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Peptide self-assembly has emerged as a powerful and versatile strategy for the design of supramolecular biomaterials with tunable structural and functional properties. Through the precise organization of short peptide sequences, it is possible to construct nanostructured materials that mimic biological architecture and respond to specific environmental cues. Among the various design elements that influence peptide assembly, the incorporation of metal ions has gained increasing attention as a means to modulate material properties and endow biofunctionality. In this study, we investigated the distinct effects of four divalent metal cations—calcium (Ca2+), magnesium (Mg2+), zinc (Zn2+), and copper (Cu2+)—on the hydrogel-forming capabilities of Ac-(L-Phe)-(L-Ile)-(L-Asn)-(D-Tyr)-(L-Val)-(L-Lys)-CONH2 (FINyVK), an ultrashort heterochiral hexapeptide derived from the second helix of the C-terminal domain of Nucleophosmin 1 (NPM1), a nucleolar protein implicated in both structural maintenance and disease-related aggregation. This peptide sequence is amyloidogenic and capable of forming hydrogels under appropriate conditions. By employing a comprehensive set of biophysical techniques, including circular dichroism (CD), rheology, electron microscopy, and thermal analysis, we characterized the conformational and morphological properties of hydrogels formed both in the presence and absence of metal ions. Our findings revealed that metal coordination can significantly alter peptide assembly pathways, influencing key features such as fibrillar thickness, network porosity, and the kinetics of gelation. Notably, different cations impart distinct effects: while alkaline earth metals like Ca2+ and Mg2+ enhance fibrillar alignment and promote reversible gelation, transition metals such as Zn2+ and Cu2+ tend to disrupt ordered structures due to stronger coordination with aromatic residues. These results underscore the utility of metal–peptide interactions as a rational design principle for engineering advanced peptide-based hydrogels.
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INTRODUCTION
Over the past 2 decades, peptide self-assembly has emerged as a powerful and versatile approach for developing supramolecular smart materials (Levin et al., 2020; Chang et al., 2024; Mu et al., 2024). This process, which involves the spontaneous organization of individual molecules into ordered structures, plays a central role in both natural biological systems (Kuila and Nanda, 2024), and synthetic biomaterials like nanoparticles, fibrils, nanotubes, and vesicles or hydrogels (Zhou et al., 2023; Hua and Shen, 2024; Sahu and Chakraborty, 2024).
Peptides, in particular, are highly attractive molecules for their chemical versatility, ease of synthesis (Marasco et al., 2008), biodegradability, and intrinsic ability to encode biological functions (De Soricellis et al., 2023). Self-assembled peptide-based systems have gained significant attention for a wide range of biomedical applications, including drug delivery, tissue engineering, vaccine formulation, and biosensing (De Soricellis et al., 2023). In these contexts, their performance depends not only on the mechanical properties of the resulting hydrogels but also on the precise molecular organization at the nanoscale (Fichman and Gazit, 2014; La Manna et al., 2021).
Short or ultra-short sequences composed of 2–7 amino acids are especially appealing due to their structural simplicity and high reproducibility (Gupta et al., 2020). Aromatic moieties exert crucial functions in self-recognition mechanism: stacking interactions rather than mere hydrophobicity provide energetic contribution as well as order and directionality in supramolecular structures (Huang et al., 2025). In addition, the incorporation of D-amino acids is a facile approach to modulate the physicochemical and biological properties of peptide-based hydrogels (Melchionna et al., 2016). At molecular level, a proposed model suggests that a kink at the interface between L- and D-blocks leads to the assembly of flat monolayers with different faces bearing both hydrophobic and charged interactions (Clover et al., 2020).
To optimize hydrogel performance, it is possible to act not only on the peptide sequence, through the rational selection of amino acids and stereochemistry, as previously described, but also by introducing exogenous components such as divalent metal ions (M2+) (Shen et al., 2022).
Self-assembling peptides can interact strongly with M2+ ions, which in turn can modulate their secondary structure, self-assembly dynamics, and functional properties. Metal coordination introduces additional noncovalent interactions that can drive peptide self-assembly, often resulting in the formation of supramolecular metallogels, where metal ions play key structural roles by coordinating with amino acid or peptide-based gelators (Pal and Roy, 2022). M2+ ions can bind to various functional groups—including amino, carboxyl, and hydroxyl moieties—on peptide chains, significantly influencing the mechanical, structural, and biological properties of the resulting hydrogels (Shao et al., 2024).
Under physiological conditions, M2+ ions are often gradually released from hydrogels, and depending on the specific cations employed, they can serve various biological functions. For example, Qian et al. developed a hyaluronic acid (HA)-Cu hydrogel by coordinating hydrazide-modified HA with Cu2+ ions, resulting in a material with good biocompatibility and notable antibacterial activity against Escherichia coli and Staphylococcus aureus (Qian et al., 2022). Similarly, the incorporation of Mg2+ into hydrogels has been shown to enhance the adhesion of bone marrow stromal cells by promoting the expression of fibronectin and integrins at cell adhesion sites. A hydrogel system combining Mg2+ and curcumin was reported to support rotator cuff tendon-to-bone healing through anti-inflammatory and pro-differentiation mechanisms (Chen et al., 2021). Ca2+ and Mg2+ have also been reported to promote cell migration and tissue regeneration; in one study, a Ca2+/Mg2+-releasing hydrogel facilitated the infiltration of endogenous cells and enhanced new bone formation (Yu et al., 2023). On the other hand, the strong chelating capacity of Zn2+ could be used to direct the formation of supra-molecular dodecapeptide-based hydrogels to be used as carrier systems for hydrophobic cargoes (Wu et al., 2024). Furthermore, versatile bio-inspired self-healing hydrogels were produced by non-covalent crosslinking induced by Zn2+-His coordination (Tunn et al., 2019).
When selecting an appropriate amyloid sequence, it is important to recognize that proteins often contain short sequence fragments which, although sometimes buried within their three-dimensional structures, exhibit unexpected properties. These fragments can be harnessed to design innovative peptide-based molecules with unique characteristics (Seidi et al., 2021; La Manna et al., 2022b; Gao et al., 2024).
In recent years, we have reported the hydrogel-forming ability of an amyloidogenic hexapeptide fragment (residues 268–273, FINYVK) derived from Nucleophosmin 1 (NPM1) (Florio et al., 2021). This fragment is located within the second helix of the three-helix bundle that forms the C-terminal domain (CTD) of NPM1 (Russo et al., 2017), a homopentameric nucleolar protein essential for chaperone activity and the maintenance of nucleolar organization through liquid–liquid phase separation (LLPS) (Mitrea et al., 2018). Notably, NPM1 is the most frequently mutated gene in a subtype of Acute Myeloid Leukemia (AML), with mutations occurring within the third helix of the CTD that promote amyloid-like self-aggregation and the formation of cytotoxic fibrils (La Manna et al., 2022a; Marasco et al., 2024). To further explore the chemical diversity of novel self-assembling sequences, we previously introduced single D-amino acid substitutions and analyzed the gelation properties of the resulting hexapeptides. Using various biophysical techniques, we found that the modified sequences were capable of forming hydrogels with good biocompatibility, though they exhibited different conformational intermediates during aggregation. Among them, the peptide derived from the substitution of Tyr271 with its D-enantiomer (FINyVK) stood out for its unique features: prolonged β-sheet stability lasting up to 65 h, the highest critical aggregation concentration (CAC), and the greatest cytocompatibility among the tested sequences (Florio et al., 2021). A schematic representation of the design strategy that led to the development of the heterochiral, bioinspired peptide FINyVK is shown in Figure 1.
[image: Diagram showing the structure of Nucleophosmin 1 CTD with an H2 helix highlighted in green. Adjacent is the sequence NPM1 264-277, with amino acids VEAKFNIYVKN, connected to a D-scan alignment matrix highlighting the sequence FINYVK.]FIGURE 1 | Graphical insight into the determination of FINyVK as relevant self-assembling monomeric unit.In this study, we investigated the effects of divalent metal ions in promoting the hydrogelation of the FINyVK peptide, with the aim of developing unexplored novel materials. Specifically, we selected two alkaline earth metals (Ca2+ and Mg2+) and two transition metals (Zn2+ and Cu2+) based on their reported ability to modulate both the structural and functional properties of biomaterials. These metal ions are known not only to enhance the stability of supramolecular assemblies, but also to influence a broad range of biological responses. By choosing these cations, we sought to explore how metal–peptide interactions can be harnessed to fine-tune the self-assembly process and tailor the properties of the resulting hydrogels in a biologically relevant context.
MATERIALS AND METHODS
Materials
Amino acids for peptide synthesis were obtained from Iris Biotech (Marktredwitz, Germany), while solvents used for synthesis and HPLC analyses were purchased from Romil (Dublin, Ireland). Chloride salts of bivalent cations (CaCl2, ZnCl2, MgCl2, CuCl2), hexafluoro-2-propanol (HFIP), monobasic sodium monophosphate (ReagentPlus®, ≥98.5%), sodium phosphate dibasic (ACS reagent, ≥98.5%), boric acid (ACS reagent, ≥99.5%), sodium tetraborate decahydrate (Borax, ACS reagent ≥99.5%) where purchased from Sigma Aldrich (Merck, Milan, Italy).
Peptide synthesis
Bioinspired heterochiral peptide Ac-FINyVK-CONH2 (pI = 10.38, Mw = 823.98 g/mol) was synthesized and purified as described before (Florio et al., 2021). Peptide before each experiment underwent to a monomerization treatment, performed dissolving the purified peptide in HFIP/H2O = 1/1 v/v for 4 h, removing the HFIP by N2 flux and freeze drying the resulting peptide.
Hydrogel preparation
Neat hydrogels were produced following the revised protocol described by Chen et al. (2022). Different amounts of peptide were dissolved in borate buffer (20 mM, pH 8.5), sonicated for 15 min and vortexed for 45 s. The occurrence of gelling was assessed by inverted tube test every 15 min. Cations-hydrogels were obtained the same way by adding chloride salts (MgCl2, CaCl2, ZnCl2, CuCl2) at 1:1 M ratio with the peptide.
Scanning electron microscopy (SEM)
The morphology of peptide hydrogels, in the presence and absence of divalent cations, was analyzed using field-emission SEM (Phenom_XL, Alfatest, Milan, Italy). Specifically, ∼30 μL of a gel was drop-cast on an aluminium stub and drying under vacuum to prepare the samples. For 75 s, a thin layer of gold was sputtered at a current of 25 mA. Following the introduction of the sputter-coated samples into the specimen chamber, micrographs were taken using a secondary electron detector (SED) at an accelerating voltage of 15 kV. The ChemiSEM Technology (Alfatest) enables EDS analysis in the presence of divalent cations performed in live mode.
Circular dichroism (CD)
CD measurements were performed on both monomeric and hydrogel forms of peptide with divalent cations at 1:1 ratio. In the first case, 400 μM peptide was dissolved in borate buffer 10 mM pH 8.5, submitted to wavelength scan in the wavelength range 190–260 nm, at 25 °C using a Jasco J-1500 spectropolarimeter (JASCO, Tokyo, Japan), employing a 0.1 cm path-length quartz cuvette. Thermal stress experiments were carried out on pre-formed hydrogels, at 1 mM concentration in borate buffer 10 mM. Specifically, the variation of CD signal upon temperature increase was analysed by heating the samples from 20 °C to 90 °C, with a heating rate of 1 °C/min and monitoring the CD signal at the wavelength of the minimum of all samples, registered at 20 °C. Full-scan spectra of the hydrogels were also acquired every 10 °C.
Rheological tests
Rheological measurements on hydrogels were carried out using a stress-controlled shear rheometer (Anton Paar MCR 502) equipped with a 25 mm parallel plate geometry and a Peltier temperature control system. For the gelation test, 0.8 mg of peptide was dissolved in 500 µL of borate buffer (20 mM, pH 8.5) in the presence or absence of divalent cations at 1:1 M ratio with the peptide. The solution was sonicated for 1 min, vortexed three times for 5 s each, and transferred between the two plates of the rheometer. The geometry was lowered onto the sample to reach a gap of height between 0.8 and 1 mm, ensuring complete coverage of the plate and proper meniscus formation. The gelation test was performed at 25 °C. The time-dependent evolution of the storage (G′) and loss (G″) moduli was monitored by applying a constant dynamic strain of 1% at a constant frequency of 1 Hz every 10 min until a plateau was reached. Once the plateau was reached, a dynamic frequency sweep (frequency range: 0.1–10 Hz, at 1% strain) was conducted, followed by a temperature sweep test. For the temperature sweep, the temperature was progressively increased from 25 °C to 95 °C in 10 °C increments, and the degradation of the hydrogel was monitored by measuring the storage and loss moduli at a constant dynamic strain of 1% and a constant frequency of 1 Hz.
RESULTS AND DISCUSSION
Self-assembly of heterochiral peptide: effects of divalent cations into gelation
The objective of this study is to investigate the effects of four divalent cations (Ca2+, Mg2+, Zn2+, and Cu2+) on the structural, thermal, and mechanical properties of FINyVK- hydrogels.
Before assessing how divalent cations could modulate hydrogel formation, we determined the minimum gelation concentration (MGC) of the peptide alone using the tube inversion method (Maria Alonso et al., 2021). As shown in the upper panel of Figure 2, partial gelation was observed at 1 mM (Figure 2C), becoming complete at concentrations of 2 mM and above (Figures 2A,B).
[image: Two sets of images showing gel cylinders in different conditions. Top row (A-D) displays gels with varying concentrations (4 mM to 0.5 mM), showing changes in transparency and presence of particles. Bottom row (E-I) illustrates gels alone and with added ions (Zn²⁺, Cu²⁺, Mg²⁺, Ca²⁺) on an orange background, highlighting different textures and colors.]FIGURE 2 | Analysis of gel formation by tube inversion method (A–D) at different peptide concentrations and (E–I) in the presence of divalent cations at 1:1 M ratio with peptide at 2.0 mM.Based on this analysis, we prepared hydrogel at 2 mM of peptide to observe the same condition in the presence of divalent cations, using a 1:1 M ratio of peptide to cation. As shown in the lower panel of Figure 2, in the presence of Mg2+ and Ca2+, self-supporting 3D hydrogels were formed (Figures 2H,I). Whereas in the presence of Zn2+ and Cu2+, only partial, non-self-supporting gelation was observed (Figures 2F,G).
This behavior can be better understood by examining both the coordination chemistry of the cations and the specific nature of the peptide sequence FINyVK.
As alkaline earth metals, Ca2+ and Mg2+, typically establish non-specific, labile interactions with charged or polar groups, including the amide side chain of asparagine (N) or the ε-amino group of lysine (K) (Ohki et al., 1997; Vasquez-Montes et al., 2022). These interactions can reinforce peptide-peptide associations while not interfering with the self-assembly process. Their coordination often promotes the creation of extensive hydrogen-bonding networks and hydrophobic clustering (e.g., involving F, I, and V), which enhances hydrogelation (Shao et al., 2020; Pal and Roy, 2022). Conversely, Zn2+ and Cu2+, as transition metals, demonstrate more robust and specific coordination characteristics. They exhibit a strong attraction to nitrogen and oxygen donors, specifically aiming at side chains such as those found in asparagine and lysine (Rulíšek and Vondrášek, 1998; Myari et al., 2001). Moreover, they could engage with the phenolic hydroxyl group of D-tyr, possibly changing its alignment or affecting nearby arrangements (Remko et al., 2011; Bhunia et al., 2017). These tighter and more directional interactions might disrupt the fragile equilibrium of non-covalent forces as hydrophobic, π–π stacking (e.g., involving F and y), and hydrogen bonding, that facilitate gel formation (Ruan and Rodgers, 2004; Sharma et al., 2019).
Morphological analysis
SEM analysis with EDS mapping was performed to gain insights into the morphology of supramolecular structures (Figure 3). The peptide exhibited a tightly packed fibrous network, with an average fiber mesh thickness of 0.55 ± 0.06 µm and small pores measuring approximately 0.7 ± 0.1 µm (Table 1). In the presence of Ca2+, both parameters showed a notable increase, resulting in a thicker and more porous network structure, with mesh thickness measuring 2.9 ± 0.5 µm and pore width 3.6 ± 0.6 µm Zn2+ also facilitated the formation of thicker meshes (2.4 ± 0.4 µm) and broader pores (2.1 ± 0.5 µm), albeit to a reduced degree compared to calcium. In comparison, the inclusion of Mg2+ resulted only in a slight increase in fiber thickness (0.70 ± 0.09 µm) with respect to FINyVK alone, and no distinctly defined pores were seen. Cu2+ resulted in a moderate effect, indicating a partially organized network.
[image: Composite image showing different microscopic views of materials. Panel A shows material labeled "Alone" with a scale of 50 micrometers. Panels B, C, D, and E show materials with added ions: calcium, magnesium, zinc, and copper respectively, each displayed in pairs. The second image in each pair (B’, C’, D’, E’) highlights different areas in color.]FIGURE 3 | SEM images of the hydrogels obtained from FINyVK peptide alone (A) and in the presence of bivalent metal cations (B) Ca2+, (C) Mg2+, (D) Zn2+, (E) Cu2+. The right column (B′–E′) reports the corresponding EDS mapping performed in live mode using ChemiSEM technology. Metal ions are indicated by the following colors: blue for Ca2+, red for Mg2+, yellow for Zn2+ and orange for Cu2+.TABLE 1 | Average fiber mesh thickness and average pore width of the indicated hydrogels, as measured from SEM micrographs (Supplementary Figure S1).	Samples	Average fiber mesh thickness (µm)	Average pore width* (µm)
	FINyVK	0.55 ± 0.06	0.7 ± 0.1
	FINyVK + Ca2+	2.9 ± 0.5	3.6 ± 0.6
	FINyVK + Mg2+	0.70 ± 0.09	No pores are present
	FINyVK + Zn2+	2.4 ± 0.4	2.1 ± 0.5
	FINyVK + Cu2+	1.3 ± 0.3	1.0 ± 0.2


*Distance between fiber meshes.
The SEM analysis is consistent with the macroscopic observations of hydrogels. Indeed, the presence of Ca2+ and Mg2+ resulted in networks with thicker fibrils and notably larger pores in the case of Ca2+, compared to the pure FINyVK-based hydrogel (Table 1). Consistently, the observed self-supporting gels appeared macroscopically compact at visual detection (Figures 2H,I). In contrast, the rise in fiber thickness for Zn2+ and Cu2+ embedding hydrogels is associated with reduced homogeneity and decreased porosity (notably with Cu2+). This morphological arrangement corresponds with the observed partial and non-self-supporting gelation behavior (Figures 2F,G).
Energy Dispersive X-ray Spectroscopy (EDS) was integrated with SEM analysis to evaluate the spatial distribution of metal ions within the hydrogel network (Figures 3B’–E’) (Newbury and Ritchie, 2014). The EDS mapping revealed a generally homogeneous distribution of cations within the hydrogel network, indicating effective incorporation during the gelation process.
Conformational analysis
CD spectra of monomeric FINyVK in the absence and in the presence of divalent cations were recorded during time to gain a deeper understanding of the self-assembly mechanism of the heterochiral peptide (Supplementary Figure S2). The peptide alone exhibited two minima centered at 204 and 227 nm which resulted not affected by the presence of divalent cations and during time.
Analogously, the influence of selected cations in tuning final hydrogel structure and thermal stability was estimated (Figure 4).
[image: Five graphs labeled A to E show circular dichroism (CD) spectra, plotting CD (mdeg) against wavelength (nm) from 210 to 260 nm. Each graph includes curves in different colors and an inset chart of CD versus temperature, ranging from 20 to 90 degrees Celsius. The insets indicate temperature-dependent changes, with variations among graphs.]FIGURE 4 | Overlay of the spectra collected at 20 (black), 40 (dark cyan), 60 (light cyan), 80 °C (magenta) for (A) FINyVK alone, (B) FINyVK + Ca2+, (C) FINyVK + Mg2+, (D) FINyVK + Cu2+, (E) FINyVK + Zn2+. Temperature profiles of the CD signal at the minimum wavelength are reported as insets (purple lines).In the case of FINyVK alone (Figure 4A), an unexpected increase in the magnitude of the CD signal at 220.6 nm was observed upon heating up to 65 °C. Subsequently, the signal gradually decreased as the temperature approached 90 °C, returning to a value comparable to that recorded at the initial 20 °C. The overlay of CD spectra revealed a slight shift of the minimum from 220.6 nm (at 20 °C) to 222.6 nm (at 60 °C). A possible explanation consists in the fact that hydrogels often swell or shrink with temperature changes, affecting hydration (Liu et al., 2019; Chung et al., 2021). Dehydration and/or phase transition can reduce dielectric screening and lead to better alignment or packing, thereby enhancing CD response (Nicolini et al., 2004; Lignell et al., 2009). At moderate temperature increases, enhanced mobility can help molecules to explore more favorable conformations or pack more tightly.
The peptide hydrogel alone thus demonstrated moderate stability since the CD spectra at 20 °C, 90 °C and after returning to 20 °C (Supplementary Figure S3A) were nearly superimposable. In contrast, when the sample, after being cooled to 20 C, was abruptly reheated to 90 °C, in a discontinuous way, a clear reduction of CD signal is observed likely due to the partial disruption of ordered structures and the onset of aggregation (Supplementary Figure S3B) (Denisov and Halle, 1998; Manderson et al., 1999; Benjwal et al., 2006). Nevertheless, this change was reversible: upon cooling back to 20 °C, the CD spectrum closely resembled the original spectrum recorded at 20 °C.
In the case of FINyVK + Ca2+ (Figure 4B), a reduction of CD signal and a concomitate shift of the wavelength of the minimum was observed (from 224 nm to 227 nm) during temperature increase, with a partial loss of ordered conformations. In this case, the re-cooling of the sample at 20 °C produced a CD spectrum not superimposable to the initial at 20 °C but more like that at 90 °C suggesting no reversibility of the partial denaturation (Supplementary Figure S3C). However, the not continuous heating at 90 °C did not provide further denaturation (Supplementary Figure S3D). Conversely, the presence of Mg2+ determined the absence of a significant variation of CD signal, Figure 4C, and no shift of the minimum, suggesting a stabilizing effect of this cation greater to that observed for Ca2+. In this case, the re-heating at 90 °C, in a discontinuous manner, determined a slight reduction of the Cotton effect which was maintained also in the re-cooling at 20 °C (Supplementary Figure S3F). Effects similar to Mg2+ were caused by the presence of Cu2+ ion: indeed, the CD signal did not significantly change upon temperature increase Figure 4D, as well as no changes of minimum was observed. However, the re-heating of the sample to 90 °C (Supplementary Figure S3H) determined a shift of the minimum at 233 nm and a reduction of CD signal similar to that observed for FINyVK peptide alone (Supplementary Figure S3B). The addition of Zn2+ ion determined a classical denaturation profile of the CD signal upon temperature increase, Figure 4E, but this denaturation was not reversible as (Supplementary Figures S3I,J) since CD spectra at 20 °C, before and after heating, were not superimposable.
Rheological studies
For the gelation studies, FINyVK solutions prepared in the absence and presence of selected divalent cations were loaded between the parallel plates of the rheometer. The gelation profiles, reported in Figure 5A, demonstrated that, after 10 min, gel formation is substantially initiated for all tested formulations, as indicated by a storage modulus (G′) markedly higher than the loss modulus (G″) (Anderson et al., 2009). This feature suggests a significant transition from a liquid-to a solid-like state within this time. However, differences among the hydrogels were evident from the gelation test: the hydrogel formed of the peptide alone exhibited the slowest gelation kinetic, although the tan δ value (G″/G′) remained essentially unchanged throughout the process, indicating stable viscoelastic network development (Yucel et al., 2008). The presence of divalent cations generally accelerated the gelation process, with the exception of Cu2+, which did not significantly enhance the kinetic compared to the peptide alone. Frequency sweep experiments were conducted at 1% strain over a frequency range from 0.1 to 10 Hz (Figure 5B). All hydrogels exhibited frequency-independent behavior, with tan δ values (G″/G′) lower than or close to 0.1, indicating a strong gel-like character (Table 2). The only exception was the hydrogel formed in the presence of Zn2+, for which tan δ values ranged between 0.2 and 0.1 up to 4 Hz, suggesting a medium-strength gel behavior (Table 2). In addition, the presence of Mg2+ led to an approximately threefold increase in the storage modulus (G′), whereas Ca2+ induced only a marginal increase in G′ at low frequencies. In contrast, Cu2+- and especially Zn2+- caused a significant decrease in the viscoelastic moduli, which is consistent with the morphological data describing the formation of a gel with reduced homogeneity and partial, non-self-supporting gelation behavior. Finally, a thermal stability test was performed by increasing the temperature from 25 °C to 95 °C at a rate of 10 °C/min. The results, shown in Figure 5C, indicated that all hydrogels remained substantially stable up to approximately 65 °C, with a partial decline in their mechanical properties observed starting at 75 °C for the gels formed in the presence of Cu2+ and Mg2+. In contrast, the hydrogel formed in the presence of Ca2+ maintained its stability up to 95 °C.
[image: Graphs A, B, and C display the storage modulus (G') and loss modulus (G'') of FINyVK with various metal ions. Graph A plots against time in minutes, Graph B against frequency in hertz, and Graph C against temperature in degrees Celsius. Data points are represented by different shapes and colors for each test condition, as indicated in the legend, including combinations with Ca²⁺, Mg²⁺, Zn²⁺, and Cu²⁺. Values range from 1 to 10,000 pascals across graphs.]FIGURE 5 | Hydrogel rheological characterization for FINyVK: alone (circle symbols), + Ca2+ (square symbols), + Mg2+ (rhombus symbols), + Zn2+ (triangle symbols), and + Cu2+ (asterisk symbols). Storage modulus (G′, solid symbols) and loss modulus (G″, open symbols) in gelation test (A), frequency sweep (B), and temperature sweep (C).TABLE 2 | Storage moduli (G′), loss modulus (G“) and tan δ (G“/G′) extracted from the frequency sweeps at 1 Hz for the hydrogels analyzed in this study.	Samples	G′ (Pa)	G″ (Pa)	G″/G′ (Pa)
	FINyVK	1,110	93	0.08
	FINyVK + Ca2+	1,240	129	0.1
	FINyVK + Mg2+	2,900	230	0.08
	FINyVK + Zn2+	74	11	0.15
	FINyVK + Cu2+	255	14	0.06


CONCLUSION
Hydrogels have rapidly advanced in recent years due to their broad potential in biomedical applications and smart devices. Ensuring high performance is critical for their applications. One effective strategy for improving their properties is to incorporate divalent metal ions. In this study, we demonstrated that the self-assembly behaviour and hydrogel features of the ultrashort heterochiral peptide FINyVK can be effectively modulated by coordinating with specific divalent metal cations. Specifically, the weak coordination established between Ca2+ and Mg2+ and the peptide sequence accelerates sol-gel transitions and reinforces the peptide-peptide interactions, resulting in ultimate hydrogels characterized by thicker and more spaced fibers, exhibiting reversible thermal-induced conformational modification. This framework with enhanced porosity facilitates the loading of guest therapeutics, offering a suitable platform for drug delivery. Conversely, the strong coordination peptide-to-metal established by Cu2+ and especially Zn2+ cations with D-tyr residue adversely affects the final hydrogel structure, and moreover, the presence of Phe, which can participate in cation–π interactions, further compromises the integrity of the hydrogel. However, given the intrinsic antimicrobial activity of Zn2+ and Cu2+ cations, a rational combination of cations with complementary structural and biological functions (e.g., Mg2+ for gel integrity and Cu2+ for antimicrobial action) could represent an innovative strategy for developing multifunctional bioinspired materials.
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