green, and blue regions, indicating different levels of activity. Numbered one to six, these diagrams display changes in patterns across the images.]FIGURE 1 | Heatmap comparison of spatial displacement. The color gradient represents the gradient of displacement.
RESULTS
We present the obtained scan of 14 consecutive Patients in form of Heat-map analysis.
Figure 2 displays four heatmaps representing patients post craniotomy. Surface comparison reveals a tendency towards shifting of cranial mass. CT scans were acquired in a supine position, whereas the 3D scan was obtained in a seated position. Red areas indicate an increase in mass, while blue to green areas signify a decrease. The deviations range from +28.01 mm to −21.80 mm as shown in Table 1. As shown in Diagram 1, the analysis of the data reveals large differences in the dispersion of the measurements between individual patients.
[image: Hands holding a 3D scanner (ArtecLeo) scanning a man's head, followed by a 3D reconstruction of the head in Artec Studio, and finally, a color-coded evaluation of a cranial defect using Zeiss Inspect.]FIGURE 2 | Approach for evaluating defect displacement.
TABLE 1 | Deviations defect shift in mm.
[image: Table showing deviation measurements in millimeters for fourteen patients. Mean deviations range from -1.79 to 8.11. Maximum deviations range from 3.27 to 28.01. Minimum deviations range from -21.80 to -2.57.][image: Box plot comparing deviation of defect displacement in millimeters for fourteen patients, color-coded individually. Ranges vary across patients, with some showing wider variances and higher outliers.]DIAGRAM 1 | Box plot of defect displacement for the 12 patients.
The analysis of the data shows large differences in the dispersion of the measurements between individual patients. These differences suggest that the variability of the measurements can vary considerably from patient to patient. A particularly noteworthy feature of the data is the outliers, whose extent and frequency vary greatly and appear to be individually determined. The central tendency of the data, represented by the median values, shows predominantly positive values. This suggests a general tendency for scalp swelling among the patients.
Helmet production
The captured point clouds are converted into a closed mesh using ArtecStudio software (Artec3D). This mesh serves as the foundation for the subsequent helmet construction. The helmet design is carried out using Fusion 360 (Autodesk Inc.), utilizing a custom-designed construction template with a defined process that accounts for skin distance, helmet contours, as well as holes and padding. The final perforations are created using nTop (nTopology Inc.). The complete helmet design is individually tailored to each patient.
For helmet production, the 3D scan serves as the basis. The helmet is produced using HP MJF with PA12 as shown in Figure 3. PA12 is an excellent material for protective helmets designed for craniotomized patients due to its biocompatibility, sterilizability, high heat resistance, and durability against moisture, chemicals, and UV radiation, ensuring long-term reliability. Its high strength and toughness provide effective protection against secondary injuries, while the carefully designed structure, featuring internal padding and smooth edges, enhances both comfort and safety. After printing and necessary post-processing, orthopedic technicians finalize the helmet, attaching the padding and chin strap. The helmet is then handed over to the specialist, engineer, and orthopedic technician for final inspection.
[image: Three images display a 3D-printed lattice structure helmet from different angles, emphasizing its intricate geometric design. A magnified view highlights the helmet's detailed mesh pattern.]FIGURE 3 | 3D printed helmet based on data from an Artec 3D scan.
DISCUSSION
We performed a non-invasive data assessment using ArtecLeo and subsequently constructed a 3D printed helm.
The clinical use of this scanning method allowed us to offer a rapid and patient-tailored solution without the necessity of additional CT scan to assess the spatial configuration of the defect, which allows direct mobilization of the patients and provides protection against de novo injuries.
The helm does not only protect the patient from the direct impact. Moreover, it is reported that nearly 60% of the patients sleep on the craniectomy site, which might cause preventable micro-damage on daily basis (Pandit et al., 2022). Furthermore, it might even facilitate the inter-hospital mobilization, as the para-medical staff reported on day to day difficulties which patients with proper head-protection do not face (Pandit et al., 2022).
Helmet fabrication using CT imaging is feasible but often yields suboptimal segmentation results for soft tissues. The standard resolution of 1 mm in CT scans is inferior to the higher measurement accuracy provided by 3D scanning. Furthermore, aside from the one-time acquisition cost, the use of a 3D scanner incurs no significant additional expenses.
3D printed helms are making its way to day-to-day clinical practice since 1980 (Rahimy et al., 2021). Beside it´s protective role, the helm may also support the social re-integration of the patient and support the psychosocial wellbeing by covering the visible and oft cosmetically disturbing defect (Colasante et al., 2018).
It is crucial to ensure that the patient’s hair does not distort the scan. Sometimes, hair is not fully captured by the scanners, or if it is, it does not accurately represent the actual head shape. This offset must be eliminated using aids such as a nylon stocking or a Stülpa-Fix bandage. These are carefully placed on the head and conform to its shape.
The scanning process only takes a few moments, with the patient instructed to remain still. For cooperative patients, simply maintaining an upright position suffices. However, if the patient struggles to stay still, medical personnel may be required to assist with immobilization.
Once the scan is complete, the 3D point cloud can be post-processed on a PC. Using ArtecStudio software, the loose 3D points are converted into a watertight 3D model, meaning a closed mesh body with no gaps or holes. This model is then exported as an. STL file for further use in CAD software. In Fusion 360, a predefined design is customized to fit the scan. The inner contour, serving as the head interface, is designed to be breathable, achieved by creating a mesh using nTop. Cutouts are made for padding (on the sides, front, back, and at the defect site).
As described in previous studies (Kropla et al., 2023a; Kropla et al., 2023b) the 3D scan is ideally suited for clinical practice as it can be used without extensive prior knowledge. The 3D scan provides sufficiently accurate, radiation-free 3D models of anatomical structures, benefiting every medical specialty.
The non-invasive form of data assessment seems to be reliable for the helm creation. Furthermore, easy-to-use design allows rapid helm construction without necessity of additional CT-scan.
The helmet only poses a potential hazard or safety risk in cases of misuse. The material has been tested by the manufacturer and is provided to the patient by certified orthopedic technicians. There are no ethical concerns, as everything is done with the patient’s understanding and consent.
CONCLUSION
The 3D scan is suitable for surface scans as it provides precise and detailed representations of surface geometries. Thanks to its high precision, it captures even the finest details, is fast, contactless, and versatile for various surface materials and object sizes. However, hair can act as a disturbance factor and should be removed, or a flexible net stocking can be used to ensure accurate capture. Therefore, it is important to perform the scan postoperatively as soon as possible due to hair growth.
Due to radiation exposure, another CT scan is not advisable, while MRI is costly and time-consuming.
Alignment of the CT scan with the 3D scan can be quickly achieved using suitable software, utilizing the ICP (Iterative Closest Point) algorithm. ICP is a computational technique that iteratively minimizes the distance between corresponding points on the two 3D models, aligning them by adjusting their positions and orientations. Anatomical landmarks such as the face or ears serve as clear guides. Generating a heatmap effectively illustrates the displacement of the defect and can be used for comparison purposes, provided the same scaling is applied.
All 14 patients expressed great interest in the new and innovative helmet design, particularly appreciating the ventilation holes, as excessive sweating had always been a significant issue. The precise 3D scanning ensured an optimal fit for each individual helmet.
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2023 bioprinted autologous adipose tissue wounds in diabetic patients bioprinter promotes wound healing with therapies
grafts on DFUs high-quality skin reconstruction
Tran etal, | Assessing the role of nanomaterials and | Feasibility and applicability of new materials Novel Biomaterial Prevents/Treats 3D-printed
2023 other biomaterials in wound healing Infections, accelerates wound healing and therapies
‘monitors wound healing status
Jin etal, 2023 | To explore the effects of 3D bioprinting | Animal experiments one-way analysis of Silver-containing methacrylate gelatin 3D-printed
methacrylate gelatin hydrogel loaded variance hydrogel has good biocompatibility and therapies
with nano silver on full-thickness skin | Bonfroni correction and independent samples | antibacterial properties. Its 3D bioprinted
defect wounds in rats ttests were used to statistically analyse the | double-layer structure can better integrate
data with new formed tissue in the skin defect
wounds in rats and promote wound healing
Huang et al., Therapeutic efficacy Platelet-rich Frequency of administrationwound healing | The bioactive fibre hydrogel effectively 3D-printed
2023 plasma-loaded bioactive multi-layer rate angiogenesis rate analysis reduces inflammation, promotes therapies
shell-core fibrous hydrogels granulation tissue growth and angiogenesis,
facilitates the formation of high-density hair
follicles, and generates a regular network of
high-density collagen fibres
“Tian et al., Providing a new solution for Athree-step protocol for the developmentand | The involvement of end-users (diabetic 3D-printed
2024 manufacturing personalised DF insoles | evaluation of this therapeutic footwear | patients) will enable the definition of user therapies
requirements and contexts of use to develop
design solutions for the footwear
Armstrong AMHAT therapies to support good Clinical trials with timed observation of | Treatment of bioprinted AMHAT appears. 3D-printed
etal, 2022 quality basic care wounds to be a safe and potentially effective therapies
treatment modality for patients with
chronic DFUs
Huang et al,, Evaluation of the effectiveness of Inflammation analysis and wound healing | The multifunctional 3D dressing reduced ~ 3D-printed
2022 multifunctional medical dressings analysis inflammation, effectively increased the therapies
post-healing thickness of granulation issue,
and promoted the formation of blood
vessels, hair follicles and highly oriented
collagen fiber networks
Bahmad et al,, Find alternatives to traditional Summary analysis of studies related to | Nanofiber-skin substitutes hold promise for ~ 3D-printed
2021 treatments with 3D printed therapies database searching treatment of patients suffering from DFUs therapies
and inspire novel strategies that could be
applied to other organ systems as well
Kesavan etal,, | The efficacy of MA-ECM prepared from | Reduction of wound size and the appearance | MA-ECM-based treatment accelerates 3D-printed
2021 autologous homologous adipose tissue by of epithelialization were evaluated wound healing therapies
using 3D bioprinting in DFUs
Tan et al, Improvement and development of Summary analysis of studies related to Co-development of 3D bioprinting 3D-printed
2020 effective dfu-specific wound dressings database searching technologies with novel treatment therapies
and treatments approaches to mitigate
DFUs
-specific pathophysiological challenges will
be key to limiting the healthcare burden
associated with the increasing prevalence
of DM
Hu and Xu, Efficacy based on polysaccharide Summary analysis of studies related to Polysaccharide-based hydrogels can 3D-printed
2020 hydrogels database searching provide suitable moisture for the wound therapies
and act as a shield against bacteria
Gomes et al, | The efficacy of dual antimicrobial peptide locally delivered into the model ‘The local application of the dual- 3D-printed
2020 antimicrobial peptides biogel constitutes a therapies
potential complementary therapy for the
treatment of infected DFUs
Mashkova 3D skin printing mimics the effects of Summary analysis of studies related to 3D-bioprinting plays a vital role in 3D-printed
etal, 2019 native wound environments database searching developing a complex skin tissue structure therapies
for tissue replacement approach in future
precision medicine
Lonardi etal, | Injection of autologous microfragment | Assessment of wound healing in terms of | The local injection of autologous micro- 3D-printed
2019 adipose tissue compared with standard | safety, feasibility technical success, recurrence | fragmented adipose tissucis a safe and valid therapies

treatment

'3D: Three-dimensional.

"AMHAT: autologous minimal manipulation of homologous adipose tissue.
“MA-ECM: minimally manipulated autologous extracellular matrix.

'DF?
“DF: diabetic foot.

iabetic foot ulcer.

B b o el m:

rate, skin deviation and pain intensity

therapeutic option able to improve healing
rate following minor amputations of
irreversible DEUs
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Tanetal, | Evaluate the efficacy of 3D printing for the  Conducting dialectical summaries 3D printed scaffolds is an effective approach to 3D model
2022 treatment of severe skin wounds ‘managing cutaneous wound healing
Phang et al, | Study of different in vitro 3D skin modelsand 3D Feasibility and applicability of 3D | Bio-3D printing and skin microarray models as 3D model
2021 angiogenesis models model diabetic wound models has good research
prospects
Vuetal, | Scaffold-based and scaffold-free 3D cell culture ~ Construct Biological Scaffoldsand | Scaffold-free system suit for analysing ECM 3D model
2021 systems that mimic in vitro environments analysis of ECM protein protein regulation
regulation
Smith et al,, Surveyor present a 3D HSE model Cellular analysis and assessment | 3D HSE model is used to study macrophage- 3D model
2021 related inflammation in diabetes and as a drug
testing tool to evaluate new treatments for the
disease
Singh etal, | In situ bioprinting versus conventional printing  The need and utility for in situ  In situ bioprinting may be favored when tissues 3D model
2020 bioprinting are to be fabricated or repaired directly on the
intended anatomical location in the living body
Smith et al,, Importance of human-derived ECM for controlled trial ‘This humanized skin-like tissue decreases 3D model
2020 constructing 3D skin models dependency on animal-derived
ECM while increasing cellular complexity can
enable screening inflammatory responses in
tissue models of human skin
Linetal, | To investigate the expression of miR-217 and  Animal experiments, genetic Inhibiting miR-217 could upregulate HIF-1a/ 3D model
2019 HIF-1a/VEGF pathway in patients with diabetic  testing and pathway analysis | VEGE pathway to promote angiogenesis and
foot ulcer and its effect on angiogenesis in DFUs ameliorate inflammation of DFU rats, thereby
rats effectively advancing the healing of ulcerated
area
Admane | Application of 3D cell culture system to diabetic | Feasibility and applicability of 3D 3D models offer a advantage in obtaining 3D model
et al, 2019 diseases system physiologically relevant information
Sunetal, | A case evaluates the safety and effectiveness of controlled trial 3D-printed scaffold was convenient to use, have 3D model
2018 3D-printed scaffold in chronic wounds the potential to improve wound healing rates
and provided a safe and effective way for treating
chronic wounds
Intini et al, | The fabrication of porous 3D printed chitosan | Cellular experiments with co- 3D printed scaffolds improve the quality of the 3D model
2018 scaffolds for skin tissue regeneration and their staining and other assays restored tissue with respect to both commercial

behavior in terms of biocompatibility and
toxicity toward human fibroblasts and
keratinocytes

*3D; Three-dimensional.
"ECM: extracellular matrix.
“HSE: human skin equivalent.
IDHE Aabetts fost sl

patch and spontancous healing
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Bioink ingredients

Printing
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Outcome evaluations

References

Circumferential and radial
filament

Rectilinear infilling pattern
with pores

Biomimetic P-PEUU

Polydimethylsiloxane (PDMS)/flex-
polylactic acid (PLA)/
polycaprolactone (PCL)/fibrin-
collagen composite hydrogel

Polylactic acid (PLA)/chitosan (CS)
or sodium alginate (SA)/sodium
hydroxide solution/calcium chloride
solution

Poly (ethylene glycol) (PEG)/poly

Digital optoelectronic In vitro

holography
71 (DOEH)

Extrusion printing In vitro

Hot direct ink writing Chinchillas

The motion at lower frequencies
approximates that of the human
tympanic membrane, and the
motion at higher frequencies is
superior to that of the
temporalis fascia. The greater
the number of fibres in the
scaffold, the higher its
mechanical load-bearing
capacity, with no decrease in
elasticity

‘The scaffolds show an increased
swelling ratio and good

tibility, improving the
ity and the
mesenchymal stem showed an
excellent attachment to it.

‘The native tissue grows on both

Black (2020)

Tihan etal. (2021)

Black (2020)

50Circumferential/50Radial (ester urethane urea) (PEUU) (HOT-DIW) the medial and lateral sides of
filaments graft with a diameter the graft, with arranged collagen
of 8 mm fibres being deposited
indicates that native cells can
remodel the biodegradable
‘material into native tissue, the
patch exhibits the
the highest rate of successful
tympanoplasty than fascia and
Biodesign® grafts
Porous scaffold Norbornene-modified gelatin Digital light Invitro and in | The E-PCL prints had thelowest  Nobus et al.
(GeINBNB) or Gelatin methacryloyl processing (DLP) vivo (female | swelling degree and the highest (2024)
(GelMA) or alkene-functionalised adult rabbits) | storage modulus, whereas the
PCL (E-PCL) and ex vivo | norbornene-modified gelatin
(GeINBNB) was of the opposite
trend. All three scaffolds were
biocompatible until day 28.
E-PCL scaffolds induced the
most efficient healing out of the
three scaffolds. More in vivo and
ex vivo tests were needed
Funnel-shaped membrane with | Polycaprolactone (PCL)/collagen Fused deposition In vitro ‘The acoustic properties of the ~ von Witzleben
grid or radial/circular filaments type I modelling (FDM), gel conical scaffolds were close to etal. (2023)
plotting, and melt elec native TM, which induced faster
Trowriting and cell coverage
sacrificial structure
A nanoparticle-coated 3D- Photocrosslinkable gelatin Digital light Invitro The patch exhibits good Bedir et al. (2024)
printed hydrogel patches methacryloyl (GelMA) processing (DLP) antibacterial performance
containing conical IKkeratin methacryloyl (KerMA)/ against . aeruginosa, S. aureus,
microneedles with a coaxial PVA nanoparticles and E. coli. Regarding its impact
coat Igentamicin (GEN) on cell viability, it demonstrates
[fibroblast growth factor (FGE-2) good biocompatibility,
promoting cell attachment and
proliferation
A support structure and the Bisphenol-A ethoxylate Digital light processing In vitro The acoustic response Domingo-Roca
sensor methacrylate (BEMA)/BaTiO3 stereolithography phenomena between the 3D- etal. (2018)
500 nm nanoparticles (NPs) (DLP-SLA) printed sensor and the locust
tympanic membrane are similar
for each frequency
Epithelium and stroma Human embryonic stem cell- Laser-assisted In vitro The biomimetic structure Sorkio et al.
‘mimicking structures derived limbal epithelial Stem cells | Bioprinting (LaBP) demonstrated robust cell (2018)
(RESC-LESC)/human adipose survival and differentiation
tissue-derived stem cells (hASCs) within the porcine corneal organ
Jrecombinant human laminin/
human sourced collagen 1
Tympanic repairing scaffolds  Polycaprolactone/collagen/alginate- ~ Extrusion bioprinting | Sprague-Dawley | The experimental group’s Jang et al. (2017)
mesenchymal stem cell (PCAMSC) Rat (SD-Rat) | closure rate of perforation
exceeded that of the control
group, and superior recovery of
ABR thresholds and regenerated
tympanic membrane thickness
was observed across all
frequencies in the experimental
group compared to the control
group
Customised 3D-printed Gelatin sponge particles Inkjet printing Human The template markedly reduced ~ Yang et al. (2021)
guiding template the operation time, enhanced
the closure rate, and decreased
the postoperative air-bone
gap (ABG)
Butterfly-structured tympanic GelMA/2-hydroxy-1-(4- 3D Bioprinting female ‘The butterfly structure Kuo et al. (2018)
repairing grafts (hydroxyethoxy)phenyl)-2-methyl- chinchillas | eliminates the need for surgical
I-propanone (Irgacure 2959; (Chinchilla | glues or sutures, enhances
BASF)/Fibronectin (FN)/epidermal lanigera) mechanical stability, and
growth factor (EGF)/Murine accelerates wound healing,
fibroblast cell line NIH/3T3 improving the healing of
tympanic membrane
perforations
mesh-structure scaffolds Human-derived umbilical cord Extrusion printing | Sprague-Dawley | It accelerated cell proliferation Jang et al. (2022)
Serum (hUCS)/Collagen/Basic Rat (SD-Rat) | and induced keratinocyte

fibroblast growth factor (bEGE)/
Human adipose stem cells (hASCs)

proliferation, promoting TMP
regeneration
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Smart mate

‘Thermo-responsive
smart materials

Photoresponsive smart
‘materials

Moisture-responsive
smart materials

Electro-responsive
smart materials

Magneto-responsive
materials

pH-responsive
‘materials

Piezoelectric materials

Descripti

These involve the shape-memory effectwhich
means the object regains its original shape after
deformation and the shape-change effect. These
materials are responsive to heat or temperature

Light works as an indirect stimulus and when it
is converted to heat it shows a response to light

‘These materials cither release or absorb moisture
with the change in relative humidity and cause
deformation in the structure. Example-
Hydrogels (it has high printability, and
biocompatibility and are used as moisture-
induced shape memory materials

Materials are responsive to electrical energy.
Current is an indirect stimulus to show electro-
responsive nature

Materials responsive to magnetic energy are
polymeric networks; functionalized chemically
or physically with the magnetic nanoparticles
including ferromagnetic and paramagnetic
particles like iron, cobalt, nickel or their oxides.
The first time the motion generation of
austenite-martensite interfaces due to magnetic
effect was reported where Fe (33.5)-Ni alloy was
applied as an actuator and was justified by
energy

Due to the unique properties of these types of
smart materials to work at different pHs of the
organs in the body can be used as triggers in the
drug delivery system

‘These are other special properties of smart
substances; such substances are sensitive to
mechanical stress

Applications

References

Used widely in the medical field for the release of | Sponchioni et al. (2019)

drugs and biomedical engineering

Self-folding polymer sheets, self-assembled
nanoparticles

Different varicties of hydrogels like natural and
synthetic polymeric hydrogels and peptide
hydrogels are applied in the 4DP

For medical purposes, electro-simulative gels
can be used, such as artificial muscle, sensors,
actuators, and lenses, and as biomedical and soft
materials

Used in printed hydrogels micro-gripper. It also
acts as a remote control for the magnetic
material by applying a magnetic field

Huge potential in material and polymer printing
is also used to manipulate printed structures in a
rapid manner

‘These types of smart materials have many
biomedical applications in drug delivery,
actuators and soft robots, valves, biocatalysts and
stabilization of colloids

Piezoelectric smart materials can be deformed
under the influence of a mechanical force,
therefore can also be utilized for the 4DP.

Behl and Lendlein (2007), Habault et al.
(2013), Liu et al. (2023b)

Osada and Matsuda (1995), Kopecek and
Yang (2012), Shiblee et al. (2018), Erol et al.
(2019)

Ali et al. (2019)

Ullakko (1996), Nichterwitz et al. (2021)

Jeong and Gutowska (2002), Soppimath et al.
(2002), Schmaljohann (2006), Dai et al. (2008),
Ali et al. (2019), Modi et al. (2023a)

Nadgorny et al. (2016), Grinberg et al. (2019)
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Type of the 3D

printed
biomaterial

Hydrogel composition

Fabrication
method

Comments

o1 Scaffold Inner core of the scaffold: Integration of microfluidics | The scaffolds exhibited a Fratini et al.
nanocomposite hydrogel composed of | technology with co-axial 3D- | combination of burst and sustained (2023)
hydroxyethyl cellulose (HEC) and bioprinting release of drug; The incorporation of
PEGylated LPs encapsulated with thyme bioactive compound in the scaffold
oil (TO) prepared by microfluidics imparted the anti-bacterial properties
technology with an Active to the scaffold
Pharmaceutical Ingredient (AP); Outer
core—a hybrid hydrogel composed of
sodium alginate/cellulose nanocrystals
(SA/CNC) and enriched with free TO

0 Antibiotic scaffold Levoflocixin Extrusion-based bioprinting | The antibiotic scaffolds showed Glover et al.

using a Bio-X bioprinter excellent mechanical properties and (2023)
thermoplastic print head exhibited a sustained drug release for
4 weeks
03 Porous scaffolds Chitosan Extrusion-based 3D printing | Improvement in the quality of the Intini et al.
process restored tissue during the healing (018)
process in streptozotocin-induced
diabetic rats
04 MoS, accelerated gelling | MoS; nanosheets, benzaldehyde and | in situ three-dimensional | Assistance in the closure of wounds, | Dinget al.(2023)
hydrogel scaffold cyanoacetate group-functionalized (3D) bioprinting eased the oxidative stress, eliminated
dextran solution bacterial infection and positively
improved the wound healing process

05 Wound dressing DNA from salmon sperm and DNA- | Artificial Intelligence (AD)- | Enhancement of the biological Kim et al. (2023)
induced biosilica based 3D bioprinting activity of the dressings through

scavenging of reactive oxygen species
(ROS); Promotion of angiogenesis;
Anti-inflammation property;
Acceleration of the acute and diabetic
wound healing

06 3D-bioprinted autologous | Fibrin glue 3D bioprinter Promotion of wound healing with Bajuri et al.

adipose tissue grafts high-quality reconstruction of skin (2023)

tissues

07 Scaffolds Satureja cuneifolia plant extract (SC), | 3D printing Best antibacterial activity (mainly Tihan et al.
sodium alginate (SA)/polyethylene against gram-positive bacteria); (2020)
glycol (PEG) Promotion of diabetic wound healing

08 Injectable amyloid-based | Bovine serum albumin and aloe vera | 3D printing Provision of best shape fidelity and | Naik etal. (2023)

composite hydrogel and 3D mechanical properties suitable for
printable hydrogel faster chronic wound healing
09 Multicomponent Chitosan methacrylamide, cellulose 3D Printing Improvement in granulation tissue | Alizadehgiashi
biocomposite hydrogel nanocrystal, antibacterial silver formation and differential points of | et al. (2021)
wound dressings nanoparticles and vascular endothelial vascular density; Yielding of various
growth factor physiological responses in mouse
model depending on the growth
factor

10 MeHA patches Methacrylated hyaluronic acid (MeHA) | Extrusion-based 3D printing | Improvement in wound closure in Ferroni et al.
and small extracellular vesicles (SEVs)  process diabetic mouse (2023)
attained from human mesenchymal
stem cells (MSC-SEVs)

i Scaffolds Copper-epigallocatechin gallate (Cu- | Extrusion-based 3D printing | The dermal scaffolds exhibited a Hu et al. (2023)
EGCG) capsules loaded in a process good pore size, excellent
methacrylated decellularized biocompatibility and promoted
extracellular matrix-based hydrogel angiogenesis

12 Hydrogel Bioactive elements, egg white 3D Printing The hydrogels stimulated the Guo etal. (2022)

fibroblasts and adipose tissue-derived
stem cells without imparting any
cytotoxic effects
13 Core-shell hydrogel Poly Vinyl Alcohol/Indomethacin/ Co-axial biological 3D The microfiber-based dressings Huang et al.
‘microfiber MMP inhibitor (PVA/INDO/MMPI) | printing possessed multifunctional properties (2022)
functional bio-ink such as controlled drug-release,
excellent water absorption (and water
retention), good biocompatibility,
wound-healing, antibacterial and
anti-inflammatory properties

14 Peptide-based hydrogel Thiolated y-polyglutamic acid (y-PGA- | 3D bioprinting The cell-laden hydrogel promoted Huang et al.
SH), glycidyl methacrylate-conjugated angiogenesis, reduced tissue hypoxia (2023)
y-polyglutamic acid (y-PGA-GMA), and minimized inflammation
thiolated arginine-glycine-aspartate
(RGDC) sequences and vascular
endothelial growth factor 165-
overexpressed human umbilical vein
endothelial cells

16 Composite scaffolds Gelatin-decellularized Extrusion-based 3D printing | GDQ composite scaffolds exhibited | Zhong et al.
matrix—quaternized chitosan [Gel- process good mechanical properties, good (2023)
dECM-Qes (GDQ)] bioink biocompatibility, wound healing, and

antimicrobial ability
17 Scaffold Decellularized small intestinal 3D Printing in low Acceleration of diabetic wound Hu et al. (2021)

submucosa (SIS) combined with
mesoporous bioactive glass (MBG) and
exosomes

temperature

healing and induction of
angiogenesis by the scaffolds;
Promotion of granulation tissue
formation, collagen fiber deposition,
and growth of functional new blood
vessels by the scaffolds
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Groups

Group 1 (5 Pancreatic
‘Tissue sections)

Group 2 (5 Pancreatic
Tissue sections)

Decellularization strategy

Immersion Decellularization (ID): Tissue sections were submerged in the
5 specified concentrations of detergents and stored in an airtight jar until the
pancreas turned pure white. The tissue underwent a 3-h detergent cycle
followed by a 1XPBS rinseat the completion of each cycle. Tissues were finally
washed with 1XPBS and 0.1% Peracetic acid for 48 h, with 4 changes of each
solution

Perfusion Decellularization (PD): A 16G needle was inserted into the
midsection of pancreatic tissue. The sliced section was perfused with the five
different indicated detergents using a gravity-driven apparatus. These sections
were perfused with detergents until they turned white as opposed to their
usual pale pink color. At the end of decellularization cycle, the tissue was
perfused with 1XPBS and 0.1% Peracetic acid for 48 h, with four changes of
each

04%
(wiv)

1%
(wiv)

Triton CHAPS
X-100

1% (viv) 0.1%
(wiv)

Tween-
20

5% (vIv)






