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The precise spatial organization of cells into functional tissues represents a fundamental challenge in biology and regenerative medicine. Conventional methods for directing cell assembly often lack the specificity, reproducibility, and dynamic control necessary to mimic native tissue architectures. This review explores the emerging use of DNA as a programmable and biocompatible strategy to engineer cell–cell interactions and construct hierarchically ordered tissue models. We first introduce the properties of various DNA toolbox and their strategies for cell modification and assembly. Importantly, we highlight the latest research advances in DNA-encoded cell spheroids, layered tissues, and organoids. Finally, we summarize current challenges and future directions in DNA-programmed assembly.
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1 INTRODUCTION
Morphogenesis in living systems is a complex and precise process driven by the spatiotemporally programmed self-assembly of cells into hierarchical architectures with defined structural and functional features (Lancaster and Knoblich, 2014). The morphology of tissues and organs, such as the chambered design of the heart, the lobular arrangement of the liver, and the intricate circuitry of neurons, is not merely a product of physical accumulation but reflects the ordered integration of specialized functional units (Zaret, 2002; Lancaster et al., 2013; Hofbauer et al., 2021). The ability to reconstruct such architectures in vitro, including multicellular clusters, tissues, and organoids, offers powerful tools for elucidating developmental principles and advancing applications in disease modeling, tissue regeneration, and drug screening (Escopete et al., 2025; Kim et al., 2025; Li M. Q. et al., 2025). Conventional tissue engineering techniques, such as hanging-drop (Wang S. H. et al., 2017), liquid-overlay (Martinez et al., 2015), spinner flasks and bioreactors (Jo et al., 2018), microfluidic devices (Park et al., 2019), and magnetic levitation (Jaganathan et al., 2014), enable the formation of cellular spheroids but often lack precision. These methods typically yield structures with heterogeneous size, composition, and poor reproducibility due to stochastic cell placement, thereby limiting their biomimetic fidelity and functionality (Lancaster et al., 2017; Hofer and Lutolf, 2021). Thus, a central challenge in the field is the engineering of robust and programmable control over cell–cell recognition and spatial organization.
DNA as a biomolecule renowned for its dual role in genetic encoding and precise molecular self-assembly, offers a unique platform for nanoscale engineering (Hu et al., 2019). Through Watson–Crick base pairing, DNA enables predictable and programmable construction of nanostructures with high fidelity (Sun et al., 2018; Xia et al., 2021; Liu et al., 2023). It can emulate natural ligand–receptor recognition mechanisms and mediate the assembly of diverse natural and synthetic materials across nano-to millimeter scales (He et al., 2008; Gu et al., 2010). DNA-programmed assembly of cells (DPAC) involves functionalizing cell membranes with DNA-based nanodevices, enabling selective recognition between cells bearing complementary sequences and facilitating the programmable construction of complex tissue mimics (Lin et al., 2022; Chen et al., 2024; Li Q. et al., 2025). By tuning the length, sequence, and structural configuration of DNA, as well as its surface density on cells, DNA can precisely control the strength, specificity, and logic-gated dynamics of intercellular adhesion. Moreover, strand displacement and other dynamic DNA reactions allow reversible, real-time switching of cell–cell binding, mirroring developmental processes (Xu W. W. et al., 2025). Beyond adhesion, DNA modules can act as signal transducers, environmental sensors, and drug delivery vehicles, enabling synergistic programming of structure and function (Shen et al., 2024).
This review comprehensively discusses strategies for programming cellular assembly using DNA materials. First, we elucidate DNA functional toolboxes, methods for cell surface modification, and assembly strategies. We then highlight applications of DNA materials in constructing multicellular architectures across varying scales and in regulating tissue-level functions. Finally, we discuss current challenges and future prospects in the field.
2 STRATEGIES FOR DNA-ENCODED CELL ASSEMBLY
2.1 DNA toolbox
DNA self-assembly furnishes a versatile toolbox for cellular manipulation from the molecular to the mesoscale, including DNA duplex, DNA tetrahedra, DNA origami, and DNA hydrogels, thereby enabling multiscale and multifunctional control over cells.
DNA duplex comprises two complementary strands stabilized by hydrogen bonding between specific base pairs and provides a flexible and controllable platform for programmable cell assembly (Figure 1A) (Hoffecker et al., 2019; Louis et al., 2022). This approach is simple and adaptable, as binding strength and specificity can be tuned by altering hybridization length and sequence. For example, Gartner et al. employed single-stranded DNA (ssDNA) modifications on cell membranes, wherein complementary ssDNA sequences attached to another cell’s membrane. Upon cell proximity, complementary sequences hybridised, forming stable connections via a “lock-and-key” mechanism that prevented cell drift (Figure 1B) (Gartner and Bertozzi, 2009). However, DNA duplex exhibits relatively poor stability due to nuclease degradation and finite binding strength. To enhance durability, strategies such as chemical backbone modifications and terminal protection have been employed (Kwak and Herrmann, 2011). Furthermore, Shi et al. developed multivalent DNA molecules capable of binding multiple complementary sequences, thereby increasing the number of cells that can be assembled while reducing the required DNA density on each cell (Shi et al., 2018). Importantly, designing more rigid two-dimensional and three-dimensional DNA framework structures can reduce nuclease accessibility and enhance structural synergy, thereby improving stability (Lv et al., 2025; Wang et al., 2025).
[image: Diagram illustrating DNA-encoded cell assembly and communication strategies. Section A shows DNA toolbox elements: double-stranded DNA, DNA tetrahedron, DNA origami, and DNA hydrogel, alongside DNA modification strategies: covalent, hydrophobic interactions, aptamer, and antibody-DNA. Section B displays control mechanisms using these elements. Section C demonstrates responsive cell assemblies, featuring pH-responsive, light-responsive (at 460 nm), and ATP-binding responsive cell assemblies.]FIGURE 1 | DNA-mediated cellular assembly and regulation: toolbox, modification strategies, and stimulus-responsive systems. (A) DNA-encoded cell assembly and communication schematic on the left. DNA toolbox library shown at top right, including double-stranded DNA, DNA tetrahedron, DNA origami and DNA hydrogel, which provides molecular regulatory tools for cellular interactions; The lower right side shows DNA modification strategies on cell membrane, including covalent linkage, hydrophobic insertion, aptamer binding and antibody recognition, to achieve stable anchoring of DNA molecules on cell membrane surface. (B) Different DNA structural units regulate cellular assembly patterns, including double-stranded DNA, DNA tetrahedron, DNA origami, and DNA hydrogel-regulated cellular assembly mechanisms. (C) Stimulus-responsive cellular assembly systems comprise pH, light, and ATP response units. These systems induce dynamic conformational changes or interactions in DNA through external stimuli, enabling controlled regulation and reversible switching of cellular assembly.DNA tetrahedron are rigid three-dimensional nanostructures assembled bottom-up from DNA strands (Figure 1A) (Goodman et al., 2005). Compared to DNA duplexes, tetrahedral DNA offer geometrical rigidity and enable precise spatial positioning of functional elements down to the nanometer scale, thus allowing fine control over intercellular assembly (Figure 1B) (Zhang et al., 2024). Xun et al. demonstrated that the DNA tetrahedron with three hydrophobic vertices stably to the plasma membrane for hours compared to ssDNA, providing a robust platform for cell–interface engineering (Li J. et al., 2019). Du et al. anchored DNA tetrahedron to antigen-presenting cells (APCs) and precisely tuned the intermembrane spacing between APCs and T cells. Reducing this spacing significantly enhanced T cell receptor triggering and activation by combining additional mechanical forces effect with strict CD45 exclusion, revealing a distance-dependent mechanism in immunological synapse formation (Du et al., 2023). Owing to the mechanical rigidity and geometric stability of DNA tetrahedron, Xiao et al. employed DNA tetrahedron to enhance the affinity of receptors binding to cancer cells. This approach also strengthened the anchoring stability of receptors on cell membranes, ultimately significantly promoting the interaction between NK cells and cancer cells and their killing efficiency (Xiao et al., 2022).
DNA origami, created by folding a long scaffold strand with hundreds of short staples, yields two- and three-dimensional structures with nanometer precision (Figure 1A) (Rothemund, 2006; Andersen et al., 2009). Relative to simple duplex-mediated recognition, origami upgrades “point-to-point” hybridization to “patterned” adhesion with defined spatial architectures, thereby improving the precision and topological complexity of cell assembly (Figure 1B) (Wagenbauer et al., 2023; Li et al., 2024). Akbari et al. used membrane-anchored DNA origami as a molecular-scale membrane-bound breadboard (MBB) to program both homotypic and heterotypic cell–cell binding, mimicking receptor–ligand-mediated recognition and signaling on biological membranes (Akbari et al., 2017). By controlling aptamer identity, valency, and spatial arrangement on origami, Hu et al. developed a series of adjustable multivalent aptamer-based DNA nanostructures. These structures not only discriminate tumor types and emulate multiheteroreceptor-mediated recognition but also guide specific interactions between macrophages and tumor cells, thereby leading to effective immune clearance. This demonstrates great potential for personalized tumor treatment (Hu et al., 2024).
DNA hydrogels are three-dimensional polymer networks formed by DNA hybridization, combine programmability and biocompatibility, serving as artificial extracellular matrices that provide mechanical support for cells (Figure 1A) (Um et al., 2006; Xing et al., 2011). Peng et al. designed a dynamic DNA cross-linked matrix that enables computational predictability and systematic regulation of its viscoelastic, thermodynamic, and kinetic parameters by modifying sequence information (Figure 1B) (Peng et al., 2024). These matrices support diverse cell types and guide polarization and morphogenesis by tuning adhesive ligands and stress relaxation, providing a programmable platform to model tissue mechanics and cell–matrix mechanobiology. Exploiting the tunable mechanics and photoresponsiveness of DNA hydrogels, Afting et al. fabricated nanoengineered DNA microspheres with tissue-mimetic, tunable stiffness. These enable spatiotemporally controlled release of morphogenetic factors within organoids, thereby inducing retinal organoids exhibiting in vivo-like cellular diversity and reproducing morphogen gradient-driven pattern formation processes (Afting et al., 2024).
2.2 Cell-surface DNA modification
Efficient, precise, and stable anchoring of DNA to the cell surface is foundational for cell-surface engineering and programmable assembly (Figure 1A). Direct chemical conjugation forms covalent bonds to lysine or cysteine residues on membrane proteins, including amine coupling, thiol coupling, and glycoengineering-based conjugation (Baskin et al., 2007; Stephan et al., 2010; Vermesh et al., 2011; Yang et al., 2015). These methods offer stability and broad applicability, but covalent protein modification can compromise modification efficiency and controllability, and complex operations may affect cell viability, and native function (Charter et al., 2002; Vogel et al., 2013; Shi and Wang, 2021). Hydrophobic insertion utilizes lipophilic groups such as cholesterol, tocopherol, or long aliphatic chains to embed into the lipid bilayer, thereby exposing DNA to the extracellular environment (You et al., 2017; Li H. Y. et al., 2019; Guo et al., 2022; Ma et al., 2024). This strategy is simple, general, minimally disruptive to membranes, and highly designable (Jin et al., 2019), but may suffer from probe aggregation and DNA internalization or shedding (Borisenko et al., 2009; Kwak and Herrmann, 2011; Selden et al., 2012). Antibody-mediated targeting exploits antibody–antigen recognition to localize DNA on specific cells with high specificity and low off-target effects, but is constrained by surface protein heterogeneity, antibody costs, conjugation complexity, and quality control requirements (Bailey et al., 2007; Saka et al., 2019; Dacon et al., 2022; He et al., 2023). Aptamer-based targeting offers flexible, customizable recognition at defined sites, is compatible with downstream DNA reactions, and is well-suited for specific recognition and dynamic control during cell assembly (Ni et al., 2017; Li L. et al., 2019; Yu et al., 2021; Yao et al., 2024).
2.3 DNA-encoded cell assembly
Once ssDNA, DNA tetrahedra, or DNA origami are stably anchored on the membrane, cells can be arranged and assembled with controlled geometries. DNA hydrogels provide scaffolding with spatial programmability and photoresponsiveness. Building on membrane functionalization, the programmable reactivity of DNA enables dynamic and intelligent modulation of intercellular interactions, opening routes to biomimetic communication and programmed assembly (Figure 1C) (Li L. X. et al., 2025). Hou et al. devised DNA triplex nanoswitches (DTNs) that incorporate Hoogsteen interactions, allowing conformational switching within physiological pH ranges while preserving Watson–Crick stability (Hou et al., 2021). Fluctuations in microenvironmental pH thus trigger controlled recognition and binding, enabling pH-dependent assembly, a useful feature for acidic niches such as the tumor microenvironment. Light-responsive DNA hybridization technology offers a difference regulatory approach by activating or deactivating DNA-binding capabilities through light exposure. As shown by Mathis et al., photocleavable protecting groups embedded in DNA strands can be removed under defined wavelengths (425–450 nm) to restore hybridization, thereby triggering rapid, spatiotemporally resolved cell–cell adhesion (Mathis et al., 2023). In addition, ATP-responsive DNA self-assembly provides an orthogonal route to dynamic multicellular regulation. Xu et al. harnessed antagonistic enzyme pairs, T4 DNA ligase and BamHI restriction endonuclease, to respond to physiological ATP concentrations and maintain dynamic steady states of DNA monomer assembly. Using ATP as a chemical fuel, the system affords reversible regulation of multicellular interactions, offering a means to emulate energy-dependent cellular behaviors in immunity and tissue regeneration (Xu Y. et al., 2025).
3 DNA ENCODING ACROSS ORGANIZATIONAL LEVELS OF CELL ASSEMBLIES
3.1 Cell clusters and spheroids
Cell clusters and spheroids are fundamental units for probing structural stability, intercellular communication, and microenvironmental self-organization (Figure 2A) (Stevens et al., 2023). In DNA-programmed cellular assembly, the adhesion energy between cells depends on the hybridization free energy (ΔG) of DNA strands and their membrane anchoring density. Arora et al. found that when varying the length of base-pairing regions, molecular adhesion energies corresponding to 12 bp and 45 bp binding regions were 2.8 × 106 kT and 10.7 × 106 kT, respectively (Arora et al., 2025). Furthermore, anchoring density regulates the number of bonds that can form between adjacent cell surfaces. Gartner et al. achieved up to a 20-fold change in assembly rate by reducing the DNA chain concentration from 150 μM to 25 μM (Gartner and Bertozzi, 2009). Therefore, by regulating intercellular pairing and coupling, microaggregate formation, and spheroid assembly via DNA, the geometric structure and adhesion energy landscape of intercellular contacts can be established at an early stage, thereby enabling precise control of cellular functions (Chandra et al., 2006; Cui et al., 2022). DNA-encoded single-cell pairing employs the toolbox above to create highly selective heterotypic coupling. For example, Prahl et al. used augment DNA ‘‘velcro’’ technology for selective patterning of ssDNA labeled cells on mechanically defined photoactive polyacrylamide hydrogels, achieving high-precision spatial arrangement and long-term co-culture of multiple cell types and enabling studies of how epithelial–mesenchymal interface geometry influences cytoskeletal alignment and extracellular signal-related kinase (ERK) signaling, thereby modeling the interplay between mechanics and biochemistry at tissue boundaries (Prahl et al., 2023). Extending these capabilities with DNA framework nanostructures, Guo et al. realized reversible and tunable cell assembly and cargo transfer, underscoring the advantages of DNA nanostructures for dynamic control of cell–cell interactions (Guo et al., 2022). Wen et al. used amphiphilic aptamer-incorporated DNA tetrahedra that selectively pair T cells with monocytes, leveraging the intrinsic tumor-homing capability of monocytes to enhance intratumoral T cell infiltration, pointing to new avenues in immune engineering and cancer therapy (Wen et al., 2025).
[image: Diagram illustrating the process of cell to organoid assembly. Section A shows individual cells, cell clusters, and cell spheroids, emphasizing accurate identification, communication, and modulation. Section B presents tissue assembly with a layer by layer approach, core-shell, and core-node configurations for particular cell types and spatial information. Section C depicts organoid assembly forming a kidney and a liver, highlighting specific spatial structures and functions. Arrows indicate the transition from cell to tissue to organoid through precise arrangement and differentiation.]FIGURE 2 | DNA-programmed assembly at the cellular, tissue, and organoid levels. (A) Cellular assembly: Through DNA-mediated processes, individual cells progressively form cell clusters and ultimately assemble into cell spheroids. (B) Tissue assembly: Strategies such as layer-by-layer stacking, core-shell structures, and core nodes are employed to program specific cell types, achieving precise cellular arrangement and endowing tissues with spatial information. (C) Organoid assembly: DNA programming regulates cell differentiation to construct organoids like kidneys and livers with specific spatial structures, recreating the distinct functions of natural organs.Programmed DNA-mediated assembly can drive spontaneous integration of cell–cell and cell–matrix interactions to form spheroids and other higher-order aggregates. Compared with stochastic clustering via native adhesion, DNA coding confers high customizability over topology, layer ratios, and boundary shapes (Mathis et al., 2024). Liu et al. used DNA-encoded surface modification to program intercellular connections and controlled 3D tissue self-assembly, constructing functional signaling pathway that revealed the consequences of cell-to-cell variability in Ras activation on the morphogenesis of mammary epithelial cells, highlighting the utility of DNA programming for modeling tissue microenvironments and signal transduction (Liu et al., 2012). Such processes can be dynamically tuned by varying sequence complementarity and binding strength. Likewise, Kong et al. leveraged programmable base pairing to engineer a modular receptor system across diverse microbes, including Gram-positive bacteria, Gram-negative bacteria, and spores. This system enables the controlled assembly and dynamic response of microbial clusters, further expanding the application of DNA-programmed assembly in synthetic biology and microbial community engineering (Kong et al., 2025).
3.2 Layered tissue construction
Multiscale tissues exhibit horizontal layering, nested architectures, regionalization, and functional zoning that determine polarity, barrier function, mass transport, and system-level force transmission. DNA nanotechnology enables micrometer-scale reconfiguration of interfacial interactions to control multilayer assemblies with precision (Figure 2B) (Huang et al., 2024).
The assembly of spheroids can be directed by designing sequence complementarity and binding strength to control orientation and positioning (Li et al., 2015). In planar layered structure, Todhuner et al. employs sequence-specific strands as “Velcro” to arrange distinct cell types with single-cell precision on two-dimensional substrates, enabling programmed construction of three-dimensional microtissues with defined spatial heterogeneity (Todhunter et al., 2015). Furthermore, Viola et al. developed a “kinomorphs” based on photolithographic DPAC (pDPAC), embedding fibroblasts as “crease blocks” in extracellular matrix to guide cell–cell connectivity. Resulting traction forces drive morphogenetic transformations that culminate in cell cluster fusion and lumen formation at prescribed locations, demonstrating strong potential for constructing polarized, functionally luminal tissues for regenerative medicine and disease modeling (Viola et al., 2020).
For core–shell architectures, DNA nanotechnology affords programmable spatial organization that emulates the regionalized distributions of cells in native tissues. Decorating cells with defined DNA sequences as synthetic receptors enables type-specific recognition and adhesion based on complementarity, guiding the formation of stable core–shell units (Gao et al., 2019). Li et al. introduced the expansion of stem cells with pairing niches (ESPN) strategy, anchoring cholesterol-modified ssDNA to cell membranes to achieve pairing between mammary stem cells and niche cells, which promoted stem cell proliferation and maintenance (Li et al., 2018). Using photolithography combined with DNA hybridization, Scheideler et al. patterned multiple cell types and ligands with micron-level precision to build multilayer constructs that integrate malignant breast epithelial cells, nonmalignant breast epithelial cells, and endothelial cells to model complex physiological systems such as the tumor microenvironment (Scheideler et al., 2020). This approach offers high precision and flexibility and is well-suited for dissecting intercellular signaling, tissue development, and disease mechanisms.
DNA nanotechnology has also been applied in constructing dynamic core-node architectures, which are suitable for simulating spatial reorganization and signal transduction occurring during developmental or pathological processes (Kong et al., 2025). Wang et al. proposed a “brick-to-wall” strategy that exploits the self-healing and biocompatibility of DNA supramolecular hydrogels to encapsulate different cells in discrete modules that fuse into multicellular core–node constructs supporting migration and interaction in 3D (Wang Y. J. et al., 2017). Qian et al. developed DNAzyme-based ion-responsive systems that use Zn2+ or Mg2+ to trigger controlled disassembly and reassembly of clusters, even enabling reversible connections and directed migration among spheroids. Such methods support logical operations, including AND/OR gating, and provide molecular-level control tools for intelligent tissue models, dynamic drug screening platforms, and reconfigurable biological systems (Qian et al., 2021).
3.3 Organoid construction
Organoids emulate organ architectures and functions by precisely controlling cell positioning and interactions, providing reliable models for disease modelling, drug screening, and regenerative medicine (Figure 2C) (Rookmaaker et al., 2015; Pasca et al., 2025). The sequence-specific programmability of DNA enables precise control of adhesion, spatial localization, and cell ratios, addressing bottlenecks in structural integrity, functional maturation, and batch-to-batch consistency in conventional organoid culture. DNA nanotechnology offers powerful means to realize highly biomimetic and controllable organoids by coupling molecular recognition with programmable assembly, thereby mitigating variability and structural or functional deficits. By tuning cell–cell adhesion, matrix mechanics, and multicellular composition, DNA-guided processes steer organoid formation in space and time to model organ development and pathology (Arora et al., 2025; Zhu et al., 2025). Weber et al. exploited reversible adhesion via membrane-anchored ssDNA to create a “Chemical Micromolding” approach for rapid, controlled 3D aggregation of multiple cell types. Supported in Matrigel, this method reproduced the spatial morphologies of natural tissues such as mammary glands while preserving self-organization and microenvironmental adaptability (Weber et al., 2016). To reduce variability associated with Matrigel, Porter et al. applied pDPAC with DNA “velcro” in microwell arrays to precisely control ratios of nephron progenitors and ureteric bud cells, achieving structurally consistent kidney organoids in 97% of wells and markedly improving proximal tubule structures morphogenesis over conventional methods (Porter et al., 2024). To enhance uniformity and functional maintenance, Wei et al. demonstrates the superior efficiency and reproducibility offered by DNA origami technology. Specifically, the resulting spheroids exhibited remarkably low size variability (<3.7%) and could be reliably generated within 24 h, in contrast to the rough and heterogeneous structures formed by the conventional hanging-drop method. Moreover, this approach bypasses the cell number limitations of the liquid-overlay technique, efficiently producing spheroids across a wide range of cellularities (50–1,000,000 cells) (Wei et al., 2024). This high degree of control over the assembly process ensures consistent outcomes, highlighting the enhanced reproducibility of DNA-programmed assembly (Zhu et al., 2024; Luo et al., 2025). Collectively, these representative studies illustrate the breadth and control afforded by DNA nanotechnology for building high-fidelity organoids, enabling precise and reliable platforms for disease modeling, pharmacology, and regenerative applications.
4 CHALLENGES AND OUTLOOK
DNA-encoded cell assembly offers novel engineering strategies for constructing complex tissues and organoids. Its advantage lies in achieving programmable control over cell types, numbers, relative positions, and functions through sequence information. However, this field still faces multiple challenges. First, DNA currently serves primarily as a temporary structural linker during the initial assembly phase. Exposed DNA rapidly degrades, leaving subsequent development of cellular assemblies largely dependent on spontaneous cellular interactions (Wang et al., 2023; Yao et al., 2024). There is an urgent need to develop novel material strategies enabling DNA materials to provide sustained regulation of structure and function throughout the entire lifecycle of the assembly. Second, existing DNA-encoded assembly techniques provide insufficient control of the microenvironment and struggle to recapitulate the complex in vivo gradients of biochemical and biophysical cues, resulting in gaps in morphology and functional maturation (Zhu et al., 2024; Yamada et al., 2025). Third, dense DNA modifications may potentially interfere with the function of native signaling receptors or adhesion molecules on the cell membrane. By optimizing DNA modification density, employing spatially controllable DNA nanomaterials for targeted modification to avoid random coverage of critical receptor regions, and developing stimulus-responsive DNA systems, precise cellular programming can be achieved while maximally preserving the cell’s native biological functions. Finally, current approaches largely achieve simple co-assembly of different cell types, but lack precise, higher-order structural control and coupling across functional hierarchies, such as vascularization, innervation, and immune infiltration (Dao et al., 2024; Kim et al., 2024; Lo et al., 2025).
Future advances in DNA-programmed cell assembly will likely emerge from integration with multidisciplinary technologies, bridging fundamental research and clinical translation. For example, coupling with 3D bioprinting could use DNA-encoded cellular modules as “bioinks” for high-precision spatial stacking to rapidly build macroscale, architecturally complex organ structures, while coordinating graded mechanics and porosity during printing to establish ordered biomechanical microenvironments. Integrating patient-derived induced pluripotent stem cells (iPSCs) enables assembly of DNA-encoded cells and organoids into personalized, multilayered constructs with specified tissue functions. Incorporating machine learning and artificial intelligence can elucidate and optimize the mapping between DNA sequence–structure and construct function, accelerating the development of intelligently responsive tissue materials. Such convergence will propel DNA-programmed assembly from static construction to dynamic regulation and functional integration, enabling the on-demand fabrication of physiologically functional tissues and organs.
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