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One-Step Tunable Human Hair Keratin Gradient Hydrogel
with Antibacterial Activity for Tissue Engineering

Marin Zhen Lin Yee, Yun Wei Lim, Logeshwari Muthualagu Natarajan, Bertrand Czarny,
and Kee Woei Ng*

Gradient hydrogels are an emerging strategy in tissue engineering to mimic
the heterogeneity in native tissues. Herein, the metal-thiolate complexation
mechanism is exploited by allowing diffusion of silver ions (Ag+) through a
cysteine-rich human hair keratin (HHK) solution to produce a novel gradient
hydrogel. This one-step approach enables the combined benefits of a
sustainable material with an established antimicrobial agent. Herein, the
gelation kinetics, physical, mechanical, and biochemical properties of the
gradient hydrogel are correlated over a range of thiol:Ag ratios. The presence
of a porosity gradient within a single construct, along with dissimilar top and
bottom surface morphologies, is shown. Disk diffusion tests against
Staphylococcus aureus verified the antibacterial activity of this Ag-loaded
hydrogel. Additionally, hydrogels at 1.25 thiol:Ag ratio supported > 95%
viability and proliferation of human dermal fibroblasts (HDFs), comparable to
collagen hydrogels. These HDFs produce fibronectin, collagen III, and express
alpha-smooth muscle actin within the gradient hydrogels. In an in vivo
full-thickness wound healing mouse model, the 1.25 hydrogel evoke minimal
host tissue response, support reepithelialization more than the uniform
Gelatin Methacrylate (GelMA) hydrogel, and promote the most collagen
deposition. These findings demonstrate the practicality of metal-thiolate
complexation in producing biomimetic gradient hydrogels for tissue
regeneration.
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1. Introduction

Human hair keratins (HHKs) are naturally
occurring biopolymers that have been uti-
lized to develop hydrogel scaffolds due to
the presence of multiple functional groups
that give rise to various chemical coordina-
tion possibilities. Their propensity to form
fibrous networks provides further struc-
tural support in a polymeric matrix. Out
of 17 known HHK subtypes, 12 possess
the cell adhesion motif LDV (leu-asp-val),
which is recognizable by 𝛼4𝛽1 integrin.[1]

As such, the application of HHK-based
templates as an active substrate for tis-
sue engineering has been explored over
the years.[2–5] When compared to animal-
derived biopolymers such as collagen or
gelatin, HHKs mitigate the risks of inter-
species pathogen transfers.[6] Moreover, de-
rived from hair waste, HHKs are easily
accessible, abundant, and have the poten-
tial to become a sustainable biomaterial
resource.[7]

One unique feature of HHKs is their nat-
urally occurring high cysteine content,[8] al-
lowing the exploitation of disulfide bonds
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as a means of gelation. For instance, by adjusting the pH of
HHKs, Wang et al. fabricated a hydrogel through a pH precip-
itation method where keratin flocculates were stabilized through
disulfide bonding. When implanted in a murine model, the hy-
drogel did not elicit an acute host tissue response.[3] Similarly,
a HHK cryogel was formed through repeated freeze–thaw cy-
cles that promote intermolecular cross-linking through disulfide
bonding, hydrophobic interactions, and hydrogen bonding, giv-
ing rise to gelation. Unsuccessful cryogelation after the block-
ing of free thiols was demonstrated, emphasizing the impor-
tant role that cysteines play in HHK gelation.[9] Instead of disul-
fide stabilization, it is also possible to leverage the thio-ene
“click” reaction between the free thiols in HHKs and a 4-arm
norbornene-functionalized polyethylene glycol photopatterned
HHKs into cell-laden architectures of intricate designs.[4] Fur-
thermore, HHK can readily form composites with other nat-
ural biopolymers, such as alginate, through the induction of
amide bonds between the carboxyl and amine groups on both
materials.[10] When employed as a dermal substitute to treat par-
tial thickness burns in a porcine model, the HHK/alginate scaf-
fold facilitated faster reepithelialization compared to untreated
and collagen controls.[11]

HHK-based hydrogels developed by us and others have high-
lighted the versatility of HHKs, but the exploitation of metal ions
as a cross-linker due to their high affinity to cysteines has yet to
be explored. Hydrogels formed through metal-thiolate complex-
ation can gel rapidly within seconds, giving rise to injectable hy-
drogels. These hydrogels are mainly made from the 4-arm thi-
olated polyethylene glycol ((PEGSH)4)

[12–15] or a synthetic thio-
lated bovine serum albumin.[16] There has been no documenta-
tion of gradient HHK hydrogels using metal-thiolate complexa-
tion. The human body is made up of various tissues and organs,
each of which has unique distinguishing characteristics, such as
cell type, biochemical constituents, orientation, etc. Yet these var-
ious parts collaboratively form a functioning organism. The inter-
face, which is a region of transition between various tissues, plays
a key role in this phenomenon. It usually exists with a gradient in
cell types, mechanical stiffness, and microstructure, and this in-
terface facilitates the co-maintenance of the tissues.[17] Therefore,
gradient hydrogels, as compared to conventional hydrogels with
uniform material properties, have received attention due to the
possibility of mimicking these gradient interfaces with greater
relevance.[18] Thus, studying the feasibility of producing a gradi-
ent hydrogel using HHKs, through interactions between metal
ions and thiolates, could present new possibilities in the search
for physiologically mimicking gradient hydrogels.
In this study, a novel gradient hydrogel is fabricated in a sin-

gle step between HHKs and silver ions (Ag+). This method takes
advantage of the rapid gelation between the two components to
induce an Ag+ concentration gradient without the need for an in-
terfacial permeablemembrane. Through ionic diffusion, aHHK-
Ag hydrogel with a continuous porosity gradient is established,
which can be tuned by varying the mole ratio between the free
thiols in HHKs and Ag+ (thiol:Ag). The effect of this ratio on
the gelation kinetics and subsequent material properties, such
asmechanical strength, degradation profile, and water uptake ca-
pacity, was investigated. When the free thiols in HHK were fully
blocked, an irregular construct was formed instead, emphasiz-
ing the importance of free thiols in the gradient gelation pro-

cess. The hydrogel’s gradient microstructure hinted at a possi-
ble application as a dermal template. Therefore, the suitability of
the hydrogels to provide antimicrobial activity against the gram-
positive Staphylococcus Aureus and support the proliferation of
human dermal fibroblasts and their production of extracellular
matrix proteins was evaluated. Their functionality as a dermal
template was further verified in an in vivo full-thickness wound
healing mouse model.

2. Results and Discussion

2.1. The Gradient Gelation of HHKs with Ag+

To ensure that only keratins from the intermediate filaments
(IF) fibers are collected, keratin-associated proteins (KAP) were
first removed (Figure S1, Supporting Information). Keratinswere
subsequently extracted using a reductive method to break up the
disulfide bonds, as visualized in its hierarchical structure (Figure
1ai). After dialyzing the keratin extracts against large volumes of
deionized (DI) water for 24 h, the free thiol content in the hu-
man hair keratins (HHK) was 0.341 ± 0.034 mmol g−1 (Figure
S2, Supporting Information). This value is comparable to that
of a commercial thiolated polymer, (PEGSH)4, at a theoretical
range of 0.2–0.4 mmol g−1.[12,13,19] To mitigate spontaneous ox-
idation, freshly dialyzed HHK solutions were prepared for all
studies herein and utilized within two hours after conducting
Ellman’s assay. This is to ensure that as many thiols as possible
are available for complexation with Ag+. In addition, the HHKs
maintained their characteristic 𝛼-helical secondary structure, the
various protein amide bands, and the free thiol peak at 2558
cm−1 (Figure S3, Supporting Information) recorded using circu-
lar dichroism (CD) and Fourier transform infrared spectroscopy
(FTIR), respectively, which align with the literature.[1,4,20]

The possibility of complexation between HHKs and Ag+ was
evaluated through transmission electron microscopy (TEM) to
visualize their morphological interactions. A mixture of globu-
lar aggregates (⌀: 26.31 ± 7.49 nm) and short filamentous frag-
ments was observed in samples of HHK in DI water (Figure
S4a, Supporting Information). After Ag+ addition (HHK-Ag),
these short filamentous fragments elongated. Their mean diam-
eter was measured to be 10.65 ± 1.65 nm (Figure S4b, Support-
ing Information), which is comparable to HHK nanofibers (8–
10 nm) formed via self-assembly[21] and the characteristic 10 nm
diameter of keratin IFs.[22] Also, the area percentage of globu-
lar aggregates decreased from 3.24% to 1.86% after Ag+ addition
(Figure S4c, Supporting Information). These interactions sug-
gest the potential of HHKs forming nanofiber networks with Ag+

through metal-thiolate complexation (Figure 1aii) and hence the
feasibility of forming hydrogels at higher concentrations of both
constituents.
The diffusion of Ag+ into a HHK solution for gradient gela-

tion requires the presence of a partially permeable membrane
(PPM), and it is hypothesized that a thin PPM between the two
can be formed without an external material support due to the
high affinity between thiols and Ag+.[23] As expected, the HHK
solution gelled instantaneously upon contact with a silver nitrate
(AgNO3) solution. A thin HHK-Ag hydrogel layer is seen encap-
sulating the remaining HHK solution (Figure S5, Supporting
Information). As such, a one-step fabrication process between
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Figure 1. The tunable one-step fabrication process of HHK-Ag gradient hydrogels. ai) An illustration depicting the extraction of keratins from a human
hair shaft devoid of keratin-associated proteins (KAP) and subsequent dialysis to obtain a final HHK extract. aii) A visualization of the HHK-Ag network
formed viametal-thiolate complexation. b) An illustration depicting the fabrication of HHK-Ag gradient hydrogels. c) Gross optical images of the HHK-Ag
gradient hydrogels and scaffolds formed over varying thiol:Ag ratios.

HHK and Ag+ is established where the thin PPM was instanta-
neously formed by drop-casting a minute amount of HHK onto a
AgNO3 solution (Video S1, Supporting Information). This PPM
supports the introduction of additional HHK solutions and facil-
itates the upward diffusion of Ag+ into the HHKs (Figure 1b). As
Ag+ diffuses upward and complexes with HHKs, a gradient pro-
file is created. The thiol:Agmole ratioswere varied (Table S1, Sup-
porting Information) to modulate the gradient profile and subse-
quent hydrogel properties.
All parameters achieved complete gelation except the

1.50 hydrogel, where its supernatant contained HHKs at
10.13 ± 0.54 mg mL−1 with 3.43 ± 0.18 mm of free thiols (Figure

S6, Supporting Information). This suggests that a minimal
amount of Ag+, between the 1.25 and 1.50 ratio, was required
for complete gelation, defined as the gelation of the entire 1 mL
of HHK solution. It was determined by ensuring there is no
residual HHK solution after an overnight period of 16 h post-
addition of HHK onto the ion bath. The gradient profile of the
hydrogels was visually obvious after lyophilization (Figure 1c).
The top region was light beige with a spongy texture, and the
bottom region was dark brown with a flaky texture. The process
of freeze–drying created an obvious interface between the two
regions, which was not observable in the hydrogel state. Gradient
hydrogels are often formed via layering isotropic hydrogels of
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different materials or the same materials of varied
properties.[24–26] Limitations of layering include time-consuming
multiple steps, the need for complex apparatus setups, and
the discontinuous junctions between adjacent layers. These
junctions could become interfacial stress points and cause
delamination when a load is applied.[18,27,28] Herein, these con-
cerns are not applicable as only one biopolymer is used, and
the gradient is produced in a single step due to the continuous
diffusion and cross-linking process. Moreover, no external PPM
or apparatus is required to induce Ag+ diffusion. Other metal
ions, such as zinc(II) and gold(III) ions could form the gradient
hydrogel in the same manner (Figure S7, Supporting Informa-
tion). However, due to the Ag+-specific inherent antimicrobial
activities and monovalency, Ag+ was selected for this study.

2.2. The Gelation Kinetics of HHK-Ag Gradient Hydrogels
Depend on the Thiol:Ag Ratio

To verify the role of Ag+ as the cross-linker, temporal quantifica-
tion of Ag+ was conducted with Inductively Coupled Plasma Op-
tical Emission Spectroscopy (ICP-OES) at 3 timepoints (Figure
S8a, Supporting Information). A decrease in Ag+ concentration
was recorded at the onset of gelation for all thiol:Ag ratio samples,
suggesting a rapid complexation process betweenAg+ andHHKs
that led to the formation of the thin PPM layer. Continuously,
the Ag+ decreased steadily and significantly overnight (Figure
S8b, Supporting Information). These results support the notion
of an upward Ag+ diffusion through the PPM into theHHK solu-
tion for the metal-thiolate complexation process and subsequent
gelation.
The diffusion-mediated gelation kinetics were quantified with

Turbiscan Lab (Figure 2a); a colloidal stability analyzer, as demon-
strated previously.[29] Unlike others who use an external material
such as a filter paper[30] or dialysis membrane[29] as the PPM,
the PPM formed between HHKs and AgNO3 as an integral por-
tion of the hydrogel itself enables the interface between the two
to be well-defined as gel thickness = 0 mm (Figure 2b). As the
Ag+ diffuses upward into the HHK, the movement of the gel
front is identified as a sharp increase in T % due to the dif-
ference in refractive indexes between the hydrogel and the re-
maining HHK solution, along with the clear reduction of T % in
the gelled region. Based on the gel thickness plotted as a func-
tion of time (Figure 2ci), the apparent diffusion coefficient of
the gel front (Dapp) was calculated with Equation (1). The results
revealed that as the thiol:Ag ratio decreases from 1.25 to 0.50,
the initial Ag+ concentration increases, creating a greater Ag+

concentration gradient and larger Ag+ flux, thus decreasing the
time required for complete gelation, reflected as an increase in
Dapp (Figure 2cii; Table S2, Supporting Information), which is
consistent with other studies using a different material and ion
valency.[29,31,32] Besides, the analyzer provides a colored profile of
the changes in T % and BS % fraction in the HHK-Ag hydrogel
as a function of time (Figure 2d). At any instance in the gelation
profile, the fraction of BS % decreases as the thiol:Ag mole ratio
increases from 0.50 to 1.50 due to less Ag+ that was available for
cross-linking, resulting in the differential visual gelation profiles
as shown in Figure 2d. These results demonstrated the feasibil-
ity of using the Turbiscan Lab analyzer for the quantification of

upward gradient gelation kinetics. Due to incomplete gelation in
the 1.50 hydrogel, it was excluded from subsequent analyses.

2.3. The Importance of Free Thiols in HHK to Form a HHK-Ag
Gradient Hydrogel

The silver–thiolate (Ag─S) bonds are postulated to be responsi-
ble for cross-linking theHHKs to form the gradient hydrogel. For
verification, the 1.00 hydrogel was selected due to the equimolar
addition of Ag+. FTIR analysis detected the presence of thiols at
2558 cm−1 in HHK but not in HHK-Ag hydrogel (Figure S9, Sup-
porting Information), suggesting Ag─S complexation.[33] Based
on X-ray Photoelectron Spectroscopy (XPS) (Figure 3a), Ag3d sig-
nals were present only on the bottom surface of the gradient hy-
drogel (Figure 3bi), in which the Ag─S peak at 369.33 eV was
specifically detected (Figure 3bii).[34,35] Ag3d signal on the top sur-
face of the gradient hydrogel and in HHK was not detected, in-
dicating the absence of Ag. In the S2p region, a binding energy
shift was observed only on the bottom surface of the hydrogel
(Figure 3ci). The free thiol peak was detected on the top surface
of the hydrogel at 163.57 eV (Figure 3cii) and 163.92 eV in HHK
(Figure S10, Supporting Information).[36,37] In contrast, on the
bottom surface, the peak at 162.69 eV corresponds to thiols in
a thiolated state (Figure 3ciii). This chemical shift from ≈163 to
≈162 eV is a hallmark of Ag─S formation, which is well reported
in the literature.[36–38] These results corroborate the presence of
Ag─S bonds in the HHK-Ag gradient hydrogel.
To prove the hypothesis that Ag─S bonds dominate in the

gelation of the HHK-Ag gradient hydrogel, the free thiols in
HHKs were deactivated with N-ethylmaleimide (NEM) at 10 mo-
lar excess. NEM reacts with free thiols to form an irreversible
thioether bond, (NEM–HHK, Figure 3d), reducing the free thiol
content of HHK by 98.67% from 0.355 to 0.005 mmol g−1 (Data
not shown). Unlike the HHK, the NEM–HHK could not form
the clean PPM but instead, NEM–HHK-Ag clumps were formed
(Figure 3ei), resulting in a randomized microstructure (Figure
S11, Supporting Information). Yet, a decrease in Ag+ in the ion
bath was recorded for the NEM-HHK-Ag despite complete thiol
blocking (Figure 3eii). These results showed that gelation oc-
curred even without thiols, albeit irregularly, indicating that Ag+

had interacted with other entities such as carboxylic and amine
side groups.[39,40] These results suggest a combinatory effect of
Ag─S bonding and additional interactions involving Ag+ that re-
sulted in theHHK-Ag gradient hydrogels, in which free thiols are
essential.

2.4. The Microstructure of the HHK-Ag Gradient Hydrogels is
Tunable

The Turbiscan analysis demonstrated the effect of the thiol:Ag
mole ratio on the gradient profiles presents in the hydrogels.
Therefore, a tunable gradient microstructure is expected. A dis-
similar surface topography was observed between the top and
bottom surfaces of the 0.50 hydrogel (Figure 4ai) where the top
surface was rough and slightly porous, and the bottom surface
had no pores. Across the height of the hydrogel, a porosity gradi-
ent was produced where the bottom portion comprised large flat
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Figure 2. Quantifying gelation kinetics. a) An illustration depicting sample set-up and data acquisition in the Turbiscan Lab analyzer. b) Plot of the
moving gel front as captured by Turbiscan and corresponding analysis approach to obtain the gel height at each time interval. ci) Gel thickness as a
function of time with varied thiol:Ag mole ratios. cii) The established relationship between the apparent diffusion coefficient of the gel front (Dapp), time
required for gelation and the thiol:Ag ratio. Quantitative data presented as mean ± SD, n = 3. Samples labeled with different letters are statistically
different at p < 0.05, One-way ANOVA with Tukey’s post-hoc test. d) A gradient color profile reflecting the changes in T % and BS % across the sample
height over 16 h for all samples.
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Figure 3. The significance of free thiols in the HHK-Ag gradient hydrogel. a) An illustration depicting the top and bottom surfaces of the 1.00 hydrogel in
relation to XPS analysis. bi) Narrow scan XPS spectra of theHHK hydrogel in the Ag3d region. bii) Fitted Ag3d peaks of the bottom surface of the hydrogel,
showing the Ag─S peak. ci) Narrow scan XPS spectra of the HHK hydrogel in the S2p region. cii) Fitted S2p peaks of the top surface of the hydrogel,
showing the free thiol (SH) peak. ciii) Fitted S2p peaks of the bottom surface of the hydrogel, showing the S–Ag peak. d) An illustration depicting the
blocking of thiols in HHK with N-ethylmaleimide (NEM). ei) Top-view images of HHK-Ag hydrogel and the irregular NEM–HHK-Ag construct. eii) Ag+

concentration in the ion bath before the addition of HHK (ORI) and after the formation of the irregular NEM–HHK-Ag construct and HHK-Ag hydrogel.
Quantitative data presented as mean ± SD, n = 3. Samples labeled with different letters are statistically different at p < 0.05, One-way ANOVA with
Tukey’s post-hoc test.

pores, and toward the top surface, smaller pores were present at a
minor fraction (Figure 4aii). In addition, a nonuniform pore wall
thickness was observed where the wall thickness of the large flat
pores at 5.597± 1.89 μmwas significantly greater than that of the
smaller pores at 0.436 ± 0.15 μm (Figure 4aiii). These structural
gradients were also present in the 1.25 hydrogel, but as a different
profile. Similarly, the bottom surface had no pores, but the poros-
ity of the top surface was observably higher (Figure 4bi). The 1.25

hydrogel had a steeper gradient in which the large flat pores at the
bottom surface were present at a minor fraction, and moving up-
ward, the pore size decreased over a range (Figure 4bii). As such,
three regions instead of two could be defined in the 1.25 hydrogel
pore distribution: top (0.350± 0.11 μm),middle (1.04± 0.56 μm),
and bottom (6.09 ± 1.96 μm) (Figure 4biii).
The microstructural difference between the 0.50 and 1.25

hydrogels was attributed to the difference in the initial Ag+
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Figure 4. Microstructure of HHK-Ag gradient hydrogels. a) SEM images of the 0.50 hydrogel depicting the i) surface topography ii) cross-section, and
iii) the average pore wall thickness in the top and bottom regions. b) SEM images of the 1.25 hydrogel depicting the i) surface topography ii) cross-section
and iii) the average pore wall thickness in the top, middle, and bottom regions. c) An illustration to depict the possible application of the re-oriented
1.25 hydrogel as an antibacterial dermal template for wound healing. Quantitative data presented as means ± SD, n = 50. Samples labeled with different
letters are statistically different at p < 0.05, One-way ANOVA with Tukey’s post-hoc test.

concentration during fabrication, in which the 0.50 thiol:Agmole
ratio had a higher Ag+ concentration. In reference to the Turbis-
can color profile (Figure 2d), the BS % signal across the height
of the 0.50 hydrogel continued to increase despite achieving full
gelation after ≈5 h. This suggests a continuous diffusion of Ag+

into the HHK solution as long as an ionic concentration gradi-
ent exists, resulting in an ongoing interaction with the HHK-Ag
network via interactions as described earlier. Consequently, the
0.50 hydrogel, which had the highest content of Ag+, comprised
a higher fraction of the large flat pores with thicker walls, which
would have interfered with light transmission during the Turbis-
can analysis, resulting in higher backscatter signals as seen in
Figure 2d. More importantly, these gradient features could be es-

tablished in one single step, thus continuity between the pores
was not disrupted, which helps to mitigate possible delamina-
tion between the pore layers. Also, the larger porosity gradient in
the 1.25 hydrogel, alongside with the unique dissimilar topogra-
phy, is favorable as the nonporous and porous surfacemimics the
epidermis and dermis of the native skin, suggesting its possible
application as a dermal template for skin regeneration. When sit-
uated in the wound as illustrated in Figure 4c, the nonporous sur-
face (B) faces the external environment, and the porous surface
(T) faces into the dermis. Because the amount of Ag is greater
toward surface B, it provides a targeted approach to mitigate bac-
terial influx from the external environment through controlled
release of Ag+.
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Figure 5. Material characterization of the HHK-Ag gradient hydrogels. ai) Oscillatory amplitude sweep test conducted on the HHK-Ag gradient hydrogels
at varied thiol:Ag mole ratios. aii) A zoom-in view of the crossover point using the 0.50 hydrogel as an example. The linear viscoelastic region (LVE) in
the plot is shaded in green. bi) The remaining mass profile of the 0.50 and 1.00 hydrogel across 14 days in the presence of ProK and PBS. Data presented
as mean ± SD, n = 6. bii) Images of the 0.50 and 1.00 hydrogels lyophilized at each timepoint after being subjected to 0.5 U mL−1 Proteinase K (ProK)
degradation. Scale bar: 20 mm. ci) Water uptake (%) of the HHK-Ag gradient hydrogels at varied thiol:Ag mole ratios. cii) Images of HHK-Ag Gradient
hydrogels before and after water uptake in the top, bottom, and side view for all thiol:Ag mole ratios. Scale bar: 10 mm. Quantitative data represented
as means ± SD, n = 5. Samples labeled with different letters are statistically different at p < 0.05, One-way ANOVA with Tukey’s post-hoc test.

2.5. Microstructure-Dependent Material Properties of the
HHK-Ag Gradient Hydrogels

The mechanical properties of the HHK-Ag gradient hydrogels
were characterized with an oscillatory amplitude sweep test. The
storage modulus (G′) and loss modulus (G″) of the gradient hy-
drogels improved as more Ag+ was incorporated during gelation

(lower thiol:Ag mole ratio), with the lowest G′ value recorded at
416.33 ± 0.05 Pa in the 1.25 hydrogel and the highest G′ value
of 1228.33 ± 0.26 Pa in the 0.50 hydrogel (Figure 5ai). For com-
parison, the G′ value of native skin was reported to be between
361.9 ± 93.7 to 447.7 ± 119.2 Pa,[41] and 1160 Pa for a com-
mercial wound dressing, IntegraDRT.[42] These values are close
to the G′ values of the HHK-Ag gradient hydrogels, suggesting
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their suitability as dermal templates from a mechanical stand-
point. With correlation to their microstructure, the higher frac-
tion of large flat pores with thicker walls in the 0.50 hydrogel
compared to that of the 1.25 had likely contributed to the higher
amount of elastic energy the hydrogel could store prior to defor-
mation. One interesting observation was that the G′ values ex-
ceeded the G″ values beyond the linear viscoelastic (LVE) region
across all sample groups (Figure 5aii). This was different from
reported literature for non-gradient isotropic hydrogels, where
beyond the crossover point, G″ becomes greater than G′, indi-
cating shear-thinning and deformation.[14] This was likely due to
the nonuniform porosity and pore wall thickness in the gradient
hydrogel, which led to nonuniform mechanical properties and
differential deformation kinetics across the height of the sample
during the amplitude sweep test. Comparing the crossover val-
ues, the sample groups can be arranged in the ascending order
of 0.50 < 0.75 < 1.00 < 1.25 (Table S3, Supporting Information).
Conventionally, an isotropic hydrogel with greaterG′ andG″ will
reach a crossover point at a higher strain value.[9] Yet, the 0.50 hy-
drogel had the highest G′ and G″ among the hydrogels, but the
lowest crossover point strain value of 25.24%. This could be due
to the highest nonuniformity in the gradient profile of the 0.50
hydrogel as reflected in the Turbiscan profile (Figure 2d).
The uniaxial compression test on the gradient hydrogels

demonstrated gradient microstructure-dependent mechanical
properties as well, in which the 0.50 hydrogel had the highest
compressive modulus of 2.18 ± 0.04 kPa, and for the 1.25 hy-
drogel, a modulus of 1.30 ± 0.09 kPa was recorded (Figure S12,
Supporting Information). The higher fraction of the large flat
pores with thicker walls in the 0.50 hydrogel compared to the
1.25 hydrogel was likely to have rendered the 0.50 hydrogel with
a higher compressive modulus. Better mechanical properties of
scaffolds due to thicker pore walls have been reported by others as
well.[43,44] Nonetheless, the compressive strength for the 0.50 hy-
drogel was 50.54 ± 7.16 kPa, which was significantly lower than
the 1.25 hydrogel at 190.57 ± 44.93 kPa. Isotropic hydrogels with
higher compressive modulus are reported to withstand higher
compressive strength.[45]

Other material properties, such as degradation, were stud-
ied in PBS (pH 7.4) and Proteinase K (ProK, 0.5 U mL−1) for
hydrolytic and enzymatic degradation, respectively, for the 0.50
and 1.00 gradient hydrogels. The remaining mass calculated by
Equation (2) by day 14 for 0.50 hydrogel and 1.00 hydrogel in
the presence of ProK was 56.02 ± 2.81% and 14.39 ± 1.31% re-
spectively. Both hydrogels retained higher mass when subjected
to only hydrolytic degradation in PBS (Figure 5bi). The differ-
ence in their respective degradation profiles was reflected in the
images of the lyophilized hydrogels at each timepoint as well
(Figure 5bii). The SEM images in Figure 4a and the Turbiscan
profile in Figure 2d suggested that the 0.50 hydrogel had a larger
fraction of large flat pores with thicker walls compared to the 1.00
hydrogel. A thicker pore wall would correlate to a denser hydrogel
network, thus hindering the enzymatic cleavage of the peptide
bonds or the hydrolytic degradation.[46] Also, a larger pore size
would reduce the surface area-to-volume ratio for the ProK to act
on and PBS to interact with.[47] Collectively, this will retard the
rate of degradation in the 0.50 hydrogel. Another microstructure-
dependent property evaluated is the water uptake capacity of the
gradient hydrogel scaffolds (Equation 3). It was observed that

as the thiol:Ag mole ratio decreased from 1.25 to 0.50, the scaf-
folds’ water uptake capacity increased from 587.05 ± 16.35% to
1106.06± 106% (Figure 5ci), and the amount of scaffold warpage
decreased (Figure 5cii). A pore of larger size would be able to up-
take more water,[48] and the 0.50 scaffold had the highest fraction
of large flat pores. The 0.50 scaffold experienced the least warpage
due to the smallest porosity gradient across the scaffold height,
leading to the lowest nonuniformity in water uptake. These stud-
ies have shown that by simplymodulating the thiol:Agmole ratio
during fabrication, the microstructure profile of the gradient hy-
drogel can be controlled, resulting in tunablematerial properties.

2.6. HHK-Ag Gradient Hydrogels Function as an Antibacterial
Template

To verify the antibacterial properties of the HHK-Ag gradient hy-
drogels, the Kirby–Bauer disk diffusion test was conducted. With
the gradient microstructure indicating the possible use of the
hydrogels as a dermal template, the Gram-positive Staphylococ-
cus aureus present dominantly in wounds[49] was selected for the
test, at the physiologically relevant concentration[50] of 2.4 × 108

CFUmL−1. The inhibition zones created by the 0.50 and 1.25 hy-
drogels were measured to be 20.21 ± 0.94 and 16.43 ± 0.28 mm,
respectively (Figure 6a). This was expected as the Ag+ concen-
tration used in the fabrication of 0.50 hydrogel was significantly
higher than that of the 1.25 (mole ratio of free thiols in HHK to
Ag+). Contrary, the HHK solution as a negative control did not
record a zone of inhibition. These results verified the role of Ag+

as both a hydrogelator and antibacterial agent when complexed
with HHKs in the gradient hydrogel.

2.7. The HHK-Ag Gradient Hydrogels can be Tuned to Support
Cell Viability and Proliferation

Excessive Ag leaching from the Ag-based hydrogels could impose
a cytotoxic effect and needs to be systematically evaluated. To do
this, the 50% cytotoxic concentration (CC50) of AgNO3 against
human dermal fibroblasts (HDFs) was first determined to be
19.32 ± 2.48 μm (Figure S13, Supporting Information), which is
in close agreement with others.[51] When the hydrogels were im-
mersed in supplemented DMEM (Figure S14a, Supporting In-
formation), the concentration of Ag+ in the leachates across the
hydrogel groups had no significant differences (Figure 6b) on
days 1, 3, 5, and 7 despite a difference in the amount of Ag+

used for their fabrication. Also, the cumulative leached amount
(Equation (4)) was highest at only 0.73% by day 7 (Figure S14b,
Supporting Information). Moreover, the leachate concentrations
were not significantly different in the presence of HDFs cultured
on the hydrogels (Figure S14c, Supporting Information), suggest-
ing that the Ag leachates recorded could be due to the diffusion
of unbound Ag+ or Ag complexes that were trapped within the
hydrogel post-washing. Regardless, when compared to the CC50
value, these leachates can be deemed as noncytotoxic.
To validate the possible use of the HHK-Ag gradient hydrogels

as a dermal substrate for tissue regeneration, their fundamental
ability to support HDF attachment, spreading, and proliferation
was assessed. The metabolic activity of the HDFs was quantified
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Figure 6. Evaluation of the antibacterial properties and cytocompatibility of the HHK-Ag gradient hydrogels. a) Kirby–Bauer disk diffusion test showcases
the tunable antibacterial properties of the hydrogels against Staphylococcus aureus (n = 3). b) Concentrations of Ag leachates from the hydrogels at all
time points were found to have no differences between sample groups and were all generally lower than the CC50 value of AgNO3 against HDFs (n = 3).
ci) Metabolic activity of the cultured HDFs, measured through the Alamar blue assay, was highest for the 1.25 hydrogel on day 7 amongst the HHK-Ag
gradient hydrogels (n= 3). cii) The 1.25 hydrogel supports HDF proliferation comparably to the control, determined by count analysis of Hoechst-stained
cells (n = 3). ciii) Cell viability of HDFs cultured on day 7 was beyond 98% for both the control and 1.25 hydrogel, determined by propidium iodide and
Hoechst staining (n = 3). d) CLSM images demonstrate substrate compatibility of both the control and 1.25 hydrogel, in which HDFs could attach and
spread into a spindle-like morphology. The white box demarcates a zoom-in region of the HDF cultures. Scale bar: 100 μm. e) The 1.25 hydrogel does not
induce oxidative stress on the cultured HDFs based on the CellROX assay. For all boxplots, the minimum and maximum boundary lines represent the
25th and 75th percentile values, respectively. The median value is presented by the red line. Both top and bottom whiskers represent the 1.5SD limits,
and outliers in red were excluded from the statistical analysis (n = 75). All quantitative data are presented as means ± SD. Samples labeled with different
letters are statistically different at p < 0.05; One-way ANOVA with Tukey’s post-hoc test or two-tailed Student’s t-test was adopted.

with the Alamar blue assay, and among the HHK-Ag gradient hy-
drogel groups, HDFs cultured on the 1.25 samples had the high-
est metabolic activity by day 7 of culture (Figure 6ci). The 1.25
hydrogel could support cell proliferation comparably to the type
1 collagen hydrogel control, as indicated by the continuous in-
crease in metabolic activity across the timepoints, corresponding
to increasing cell numbers determined by Hoechst nuclei stains
(Figure 6cii; Figure S15, Supporting Information) and high cell
viability of 98.83 ± 0.95% via Propidium iodide analysis; Equa-
tion (5) (Figure 6ciii; Figure S16, Supporting Information). How-
ever, theHDFs cultured on the 0.50 and 0.75 hydrogels registered
a significant decrease in metabolic activity by day 7, suggesting

that theHDFswere less viable. This cytotoxic effect was likely due
to the higher amount of Ag present in the 0.50 and 0.75 hydro-
gels compared to the 1.00 and 1.25 hydrogels. Although the 1.00
hydrogel performed better than that of 0.50 and 0.75 as a tem-
plate for the culture of HDFs, their cell viability dropped from
91.86 ± 2.75% on day 1 to 78.97 ± 6.36% by day 7. These results
demonstrated the compatibility of the hydrogels to support cell
proliferation in relation to the thiol:Ag mole ratio, in which the
1.25 hydrogel was demonstrated to be the best.
Besides assessing the ability of a substrate to support cell

proliferation, information on their adhesion, morphology and
spreading is crucial. HDFs cultured on the 1.25 hydrogel were
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spherical on day 1 of culture, after which a portion of the cells
elongated to exhibit the typical spindle-like morphology (day 3)
of healthy cells. While healthy cell morphology was not as readily
present on the HHK hydrogels in the early timepoints of culture
when compared to the collagen controls, it became the dominant
morphology by day 7 (Figure 6d).

2.8. HDFs Cultured on Ag-based Hydrogel Do Not Experience
Elevated Oxidative Stress

In wound healing, reactive oxygen species (ROS) are a double-
edged sword, and when present in persistently high levels, they
impose cell injuries and can lead to chronic inflammation and
wound repair impairment.[52] The Ag+ mechanism of action
against bacteria is commonly postulated to be the disruption of
bacterial membranes and oxidative stress.[53,54] Thus, it is impor-
tant to ensure that the antibacterial 1.25 hydrogel does not in-
duce sustained ROS production in the HDFs. This was evaluated
with the CellROX green reagent, which oxidizes in the presence
of ROS into a photostable bright green fluorophore and binds to
DNA (Figure S17, Supporting Information). On day 1, the inte-
grated intensity of CellROX green per cell was measured to be
significantly higher for the 1.25 hydrogel than the control. How-
ever, the intensities decreased from day 3 onward and were at lev-
els lower than the control (Figure 6e). Integrin-mediated cell ad-
hesion and spreading of fibroblasts have been reported to induce
ROS production transiently.[55] Poor cell adhesion on Day 1 of
culture, as reflected by the spherical cell morphology on the 1.25
hydrogel, would have induced ROS generation, which in turn fa-
cilitated improved cell spreading as seen in the later timepoints
(Day 3 and 7). Nonetheless, ROS production at all timepoints for
the 1.25 hydrogel and control was significantly lower than in the
200 μm tert-Butyl hydroperoxide (tBHP) treated positive control
(Figure S18, Supporting Information) and therefore, the concern
of oxidative stress generation due to substrate cytocompatibility
is not significant.

2.9. The HHK-Ag Gradient Hydrogel Supports HDFs in ECM
Production and Alpha-smooth Muscle Actin (𝜶-SMA) Expression

Biosynthesis of ECM by HDFs cultured in the 1.25 hydrogel was
assessed using immunofluorescence to locate fibronectin (FN)
and collagen type III. FN is an adhesive glycoprotein present
in the ECM, which possesses binding domains for integrins
and participates in all four stages of wound healing.[56] Here,
HDFs cultured on the 1.25 hydrogel had higher expression of
FN compared to the control at day 7 (Figure 7a). Since colla-
gen III deposition is regulated by FN,[57] the 1.25 hydrogel sup-
ported the HDFs in expressing higher levels of collagen III than
the control as well (Figure 7b). This outcome is favorable as the
expression of collagen III plays an important role in the for-
mation of the granulation tissue during the proliferation phase
of wound healing.[58] Wound closure is often reported to be
contributed by myofibroblasts, which express 𝛼-SMA, and for
tissue regeneration substrates, one common activator for the
fibroblast-to-myofibroblast transition is the substrate stiffness-
induced mechanotransduction.[59] However, for both the con-
trol and 1.25 hydrogel, their respective compressive modulus of

1.02 ± 0.11 and 1.04 ± 0.18 kPa (Data not shown) are classified
as soft hydrogels.[60] Yet, the HDFs cultured on the 1.25 hydro-
gel expressed 𝛼-SMA significantly, at levels higher than the con-
trol. (Figure 7c) One possibility, as reported numerously by oth-
ers, is the presence of Ag-based materials such as Ag nanoparti-
cles, that induced 𝛼-SMA expression in vitro[61] and in vivo, lead-
ing to a larger extent of reepithelialization in a murine model.[62]

Although the mechanism of action for this phenomenon is not
reported, the corroboration of our results with these published
work suggests the potential of the 1.25 hydrogel in accelerating
wound closure in vivo.
With cytocompatibility of the 1.25 hydrogel toward HDFs

shown, the potential cytotoxicity of the substrate toward ker-
atinocytes was next investigated. Immortalized human epider-
mal keratinocytes (KerCT) at two densities; 10 and 20k cells cm−2,
were treatedwith increasingAgNO3 concentrations. For both, the
CC50 could not be determined. KerCT seeded at 10k cells cm−2 de-
creased in normalizedmetabolic activity when treated with 50 μm
AgNO3 and lost their polygonal morphology, in a similar way to
the KerCT treated with tBHP (Figure S19a, Supporting Informa-
tion). When the KerCT seeding density doubled, their morpholo-
gies were independent of the treatment concentrations, and no
decrease in metabolic activity was recorded (Figure S19b,c, Sup-
porting Information). This was expected with an increased cell
density but a constant absolute amount of Ag+. The amount of
Ag+ per cell decreases, thus reducing the cytotoxic pressure of
Ag+.[63] These results reflected a possible decreased toxic effect
of Ag+ in a wound-healing context where cell densities increase
across the healing process. Altogether, the antibacterial 1.25 hy-
drogel supportive of HDF proliferation, ECMproduction, 𝛼-SMA
expression, and KerCT viability, corroborates the potential use of
this gradient dermal template for skin regeneration (Figure 4c).

2.10. HHK-Ag Gradient Hydrogels Support Active Healing of
Full-thickness Wounds In Vivo

To verify the wound healing efficacy of the 1.25 hydrogel, a full-
thickness wound model in a mouse was adopted. For this pur-
pose, the 1.25 hydrogel was flipped such that the porous surface
of the hydrogel faced the wound bed and the nonporous surface
containing higher Ag concentration faced outward (Figure 4c).
Gelatin methacrylate (GelMA) hydrogel was selected as the 3D
hydrogel control for its widespread use as reported.[64] As the
1.25 hydrogels were not transparent, wound beds could not be
observed visually and appeared to heal more slowly than other
treatment groups (Figure S20a, Supporting Information). Also,
despite daily monitoring and reapplication of the Tegaderm,
some of the hydrogels fell out along with the Tegaderm be-
fore the stipulated timepoints (Table S4, Supporting Informa-
tion). Hence, assessing the effectiveness of the treatment groups
through wound size measurements was deemed inaccurate, and
histological analyses of the tissue sections were adopted instead
(Figure 8).
More neutrophil recruitment was observed for the 1.25 hy-

drogel on day 4 (black arrows in Figure 8ci,ei). In addition,
the epithelial tongue was seen to migrate under the 1.25 hy-
drogel more than the GelMA hydrogel (Figure 8d-i,f-i). Re-
gardless, both the GelMA and 1.25 hydrogels did not elicit
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Figure 7. The 1.25 hydrogel supports the cultured HDFs in the biosynthesis of a) fibronectin and b) collagen type III at levels higher than the control
hydrogel. c) HDFs cultured on the 1.25 hydrogel express more 𝛼-SMA than the control. Scale bar: 50 μm. For all boxplots, the minimum and maximum
boundary lines represent the 25th and 75th percentile values, respectively. The median value is presented by the red line. Both top and bottom whiskers
represent the 1.5SD limits, and outliers in red were excluded from the statistical analysis (n = 200). All quantitative data are represented as means ± SD.
Samples labeled with different letters are statistically different at < p 0.05; Two-tailed Student’s t-test.

excessive host tissue response. Also, exposure of the wound bed
to the 1.25 hydrogel at the initial days might have elicited a last-
ing wound healing effect on the timepoints of day 4 and 7. This
is evident in the histological analyses of the tissue sections where
wounds treated with the 1.25 hydrogels had greater epithelial
tongue length than the GelMA hydrogels (755.51 ± 391.40 vs
412.04 ± 181.15 μm; p < 0.05) by day 7 (Figure 8g). 25% of
wounds treated with the control and 1.25 hydrogel could achieve
complete reepithelialization by the end of the study (Figure S20
b–f, Supporting Information). As discussed in the in vitro stud-
ies, the presence of Ag could have played a role in facilitating

greater reepithelialization.[62] In contrast, none of the GelMA
hydrogel-treated wounds reepithelialized completely.
Collagen, one of the basic components in the dermis ECM,

is key for wound healing.[64] The extent of collagen deposition
and ECM remodeling at the wound sites was assessed with pi-
crosirius red (PSR) staining. Positive PSR signals were observed
in the wound beds for all groups on day 7 (Figure 8h–j). Granu-
lation tissue formed in the wounds treated with the 1.25 hydro-
gel expressed the highest collagen content, that was 1.95 times
and 1.42 times of that in the control and in GelMA, respectively
(Figure 8k). This is in agreement with the in vitro study where
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Figure 8. Wounds treated with the 1.25 hydrogel resulted in faster reepithelialization than GelMA hydrogel and produced the most collagen by day 7.
Representative H&E-stained tissue sections at day 4 and day 7 for the a,b) control, c,d) GelMA hydrogel, and e,f) 1.25 hydrogel. Black triangles demarcate
the wound boundaries, showing the length of the epithelial tongue. Black squares indicate the region of interest (ROI) shown in the magnified H&E
images of the sample-host tissue interface for the (c-i,d-i) GelMA and (e-i,f-i) 1.25 hydrogel at day 4 and 7, respectively. Asterisks (*), dashed lines, and
black arrows indicate the sample, sample-tissue interface, and neutrophils, respectively. g) Quantified epithelial tongue length for all 3 materials at day
4 and 7 (n = 24 for all groups at day 4, n = 26 for control, n = 44 for GelMA hydrogel, and n = 34 for 1.25 hydrogel at day 7). Representative PSR stained
tissue sections at day 7 and their magnified images at ROI indicated by the black squares for h,h-i) control, i, ii) GelMA hydrogel, and j,j-i) 1.25 hydrogel.

Small 2025, 21, e09775 © 2025 The Author(s). Small published by Wiley-VCH GmbHe09775 (13 of 18)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

HDFs seeded onto the 1.25 hydrogel recorded higher levels of
collagen production than the control (Figure 7b). Besides col-
lagen production, angiogenesis at the wound site is crucial in
clearing metabolic products and facilitating nutrient and oxygen
transport.[65] Indeed, blood vessels were evident in the granula-
tion tissue of wounds treated with the 1.25 hydrogel and in the
control, indicating neovascularization (Figure S21, Supporting
Information).

3. Conclusion

A gradient hydrogel based on cross-linking of HHKs using Ag+

was developed. This gradient hydrogel was fabricated using a
facile method unique to HHKs, via Ag─S complexation achieved
by simple diffusion of Ag+ through a HHK solution. Due to in-
stantaneous formation of Ag─S complexation, the use of an ex-
ternal partially permeable membrane, which is typically required
for diffusion-based gelation, was not required here. The diffu-
sion kinetics of Ag+ can be modulated by varying the mole ratio
of free thiols in HHK to Ag+, which in turn affects the rate of
gelation. As the thiol:Ag ratio decreased from 1.25 to 0.50, the
initial Ag+ concentration increased, and the rate of gelation in-
creased from 0.12 ± 0.05 to 1.55 ± 0.23 × 10−5 cm2 s−1. This
shortened the gelation time from 12.92 ± 0.52 to 4.92 ± 0.29 h.
Interestingly, a porosity gradient could be formed in a single step,
and this gradient microstructure is controllable with the thiol:Ag
mole ratio. Moreover, these pores displayed a nonuniform wall
thickness, which ranges from 0.35 ± 0.11 to 6.09 ± 1.96 μm. The
correlation between the tunable gradient microstructure and hy-
drogel properties was manifested in the mechanical properties,
degradation profiles, and water uptake capacity. The gradient hy-
drogel with distinctively different topographies at the top and bot-
tom surfaces suggested a possible notion of using this system as
a dermal template for skin regeneration. At a balanced thiol:Ag
ratio of 1.25, the hydrogel was found to be antibacterial against
Staphylococcus aureus and supported the attachment, spreading,
and proliferation of HDFs. Also, it supported the HDFs in ECM
production and expression of 𝛼-SMA. Furthermore, when em-
ployed as a dermal template in a full-thickness excisional wound
model, the 1.25 hydrogel promoted the most collagen produc-
tion by day 7 and greater reepithelialization than the 3D GelMA
hydrogel. Notably, the upcycled HHK gradient hydrogel did not
elicit a significant host tissue response. This work has validated
the feasibility of HHKs, a natural biomaterial, to be repurposed
into a functional gradient hydrogel for wound healing and tissue
regeneration.

4. Experimental Section
Extraction of Human Hair Keratins: Random human hair waste was re-

trieved from local salons, and keratins were extracted using a two-step re-
ductive Shindaimethod.[66] First, the hair was cleansed with soap and sub-
sequently rinsed thoroughly with 70% ethanol (1.00983, Sigma–Aldrich).
Post-drying, the hair samples were delipidized through immersion in a

mixture of chloroform (132 950, ReagentPlus) and methanol (A412-500,
Thermo Fisher) for 24 h, and once dried, the hair was cut into short frag-
ments. To dissociate the KAPs, the fragments were added into a 25 mm
Tris HCL (T1503, Sigma–Aldrich) buffer solution at pH 9.5, comprising
8 m urea (U5378, Sigma–Aldrich), 200 mm dithiothreitol (DTT10, Gold
Bio), 25% ethanol at 50 mg mL−1 for 72 h at 50 °C. The resultant suspen-
sionwas filtered, and the residual KAP-free hair was washedwith deionized
(DI) water and left to air-dry. Next, HHKswere extracted fromKAP-free hair
soaked into a 25 mm Tris-HCL buffer solution at pH 8.5, comprising 2.6 m
thiourea (T7875, Sigma–Aldrich), 5 m Urea, 200 mm DTT at 50 mg mL−1

for 24 h at 50 °C. The HHK extracts were filtered, and the filtrate was trans-
ferred into a 10K MWCO dialysis tubing (88 245, Thermo Fisher) and di-
alyzed against DI water until the pH of the extracts reached 6.5. The pro-
tein and free thiol concentration of the dialyzed HHKs were quantified us-
ing the Pierce bicinchoninic acid assay kit (23 225, Thermo Fisher) and
Ellman’s assay (22 582, Thermo Fisher) according to the manufacturer’s
protocol.

TEM: The samples were prepared based on an established
protocol.[21] Briefly, samples at 0.4 mg mL−1 were drop-cast onto a
glow-discharged full carbon-coated TEM grid (0 1821, Ted Pella). To
remove excess solution, a filter paper was used to blot the grid. This was
followed by washing with DI water and blotting. Last, the sample was
stained negatively with 2% uranyl acetate and blotted. The grid was left to
dry and kept overnight in a dry box before viewing under the TEM (2010
UHR, JEOL). Image analysis was conducted using ImageJ.

HHK-Ag Gradient Hydrogel Formation: The dialyzed HHK solution
was diluted to 30 mg mL−1, and concentrations of silver nitrate (AgNO3)
required for the 5 thiol:Ag ratios were prepared based on the free thiol g−1

of HHK obtained (Table S1, Supporting Information). The hydrogels were
prepared in individual wells of a 24 well plate, and for each hydrogel, 1 mL
of HHK solution and 1 mL of AgNO3 solution were utilized. To create the
thin gel layer as the partially permeable membrane (PPM), small amounts
of theHHK solution were dropped cast onto the 1mL of AgNO3 (Video S1,
Supporting Information). After PPM formation, the remaining HHK were
added, and the diffusion-mediated gelation was conducted overnight for
16 h. The formed hydrogels were removed from the well plate and washed
3 times with DI water to remove excess Ag+ prior to subsequent charac-
terization analyses.

Quantification of Silver Concentration: Silver ion concentrations were
quantified using an Inductively Coupled Plasma Optical Emission Spec-
trometer (ICP-OES) (Optima 8000, Perkin Elmer). Before analysis, all sam-
ples were diluted and acidified to pH 1–2with 1%nitric acid. A syringe filter
(0.45 μm) was used to filter each sample. 3 mL of the test sample was in-
troduced at a flow rate of 1.5 mLmin−1 into the plasma chamber. Samples
were analyzed in axial mode, with the emission line of Ag at 328.068 nm.
The concentration of each sample was determined by comparing the emis-
sion intensity against that of the silver standard for ICP (12 818, Sigma–
Aldrich).

Turbiscan Lab Analysis: The gelation kinetics were quantified using the
Turbiscan Lab Analyzer (Microtrac MRB). The hydrogel was fabricated in a
15× 45mm clear glass screw thread vial and placed into the sample cham-
ber. The transmittance and backscatter of the near-infrared light passed
through the sample vial were measured along the sample height every
40 μm for 16 h at 15-min intervals as the keratin solution gels. The data
obtained were exported into Excel for analysis. The time required for com-
plete gelation was taken as the time when a decrease in transmittance
was no longer observed. The apparent diffusion coefficient of the gel front
(Dapp) wasmeasured using the following equation, where d is the gel thick-
ness in cm and t is the time in seconds at which the gel thickness is taken.

d2 = 2Dappt (1)

k) Quantified normalized collagen content for all 3 materials at day 4 and 7 (n = 6 for all groups at day 4, n = 11 for control, and n = 12 for GelMA and
1.25 hydrogels at day 7). All quantitative data are presented as means ± SD, * p < 0.05; One-way Welch ANOVA with Games–Howell post-hoc test was
adopted.
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X-Ray Photoelectron Spectroscopy (XPS): The XPS analysis was per-
formed with the AXIS Supra spectrometer (Kratos Analytical) fitted with a
monochromatic Al K-alpha source (1487 eV) operated at 15 kV and 15 mA
and a hemispherical analyzer. All samples were lyophilized and stored in a
dry box before measurement. Charge build-up on the sample surface was
neutralized by a 3.1-volt bias. Wide scans and narrow scans were recorded
at 160 and 20 eV pass energy, respectively. All spectra were processed and
analyzed with the ESCApe software, and charge correction of the binding
energies was done against the carbon 1 s at 284.4 eV.

Inhibition of Free Thiols: The blocking of thiols with N-ethylmaleimide
(NEM) (23 030, Sigma–Aldrich) was carried out on the same day after
the completion of HHK to minimize the disulfide bond formation. After
quantifying the concentration of free thiols in HHKs post-dialysis, a 10-
molar excess amount of NEM was reacted with HHKs for 2 h at room
temperature. Following, the NEM–HHK solution was dialyzed against
DI water to remove unreacted NEM overnight. Ellman’s assay was con-
ducted on the NEM–HHK solution to verify the successful blocking of free
thiols.

SEM: To view the hydrogels’ surface topographies, the samples were
lyophilized and sliced into smaller pieces for sample preparation. For
viewing of the cross-sectional microarchitecture of the hydrogels, they
were flash-frozen in liquid nitrogen for 5 min and immediately sliced
into half to expose the cross-section before lyophilization. The samples
were then gold-coated for 30 s and viewed under the thermionic SEM
(JSM-6360, JEOL) at an accelerating voltage of 10 kV and spot size
of 50.

Oscillatory Amplitude Sweep Test: The storage and loss modulus of
the gradient hydrogels were characterized through an oscillatory ampli-
tude sweep using a rheometer (MCR 501, Anton Paar) accessorized with
a 10 mm parallel plate spindle (PP10, Anton Paar). The normal force of
0.02–0.05 N was maintained during the measurements. The amplitude
sweep test was conducted between 0.01 and 1000% strain at a constant
frequency of 6.28 rad s−1. The tests were conducted with the top surface
of the hydrogel in contact with the plate spindle.

Uniaxial Compression Test: The hydrogels were subjected to uniaxial
compression using an electromechanical test (Criterion Model 42, MTS)
equipped with a 250 N load cell. Hydrogels of 15 mm diameter and 5 mm
height were placed between two platens and pre-loaded with 0.02–0.05
N. The hydrogels were compressed at a rate of 0.01 mm s−1 up to 80%
strain. Compressive modulus was taken as the secant modulus obtained
at 10% strain from the linear region of the stress–strain slope. Compres-
sive strength was recorded as the highest stress that each sample could
withstand. The tests were conducted with the top surface of the hydrogel
in contact with the top platen.

In vitro Degradation Test: Each hydrogel was placed onto a cell strainer
insert of pore size 40 μm (93 040, SPL Life Sciences) that sits nicely in a
6-well plate. 10 mL of ProK (P2308, Sigma–Aldrich) solution at 0.5 UmL−1

was added into each well to ensure full submersion of the hydrogel. The
samples (n = 6) were then placed into a 37 °C oven with a shaking plat-
form (180 rpm), and at each timepoint, the hydrogels were removed from
the oven and rinsed with DI water to remove any PBS salts. Following,
they were lyophilized, and their dry weight was measured (Wtimepoint). The
average of 6 lyophilized pristine hydrogels was taken as the original dry
weight (Woriginal) of each parameter. The remaining mass was calculated
using the following equation

Remaining mass (%) =
Wtimepoint

Woriginal
× 100% (2)

Water Uptake: The hydrogel samples were lyophilized to form scaf-
folds for this study. They were kept in a dry box right until the day of the
study, and their dry weight was recorded as Woriginal. Each scaffold was
placed in a well of a 24-well plate, and 2 mL of DI water was added to each
well. The plate was kept overnight at 37 °C, and the following day, the scaf-
folds were removed from the well, and excess water was wiped off from
the scaffolds using wax paper. The weight of the hydrated scaffold was

recorded as Wwet and the water uptake percentage was calculated using
the following equation

Water Uptake (%) =
Wwet − Woriginal

Woriginal
× 100% (3)

Kirby–Bauer Disk Diffusion Susceptibility Test: The protocol was
adopted from the Kirby–Bauer disk diffusion susceptibility test
protocol.[67] Antibacterial properties of the HHK-Ag gradient hydro-
gels (0.50 and 1.25 thiol:Ag ratio) were tested against Gram-positive
Staphylococcus Aureus (25 923, ATCC). LB agar plates were prepared by
dissolving Luria–Bertani (LB) agar powder (244 520, BD) into DI water at
4% and casting it into 100 mm Petri dishes after autoclaving. The strain
was subcultured in LB broth (244 620, BD) under constant shaking at 37
°C for 18 h to the mid-exponential phase. The bacterial suspension was
adjusted to the 0.50 McFarland standard, and 150 μL was added to the LB
agar plate and swabbed evenly for inoculation. All hydrogels were washed
with DI water to remove excess unbound Ag+ before the testing. HHK
solution was used as a negative control. 20 μL of the solution was loaded
onto the disc (12 mm), and hydrogel samples (12 mm) were placed onto
an unloaded disc. The discs were transferred onto the plates and were
incubated at 37 °C for 24 h and subsequently imaged using the iBright
Imaging system (CL1000, Thermofisher). The zones of inhibition were
measured using ImageJ.

Cell Culture: Human dermal fibroblasts (PCS-201-012, ATCC) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (12 800 017,
Gibco) supplemented with 10% fetal bovine serum (FBS) (SV30160, GE
Healthcare) and 1% penicillin–streptomycin (15 140 122, Gibco). Immor-
talized human epidermal keratinocytes, KerCT (CRL-4048, ATCC) were cul-
tured in supplemented EpiGRO media (SCMK001, Merck Millipore). Epi-
GRO was supplemented with the supplement kit provided by the supplier.
Both cell types were cultured at 37 °C, 5%CO2, and 95%humidity withme-
dia changes every two days until they have reached a confluency of 80%.
Before seeding onto hydrogel samples or well plates, cells adhered to the
cell culture flask were removed by trypsinization, and cell counting was
conducted with a hemocytometer. HDFs of passage numbers 5–8 were
used for cell culture studies. For all studies, cells were seeded at a density
of 10 000 cells cm−2 unless stated otherwise. The control type I bovine
collagen hydrogel was fabricated as per the manufacturer’s instructions
(5005, Advanced Biomatrix). The cells were seeded on the top surface of
the gradient hydrogel only. For all confocal imaging conducted on the pro-
cessed hydrogel samples, the sample was flipped to face the seeded sur-
face (Top) down onto the coverslip. The loaded coverslip was then placed
onto the stage of the confocal laser scanning microscope.

Leaching Study: Before the leaching studies, all hydrogels were
washed thrice with sterile PBS to remove unbound excess Ag+ and equi-
librated in DMEM overnight. The day after was deemed day 0, and at
each timepoint (days 1, 3, 5, and 7) the media was collected for analy-
sis, and fresh media was added to continue toward the next timepoint.
The collected samples were diluted with 1% nitric acid and syringe filtered
(0.45 μm) to remove any particulates. The concentration of Ag+ was quan-
tified with ICP-OES. Cumulative release was calculated using the equation
below. For the leaching study in the presence of HDFs, the same proce-
dure was carried out, with the additional seeding step onto the hydrogel
surface at 10 000 cells cm−2 at day 0.

Ag+ (%) =
Concentration

(
mg
L

)
× Leaching Volume (L)

Amount of Ag+ added to hydrogel (mg)
(4)

Metabolic Assay and Cell Viability: Metabolic activity of the cultured
cells was assessed with the Alamar Blue assay (A50101, Thermo Fisher).
At each timepoint, the media was aspirated from each sample, and fresh
media containing the reagent was added according to the manufacturer’s
instructions. The samples were placed in the incubator for 3 h, and
metabolic activity was recorded as the fluorescence intensity emitted at
590 nm (Biotek Synergy H1, Agilent). Cell viability of the cultured cells
was evaluated using the Hoechst 33 342 to stain all nuclei and Propidium
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iodide (PI) (P4864, Thermo Fisher) to stain for dead cells at a dilution of
1:10 000 and 1:1000 in PBS, respectively. After staining was completed, the
samples were viewed under a confocal laser scanning microscope (LSM
710, Carl Zeiss). The images were analyzed using the Analyze Particle func-
tion in ImageJ. Cell viability was calculated using the following equation

Cell viability (%)

=
(
Total number of cells −Number of PI stained cells

Total number of cells

)
× 100% (5)

CellROX Green Oxidative Stress: To detect and quantify the presence of
oxidative stress in the HDFs cultured on the samples, the CellROX Green
reagent (C10444, Thermo Fisher) was added to the live cells at each time-
point according to the manufacturer’s protocol. All nuclei were stained
with Hoechst 33 342. HDFs cultured on glass coverslips treated with 200
μm tBHP for 2 h were taken as the positive control. After staining, images
of the samples were captured with under a confocal laser scanning micro-
scope (Stellaris 5, Leica). The integrated CellROX Green intensity per cell
was quantified using the threshold function in ImageJ

Immunofluorescence (IF) Staining: IF staining of the hydrogels was
conducted independently against fibronectin (ab2413, Abcam) collagen
III (ab7778, Abcam), and alpha-smooth muscle actin (ab7817, Abcam).
On day 7, the HDF-cultured hydrogels were washed with chilled PBS and
fixed with 4% paraformaldehyde (PFA) (P6148, Sigma–Aldrich) for 20min.
0.2% Triton X-100 (X-100, Sigma–Aldrich) in PBS was used to permeabi-
lize the cells, and the samples were blocked with 2% BSA (A3733, Sigma–
Aldrich) in PBS for one hour. Next, the samples were incubated with the
primary antibodies diluted in 0.2% BSA and 0.1% Triton X-100 in PBS
overnight at 4 °C. Thereafter, samples were washed with PBS to remove
unbounded primary antibodies and the appropriate secondary antibodies
(A21443/A21463, Thermo Fisher) together with Hoechst 33 342 for nu-
cleus staining and phalloidin 488 (A12379, Thermo Fisher) for actin fila-
ment staining was added at room temperature for 1 h. After staining was
completed, the samples were viewed under a confocal laser scanning mi-
croscope (Stellaris 5, Leica). Images taken were analyzed respectively us-
ing ImageJ, where fluorescence intensity was quantified with the threshold
function by integrated intensity.

In Vivo Wound Healing Study: The full-thickness excisional mouse
model was approved by the Institutional Animal Care and Use Committee
(IACUC) in Nanyang Technological University, Singapore, and conducted
in adherence to the National Advisory Committee for Laboratory Animal
Research (NACLAR) guidelines. This model was used to evaluate the ef-
fectiveness of the 1.25 HHK-Ag gradient hydrogel as a dermal template
for wound healing. A total of 3 sample groups were tested: control (no in-
tervention), gelatin methacrylate (GelMA) hydrogel (3D control), and 1.25
hydrogel. All hydrogel samples were fabricated, sterilized, and punched
to a diameter of 6 mm prior to implantation. Each C57BL/6J mouse was
anesthetized through isoflurane inhalation. After shaving, a 6 mm biopsy
punch (Paramount) was used to create two identical and symmetrical full-
thickness excisional wounds were made on the sterilized dorsal skin along
the posteriormidline on eachmice. The samples were implanted randomly
onto each wound while ensuring that no groups were repeated in a single
mouse. For the 1.25 hydrogel, the hydrogel was flipped so that the top
porous surface of the hydrogel (Figure 4c) was facing downward into the
wound. Tegaderm was applied to protect the wounds and keep the hy-
drogels in place. For the day 4 timepoint, there were a total of 6 and 12
wounds/group for day 7. On days 4 and 7, the mice were euthanized, and
the dorsal skins were excised and fixed in 4% PFA overnight at 4 °C for
processing. Briefly, sterile GelMA (SKU0010, Gelomics) and LAP photoini-
tiator (VL-LP0000, CELLINK) were mixed to reach a final concentration of
10% and 0.2% respectively. The pre-polymer solution was crosslinked at
405 nm with the LunaCross-linker (SKU0004, Gelomics) for 90 s. The hy-
drogels were then punched to a diameter of 6 mm prior to implantation.

Histological Analysis: The fixed tissues were bisected, dehydrated, and
embedded in paraffin. The tissues were sectioned to 5 μm thickness us-
ing a microtome (RM2265, Leica). Hematoxylin and Eosin (H&E) staining
was conducted to visualize tissue morphology. The tissues were deparaf-

finized on a heat plate and hydrated with 3 changes of xylene, followed
by descending absolute ethanol concentrations (100%, 90%, 80%, 70%)
and tap water, at an interval of 3 min each. The hydrated tissues were
stained in the hematoxylin dye for 5 min and washed in running tap wa-
ter for 30 s. Next, the tissues were submerged in acid alcohol for 15 s,
followed by Scott’s tap water for 2 min and eosin dye (2 min), with wash-
ing between each step. The stained tissue sections were dehydrated in
ascending absolute ethanol concentrations (70%, 80%, 90%, 100%) fol-
lowed by 3 xylene changes. They were mounted with CytoSeal 60 (Electron
Microscopy Studies). Picrosirius Red Staining (PSR) was conducted ac-
cording to the manufacturer’s protocol to visualize collagen fibers within
the tissues (ab150681, Abcam). Briefly, the deparaffinized tissues were hy-
drated. PSR staining was conducted for one hour at room temperature.
The stained tissues were quickly rinsed in two changes of 0.5% acetic acid
solution, followed by a rinse in absolute ethanol. Finally, the tissues were
dehydrated in two changes of absolute alcohol, followed by xylene and
mounted. Brightfield images of the histological sections were captured
with a slide scanner (AxioScan, Zeiss). Collagen deposition and epithelial
tongue length measurements were conducted in ImageJ. The measured
collagen content in the granulation tissues was normalized against the
collagen content in the normal skin area of the same tissue section.

Statistical Analysis: All experiments were conducted with a minimum
of three technical, biological, or extraction replicates, and the number of
samples (n) for each study is indicated in their respective figure captions.
All quantitative data are presented as mean ± standard deviation (SD).
For comparison between two sample groups, a two-tailed Student’s t-test
was conducted in Microsoft Excel. For comparison between more than
two sample groups with equal variance, a one-way analysis of variance
(ANOVA) with Tukey’s honestly significant difference (HSD) post-hoc test
was conducted with theOrigin 2020 software. For non-equal variance, one-
way Welch ANOVA with Games–Howell post-hoc test was conducted with
the Origin 2020 software. Differences between two sample groups were
considered statistically significant when p < 0.05.
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