
Abstract
Repeated mechanical and chemical insults cause an irreversible 
alteration of extracellular matrix (ECM) composition and 
properties, giving rise to vocal fold scarring that is refractory to 
treatment. Although it is well known that fibroblast activation to 
myofibroblast is the key to the development of the pathology, 
the lack of a physiologically relevant in vitro model of vocal 
folds impedes mechanistic investigations on how ECM cues 
promote myofibroblast differentiation. Herein, we describe a 
bio-orthogonally cross-linked hydrogel platform that 
recapitulates the alteration of matrix adhesiveness due to 
enhanced fibronectin deposition when vocal fold wound healing 
is initiated. The synthetic ECM (sECM) was established via the 
cycloaddition reaction of tetrazine (Tz) with slow (norbornene, Nb)- and fast (trans-cyclooctene, TCO)-reacting dienophiles. 
The relatively slow Tz–Nb ligation allowed the establishment of the covalent hydrogel network for 3D cell encapsulation, while 
the rapid and efficient Tz–TCO reaction enabled precise conjugation of the cell-adhesive RGDSP peptide in the hydrogel 
network. To mimic the dynamic changes of ECM composition during wound healing, RGDSP was conjugated to cell-laden 
hydrogel constructs via a diffusion-controlled bioorthognal ligation method 3 days post encapsulation. At a low RGDSP 
concentration (0.2 mM), fibroblasts residing in the hydrogel remained quiescent when maintained in transforming growth 
factor beta 1 (TGF-β1)-conditioned media. However, at a high concentration (2 mM), RGDSP potentiated TGF-β1-induced 
myofibroblast differentiation, as evidenced by the formation of an actin cytoskeleton network, including F-actin and alpha-
smooth muscle actin. The RGDSP-driven fibroblast activation to myofibroblast was accompanied with an increase in the 
expression of wound healing-related genes, the secretion of profibrotic cytokines, and matrix contraction required for tissue 
remodeling. This work represents the first step toward the establishment of a 3D hydrogel-based cellular model for studying 
myofibroblast differentiation in a defined niche associated with vocal fold scarring.
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1. INTRODUCTION
The vocal fold lamina propria is a loose connective tissue sandwiched between the overlying epithelium and the underlying vocalis 
muscle.1 In adult humans, the lamina propria is further divided into the superficial, intermediate, and deep layers, according to the 
proportions and organizations of extracellular matrix (ECM) components. The complex layered structure determines the 
biomechanical properties of the vocal folds. The most pliable superficial layer consists of a largely amorphous matrix that contributes 
to the free flow of loose mucosa over the vocal fold during phonation. The intermediate and deep layers are mainly composed of 
a densely organized, intertwined fibrous network that permits energy transmission between the muscle and the epithelium. The 
vocal fold can be damaged by excessive mechanical stress, surgical interventions, and exposure to smoke, alcohol, or stomach acid, 
giving rise to vocal fold scarring with altered ECM compositions and viscoelasticity. The fibrous tissue disrupts the vibratory 
pattern and compromises the phonatory function.2

 Fibroblasts found in all layers of the lamina propria are the main cellular component regulating scarring and healing processes.3,4 
Following tissue injury, fibroblasts differentiate into myofibroblasts for rapid repair of the ECM and reconstruction of the cellular 
microenvironment. Permanent fibronectin deposition in the superficial layer of the lamina propria is one of the representative 
responses to repeated vocal fold injuries.5,6 The adhesive protein recruits fibroblasts to the wound site, promotes cell-ECM 
interactions, and facilitates the
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deposition of additional fibronectin matrix and other structural
proteins such as collagen. While collagen gradually replaces the
provisional fibronectin matrix during normal remodeling,
fibronectin remains in the scarred tissue because of permanent
tissue damage. The dysregulation of matrix turnover leads to
an imbalance between pro-inflammatory and anti-inflammatory
cytokines, further promoting myofibroblast differentiation.7−10

The fibrotic ECM creates a pro-fibrotic niche that sustains
fibrogenesis even when the chemical or mechanical insults are
removed. Vocal fold scarring remains a significant therapeutic
challenge as current clinical interventions do not result in long-
term benefit. The development of efficacious therapies has
been slow owing to the inaccessibility of the tissue, its
susceptibility to surgical damage, and the scarcity of healthy
human tissues. Thus, the establishment of an engineered vocal
fold model that recapitulates the aberrant fibronectin
deposition and fibroblast activation will not only improve
our understanding of vocal fold scarring but also facilitate the
development of new treatment options.
Synthetic extracellular matrices (sECMs) presenting patho-

physiologically relevant biomechanical and biochemical cues to
the resident cells are needed for a comprehensive under-
standing of how ECM signals influence myofibroblast
differentiation.11−13 Fibrous hydrogel networks derived from
hyaluronic acid (HA) or dextran were utilized to investigate
the effects of fiber mechanics and matrix degradation on
myofibroblast mechanobiology.14,15 Using collagen-based
fibrous matrices, researchers examined how fiber diameter
and pore size modulate myofibroblast differentiation.16 Using
hydrogels with covalently tethered anti- and pro-fibrotic
growth factors, Ma et al. showed how the immobilized growth
factors, singly or in combination, mediate fibroblast activa-
tion.17 These studies shed light on how cell−ECM interactions
contribute to fibroblast activation in the context of scarring and
fibrosis of the liver,14 lung,15 breast,16 and heart.17

We are interested in the development of a bioorthogonal
hydrogel platform that captures the alteration of ECM
compositions in scarred vocal folds. We previously demon-
strated that synthetic matrices with temporally tunable
properties (stiffness and adhesiveness) can be used to
modulate stem cell morphology and functions.18 The
combination of a relatively slow thiol-acrylate Michael-type
reaction with a rapid cycloaddition reaction between s-tetrazine
(Tz) and trans-cyclooctenes (TCO) enabled the establishment
of an initial cell-laden hydrogel construct and a time-delayed
modification of the extracellular environment during cell
culture. However, the synthesis of the polymer precursor
bearing both acrylate and tetrazine functional groups is
cumbersome and low-yielding. Additionally, the insufficient
tetrazine incorporation in the polymer precursor limits the
range of material properties that can be dynamically tuned.
Notably, in addition to biocompatibility, bioorthogonality,
high selectivity, and high efficiency, tetrazine reacts with
various strained alkenes with tunable rates spanning several
orders of magnitude.19 Various dienophiles, including
norbornene (Nb), bicyclononyne, and TCO, have been
utilized for live-cell imaging,20 protein labeling,21 radio-
labeling,22 and biomaterials synthesis and fabrication.23,24

Herein, we describe a second-generation hydrogel platform
encompassing quantitative and dynamic changes of matrix
adhesiveness via tetrazine ligation with slow (Nb, k2 ≈ 10−2-
100 M−1 s−1)25 and fast (TCO, k2 ≈ 105 M−1 s−1)19,26

dienophiles without the need for a second, independent cross-

linking chemistry. The slow, off-stoichiometric Tz−Nb
reaction was employed to create a primary network to
encapsulate primary vocal fold fibroblasts, while the rapid
Tz−TCO reaction was used to conjugate bioactive signals
efficiently through the remaining tetrazine groups in the
network. Temporal alteration of matrix composition was
achieved via a diffusion-controlled bio-orthogonal ligation
mechanism. Using this modular platform, we analyzed how
alteration in matrix adhesiveness induces myofibroblast
differentiation in the presence of transforming growth factor
beta 1 (TGF-β1) at both transcript and protein levels.
Additionally, the effect of a temporal increase of matrix
adhesiveness on fibroblast activation was evaluated by
immunofluorescence. Overall, we successfully applied tetrazine
ligation to model the early stage of tissue fibrosis.

2. EXPERIMENTAL METHODS
2.1. Materials. Hyaluronic acid (sodium salt, 430 kDa) was a

generous gift from Sanofi Genzyme Corporation. Small molecule
TCO derivatives were prepared according to our previously reported
procedures.27,28 All amino acids were purchased from Aapptec.
Oxyma and N,N′-diisopropylcarbodiimide (DIC) were purchased
from CEM and Chem Impex, respectively. Dialysis membranes
(MWCO: 10 kDa) were purchased from Spectrum Labs. Synthesis of
Tz and TCO derivatives is detailed in the Supplementary Information.
2.2. Synthesis of Hydrogel Precursors. s-Tetrazine-modified

hyaluronic acid (HA-Tz) and Nb/TCO-tagged bioactive peptides
were synthesized following our previously reported methods.29

Briefly, HA was reacted with 2-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)-
phenyl)acetohydrazide (MPTz-hydrazide; Figures S1−S3) through an
N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride
(EDC)-catalyzed coupling reaction at pH 4.75 to yield HA-Tz
(Figure S4) with 22 mol % tetrazine incorporation, as quantified by
UV−vis spectrophotometry and 1H NMR spectroscopy (Figures S5
and S6). Separately, TCO nitrophenyl carbonate (Figures S7−S11)
was conjugated to integrin-binding (GKGYGRGDSPG, RGD) or
non-adhesive control (GKGYGRGESPG, RGE) peptides30 through
lysine amine to produce RGD-TCO and RGE-TCO (Figures S12−
S24). Following our established peptide synthesis protocol,29 a matrix
metalloproteinase (MMP)-degradable peptide, with a sequence of Ac-
KGGVPMS↓MRGGGGK-NH2 (SMR), was prepared using a CEM
Liberty Blue Peptide Synthesizer, cleaved using standard TFA/TIPS/
H2O (95,2.5,2.5) cocktail, and purified by reverse-phase high-
performance liquid chromatography (RP-HPLC, Waters). The
peptide was then allowed to react with norbornene-NHS ester
(Figure S25−27) in the presence of triethylamine in dimethylforma-
mide (DMF) at room temperature overnight (Figure S28). The crude
peptide product (SMR-bisNb) was precipitated in ice-cold diethyl
ether and further purified with HPLC using a gradient of acrylonitrile
(ACN) in neutral water system. Peptide purity was analyzed at 214
nm using a Shimadzu Prominence Series HPLC. A Waters UPLC
LC−MS/MS system with an ESI source (Xevo G2-S QTof) was used
to confirm the molecular weight of the peptides. The composition and
purity of the small-molecule intermediates and hydrogel precursors
were confirmed by 1H/13C NMR, UV−vis, HPLC, and MS (Figures
S29−S34).
2.3. Formation and Characterization of HA Hydrogels.

2.3.1. Hydrogel Preparation. Stock solutions of HA-Tz (18 mg/mL),
RGD-TCO (15 mg/mL), RGE-TCO (15 mg/mL), and SMR-bisNb
(30 mg/mL) were separately prepared using 10 mM HEPES buffer
containing 150 mM NaCl. The TCO solutions were mixed at a
desired volume ratio and then added to the HA-Tz solution to tether
cell-adhesive or non-adhesive motifs to the HA chains. The resultant
solution was combined with the SMR-bisNb solution at a Tz/Nb
molar ratio of 5:2 to initiate gelation at 37 °C. The final concentration
of HA-Tz in the gel was 9 mg/mL. The final RGD concentration in
the hydrogel (0.2 or 2 mM) was tuned by varying the ratio of RGD-
TCO and RGE-TCO in feed while keeping the total peptide

Accepted Manuscript 
Version of record at: https://doi.org/10.1021/acsami.2c13852

2

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c13852/suppl_file/am2c13852_si_001.pdf


concentration constant (RGD + RGE, 2 mM). Fifty minutes later, the
hydrogel was submerged in HEPES buffer and maintained at 37 °C
overnight to obtain a fully swollen construct. The equilibrium swelling
ratio and peptide incorporation in the network were measured
following our established procedure.31 Separately, hydrogels contain-
ing excess tetrazine groups with an RGD concentration of 0.2 mM
were prepared as described above. After the gelation was complete,
RGD-TCO or RGE-TCO solution (0.5 mM) was added on top of the
cross-linked hydrogels to initiate diffusion-controlled bioorthogonal
ligation. Gels were maintained in the TCO bath at 37 °C for 24 h
until the tetrazine chromophore completely disappeared.
2.3.2. Mechanical Properties. Hydrogel viscoelasticity was

analyzed using a Discovery Hybrid Rheometer (DHR3; TA
Instruments) equipped with an 8 mm parallel plate geometry. A
premade hydrogel disk (140 μL, 8 mm in diameter) was placed on the
geometry and loaded with 0.02 N normal force at 25 °C. A frequency
sweep was conducted from 0.05 to 10 Hz at a 5% strain. The reported
storage and loss moduli are the averaged values within the linear
regime from 0.05 to 0.1 Hz.
2.4. Development and Characterization of Cell-Laden

Hydrogel Constructs. 2.4.1. Cell Isolation and Maintenance.
Primary porcine vocal fold fibroblasts (VFFs) were isolated from
freshly harvested porcine larynxes and cultured following the reported
procedures.32 VFFs were maintained in SCGM stromal cell growth
medium (CC-3205; LONZA) supplemented with 1 ng/mL basic
fibroblast growth factor (bFGF), 5 ng/mL insulin, and 1% (v/v)
gentamicin sulfate−amphotericin. Passaging was conducted at 80%
confluence using 0.05% (w/v) trypsin−EDTA. Trypsin was
neutralized using a trypsin soybean inhibitor (T6522; Sigma-Aldrich).
All experiments were conducted within passages 1−4.
2.4.2. Cell Encapsulation and 3D Culture. Dilute HA-Tz solution

was sterile-filtered (with 0.2 μm filters) prior to lyophilization and
maintained under aseptic conditions thereafter. Reconstituted
peptide/HEPES solutions were sterilized using 0.2 μm syringe filters.
All hydrogel precursors were mixed homogeneously before being
combined with the cell suspension. VFFs were encapsulated at 2 ×
106 cells/mL, and the mixture was transferred to 48-well glass-bottom
MatTek plates (35 μL) or 10.5 mm cell culture inserts (200 μL). The
3D cultures were maintained in media without bFGF. Twenty-four
hours later, media was supplemented with 5 ng/mL of TGF-β1, and
the cultures were extended up to 14 days with media refreshment
every other day. Constructs cultivated in TGF-β1-free media were
included as controls.
2.4.3. Cell Viability. Cell viability was analyzed by live/dead

staining using calcein-AM (1:1000 dilution), ethidium homodimer
(1:2000 dilution), and Hoechst 33342 (1:500 dilution) on days 3, 7,
and 14. Confocal images were captured as 99.44 μm z-stacks with
2.925 μm slices using a Zeiss LSM 880 with a 10× objective lens. Cell
viability was quantified using ImageJ by counting the total number of
cells (stained by Hoechst) and dead (stained by ethidium
homodimer) cells in each image of maximum intensity projection
produced by Zeiss’s Zen software. A total of three biological repeats
were performed at each time point.31

2.4.4. Metabolic Activity. Cell metabolism was assessed using the
PrestoBlue Cell Viability Reagent (A13262, Thermo Fisher Scientific)
on days 3, 7, and 14. PrestoBlue was diluted in cell culture media at
10% (v/v). After aspirating media, each hydrogel construct was
incubated with 220 μL of PrestoBlue solution at 37 °C for 4 h. Next,
90 μL of the solution from each sample was transferred to a 96-well
plate, and fluorescence was measured using a SpectraMax i3x Multi-
Mode Microplate Reader at 585 nm. Data were normalized with
respect to low RGD samples without TGF-β1 treatment on day 3.
2.4.5. Immunofluorescence. Cell-laden hydrogel constructs were

fixed with 4% (w/v) paraformaldehyde in PBS for 50 min and then
permeabilized with 0.2% (v/v) Triton X-100 for 15 min. Hydrogel
samples were blocked with 3% (w/v) bovine serum albumin overnight
at room temperature. Subsequently, FITC-labeled antibody for α-
smooth muscle actin (F3777, Sigma-Aldrich) and Alexa Fluor 568-
labeled phalloidin (A12380, Thermo Fisher Scientific), diluted at
1:200 and 1:400, respectively, were incubated with the samples

overnight at room temperature. DAPI was used to stain the nuclei at
1:200 dilution with 30 min incubation. Confocal imaging was
performed using a Zeiss LSM 880 equipped with an Airyscan detector
in Fast Airyscan mode with a 25× objective lens. Images were
captured from the middle portion of the gel as 70.87 μm z-stacks with
a 0.492 μm z axis step size. αSMA expression was quantified with Fiji
ImageJ software using integrated fluorescent signal density for αSMA
and F-actin. The sum of the fluorescent intensity for αSMA was
normalized to that for F-actin with the same threshold setting in each
channel.33 In addition, αSMA and F-actin colocalization was
quantified by calculating the Mander’s coefficient (M2) from
maximum intensity projections using Fiji ImageJ. To distinguish the
actin stress fibers from diffused cytoplasmic staining, a manually
determined threshold was uniformly applied to αSMA and F-actin
channels, respectively, using JACoP plugins. The sum of colocalized
green (for αSMA) and red (F-actin) signal was divided by the sum of
the red signals.
2.4.6. Gene Expression. After 3, 7, and 12 days of culture, VFF-

laden HA hydrogel constructs were flash-frozen in a dry ice/
isopropanol slurry and stored at −80 °C for further processing. The
frozen hydrogels were completely homogenized in TRIzol, followed
by the addition of chloroform before incubating samples for 3 min at
room temperature. The RNA containing the colorless aqueous phase
was collected after centrifugation at 4 °C for 20 min at 15,000 g.
Further RNA purification was performed using an RNA Clean &
Concentrator-5 Kit (R1013, Zymo Research) according to the
manufacturer’s protocol. The purified RNA was reverse-transcribed
to cDNA using a QuantiTect Reverse Transcription Kit (Qiagen).
Real-time quantitative polymerase chain reaction (qPCR) was
performed using a combination of 4 ng of cDNA templates, 400
nM primers, and SYBR Green Master Mix (2×, 10 mL) in an ABI
7300 real-time PCR system. The primer sequences are available in
Table S1. The porcine COL1A2, ITGA5, and CTGF primers were
purchased from Bio-Rad Laboratories. Hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) was used as a reference gene.34 The
fold change was processed by qbase+ software (Biogazelle). A total of
three biological repeats were analyzed for each gel composition.
2.4.7. ELISA and Protein Antibody Array. Cell culture supernatant

was collected in low protein-binding microcentrifuge tubes on day 14
and stored at −80 °C. The expression of 20 porcine cytokines was
semi-quantitatively examined using Porcine Cytokine Array GS4
(GSP-CYT-4-1, RayBiotech) and Porcine Cytokine Antibody Array A
(ab197479, Abcam) according to the manufacturer’s protocol.
Fluorescent signals were recorded using an iBright FL1500 Imaging
System (Invitrogen). The highly secreted cytokines were further
quantified using an enzyme-linked immunoassay (ELISA). The total
amount of secreted IL-6 (porcine, DY686, R&D Systems), IL-8
(porcine, DY535, R&D Systems), VEGF-A (porcine, ELP-VEGFA-5,
RayBiotech), procollagen 1α1 (human, DY6220−05, R&D Systems),
and TIMP2 (human, DY971, R&D Systems) was determined using a
SpectraMax i3x Multi-Mode Microplate Reader according to the
manufacturer’s protocol. The secretion levels were normalized to the
total protein content determined by bicinchoninic acid (BCA) assay
(Figure S38) using a Micro BCA Protein Assay Kit (23235, Thermo
Fisher Scientific) on a SpectraMax i3x Multi-Mode Microplate Reader
at 562 nm. The homology analysis between the human and the
porcine sequences showed 92.3% for procollagen 1α1 and 97.3% for
TIMP2, confirming the cross-reactivity of the antibodies.
2.4.8. Protein Extraction and Western Blotting. The frozen

constructs, prepared with the same method designed for RNA
extraction, were crushed with a polypropylene pestle and then treated
with RIPA buffer (R0278, Sigma-Aldrich) containing 1% (v/v) of halt
protease and phosphatase inhibitor cocktail (78442, Thermo
Scientific). The mixture was incubated at 4 °C for 1 h, followed by
centrifugation at 4 °C for 20 min at 13,000 g. The supernatant was
collected, and the total protein was quantified as described above. The
cell lysate was stored at −80 °C until Western blotting was performed.
For Western blotting analysis, the cell lysate was mixed with 3× blue
loading buffer (56036, Cell Signaling Technology) and 150 mM
dithiothreitol (10708984001, Sigma-Aldrich) to make 1.5−15 μg of
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loading samples. The loading samples were incubated for 5 min at
room temperature, followed by 10 min incubation at 95 °C. The
solution was centrifuged at 15,000 g for 30 s at room temperature
before loading to 4−20% mini-protean TGX stain-free protein gels
(4561093, Bio-Rad Laboratories). The SDS-PAGE gel in tris-glycine-
SDS buffer (1610732, Bio-Rad Laboratories) was supplied with 50 V
for 30 min at 4 °C, followed by 200 V for 40 min at 4 °C. The protein
samples were further transferred to the PVDF transfer membrane
(PI88518, Thermo Fisher Scientific) incubated with 1× tris-glycine
transfer buffer (12539S, Cell Signaling Technology) at 4 °C for 2 h
under 70 V. The membrane was stained with Revert 700 total protein
stain (926-11010, LI-COR Biosciences) according to the manufac-
turer’s protocol and imaged using an iBright FL1500 Imaging System

(Invitrogen). Membranes were blocked with Superblock T20 (37536,
Thermo Fisher Scientific) overnight at 4 °C. Primary antibody αSMA
(ab7817, Abcam) was diluted in 5% (w/v) skim milk/TBST at
1:1000 and incubated with membrane samples overnight at 4 °C.
Separately, MLC2 antibody (8505S, Cell Signaling Technology) was
diluted in 5% (w/v) skim milk/TBST at 1:500 and incubated with
samples for 2 days at 4 °C. For secondary staining, horseradish
peroxidase (HRP)-linked antibody was used at 1:10,000 for the
αSMA sample and 1:5000 for the MLC2 sample for 1 h at room
temperature. Chemiluminescent signals were recorded using an
iBright FL1500 Imaging System with VisULite MAX ECL Western
Blotting Substrate (VL022−200, R&D Systems). Western blotting
data were analyzed using ImageJ. Total protein was used as the

Figure 1. Fabrication of MMP-degradable HA hydrogels with varying cell adhesiveness. (A) Mechanisms of tetrazine ligation with TCO and Nb.
(B) Hydrogel building blocks include tetrazine-modified HA (HA-Tz), TCO-tagged cell adhesive/non-adhesive peptides (RGD/RGE-TCO), and
Nb-functionalized MMP-degradable cross-linker (SMR-bisNb). (C) Hydrogels with the same stiffness but different adhesiveness were prepared.
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internal control to normalize each protein lane since the expression
level of housekeeping proteins can vary depending on samples and the
experimental conditions.35,36 The total proteins were stained using
Revert 700 total protein stain (926-11010, LI-COR Biosciences) and
imaged in the 700 nm channel, and the chemiluminescent signal for
the target protein was normalized to that for all proteins found in the
cell lysate.
2.4.9. Hydrogel Contraction. Hydrogel contraction was evaluated

by photographing the cell-laden gel disks using a digital camera and
measuring the sample diameter with ImageJ. The degree of hydrogel
contraction was calculated by comparing the original gel dimension to
that for the day 14 construct.
2.5. Statistical Analysis. Statistical analysis was performed using

Student’s t test, one-way ANOVA, or two-way ANOVA. The one-way
or two-way ANOVA analysis was followed by Tukey’ HSD post hoc
for pairwise comparison. A p-value of less than 0.05 was considered to
be significantly different. All quantitative analyses were conducted on
data sets in which n ≥ 3. For the characterization of cellular
constructs, quantitative results were obtained from three biological
repeats. Error bars represent standard error of the mean (SEM) from
multiple repeats. Statistical interpretations were made using GraphPad
Prism version 9.

3. RESULTS AND DISCUSSION
3.1. Bioorthogonal Tetrazine Ligation Enables Facile

Preparation of sECM. Biomimetic hydrogels were produced
using tetrazine-functionalized HA (HA-Tz), along with Nb-
and TCO-tagged bioactive peptides (Figure 1). To enable cell-
mediated matrix remodeling, metalloproteinase (MMP)-
cleavable peptide with a sequence of VPMS↓MRGG (SMR,
↓ denotes the cleavage site) was employed to establish the
covalent network. To promote integrin-mediated cell−matrix
interaction, fibronectin-derived RGD peptide was conjugated
to the network as elastically inactive dangling chains.18,29

Hydrogels were prepared off-stoichiometrically, with a Tz to
Nb molar ratio of 5/2, to generate constructs with stiffness
comparable to that of vocal fold mucosa (the epithelium and
the superficial layer of the lamina propria combined)37,38 and
to enable the creation of a predictable amount of residual
tetrazine groups for RGD tagging via bulk reaction during
gelation or at the gel−liquid interface after the primary
network was established. To maintain the overall network
structure and mechanical properties, non-adhesive RGE
peptide was included in the reaction mixture such that the
total concentration of the dangling peptides (RGD + RGE)
was the same (2 mM) across different gel formulations (Figure
1C). Under these conditions, hydrogels with high (RH) and
low (RL) RGD concentrations were readily prepared by
varying RGD/RGE mixing ratio in feed. In our design, TCO,
an avid dienophile that is conformationally strained,19 was
conjugated to RGD/RGE for rapid and efficient peptide
conjugation. On the other hand, Nb, a much less reactive
dienophile, was coupled to the MMP degradable peptide to
produce the MMP-bisNb cross-linker for the preparation of a
homogeneous network. Although tetrazine−TCO ligation is
one of the highly reactive and efficient bio-orthogonal
chemistries, this reaction is not suitable for hydrogel
preparation via bulk gelation as the fast kinetics precludes
effective mixing of hydrogel precursors and cell suspensions,
resulting in an inhomogeneous hydrogel network architecture
and subsequently inconsistent cellular responses.39

To quantify peptide conjugation efficiency, hydrogels were
prepared with 2 mM RGD or RGE-TCO. HPLC analysis was
performed on the aqueous bath equilibrated with the fully
swollen hydrogel, thus containing unconjugated, freely

diffusible peptide species, if any. Using standard curves
constructed from measured integrated peak areas for the
respective peptide species (Figure S35), the concentration of
the unconjugated peptide in the bath was determined. After 24
h of equilibrium in HEPES, over 99% of the peptide was
retained in the hydrogel constructs with both RGD-TCO and
RGE-TCO (Figure 2A). Thus, the highly efficient tetrazine/

TCO reaction allowed quantitative incorporation the integrin-
binding ligand in the synthetic matrix without the need for
post-gelation wash to remove any free, unreacted species that
can competitively block integrin binding during 3D culture.

The hydrogels swelled rapidly in HEPES buffer, reaching an
equilibrium swelling ratio of 60.6 ± 6.1 and 60.8 ± 4.9 for the
RH and RL, respectively (Figure 2B). Examination of hydrogel
viscoelasticity by oscillatory rheommetry revealed that these
gels also exhibited similar mechanical properties (Figure 2C,
D), with RH and RL having average storage (G′)/loss (G″)
moduli of 119.7 ± 1.6 Pa/2.2 ± 0.3 Pa and 119.0 ± 1.4 Pa/2.6
± 0.7 Pa, respectively. These values are comparable with that
measured for human vocal fold mucosa (10−100 Pa).38

Representative frequency sweep results are shown in Figure
S36. Taken together, the bio-orthogonal approach enabled the
development of sECM with consistent mechanical properties
but variable RGD densities.
3.2. sECM Supports the Growth of Vocal Fold

Fibroblasts in 3D. Primary VFFs were expanded on
conventional tissue culture polystyrene (TCPS) in SCGM
containing bFGF to promote fibroblast proliferation as well as
to prevent stiff substrate-induced myofibroblast differentiation
during 2D culture.40,41 To establish 3D cell-laden gel

Figure 2. Characterization of hydrogel composition (A), swelling (B),
and mechanical properties (C, D). (A) Peptide retention in hydrogels
prepared using TCO-tagged RGD or RGE. Hydrogels were
equilibrated in HEPES for 24 h before the solution was aspirated
for HPLC analysis. Each hydrogel was conjugated with 2 mM of
peptide. (B) Equilibrium swelling ratio for gels RH and RL. (C, D)
Rheological analyses of gels RH and RL. Gels RH and RL exhibit similar
storage and loss moduli. n = 3; ns: nonsignificant, p > 0.05,
determined by Student’s t test. Error bars represent the standard error
of the mean.
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constructs, VFFs were encapsulated in homogeneously HA gels
with high (RH) and low (RL) RGD concentrations. The
encapsulated VFFs were subjected to 24 h of bFGF starvation
to remove the antagonist effect of bFGF toward myofibroblast
differentiation.41 Thereafter, VFFs were cultivated for 14 days
in the presence (T+) or absence (T-) of TGF-β1, a profibrotic
cytokine known to stimulate myofibroblast differentiation.42

Live/dead staining (Figure 3A) shows that cells maintained in
the synthetic ECM gradually transformed from a round shape
at day 3 to a spindle-shaped morphology at day 14 both at low
and high RGD concentrations. In agreement with prior
findings, cell attachment and spreading in our synthetic

matrices were facilitated by RGD−integrin engagement and
cell-mediated matrix remodeling by secreted MMPs.18,23,43

With TGF-β1 treatment (RHT+ and RLT+), cells formed a
dense, interconnected cellular network by day 14, whereas
those without TGF-β1 treatment (RHT- and RLT-) remain
individually dispersed. F-actin staining (Figure 3B) shows that
in the absence of TGF-β1, VFFs developed filopodia-like
processes with parallel bundles of actin filaments traversing the
entire cell body by day 14, both at high and low RGD
concentrations (i.e., RLT- and RHT-). With TGF-β1 treatment,
the F-actin filamentous structures became longer and more
extended.44 Quantitative image analysis of the live/dead results

Figure 3. Characterization of 3D cultures in terms of viability (A, C), morphology (B), and metabolic activities (D). (A) Confocal images of VFFs
stained by calcein AM (green) and ethidium homodimer-1 (EthD, red) after 3, 7, and 14 days of culture. Scale bar, 100 μm. (B) Confocal images of
VFFs stained by F-actin (red) and DAPI (blue) after 14 days of culture. Scale bar, 20 μm. (C) Quantitative cell viability analysis based on calcein/
EthD-stained constructs using ImageJ. ns: nonsignificant, determined by two-way ANOVA. (D) Quantification of cell metabolism by PrestoBlue
assay, as fold change relative to the RLT- level on day 3. *p < 0.05, ****p < 0.0001, determined by two-way ANOVA. All error bars represent the
standard error of the mean.
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revealed high percentages of viable cells (>89%) under all four
conditions throughout the 14 days of culture (Figure 3C),
confirming the cytocompatiblity of the bioorthogonal hydrogel
platform.
PrestoBlue assay was conducted to assess the effects of

inductive signals, both soluble (TGF-β1) and immobilized
(RGD), on cell metabolism and indirectly, cell proliferation, in
the engineered matrices (Figure 3D). No significant cell
proliferation was observed on days 3−7. In the absence of
TGF-β1, cell metabolism increased by 2.09 ± 0.08 and 2.09 ±
0.06 folds from day 3 to day 14 for low (RLT-) and high RGD
(RHT-) concentrations, respectively. However, in the presence
of TGF-β1, cell metabolism increased by 1.88 ± 0.05 and 1.87
± 0.04 folds from day 3 to day 14 for low (RLT+) and high
RGD (RHT+) concentrations, respectively. Cross comparison
between T- and T+ conditions show that TGF-β1 significantly
(p < 0.05) suppressed cell proliferation on day 14 for both RH
and RL conditions. Chen et al. cultured human VFFs in HA/
gelatin gels cross-linked by poly(ethylene glycol) and found
that TGF-β1 at 5 ng/mL did not significantly increase cell
proliferation, although significant cell proliferation was

observed on 2D TCPS and HA/gelatin cultures at 0.1 to 20
ng/mL.45 TGF-β1 is multifunctional, capable of regulating cell
proliferation, differentiation, motility, and organization.
Depending on cell types and culture conditions, TGF-β1 can
be mitogenic or antimitogenic.46,47 In our case, TGF-β1
stimulated the development of extended cytoskeleton
structures rather than increasing cell proliferation. The
development of the interconnected cellular network may be
indicative of myofibroblast differentiation (see Section 3.3).44

3.3. sECM with RH Primes VFFs for TGF-β1-Induced
Myofibroblast Differentiation. To investigate whether the
reduced proliferation accompanied the differentiation of VFFs,
the expression of α-smooth muscle actin (αSMA), a
myofibroblast marker, was measured by immunofluorescence
and qPCR. In the absence of TGF-β1, isolated cells in gels
with high adhesiveness (RHT-) displayed diffuse and very weak
αSMA staining at day 14 (Figure 4A). By contrast, αSMA-
positive (αSMA+) cells were abundant in RHT+ cultures, and
the staining was concentrated and strong. As shown in Figure
4B, αSMA expression was significantly (p < 0.01) higher in

Figure 4. Characterization of αSMA expression in 3D cultures by immunocytochemistry (A) and image analysis (B,C), and qPCR (D). (A)
Representative confocal images of day 14 constructs showing αSMA, F-actin, and nuclei stained green, red, and blue, respectively. Scale bar, 50 μm.
(B) Quantification of αSMA expression as the integrated density ratio between αSMA and F-actin signals in RHT+ and RLT+ cultures. The sum of
the fluorescent intensities of αSMA was normalized to that for F-actin. **p < 0.01, determined by Student’s t test. n = 5. (C) Quantification of
Mander’s coefficient (M2) in RHT+ and RLT+ cultures. M2 is defined as the fraction of αSMA overlapped with F-actin bundles, with 0 indicating
no colocalization and 1 corresponding to complete colocalization. ***p < 0.001, determined by Student’s t test. n = 5. (D) Temporal ACTA2
expression in RHT+ and RLT+ cultures by qPCR. Expression was normalized to the RLT+ level on day 3. *p < 0.05, **p < 0.01, and ****p <
0.0001, determined by two-way ANOVA. n = 9 (three biological repeats, each with three technical repeats). All error bars represent standard error
of the mean.
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RHT+ (0.60 ± 0.10) cultures than the RLT+ counterpart (0.06
± 0.03).

The overlapping of αSMA (green) and F-actin (red) signals
confirms the incorporation of αSMA in cytoskeletal filaments,
required for generating contractile forces during tissue
remodeling.48 Interestingly, TGF-β1-induced myofibroblast
differentiation was strongly dependent on matrix adhesiveness;
cells maintained with TGF-β1-conditioned media in gels with a
low RGD concentration (RLT+) were weakly stained for
αSMA even though an extended cellular network was formed.
Thus, our results suggest that both high RGD density and the
presence of soluble TGF-β1 are required for the development
of αSMA+ stress fibers in 3D. To quantify the degree of αSMA
incorporation in F-actin filaments, Mander’s colocalization
coefficient (M2) was measured using ImageJ as the fraction of
αSMA staining overlapped with that for F-actin staining.49,50

As shown in Figure 4C, RHT+ cultures exhibited significantly
higher (p < 0.001) M2 values (0.65 ± 0.06) than RLT+ cultures
(0.23 ± 0.05).
Consistent with the image analysis, temporal gene

expression profiling showed an upregulation of ACTA2
expression for both RHT+ and RLT+ cultures during 14 days
of culture, although their expression levels were significantly

different (Figure 4D). By day 14, ACTA2 expression in RLT+
cultures increase moderately, with an average of 1.90 ± 0.41
folds relative to the day 3 level of RLT+ cultures. On the other
hand, ACTA2 expression in RHT+ cultures was significantly (p
< 0.0001) upregulated (3.47 ± 0.41 folds) on day 14 relative
to day 3 level of RLT+ cultures. On day 14, ACTA2 expression
was significantly (p < 0.01) higher in RHT+ than RLT+.
Collectively, RHT+ cultures produced cells with the highest
level of αSMA expression both at the mRNA and protein
levels. In other words, sECM with a high RGD density primes
fibroblasts for activation to myofibroblasts in the response to
TGF-β1. Because VFFs interact with the matrix through
integrin engagement with the immobilized RGD peptide, cells
in RHT+ cultures can bind the matrix more avidly than those in
RLT+, thereby transmitting a higher level of intracellular forces
to the extracellular milieu. Consequently, these cells are more
contractile and more actively participate in matrix remodel-
ing.48,51,52

We further evaluated the effects of RGD density on the
expression of genes encoding integrins, focal adhesion
complexes, growth factors, and ECM proteins by qPCR
(Figure 5). It has been reported that TGF-β1 modulates the
integrin-mediated cell adhesion and signaling pathways by

Figure 5. Effects of culture conditions on VFF gene expression and cytokine secretion. (A−C) qPCR analysis of day 14 constructs for the
expression of proteins involved in cell-ECM adhesion (A), pro-fibrotic growth factors (B), and ECM proteins (C) as a function of RGD
concentrations. Fold change normalized to the RLT+ level on day 14. (D−H) Characterization of day 14 constructs for cellular secretion of IL-6
(D), IL-8 (E), VEGFA (F), pro-collagen 1α1 (G), and TIMP2 (H) by ELISA. *p < 0.05, **p < 0.01, and ****p < 0.0001, determined by Student’s
t test or one-way ANOVA where appropriate. ns: nonsignificant. All error bars represent the standard error of the mean.
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regulating the expression of integrin receptors and the focal
adhesion molecule vinculin.53,54 In our case, TGF-β1
stimulated a higher expression of integrin αv (ITGAV, 1.34
± 0.13 folds, p < 0.05) and vinculin (VCL, 1.22 ± 0.04 folds, p
< 0.01) in RHT+ cultures as compared to RLT+ cultures on day
14, although the expression levels for integrins α5 (ITGA5), β1
(ITGB1), and β3 (ITGB3) were comparable (Figure 5A).
Additionally, cells maintained under RHT+ conditions ex-
pressed a significantly (p < 0.05) higher level of genes
encoding connective tissue growth factor (CTGF, 1.49 ± 0.15
folds, p < 0.05), hepatocyte growth factor (HGF, 1.88 ± 0.28
folds, p < 0.01), vascular endothelial growth factor A (VEGFA,
1.82 ± 0.27 folds, p < 0.01), and basic fibroblast growth factor
(bFGF, 1.70 ± 0.30 folds, p < 0.05; Figure 5B), all of which are
known to be involved in wound healing.55,56 These results
suggest that cells residing in RH sECM are more receptive to
TGF-β1 activation, with enhanced cell-matrix adhesion and
elevated wound healing responses, possibly via cross-talk
between the growth factors and integrin αv receptors.

57−59

The RGD density-dependent phenotypic change also
prompted a significant (p < 0.05) upregulation of the
expression of genes encoding ECM proteins (Figure 5C).
Compared to the RLT+ controls, RHT+ cultures had 1.54 ±
0.20-, 1.51 ± 0.18-, 1.35 ± 0.14-, and 1.70 ± 0.30-fold increase
in the expression of COL1A1, COL1A2, COL3A1, and FN,
respectively, on day 14. Coincidently, the expression of these
ECM proteins peaked during the initial proliferative phase of
wound healing after an acute vocal fold injury.5 On the other
hand, the mRNA levels of proteins involved in ECM
metabolism, MMP1, MMP2, and TIMP1, were not significantly
altered between RHT+ and RLT+ cultures despite their
disparate cell phenotypes (Figure 5C).
Examination of day 14 media for RHT+ cultures by antibody

arrays revealed the presence of TIMP2, VEGFA, IL-6, and IL-8
(Figure S37). The secretion of these proteins, along with
procollagen 1α1, were further quantified using ELISA. Cellular
production of these proteins was low under TGF-β1-free
conditions, irrespective of the RGD density (RHT- and RLT-;

Figure 5D−G). TGF-β1 significantly stimulated the produc-
tion of pro-inflammatory cytokines (IL-6 and IL-8), a
proangiogenic protein (VEGFA) and the precursor of a
major ECM structural protein (procollagen 1α1). In all cases,
the highest and most robust responses were detected in
cultures with high RGD density (RHT+). The positive
correlation procollagen 1 and collagen type 1 has been
documented in vivo in scarred tissues.60−62 Again, TIMP2
secretion was consistent across the four types of cultures
(Figure 5H).

Our results suggest that sECM with a high RGD
concentration promoted cellular secretion of cytokines that
in turn stimulated endogenous synthesis of native ECM
proteins.63,64 In other words, cell function is strongly
dependent on the initial ground state they are exposed to. It
is possible that the susceptibility of the covalently integrated
SMR cross-linker to specific protease degradation overrode
differentiation-induced changes in the secretion of MMPs and
TIMPs.65 Previous work has documented that CTGF-induced
myofibroblast differentiation did not alter the secretion levels
of MMP2 at both transcript and protein levels in protease-
degradable hydrogel networks.66 Considering that a proper
balance between matrix synthesis and degradation is the key to
scarless wound healing, while extensive deposition of ECM
proteins is characteristic of tissue fibrosis,60,67 our model is
more representative of vocal fold scarring.

In addition to being a hallmark of the myofibroblast
phenotype, the αSMA incorporations into F-actin stress fibers
produce a strong contractile force, which is responsible for
wound closure.48 Because TGF-β1 and matrix adhesions are
key regulators of cytoskeleton organization of actin,52 we
measured the surface areas of cellular constructs on day 0 and
day 14. As shown in Figure 6A, the RHT+ cultures exhibited a
higher degree of gel contraction compared to the RLT-
cultures. Furthermore, myosin light chain 2 (MLC2) is known
to modulate cell contractility by activating the cross-bridge
cycling of actins.42,68 Western blot results show that RHT+
cultures exhibited a significantly (p < 0.01) increased

Figure 6. Characterization of day 14 constructs for cellular contractility (A, B) and the expression of αSMA and MLC2 (C, D). (A) Digital images
of RHT+ and RLT+ constructs after 14 days of culture. White and yellow dotted circles outline the border of the day 0 and day 14 constructs,
respectively. Scale bar: 2 mm. (B) Quantitative analysis of the degree of contraction. ****p < 0.0001 determined by Student’s t test. (C) Detection
of αSMA and MLC2 by Western blotting. (D) Quantitative analysis of Western blot bands by densitometry for αSMA and MLC2. **p < 0.01,
***p < 0.001, determined by Student’s t test. All error bars represent standard error of the mean.
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expression of both αSMA and MLC2, with 2.83 ± 0.45 and
3.57 ± 0.72 folds higher than RLT+ controls (Figure 6C,D and
Figures S39 and S40), respectively, indicative of the formation
of contractile complexes.
Collectively, our results indicate that the highly adhesive

sECM effectively primes the resident VFFs to undergo
myofibroblast differentiation in response to TGF-β1 stim-
ulation. It is generally recognized that the native ECM
progressively becomes stiffened during the development of
fibrotic diseases.69,70 Fibroblasts cultured on stiff substrates
with Young’s moduli of greater than 20−50 kPa readily
undergo myofibroblast differentiation.71 Hydrogels investi-
gated here are consistently soft and pliable, with an average G′
of ∼120 P, yet robust myofibroblast differentiation is observed
in RHT+ cultures. Thus, matrix stiffening is not a determinant
for fibroblast activation in our hydrogel platform. We speculate
that a high density of the integrin binding motif in the cross-
linked hydrogel network allows cells to be more strongly
anchored via focal adhesion when activated by TGF-β1,
thereby generating a higher level of tension.51 Cell-generated
tension further promotes integrin clustering and the formation
of mature focal adhesion involving vinculin, paxillin, talin, and
tensin.51,72 This may induce the positive feedback loop in focal
adhesion kinase (FAK) to alter the cytoskeleton architecture,

reinforce tissue contractility, and increase cellular secretion of
proteins and cytokines. In line with our findings, recent work
by Matera et al.15 shows that myofibroblast differentiation in
3D was inversely correlated with hydrogel stiffness but
positively correlated with matrix fibers. In their composite
hydrogel design, RGD was immobilized on the fibers, while the
ground substance was MMP-degradable. Consequently, a
higher fiber density means higher matrix adhesion.
3.4. Rapid Tetrazine Ligation Enables Delayed

Activation of VFFs. After demonstrating the effect of
sECM adhesiveness on myofibroblast differentiation, we
queried whether myofibroblast differentiation could be
induced in a temporal manner to mimic the dynamic
phenotype switch during the early phase of wound healing.
We have successfully applied tetrazine ligation to modify the
stiffness and adhesiveness of sECM in real time during 3D
culture.18 Here, hydrogels with 0.2 mM RGD and 2.8 mM free
tetrazines were prepared on day 0. Conditioned media with
varying molar ratios of RGD-TCO/RGE-TCO was added to
the top chamber of the cell culture insert to produce a
modified construct with a final RGD concentration ranging
from 0.2 to 3 mM (Figure 7A,B). For example, the premade
hydrogel was bio-orthogonally modified with an additional 2.8
mM of RGE-TCO (0 mM RGD-TCO) to produce a construct

Figure 7. Temporal modification of matrix adhesiveness under 3D cell culture conditions via diffusion-controlled bio-orthogonal ligation. (A)
Schematic illustration of diffusion-controlled reaction in a cell-laden hydrogel. Created with BioRender.com. (B) Four different hydrogel constructs
were produced from the original RL constructs via tetrazine ligation at the gel−liquid interface using RGD/RGE-TCO. (C) Digital picture of the
hydrogels showing the gradual disappearance of the pink color of tetrazine functional groups over time.
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with 0.2 mM immobilized RGD (RL2). When a solution
containing 1.8 mM RGD-TCO and 1.0 mM RGE-TCO was
used, the initial gel with low RGD content was transformed to
RH1 with a final RGD concentration of 2.0 mM. Similarly,
treatment of the bulk gel with 2.8 mM of RGD-TCO (0 mM
RGE-TCO) resulted in the establishment of constructs with a
final RGD concentration of 3 mM (RH2). Incubation of the
initial bulk gel in media without any TCO species produced
the RL1 controls. Under these conditions, diffusion occurred in
one dimension driven by the concentration gradient.
Successful conjugation of additional RGD and RGE motifs

was confirmed by the gradual disappearance of the pink
tetrazine chromophore (Figure 7C). After overnight incuba-
tion, the pink color disappeared completely, indicating a
complete transformation of the remaining tetrazine groups

(pink) to stable cycloadducts (slightly yellow). Because
tetrazine−TCO reaction at the gel/liquid interface is
instantaneous, while the diffusion of TCO species through
the cross-linked network is slow, the conjugation reaction is
diffusion-controlled. Because RGD-TCO and RGE-TCO
exhibited a comparable molecular weight, the time required
for the establishment of all four hydrogels is the same.
Theoretically, one can introduce additional bioactive signals to
the cell-laden hydrogel construct at any time during cell culture
because of the stability of the tetrazine group and the
biorthogonality of the tetrazine-TCO reaction.18,29

Upon completion of tetrazine ligation, hydrogels were
analyzed by oscillatory shear rheometry (Figure 8A,B).
Converting the remaining 2.8 mM free tetrazines in RL1 to
dangling RGE motifs in RL2 did not significantly alter the

Figure 8. Characterization of mechanical properties of hydrogels prepared by diffusion-controlled reaction. (A, B) Storage (A) and loss (B) moduli
for the modified hydrogels (three samples per group). (C) Swelling ratio as a function of hydrogel composition (three samples per group). ns
indicates nonsignificant comparison determined by one-way ANOVA. All error bars represent the standard error of the mean.

Figure 9. 3D cell culture of cell-laden hydrogel constructs with temporal increase of matrix adhesiveness. (A) Experimental timeline. On day 0,
VFF-laden constructs with 0.2 mM RGD were prepared. On day 1, cultures were supplemented with 5 ng/mL TGF-β1. On day 3, RGD/RGE-
TCO was added to the media to initiate diffusion-controlled reaction. On day 4, TCO media was replaced with TGF-β1-conditioned media. Media
was refreshed every other day, and cultures were terminated on day 17. (B) Confocal images of day 17 cultures detailing the formation of αSMA
stress fiber formation. αSMA, F-actin, and nuclei stained with green, red, and blue, respectively. Scale bar: 20 μm. (C) Quantification of αSMA
expression as the integrated density ratio between αSMA and F-actin signals. The sum of the fluorescent intensities for αSMA was normalized to
that for F-actin. ***p < 0.001, ns: nonsignificant, determined by one-way ANOVA. n = 5. All error bars represent the standard error of the mean.
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hydrogel mechanical properties. Furthermore, gels prepared 
with different r atios o f RGD-TCO and RGE-TCO (RL1, RH1, 
and RH2) exhibited comparable viscoelastic properties (Figure 
S41). The equilibrium swelling ratios for all four types of 
hydrogels were similar (Figure 8C). The dangling RGD/RGE 
peptides are non-elastically active and do not contribute to the 
network integrity. Overall, the diffusion-controlled biorthogo-
nal ligation method enabled temporal modulation of matrix 
adhesiveness without altering their mechanical properties.

To evaluate myofibroblast d ifferentiation in  th e dynamic 
environment, cell-laden hydrogel constructs were cultured 
under conditions outlined in Figure 9A. First, VFFs were 
encapsulated in hydrogels with 0.2 mM RGD on day 0, and 
from day 1 to day 17, constructs were maintained in TGF-β1-
supplemented media. To recapitulate the enhanced fibronectin 
deposition during the overlapping inflammatory a nd prolifer-
ative phases of vocal fold wound healing,5 media containing 
varying amounts of RGD-TCO and RGE-TCO was added on 
top of the construct to initiate the reaction at the gel−liquid 
interface on day 3. A day later, the TCO-containing media was 
replaced with fresh cell culture media, and VFFs were cultured 
for another 14 days in the presence of TGF-β1. As the RGD 
density increased in a timely manner, the formation of αSMA 
stress fiber w as o bserved o n d ay 1 7 ( Figure 9 B). T his is 
consistent with our earlier finding with RHT+ s amples, where 
all RGD signals were introduced at day 0. A comparison 
between RL1T+ and RL2T+ cultures showed that the diffusion-
controlled reaction did not affect α SMA e xpression; minimal 
myofibroblast d ifferentiation wa s ob served at  a lo w RGD 
concentration. Time-delayed alteration of RGD concentration 
from 0.2 mM to 2 or 3 mM led to the most robust expression 
of αSMA. Cellular expression of αSMA in RH1 (0.396 ± 0.054) 
and RH2 (0.484 ± 0.079) cultures was significantly higher (p < 
0.001) than those in RL1 (0.009 ± 0.006) and RL2 (0.005 ± 
0.002) (Figure 9C). Although the αSMA expression was 
slightly higher in RH2 (with 3 mM RGD) than in RH1 (with 2 
mM RGD) constructs, the difference w as n ot statistically 
significant. F ollow-up m echanistic i nvestigations h ave t o be 
performed to understand as to what extent the time-delayed 
introduction of cell adhesion sites affect myofibroblast 
differentiation a nd h ow. Overall, a  t ime-delayed modification 
using tetrazine−TCO ligation allowed for the temporal 
introduction of fibronectin-derived p eptides t o t he cell-laden 
hydrogel constructs. Given our observation that the alteration 
of matrix adhesiveness induced myofibroblast differentiation as 
occurring during wound healing progress, we show that our 
engineered in vitro tissue model can serve as a valuable tool for 
studying molecular mechanisms associated with vocal fold 
wound healing and for developing targeted therapeutic 
intervention strategies for vocal fold scarring.

4. CONCLUSIONS
Using dienophiles with different reactivities toward tetrazine, 
we demonstrated a novel strategy to alter the matrix 
adhesiveness in a 3D engineered hydrogel platform. While 
the slower tetrazine−norbornene ligation permitted 3D cell 
encapsulation, the faster tetrazine−TCO ligation facilitated the 
efficient co njugation of  in tegrin-binding pe ptides to  the 
hydrogel network s. In addition, the stability of the tetrazine 
functional group combined with the superior reactivity of TCO 
derivatives enabled temporal increase of cell binding motifs in 
cell-laden hydrogel constructs, recapitulating the dynamic 
alteration of ECM properties during the early stage of

wound healing. The matrices with a high RGD density
prompted the highest level of myofibroblast differentiation
with the formation of αSMA-integrated actin cytoskeleton
network, development of cell contractility, and secretion of
pro-inflammatory cytokines, pro-angiogenic factors, and ECM
proteins. These findings confirm a clear influence of matrix
adhesiveness on myofibroblast differentiation and furthermore
imply that our bio-orthogonal in vitro hydrogel platform can
mimic pathogenic factors observed during the progression of
wound healing.
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