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Amino-acid-specific thiol-ene coupling governs
hydrogel crosslinking mechanism and cell behavior

Ke Yang,1 Kongchang Wei,1,2,* Marine de Lapeyrière,1 Katharina Maniura-Weber,1,3

and Markus Rottmar1,4,*
SUMMARY

The thiol-ene reaction is widely utilized in the functionalization of
biomaterials, with research focusing either on the function of pep-
tides that direct cell behavior (e.g., cell adhesion governed by
RGD peptide and biodegradation regulated by protease-sensitive
peptides) or on the improvement of thiol-ene reaction kinetics by us-
ing electron-rich alkenes like norbornene. However, it remains un-
known whether peptides could play a role in the thiol-ene reaction
or alkene moieties could potentially affect cell behavior. In the cur-
rent work, we observe that norbornene-modified polyvinyl alcohol
crosslinked with peptides that offer different sensitivities to matrix
metalloproteinases (KCGPQGIWGQCK, KCVPMSMRGGCK) prob-
ably underwent chain-growth- and step-growth-dominated poly-
merization, respectively, which was found to be determined by tryp-
tophan that acts as radical stabilizer and thereby dictates hydrogel
properties and cell behavior. This work thus contributes to a more
comprehensive understanding of thiol-ene-based peptide function-
alization of hydrogels and to a more accurate control of hydrogel
design for tissue engineering applications.
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INTRODUCTION

The advancement of materials science, cell biology, and bioengineering has allowed

engineered tissues to be increasingly considered for a range of biomedical applica-

tions, including in vitro tissue models for the exploration of fundamental mecha-

nisms in health and disease, or as replacements for damaged tissues in tissue regen-

eration.1,2 To engineer a tissue, it is essential to mimic key aspects of the native

extracellular matrix (ECM), which provides not only three-dimensional (3D) physical

support for cells but also biochemical cues that direct their behavior.3 Although such

biochemical cues of the ECM can be rather easily obtained from natural polymer (like

collagen)-derived matrices,4 the utility of natural polymers is limited for most appli-

cations since it is difficult to decouple physical properties (such as stiffness) from bio-

logical properties (such as ligand density) and precisely define the containing bio-

logical cues for translational use.1

The discovery of fibronectin’s minimal binding domain to the integrin receptor, the

RGD amino acid sequence, has paved the way to better understand the role of the

ECM in cell adhesion.5 Also, the determination of cleavage sites identified in ECM

proteins for matrix metalloproteinase (MMPs) was crucial to further decipher the dy-

namic interaction between cells and the ECM.6 Based on this knowledge, the pre-

sentation of such biologically functional cues in the format of peptide sequences

created the opportunity for synthetic materials as a ‘‘blank slate’’ environment7 to
Cell Reports Physical Science 5, 101809, February 21, 2024 ª 2024 The Authors.
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be decorated with bioactive factors via highly controllable chemical reactions such

as thiol-ene coupling.8,9 This is facilitated by the straightforward modification of

the polymer backbone with alkenes and the conjugation of desired peptide se-

quences with thiol-containing cysteines.10,11

Free-radical-based thiol-ene coupling is regarded as a highly controllable reaction

system for polymer crosslinking and hydrogel formation. The resultant step-growth

polymerization is advantageous not only for the formation of a homogeneous poly-

mer network,8,11,12 but also for better tolerance to oxygen inhibition when

compared to chain-growth polymerization.13 However, the absence of chain-growth

polymerization (alkene homo-polymerization) is presumed only in an ideal case.8,12

In an effort to direct the kinetics and reactivity of thiol-ene coupling and to guide the

polymerization along the step-growthmechanism, cumulative research has revealed

that electron-rich and/or strained alkenes like norbornene are more efficient than

electron-poor alkenes in thiol-ene coupling, thereby inhibiting the homo-polymeri-

zation of alkenes.8,14–17 From the perspective of thiols, although a higher pKa value

of thiol has also been demonstrated to be favorable for thiol-ene coupling,18 the

candidate domain carrying a thiol is limited to cysteine if the conjugation of peptides

is intended.

Accordingly, previous thiol-ene-based peptide functionalization studies basically

focus on either the alkene species that determine thiol-ene reaction kinetics17,19

or the peptide sequences that determine the biological function of the system.20–24

It remains unknown whether the alkenes themselves could affect the system with re-

gard to the biological response or the peptide characteristics could potentially influ-

ence the thiol-ene reaction. In addition, the environmental pH plays a role in thiol-

ene reactions, and a neutral pH value of 7.4 has been reported to negatively affect

thiol-ene coupling due to the deprotonation of thiols, thereby resulting in the forma-

tion of disulfide radical anions.19,25,26 Furthermore, while the synthesis of peptides

most frequently employs trifluoroacetate (TFA) salts27–30 and thus inherently acid-

ifies the system, such environmental conditions have not previously been taken

into account with regard to their potential influence on thiol-ene reaction kinetics

or on the cytocompatibility of the system. Therefore, a better understanding of

how environmental pH values affect the thiol-ene reaction could contribute not

only to higher controllability of the reaction system but also to more comprehensive

guidance of cell behavior in defined ECM mimetic matrices.

Herein, polyvinyl alcohol (PVA), a synthetic polymer with hydroxyl groups, was first

modifiedwith norbornene, which is highly reactive in thiol-ene coupling.MMP-cleav-

able peptides (KCGPQGIWGQCK, KCVPMSMRGGCK) that are commonly used in

degradable hydrogel systems were then employed to crosslink norbornene-modi-

fied PVA (nPVA) via radical-based thiol-ene reaction (Figure 1A) to form hydrogels

termed GP and VP, respectively. In this study, we focused on the crosslinking charac-

teristics of the peptide-crosslinked hydrogels and the initial cell response within the

hydrogels. The crosslinking mechanism was then further explored in-depth, ulti-

mately demonstrating the effect of the peptide sequences on the thiol-ene reaction

and the subsequent interaction with human dermal fibroblasts (HDFs).
RESULTS AND DISCUSSION

Cell response to hydrogels crosslinked with native (acidic) peptides

The herein-used peptides have been investigated previously for their different sen-

sitivities toward MMPs, as reflected by the sequence-dependent degradability of
2 Cell Reports Physical Science 5, 101809, February 21, 2024



Figure 1. Cell response to hydrogels crosslinked with native (acidic) peptides

(A) Scheme of hydrogel formation via thiol-ene reaction between norbornene-modified PVA and MMP-cleavable peptides (KCGPQGIWGQCK,

KCVPMSMRGGCK) for the encapsulation of fibroblasts, generated with BioRender.

(B) Confocal images of live/dead (green/red)-stained HDFs encapsulated within GP and VP hydrogels after 1 day of culture. Scale bar: 100 mm (insets

show a macroscopic view of crosslinked GP and VP hydrogels of 8 mm in diameter, respectively). See also Figures S1 and S2.

(C) In situ pH monitoring of cell-free hydrogels during the incubation in buffered solutions (1 wt % NaCl in PBS). Data are presented as meansG SD (n = 3).
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crosslinked hydrogels.31–33 In our study, we found that HDFs that were encapsulated

within GP (KCGPQGIWGQCK) hydrogels showed a dramatic drop in cell viability af-

ter only 1 day of culture according to the live/dead assay (Figure 1B), despite ap-

pearing unaffected in GP hydrogels 4 h after encapsulation (Figure S1). Notably,

cells encapsulated in VP (KCVPMSMRGGCK) hydrogels showed high viability both

after 4 and 24 h (Figures 1B and S1). Besides this cytotoxic effect of GP hydrogels,

they were also found to be visually turbid, whereas VP hydrogels were transparent.

Given the native acidity of peptides due to the presence of TFA during synthesis and

the resulting salt format, the acidity of hydrogel precursor solutions might have a

negative impact on cell viability within hydrogels.34 Therefore, after the polymeriza-

tion of cell-free hydrogels, pH values were monitored in situ during the incubation in

phosphate-buffered saline (PBS). Both groups shared a similar trend, presenting an

initially acidic pH (between pH 4 and 5; Figure 1C), which increased toward a more

neutral pH (6.5 G 0.5 in GP, 6.4 G 0.4 in VP) after only 30 min incubation and recov-

ering to a neutral pH condition (7.1 G 0.2 in GP, 7.2 G 0.2 in VP) within 180 min. In

order to mimic the influence of environmental pH on cells contributed by the native

acidity of peptides, pure peptides (1.1 mg/mL) were introduced into the medium of

cells cultured on tissue culture plates. When exposed to this medium, the cells

showed a similar degree of spreading and viability in both GP and VP groups after

1 day, which was also comparable to peptide-free controls (Figure S2). Taken

together, the pH value of both peptide-crosslinked hydrogels follows a comparable

tendency of rapid recovery to a neutral pH condition, and both peptides share a

similar acidity, showing no harm on cells as an additive in medium. These results
Cell Reports Physical Science 5, 101809, February 21, 2024 3
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suggest that the decreased cell viability in GP hydrogels is not caused by the acidity

of the peptide itself, nor by the hydrogel precursor solution.

Material properties and cell behavior in hydrogels crosslinked with peptides

under native (acidic) and neutral conditions

Given the important role of environmental pH in the thiol-ene reaction,19,26 the

native acidity of peptides could affect the crosslinking behavior, which might give

rise to different hydrogel properties, including mechanical properties and optical

characteristics, and might potentially influence cell viability. Therefore, we next

investigated the mechanics of peptide-crosslinked hydrogels under acidic (native),

neutral (nGP and nVP), and basic (bGP and bVP) conditions using photo-rheometry.

The storage moduli of native GP and VP hydrogels were �3,200 and �3,600 Pa un-

der acidic (native) conditions and decreased to�2,700 and�2,600 Pa upon neutral-

ization, respectively (Figure 2A). Compared to rapid polymerization of native and

neutral groups in approximately 30 s, both basic groups (bGP and bVP) showed

slow polymerization, as well as much lower storage moduli of �700 and �1,000

Pa, respectively (Figure S3), which might be due to the deprotonation of thiols under

basic pH conditions, inducing the generation of thiolate anions and the formation of

disulfides and thus impairing thiol-ene coupling, which is crucial for hydrogel forma-

tion.25 Because of these characteristics, bGP and bVP groups were not included in

subsequent investigations. Unexpectedly, GP hydrogels became much less turbid

after neutralization (Figures 2B and S4A), presenting a similar degree of transpar-

ency to VP hydrogels. Additionally, the hydrogel turbidity when crosslinked by GP

reduces as pH increases (Figure S4B), implying a pH-dependent crosslinking

behavior in GP hydrogels.

Furthermore, cell behavior was assessed in GP and VP hydrogels formed under

acidic (native) and neutral conditions. The metabolic activity of HDFs in GP hydro-

gels decreased from day 0 to 1 and remained at a low level during culturing up to

day 7, while cells in VP, nGP, and nVP groups showed increasing levels of meta-

bolic activity over the same culture period (Figure 2C). Similarly, the proliferation

marker (BrdU) showed only low levels in the GP group compared to VP, nGP,

and nVP groups (Figure 2D). During long-term culture, cells in GP hydrogels pro-

duced less ECM protein collagen type I (Figure 2E) than cells in the other three

groups. Taken together, cell viability and ECM production were rescued in the

GP group by neutralization, which slightly enhanced cell activity in the VP group

as well. The beneficial effect of neutralization on cell activity can partially be attrib-

uted to the decrease of hydrogel stiffness, which has been shown to be favorable

for cell growth and matrix remodeling in 3D hydrogels.35 However, given the rela-

tively good cell viability in VP hydrogels under both native (acidic) and neutral con-

ditions, the significant improvement of cell viability in GP hydrogels cannot be

attributed to neutralization or mechanical changes only, but is more likely due to

inherent properties of the GP hydrogel. A noticeable phenomenon is that the

neutralization changed not only the mechanics of hydrogels, but also their optical

properties, hence pointing toward a correlation between cell behavior and hydro-

gel turbidity.

Peptide-dependent reaction mechanism and its influence on the properties of

crosslinked hydrogels

Classically, hydrogel turbidity reflects the crosslinking density and homogeneity of

the hydrogel system36–38; with the here-described hydrogel system, however, an

ideally homogeneous crosslinking network can be only expected in the absence of

any alkene homo-polymerization.12 With the reaction conditions being identical
4 Cell Reports Physical Science 5, 101809, February 21, 2024



Figure 2. Material properties and cell behavior in hydrogels crosslinked with peptides under native (acidic) and neutral conditions

(A) Storage modulus of GP and VP hydrogels with and without neutralization using photo-rheometry. See also Figure S3.

(B) Optical transmittance of GP and VP hydrogels formed with and without neutralization. See also Figure S4.

(C) Metabolic activity of HDFs encapsulated within hydrogels from days 0 to 7 monitored using the alamarBlue assay; data normalized to day 0. An

asterisk (*) indicates the difference of the designated group and the corresponding group at day 0, and a hash symbol (#) indicates the difference

between groups. Data are presented as means G SD (n = 6), p < 0.05, two-way ANOVA.

(D) Confocal images of BrdU/nuclei (red/blue)-stained HDFs cultured for 5 days (scale bar: 50 mm).

(E) Confocal images of collagen type I/actin/nuclei (green/red/blue)-stained HDFs cultured for 28 days (scale bar: 50 mm).
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for both GP and VP hydrogels, the only difference is the peptide sequence

(KCGPQGIWGQCK vs. KCVPMSMRGGCK), and here, tryptophan (W) is especially

of interest, as it can act as radical stabilizer.39 We thus hypothesized that in VP hydro-

gels, thiol-ene coupling predominantly occurs, whereas norbornene homo-polymer-

ization contributes significantly or even dominates in GP hydrogels (Figure 3A). Spe-

cifically, in the known step-growth thiol-ene polymerization that likely underlies the

homogeneous crosslinking of VP hydrogels, a thiyl radical generated by UV in the

presence of the photo-initiator (PI) should be transferred to the norbornene

carbon–carbon double bond, where the resulting norbornyl radical abstracts a

hydrogen atom from a thiol to complete the thioether bond formation and to regen-

erate a thiyl radical. However, a competitive reaction to thiol-ene coupling could be

triggered by tryptophan, whose aromatic structure might prompt its surrounding

hydrogen atoms to be abstracted by a thiyl radical. In addition, the aromatic ring
Cell Reports Physical Science 5, 101809, February 21, 2024 5



Figure 3. Proposed peptide-dependent reaction mechanism and its influence on the properties of crosslinked hydrogels

(A) Peptides containing tryptophan (GP) undergo a norbornene homo-polymerization-dominated reaction with chain-growth polymerization, and

peptides without tryptophan (VP) undergo a thiol-ene-coupling-dominated reaction with step-growth polymerization.

(B) Hydrophobic domains characterized by the excimer emission of pyrene recorded at 450 nm; the spectrum is normalized to 370 nm (inset

demonstrates the excimer of pyrene undergoing p-p stacking in the presence of hydrophobic domains formed by norbornene homo-polymerization).

(C) The excimer (at 450 nm)/monomer (at 394 nm) ratio of the hydrogels incubated in pyrene solution. See also Figure S5.

(D) Free thiols assessed by Ellman’s assay, normalized to the total concentration of thiols on each peptide, respectively. Data are presented as means G

SD (n = 3), *p < 0.05, Student’s t test.
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of tryptophan can stabilize a radical through resonance or delocalization, thus termi-

nating the thiyl radical-involved reaction.

At the same time, increased overall hydrophobicity due to the protonation of car-

boxylic groups on norbornenes under acidic pH (originating from the acidity of

TFA)40 increases the chance of hydrophobic association between norbornenes,

which might further undergo homo-polymerization under the stimulation of the

generated radicals (originating from the PI) in a chain-growth manner, resulting in

crosslinking of the PVA polymer chains and ultimately the formation of a heteroge-

neous network. Therefore, peptides without tryptophan (such as VP) are favorable

for thiol-ene coupling, as they should more likely follow the step-growth-dominated

polymerization route toward homogeneous crosslinking, while peptides containing

tryptophan (such as GP) impair the radical transfer that is crucial for thiol-ene

coupling, thus promoting chain-growth-dominated polymerization toward hetero-

geneous crosslinking.

To support the hypothesis that norbornene homo-polymerization occurred in the

heterogeneous crosslinking system, pyrene was exploited due to its inherent hydro-

phobicity, thereby selectively binding to hydrophobic domains.41–43 Hydrogels

crosslinked with tryptophan-free peptide (VP) indicated only a negligible peak of

pyrene excimer fluorescence emission (�450 nm; Figure 3B), while it was strongly
6 Cell Reports Physical Science 5, 101809, February 21, 2024
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reflected in GP hydrogels with tryptophan, exhibiting a 2-fold increase of the exci-

mer/monomer ratio compared to the VP group as well as the neutralized groups

(nGP, nVP; Figures 3C and S5). This result suggests that the aggregation of pyrene

was induced by the hydrophobic domains generated in GP, which is probably

attributed to the homo-polymerization of norbornene. Additionally, when supple-

menting VP formulations with peptides where cysteine was replaced with serine

(KSGPQGIWGQSK, referred to as KS; which would not participate in the thiol-

ene reaction), the resultant hydrogels displayed comparable transparence to VP

alone even at ratios up to 3:1 KS:VP (Figure S6), indicating that neither the transfer

of intermolecular radicals nor peptide aggregation is likely the cause of gel turbidity

in GP hydrogels. As a result, on the one hand, radical transfer from thiyl to trypto-

phan contributed to the production of free thiols; on the other hand, the homo-

polymerization consumed norbornenes that should be employed for thiol-ene

coupling, which further boosted free thiols, causing a higher concentration of

free thiols to be detectable in GP hydrogels (Figure 3D). These results demonstrate

that thiol-ene coupling is impaired in the presence of GP peptide because it is less

efficient than VP in participating in the reaction. However, the herein-proposed

mechanism is based on the features of the current polymerization system and still

remains hypothetical, where the direct characterization of GP-induced norbornene

homo-polymerization is yet to be studied in more detail but hopefully will be

achieved with advanced analytical tools (e.g., nuclear magnetic resonance [NMR]

spectroscopy and mass spectrometry analysis) to identify the resultant complex

chemical structures of peptide-induced crosslinks.
Role of tryptophan (aromatic group) in peptide-based thiol-ene coupling and

its influence on cell behavior

To further verify the tryptophan (aromatic group)-centered hypothesis around

thiol-ene coupling, the GP peptide sequence (KCGPQGIWGQCK) was modified

to selectively replace W with tyrosine (Y) or alanine (A), resulting in an aromatic-

containing peptide sequence, GP-Y (KCGPQGIYGQCK) and an aromatic-free pep-

tide sequence, GP-A (KCGPQGIAGQCK), respectively (Figure 4A). Due to the

same isoelectric point shared by GP, GP-A, and GP-Y, the influence of pKa of

the peptide can be excluded.44 Intriguingly, while the hydrogels crosslinked

by the peptides in the presence of an amino acid with an aromatic group (GP

and GP-Y) were turbid, those crosslinked with peptides lacking amino acids with

an aromatic group (GP-A and VP) showed no turbidity and shared an overlapping

optical transmittance spectrum in the UV-visible range (Figures 4B and S7). This

result further supports the hypothesis that an aromatic group in the peptide

sequence as a radical stabilizer could impair the radical-centered thiol-ene

coupling.

Based on the observed difference and consequence of the reaction mechanism in

the peptide-based thiol-ene coupling system, cellular responses that were highly

distinct for GP and VP groups (Figure 1A) were subsequently investigated in more

detail also for GP-A, an MMP-cleavable peptide that is of interest and importance

for tissue engineering applications, rather than GP-Y. Accordingly, lower expression

of proliferative marker BrdU (Figure 4B) and higher expression of apoptotic marker

caspase-3 (Figure 4C) were captured, as well as a correspondingly lower level of cell

metabolic activity (Figure S8) being recorded in the GP group compared to the GP-A

and VP groups. Accordingly, lower cell density and production of ECM protein (COL

I) were observed in GP, but not in GP-A and VP, hydrogels after a longer-term culture

period of 14 days (Figure 4D).
Cell Reports Physical Science 5, 101809, February 21, 2024 7



Figure 4. Proposed role of tryptophan in peptide-based thiol-ene coupling and its influence on cell behavior

(A) Scheme of the prevented radical transfer by replacing tryptophan (W) with alanine (A), resulting in homogeneous crosslinking and transparent

hydrogel formation, generated with BioRender.

(B and C) Confocal images of (B) BrdU/nuclei (red/blue) (insets show a macroscopic view of crosslinked GP, GP-A, and VP hydrogels of 8 mm in diameter,

respectively) and (C) caspase-3/nuclei (green/blue)-stained HDFs encapsulated within GP, GP-A, and VP hydrogels after 1 day of culture (scale bar:

50 mm). See also Figures S7 and S8.

(D) Confocal images of collagen type I/actin/nuclei (green/red/blue)-stained HDFs encapsulated within GP, GP-A, and VP hydrogels cultured for

14 days (scale bar: 50 mm).
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These results suggest that tryptophan negatively affects the peptide-based thiol-

ene reaction, initiating norbornene polymerization and resulting in heterogeneous

crosslinking in GP hydrogels. As a result, a higher level of free thiols was presented,

inducing cell apoptosis via reductive stress-mediated caspase-3 up-regulation,45,46

suppressing cell function including metabolic activity and ECM remodeling. By re-

placing only one single amino acid, GP-A showed negligibly negative effects on

the characteristics of thiol-ene hydrogel crosslinking and cell behavior.

In summary, when employing two widely used MMP-sensitive peptides (GP and VP)

to crosslink nPVA via thiol-ene coupling, the resulting hydrogels were found to differ

highly in terms of hydrogel turbidity and cell response, independent of the environ-

mental pH condition and the hydrogel mechanics. It was hypothesized that trypto-

phan in GP peptide sequences, acting as a radical stabilizer, impaired the radical-

initiated thiol-ene coupling, thus triggering norbornene homo-polymerization via

the undesirable chain-growth mechanism under the stimulation of radical and

cation. It was shown that the crosslinking homogeneity of the hydrogel system, as

well as cell viability, can be improved by replacing aromatic tryptophan with aro-

matic-free alanine, but further investigation is required to provide more in-depth
8 Cell Reports Physical Science 5, 101809, February 21, 2024
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understanding of the observed phenomenon, in particular themechanism of norbor-

nene homo-polymerization in biomaterials-based hydrogel systems. In general, this

work contributes new insights into thiol-ene-coupling-based hydrogel crosslinking

with MMP-sensitive peptides, where not only the biological function of peptide

and the reaction kinetics of alkene but also the potential effect of the peptide

sequence on the thiol-ene reaction need to be considered, thereby allowing for a

more accurate control of hydrogel design for tissue engineering applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Markus Rottmar (markus.rottmar@empa.ch).

Materials availability

This study did not generate new unique materials.

Data and code availability

The data presented in this work are available from the lead contact upon reasonable

request.

Materials

All chemicals and reagents were purchased from Sigma-Aldrich (Buchs, Switzerland)

and used as received unless specified otherwise. All peptides were ordered from

CASLO (Kongens Lyngby, Denmark).

Synthesis of nPVA

nPVA was synthesized as previously reported.13 In brief, PVA (10 g, Mn�22 kDa) was

dissolved in anhydrous DMSO (200mL) at 50�C under nitrogen atmosphere, and dis-

solved p-toluenesulfonic acid (20 mg) in anhydrous DMSO (2 mL) and cis-5-norbor-

nene-endo-2,3-dicarboxylic anhydride (2 g) in anhydrous DMSO (20 mL) were sub-

sequently added to the PVA solution. After a 12 h reaction at 50�C, the solution

was allowed to cooled down to room temperature and dialyzed against water for

12 h. During dialysis, pH was continuously adjusted between 7.0 and 7.5 by adding

100 mM NaHCO3. The solution was then dialyzed against milliQ water for 2 days.

Finally, the products were lyophilized and stored at 4�C for further use. The substi-

tution degree of norbornene on PVA was �8.5% as determined by 1H-NMR

(Figure S8).

Fabrication of nPVA hydrogels

Synthesized nPVA and PI 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone

(Irgacure 2959, 410896) were dissolved in Dulbecco’s PBS (D8537) and then

mixed to prepare hydrogel precursor solutions with final concentrations of 7.5 and

0.05 wt %, respectively. The proteolytic crosslinker was added into precursor solu-

tions based on a thiol-to-ene stoichiometric ratio of 4:10 in a final concentration of

34 mM. The precursor solutions were sandwiched between two Sigmacote-treated

glass slides separated by multi-well PDMS (diameter: 6 mm) with a thickness of 1 mm

and then exposed to UV-365 nm (10 mW cm�2) for 6 min.

To fabricate GP and VP hydrogels under different pH conditions, KCGPQGIWGQCK

and KCVPMSMRGGCK peptides were used, respectively. After adding peptides

into precursor solutions (pH�5, due to peptides lyophilized in the form of TFA salts),

acidic groups (GP, VP) were obtained. 0.5 M NaOH was used to adjust the pH of
Cell Reports Physical Science 5, 101809, February 21, 2024 9
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precursor solutions to prepare neutral groups (pH �7, nGP and nVP) and basic

groups (pH �9, bGP and bVP).

RHEOLOGICAL MEASUREMENTS

In situ photo-polymerization was characterized using a rheometer (Anton Paar,

MCR301) equipped with a plate-plate Toolmaster system (PP08-SN10636). The pre-

pared precursor solutions as described in the previous section ‘‘Fabrication of nPVA

hydrogels’’ were dropped on the plate, and time-sweep measurements (strain 1%,

frequency 1 Hz, sample thickness 1 mm, interval time 5 s) were performed. After

measuring for 30 s, photo-curing (10 mW cm�2, OmniCure S1000, Lumen Dynamics,

Mississauga, ON, Canada) was initiated, and the shear storage modulus (G0) as well
as the shear loss modulus (G0 0) were determined until reaching a G0 plateau.

Optical transmittance measurements

AUV-visible spectrophotometer (PowerWave HT, BioTek Instruments, Winooski, VT,

USA) was used to establish the turbidity of hydrogels by determining the optical

transmittance. The prepared hydrogels were placed in 96-well plates and trans-

ferred to the spectrophotometer; the absorbance spectra were recorded from 300

to 800 nm. The percentages of transmittances were calculated according to the

Beer-Lambert law:

%T = 10ð2� absorbanceÞ:

Hydrophobic domain characterization

The formation of hydrophobic domains in hydrogels was characterized bymeasuring

the fluorescence of pyrene-treated hydrogels using a fluorescence spectrophotom-

eter (PowerWave HT, BioTek Instruments). The assay was first prepared by dissolving

pyrene in DMSO and diluting it with PBS, and the fluorescence emission spectra of

hydrogels were recorded with the excitation at 344 nm after incubating the prepared

hydrogels of 30 mL volume in 1 mL 10 mM pyrene solution for 48 h.

Determination of free thiols

Free thiols in the hydrogels were assessed by Ellman’s reagent according to the

manufacturer’s instructions (Thermo Fisher Scientific). Briefly, the prepared hydro-

gels were incubated with 10 mM Ellman’s reagent in reaction buffer (0.1 M sodium

phosphate, pH 8.0, containing 1 mM EDTA) at room temperature for 15 min. Then,

the absorbance at 412 nm of 100 mL supernatant from each sample was measured

(Mithras2 plate reader, Berthold Technologies, Bad Wildbad, Germany).

pH monitoring of the hydrogels

As the pH of prepared hydrogels could change with the incubation in buffered solu-

tions including PBS and medium, the development of pH in hydrogels was moni-

tored using sodium fluorescein. Firstly, the hydrogel precursor solutions were

supplemented with 0.005 wt % sodium fluorescein, and then after photo-polymeri-

zation, the fluorescence of hydrogels was measured at 490 nm using the plate

reader. The sodium-fluorescein-encapsulated hydrogels were subsequently incu-

bated in PBS solutions containing 0.005 wt % sodium fluorescein and 1 wt % NaCl

at room temperature. The fluorescence of hydrogels was measured every 30 min un-

til the pH values achieved equilibrium.

HDF culture and encapsulation

HDFs (CELLnTEC Advanced Cell Systems AG, Bern, Switzerland) were expanded in

Dulbecco’s modified Eagle’s medium (high glucose, supplemented with 10% [v/v]

fetal calf serum, 1% glutamine, 1% penicillin, streptomycin, neomycin) and used
10 Cell Reports Physical Science 5, 101809, February 21, 2024
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between passages 4 and 8. Cell-laden hydrogel precursor solutions were supple-

mented with cell adhesive peptide (CGRGDSP) in addition to the precursor solutions

described in the previous section ‘‘Fabrication of nPVA hydrogels’’ based on a thiol-

to-ene stoichiometric ratio of 4:100 (�6.8 mM). The resuspended HDFs were gently

mixed with the precursor solutions at 2 3 106 cells/mL and placed in a PDMS mold

(1 mm in thickness and 6 mm in diameter) to form cell-laden hydrogels under UV

exposure (10 mW cm�2, 2 min). HDFs and cell-laden hydrogel samples were cultured

in a humidified incubator at 37�Cwith 5%CO2, andmedia change was performed on

the second day of the encapsulation and every 3 days afterward.

Cell viability analysis

Cell viability was assessed using a live/dead cytotoxicity kit (Thermo Fisher Scienti-

fic). The cell-laden hydrogels were incubated in live/dead staining solution (1 mMcal-

cein and 1 mM ethidium homodimer in culture medium) for 1 h at 37�C and then

imaged using a confocal laser scanning microscope (LSM 780, Carl Zeiss, Jena,

Germany).

Cell metabolic activity was assessed with an alamarBlue assay (Thermo Fisher Scien-

tific). The cell-laden hydrogels were incubated in 10% (v/v) alamarBlue in culture me-

dium for 3 h at 37�C, and then 100 mL supernatant from each sample was collected

and quantified based on fluorescent excitation at 540 nm and emission at 580 nm

(Mithras2 plate reader, Berthold Technologies).

BrdU staining

After 5 days of culture, cell-laden hydrogels were incubated in culture medium sup-

plemented with 10 mMBrdU labeling reagent in an incubator at 37�C for 24 h accord-

ing to the manufacturer’s instructions (Roche, Basel, Switzerland). Then, the hydro-

gels were collected and rinsed in PBS and fixed with 4% (v/v) paraformaldehyde in

PBS for 1 h, followed by 3 washes in PBS. Then, cells in hydrogels were blocked

with 3% bovine serum albumin in PBS for 1 h and were subsequently incubated

with primary antibody (BrdU, B8434) in PBS at 4�C overnight. After 3 washes in

PBS, samples were permeabilized with 0.1% Triton X-100 in PBS for 10 min, followed

by 3 washes in PBS. Samples were then incubated with a counterstaining solution

that contains secondary antibody (goat anti-mouse Alexa Fluor 546, Invitrogen

A11030) and DAPI (D9542) in PBS at room temperature for 1 h. The samples were

finally rinsed with PBS and imaged on a confocal laser scanning microscope.

Collagen type I staining

Cell-laden hydrogels were cultured in medium supplemented additionally with

100 mM ascorbic acid to stimulate production of collagen type I. For staining, the

same protocol as for BrdU staining was used for fixation and blocking. The samples

were next incubated with primary antibody (collagen type I, C2456) in PBS at 4�C
overnight. Then, the samples were permeabilized with 0.1% Triton X-100 in PBS

for 10 min, followed by 3 washes in PBS. Samples were incubated with a counter-

staining solution that contains secondary antibody (goat anti-mouse Alexa Fluor

488, Invitrogen A11029), Alexa Fluor 546 phalloidin (Invitrogen A22283), and

DAPI (D9542) in PBS at room temperature for 1 h. The samples were finally rinsed

with PBS and imaged on a confocal laser scanning microscope.

Caspase-3 detection

Caspase-3 was detected using a CellEvent Caspase-3/7 Green Detection Reagent

according to the manufacturer’s instructions (Thermo Fisher Scientific). The cell-

laden hydrogels were incubated in 5 mM reagent solution and 5 mg/mL Hoechst
Cell Reports Physical Science 5, 101809, February 21, 2024 11
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33342 (Thermo Fisher Scientific), prepared in culture medium for 1 h at 37�C, and
then imaged on a confocal laser scanning microscope.

Statistical analysis

Quantitative results are expressed as mean G standard deviation. Statistically signifi-

cant differences between experimental groups were determined by t test for single

time points or two-way analysis of variance (ANOVA) for two or more time points using

GraphPad Prism. p values >0.05 were considered significant for all statistical tests.
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Shi, Z., Berdan, C.A., Choe, M., Titov, D.V.,
Nomura, D.K., and Rape, M. (2020). A cellular
mechanism to detect and alleviate reductive
stress. Cell 183, 46–61.e21.

46. Handy, D.E., and Loscalzo, J. (2017). Responses
to reductive stress in the cardiovascular system.
Free Radic. Biol. Med. 109, 114–124.
ysical Science 5, 101809, February 21, 2024 13

http://refhub.elsevier.com/S2666-3864(24)00034-1/sref16
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref16
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref17
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref17
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref17
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref17
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref18
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref18
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref18
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref18
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref18
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref18
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref18
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref19
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref19
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref19
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref19
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref19
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref19
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref20
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref20
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref20
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref20
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref20
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref20
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref21
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref22
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref22
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref22
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref22
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref22
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref23
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref23
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref23
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref23
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref23
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref23
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref24
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref24
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref24
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref24
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref24
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref25
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref25
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref25
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref25
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref25
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref25
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref25
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref26
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref26
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref26
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref26
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref26
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref27
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref27
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref27
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref27
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref27
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref28
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref28
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref28
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref28
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref28
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref29
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref29
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref29
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref29
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref29
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref30
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref30
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref30
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref30
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref30
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref30
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref30
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref31
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref31
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref31
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref31
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref31
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref32
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref32
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref32
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref32
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref33
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref33
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref33
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref33
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref33
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref33
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref34
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref34
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref34
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref34
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref34
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref34
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref35
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref35
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref35
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref35
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref35
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref36
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref36
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref36
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref36
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref36
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref37
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref37
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref37
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref37
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref37
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref38
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref38
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref38
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref38
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref38
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref39
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref39
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref39
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref39
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref39
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref40
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref40
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref40
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref40
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref40
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref40
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref40
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref41
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref41
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref41
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref41
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref42
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref42
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref42
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref42
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref42
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref43
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref43
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref43
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref43
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref43
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref43
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref43
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref44
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref44
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref44
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref45
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref45
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref45
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref45
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref45
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref46
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref46
http://refhub.elsevier.com/S2666-3864(24)00034-1/sref46

	Amino-acid-specific thiol-ene coupling governs hydrogel crosslinking mechanism and cell behavior
	Introduction
	Results and discussion
	Cell response to hydrogels crosslinked with native (acidic) peptides
	Material properties and cell behavior in hydrogels crosslinked with peptides under native (acidic) and neutral conditions
	Peptide-dependent reaction mechanism and its influence on the properties of crosslinked hydrogels
	Role of tryptophan (aromatic group) in peptide-based thiol-ene coupling and its influence on cell behavior

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Materials
	Synthesis of nPVA
	Fabrication of nPVA hydrogels

	Rheological measurements
	Optical transmittance measurements
	Hydrophobic domain characterization
	Determination of free thiols
	pH monitoring of the hydrogels
	HDF culture and encapsulation
	Cell viability analysis
	BrdU staining
	Collagen type I staining
	Caspase-3 detection
	Statistical analysis

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


