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Abstract

Chemical modification of engineered microenvironments surrounding living cells represents a
means for directing cellular behaviors through cell-matrix interactions. Presented here is a
temporally controlled method for modulating the properties of biomimetic, synthetic extracellular
matrices (ECM) during live cell culture employing the rapid, bioorthogonal tetrazine ligation with
trans-cyclooctene (TCO) dienophiles. This approach is diffusion-controlled, cytocompatible and
does not rely on light, catalysts or other external triggers. Human bone-marrow-derived
mesenchymal stem cells (hnMSCs) were initially entrapped in a hydrogel prepared using hyaluronic
acid carrying sulfhydryl groups (HA-SH) and a hydrophilic polymer bearing both acrylate and
tetrazine groups (POM-AT). Inclusion of a matrix metalloprotease (MMP)-degradable peptidic
crosslinker enabled hMSC-mediated remodeling of the synthetic environment. The resultant
network displayed dangling tetrazine groups for subsequent conjugation with TCO derivatives.
Two days later, the stiffness of the matrix was increased by adding chemically modified HA
carrying multiple copies of TCO (HA-TCO) to the hMSC growth media surrounding the cell-
laden gel construct. In response, cells developed small processes radially around the cell body
without a significant alteration of the overall shape. By contrast, modification of the 3D matrix
with a TCO-tagged cell-adhesive motif caused the resident cells to undergo significant actin
polymerization, changing from a rounded shape to spindle morphology with long cellular
processes. After additional 7 days of culture in the growth media, quantitative analysis showed
that, at the mRNA level, RGD tagging upregulated cellular expression of MMP1, but
downregulated the expression of collagen I/111 and tenascin C. RGD tagging, however, was not
sufficient to induce the classic osteoblastic, chondrogenic, adipogenic, or fibroblastic/
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myofibroblastic differentiation. The modular approach allows facile manipulation of synthetic
ECM to modulate cell behavior, thus potentially applicable to the engineering of functional tissues
or tissue models.

Michael addition; tetrazine ligation; hydrogel; synthetic extracellular matrices; mesenchymal stem

cells

Introduction

Synthetic hydrogels that exhibit tissue-like properties and display essential extracellular
matrix (ECM) signals provide cell-instructive microenvironments to support cell growth,
guide cell differentiation and promote the /n vitro assembly of functional tissues.1~2 Custom-
designed hydrogels that are chemically diverse, mechanically tunable and biologically active
have been shown to elicit diverse responses from the resident cells.3~* It is widely
recognized that tissues and cells are dynamic entities with functions that evolve over time
and are modulated through intimate cell-matrix interactions in a spatiotemporal fashion. The
development of a biomimetic platform that can be modified 7 situ during live cell culture in
3D may provide fundamental insight into the changes that occur during tissue
morphogenesis and in pathological cellular adaptation. Recent efforts have resulted in a
number of approaches to the development of dynamic, adaptable and responsive synthetic
matrices.>2 In some cases, matrix properties evolve passively as a result of reversible
covalent crosslinks.19 In other cases, external triggers, such as UV irradiation}1-12 or
temperature/pH jumps,’~2 have been used to induce desired changes. While light-based
methods for modifying matrix properties are broadly used and effective, the
cytocompatibility with light and photosensitizers is cell type dependent.13-14
Complementary methods for modifying the synthetic ECM with temporal control would
represent a valuable addition to the tissue engineering field.

We envisioned that rapid bioorthogonal chemistry could be used to modulate the
extracellular microenvironment in a time-resolved and user-defined manner.15-16 Tetrazine
ligation, the cycloaddition of s-tetrazine (Tz) with frans-cyclooctene dienophiles (TCO),
17-18 js an attractive bioorthogonal reaction for such applications because it is high yielding,
does not require catalysis or light and does not produce toxic side products. With a second
order rate constant (k) that can exceed 108 M~1s71 (H,0, r.t.),19-20 conformationally
strained TCO derivatives developed in our group participate in the fastest bioorthogonal
reactions recorded to date. We have successfully employed tetrazine-TCO ligation in the
creation of hydrogels with well-defined spatial gradients2! via a diffusion-controlled
interfacial bioorthogonal crosslinking process without a template or external triggers.
Tetrazine-TCO ligation has also been applied to the synthesis of cell-adhesive hydrogel
microfibers from monomeric building blocks at the oil-water interface.22-24 The
cytocompatibility and specificity of the reaction allow matrix assembly and manipulation in
the presence of cells so that the network properties can be systematically tuned to guide stem
cells through stages of maturation and differentiation.
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Herein, we describe a strategy to chemically modify cell-laden gel constructs in the absence
of any external triggers in order to modulate the behaviors of the resident human
mesenchymal stem cells (hnMSCs). Our strategy (Figure 1A) utilizes a relatively slow
Michael-type reaction (k> ~1072 M~1s71) 25 to establish a primary hydrogel network for cell
encapsulation and the maintenance of 3D culture. It has been recognized that matrix
mechanics can direct stem cell fate and extracellular adhesion motifs mediate cell survival
and differentiation.26-27 Through a diffusion-controlled mechanism, the network properties
can be tuned by using the tetrazine-TCO ligation to increase the gel stiffness or to introduce
integrin binding peptide to the primary network. As the tetrazine-TCO ligation proceeds
with interfacial kinetics,?! the modification of the 3D network is controlled only by the rate
of diffusion through the cell-laden network. We analyzed the behavior of hMSCs cultured in
the Michael network and incubated in growth media, with or without the respective TCO
species, by fluorescence/immunofluorescence and gene analyses. The modular approach
allows facile manipulation of synthetic matrices to regulate cell behavior for successful
engineering of functional tissues.

Experimental Section.

2.1. General Information.

High molecular weight sodium hyaluronan (520 kDa) were obtained from Sanofi Genzyme
Corporation (Cambridge, MA) as a gift and low molecular weight sodium hyaluronan (5
kDa) was obtained from Lifecore Biomedical (Chaska, MN). Diisopropylethylamine
(DIPEA), ethyl ether, tetrahydrofuran (THF), dimethylformamide (DMF), trifluoroacetic
acid (TFA), hexane, dichloromethane (DCM), TRIzol and paraformaldehyde were obtained
from Thermo Fisher Scientific (Waltham, MA). Methyltetrazine-amine HCI salt (Me-Ph-Tz)
was obtained from Click Chemistry Tools (Scottsdale, AZ). Triisopropylsilane (TIPS) and
N-(3-dimethylaminopropyl)- AV-ethylcarbodiimide hydrochloride (EDCI) were obtained from
Sigma-Aldrich (St. Louis, MO). For peptide synthesis, amino acids with 9-
fluorenylmethoxycarbonyl (Fmoc) protection were obtained from Protein Technologies
(Tucson, AZ), resins (Rink Amide) were purchased from EMD Millipore Corporation
(Billerica, MA), and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) was obtained from Advanced Automated Peptide Protein
Technologies (Louisville, KY). Bovine serum albumin (BSA), DAPI and Alexa Fluor® 568
phalloidin were purchased from Jackson Immuno Research, Millipore and Life
Technologies, respectively. For immunofluorescence, the primary anti-integrin p1 antibody
(mouse monoclonal, 12G10) and Alexa Fluor® 488-conjugated goat anti-mouse 1gG were
purchased from Abcam (Cambridge, MA) and Life Technologies (Grand Island, NY),
respectively. For gene analysis, QuantiTect reverse transcription kit was obtained from
Qiagen (Valencia, CA), power SYBR green master mix was obtained from Invitrogen
(Carlsbad, CA) and primers were purchased from Integrated DNA Technologies (Coralville,
IA).

2.2. Synthesis of Hydrogel Precursors.

2.2.1. HA-SH.—HA-SH was synthesized by reacting 520 kDa HA with 3,3’-dithiobis-
propanoic dihydrazide in the presence of EDCI in water at pH 4.75 under vigorous
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mechanical stirring. Upon treatment with 1,4-dithiothreitol, the mixture was dialyzed and
the product was lyophilized.28-2% By IH NMR (Figure S1), the degree of modification was
estimated as 65 mol%.

2.2.2. Random Copolymer Carrying Both Acrylate and Tetrazine Groups
(POM-AT).—A random copolymer of oligo (ethylene glycol) methyl ether methacrylate
(OEGMA) and fert-butyl methacrylate (BMA) was produced following our reported
procedure. After deprotection of the carboxylates, acrylate (AC) groups were installed to
produce acrylated copolymer (POM-A). POM-A had a M, of 32 kDa and ~16 mol% of the
methacrylic acid (MAA) repeats were acrylated.3 To introduce the tetrazine functionality
(Figure S2A), POM-A (100 mg) was first dissolved in DI water (4 mL) with pH adjusted to
~7.8. Next, an aqueous solution of Me-Ph-Tz (14 mg/mL, pH ~7.8) was slowly added, and
the solution was agitated at room temperature for 48 h. After 48-h dialysis (MWCO 10K)
against DI water, the pink product with dual AC and Tz functionalities (POM-AT) was
obtained as lyophilized solid. Yield: 82%; 1H NMR (D0, 8, Figure S2B): 5.9-6.5 ppm (j, k,
I, -CH=CHy, of acrylate), 7.5-8.5 ppm (-CgH4- in Me-Ph-Tz).

2.2.3. HA-TCO.—For the synthesis of HA-TCO, hydrazide-functionalized, dioxolane-
fused trans-cyclooctene (dTCO-hydrazide) was first prepared by the reaction of dTCO-
nitrophenyl 20 with hydrazine. Typically, a DCM solution (10 mL) of dTCO-nitrophenyl
carbonate (150 mg, 0.43 mmol) was added dropwise to a DCM solution (5 mL) containing
hydrazine (NH,NH,¢H,0, (1.7 mmol) and triethylamine (1.7 mmol). After 3-min stirring at
room temperature, the mixture was diluted with 20 mL DCM before being washed with
excess H,O three times. After additional wash with NaHCO3/H,0, the organic DCM layer
was collected and the oily product dTCO-hydrazide was obtained after drying (over
Na,S0y,), filtration and rotary evaporation. Yield: 85%; *H NMR (CDCls, 8, Figure S3Bi):
5.6-5.7 (m, 1H), 5.5-5.7 (m, 1H), 4.9 (t, 1H, J 3.0), 3.9-4.0 (m, 2H), 3.6-3.7 (m, 2H), 2.3-
2.4 (m, 1H), 2.2-2.3(m, 1H), 2.1-2.2 (m, 1H), 1.7-1.9 (m, 2H), 1.6-1.7 (m, 2H), 1.5-1.6 (m,
1H).

HA-TCO was then prepared following the synthetic route shown in Figure S3A. Briefly, to
an aqueous solution of HA (5 kDa, 60 mg in 12 mL water) at pH 4.75 was added 42 mg
EDCI. Subsequently, 0.22 mmol dTCO-hydrazide in 1 mL DMSO/H,0 (1/1, v/v) was added
and the solution was stirred at ambient temperature for 3 h. With pH adjusted to 8.5, the
mixture was dialyzed against DI water (MWCO 1K) for 72 h. A white solid was obtained
after freeze-drying. Yield: 88%; 1H NMR (D0, 8, Figure S3Bii): ~1.9 ppm (a, -COCHj3 in
HA), 5.5-5.7 ppm (b, ¢, -CH=CH> of TCQ), 5.0 ppm (d, -OCHO- of TCO).

2.2.4. Peptides

GIW-bisAM: MMP-degradable peptide (Figure S4A) with a sequence of
KmitRDGPQGIWGQDRK 1, Where Ky is methyltrityl-protected lysine, were prepared on
a PS3 peptide synthesizer (Protein Technologies) using the Rink Amide resin. After the
addition of the last amino acid, resins were treated with acetic anhydride (5 mL, 20% in
DMF) in the presence of 300 pL of DIPEA for 20 min. The resin was shaken in 10 mL
TFA/DCM (3/97, v/V) for 3 min three times to deprotect the lysine amines. Subsequently,
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acrylic acid (172 pL, 2.5 mmol), HBTU (379 mg, 1.0 mmol) and 300 pL of DIPEA were
successively added, and the reaction was maintained at ambient temperature for 30 min. The
acrylic acid reaction was repeated a second time to ensure efficient coupling. After a DMF
wash, the peptide was cleaved and deprotected in a mixture of TFA/H,O/TIPS (95/2.5/2.5,
v/V) for 3 h. The crude peptide, GIW-bisAM, with the C-terminus amidated, was collected
after precipitation in cold ether. The product was purified by reverse-phase high-
performance liquid chromatography (HPLC) using Waters preparative HPLC and the
peptide purity was confirmed using a Shimadzu HPLC.3C Peptide elution was monitored by
UV absorbance at 214 nm (amide bond, Figure S4B) and 280 nm (tryptophan residue,
Figure S4C). The molecular weight (Figure S4D) of the purified peptide was analyzed by
electrospray ionization mass spectrometry (ESI-MS, Thermo LCQ LC-MS system with ion
trap mass analyzer, San Jose, CA). MS (m/z): [M+3H]3*, calculated: 597.7, Found: 597.7;
[M+2H]2*, calculated: 896.0, Found: 896.0.

RGD-TCO and RGD-AM: Prior to TCO or acrylate conjugation, RGD peptide with a
sequence of GKGYGRGDSPG or KGGGRGDSPG (Figure S5) was synthesized similarly as
described above. The cleaved product, with C-amidated and N-acetylated, was allowed to
react with nitrophenyl carbonate-derived sTCO in anhydrous DMF to install TCO through
the lysine amine. After HPLC purification, the product was analyzed by ESI-MS, as reported
in our previous publication.23 Alternatively, the RGD peptide was modified with acrylic acid
on resin to install AM, followed by acid cleavage and HPLC purification, similar to that
described above for GIW-bisAM. MS (m/z): [M+H]*, calculated 982.0; Found 982.5.

2.3. Synthesis and Characterization of HA/POM Hydrogels.

2.3.1. Hydrogel Synthesis.—Aqueous solutions of HA-SH (20 mg/mL) and POM-AT
(40 mg/mL) were prepared at pH 7.9 using PBS and 1 M NaOH. The components were then
mixed at 1.5/1 (mol/mol) thiol to acrylate ratio. To render the Michael network protease
degradable, GIW-bisAM (0.5 mM) was dissolved in the POM-AT solution. The solution was
maintained at 37 °C for 2 h to afford a viscoelastic solid. Next, tetrazine-TCO ligation was
employed to alter the gel properties. Specifically, hydrogels established by Michael addition
were introduced to an aqueous bath containing HA-TCO (0.7 mM) or RGD-TCO (2 mM),
and gels were maintained in the respective bath for up to 24 h.21 Hydrogel homogeneity was
confirmed by UV-vis spectroscopy and confocal microscopy (Figure S6). Enzymatic
degradation of Michael gels containing GIW crosslinks was analyzed gravimetrically
(Figure S7). The disappearance of the pink tetrazine chromophore (Figure S8) indicates the
completion of the reaction. Hydrogel swelling and sol fraction were measured in triplicate
following our established procedure.3!

2.3.2. Mechanical Properties.—The mechanical properties of HA/POM gels were
analyzed by oscillatory rheometry using an AR-G2 rheometer (TA Instruments, New Castle,
DE). To characterize the primary Michael network, the HA/POM solution was introduced on
the bottom plate (8 mm) immediately upon mixing, and time sweep was conducted
following our reported procedure.31 To monitor the viscoelastic property of secondary
tetrazine network during the tetrazine-TCO reaction, a pre-formed Michael gel was mounted
inside a plastic cylinder immobilized on the bottom plate. After the top plate was lowered to
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the gel surface, time sweep was initiated. Then, HA-TCO solution was added in the cylinder
during the experiment. Separately, Michael gels were produced in cell culture inserts. After
6 h incubation at 37 °C, 200 pL of HA-TCO (0.7 mM) or RGD-TCO (2 mM) solution was
overlaid on top of the hydrogel. The TCO solution was removed 24 h later, and the hydrogel
was mounted on the bottom plate. Time sweep experiments were conducted at 1 Hz at 1%
strain. All measurements were performed at 37 °C in triplicate. The reported values for
storage (G’) and loss (G™) moduli represent the average + standard deviation (SD).

2.4. Modulation of Stem Cell Behavior.

2.4.1. Fabrication of Cellular Constructs.—Human bone marrow derived
mesenchymal stem cells (hnMSCs) were maintained in a MSCBM media supplemented with
MSCGM SingleQuot Kit (Lonza, Allendale, NJ) at 37 °C with 5% CO,. Media was
refreshed every other day. Upon reaching 90% confluence, cells were detached from the
plate using 0.05% (w/v) trypsin containing ethylenediaminetetraacetic acid (EDTA-4Na).
For cell encapsulation, hMSCs were dispersed in the solution of HA-SH (20 mg/mL). After
the addition of POM-AT (40 mg/mL), NaOH (1 M) was added to adjust the pH to 7.9. The
gel mixture containing 1x108 cells per mL was aliquoted to individual inserts in a 24-well
plate. After 30-min incubation at 37 °C, media was introduced to each well and insert to
submerge the cellular construct. Two or six days post encapsulation, 200 pL of HA-TCO
(0.7 mM) or RGD-TCO (2 mM) dissolved in media was introduced to the insert to allow
interfacial bioorthogonal reaction to occur during cell culture. Twenty-four hours later,
TCO-conditioned media was changed to the normal media. Control experiments were
carried out using RGD-AM, instead of RGD-TCO. Media was refreshed every other day and
the constructs were inspected by a Nikon microscope (Eclipse Ti-E, Tokyo, Japan).

2.4.2. Cell Viability.—After 9 days of culture, cell-laden hydrogels were treated with
calcein-AM (1:1000 dilution) and ethidium homodimer-1 (1:500 dilution) for 20 min to
stain for live and dead cells, respectively.3% Confocal images were recorded from three
biological replicas using Zeiss LSM 710 with a 10x objective. Maximum intensity
projections were produced by flattening ~300-um thick z-stacks using Zeiss’s Zen software.
Using ImageJ, cell viability was quantified as the percentage of live cells out of the sum of
live and dead cells.

2.4.3. Cell Morphology.—Following our reported procedures,3° cultures were
terminated on day 9, and constructs were fixed with paraformaldehyde. Subsequently, cells
were permeabilized with Triton X-100 and samples were blocked with BSA. F-actin was
stained using Alexa Fluor® 568-labeled phalloidin and cell nuclei were counter stained with
DAPI. Selected samples were co-stained for integrin-p1 using monoclonal mouse anti-
intergrin B1 and Fluor® 488-conjugated goat anti-mouse 1gG. Images were acquired using a
Zeiss LSM 710 confocal microscope and maximum intensity projections were produced
from 200-300 pm thick z-stacks. Images were recorded from three biological replica and the
percentage of cells undergoing morphological changes, as compared to the controls, was
analyzed by counting elongated and round cells in each image.
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2.4.4. Gene Expression.—For gene analysis, cultures were terminated on day 9 and
constructs were immediately frozen at =80 °C. After TRIzol digestion, the extracted RNA
was reverse-transcribed to cDNA using Qiagen’s QuantiTect kit. Next, SYBR green master
mix (2%, 10 mL) was combined with the cDNA templates (4 ng) and the primers (400 nM)
and real-time quantitative polymerase chain reaction (PCR) reaction was carried out using
an ABI 7300 real-time PCR system. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a reference target and data were normalized and processed using commercially
available gbase+ software (Biogazelle, Zwijnaarde, Belgium). A total of three biological
repeats, each with at least 5 technical repeats, were analyzed for each gel composition.
Results are presented as the mean + standard error of the mean (SEM).

2.5. Statistical Analysis.

Data sets were compared using one-way analysis of variance (ANOVA) and a p value less
than 0.05 was considered significant.

3. Results and Discussion

3.1. Characterization of Synthetic ECM.

3.1.1. Synthesis of Hydrogel Precursors.—Hydrogel precursors (Figure 1B) for the
construction of the dynamic matrix were synthesized following standard chemical
transformations. HA,32 a natural non-sulphated glycosaminoglycan abundant in connective
tissue ECM, was chemically modified with a latent disulfide compound to produce HA-SH
with an estimated 65 mol% thiolation (Figure S1). HA with a number average molecular
weight (M) of ~520 kDa was used to ensure the connectivity of the primary Michael
network. A random copolymer of oligomeric (ethylene glycol) methacrylate (OEGMA) and
methacrylic acid (MAA) with M, of ~32 kDa, synthesized by living radical polymerization
followed by acid hydrolysis,3° was used as a carrier for both acrylate and tetrazine
functionalities. Partial esterification of methacrylic acid repeats with hydroxyethyl acrylate
installed the acrylate functionality, and subsequent conjugate addition reaction of
methyltetrazine amine yielded a polymer (POM-AT) with both with 6 + 2% acrylate and 10
+ 2% tetrazine functionalities, respectively. The successful conjugation of tetrazine was
confirmed by UV-vis spectroscopy and 1H NMR (Figure S2). Integration of vinyl protons
and the methyl protons in OEGMA suggested that 10 + 2 mol% of MAA repeats were Tz
modified, while 6 + 2 mol% were acrylated. Each POM chain carried approximately 11 to
13 Tz and 7 to 8 acrylate groups. In addition, UV-vis spectroscopy confirmed the
conjugation of Tz, as evidenced by the absorbance maximum at 260 nm32 from Me-Ph-Tz
(Figure S2C). Tz functionality was calculated using Beer-Lambert Law and taking into
consideration for the molar extinction coefficient of Me-Ph-Tz, determined using an aqueous
solution of Me-Ph-Tz at concentrations of 0.007 to 0.06 mM. In agreement with the 1H
NMR result, ~8 mol% of the MAA repeats were conjugated with Tz.

In order to tune the matrix stiffness during 3D cell culture employing tetrazine-TCO
ligation, HA was modified by a dioxolane-fused TCO,2% which was chosen for its high
reactivity and improved hydrophilicity (Figure S3). Low molecular weight HA (5 kDa) was
used to ensure rapid diffusion of HA-TCO through the network. By 1H NMR integration
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(Figure S3Bii), comparing the acetal and alkene resonances from TCO to the acetamido
resonances from A-acetyl-D-glucosamine indicated 28 mol% TCO incorporation (3-4 TCO
groups per HA chain).

Degradability of the matrix by cell-secreted proteases is desirable to maintain proper cell
functions in 3D.34-36 Accordingly, matrix metalloproteinase (MMP)-cleavable peptide with
a sequence of GPQGIWGQ (abbreviated as GIW) was incorporated in the primary network.
Charged amino acid residues were added to improve peptide solubility in aqueous media and
to enable functionalization with acrylic acid (Figure S4A). To conjugate integrin binding
peptide during 3D cell culture through dangling tetrazines, a highly reactive TCO-
dienophilel® was conjugated to GKGYGRGDSPG peptide through the lysine amine (Figure
S5). Our previous investigation showed that such derivation does not compromise the ability
of cells to bind the RGD peptide.23 An acrylamide-functionalized RGD (Figure S5) was
synthesized as a control.

3.1.2. Fabrication of Hydrogel Networks.—The primary network was established via
Michael addition by mixing HA-SH and POM-AT at pH ~7.9 with a slight excess of thiols
relative to acrylate groups. The resultant hydrogel displaying dangling tetrazine groups had a
swelling ratio of 18.1 + 1.6 and a sol fraction of 30.9 + 8.2%. Incorporation of thiol-reactive,
MMP-degradable crosslinker, GIW-bisAM, in the Michael network at 0.5 mM gave rise to
gels with a lower swelling ratio (13.4 £ 0.7) and sol fraction (19.8 + 1.4%). Characterization
of the primary Michael network by oscillatory shear rheology (Figure 2A, B) revealed that
gelation occurs immediately upon mixing of HA-SH and POM-AT. The shear elastic
modulus (G”) continued to rise gradually through the slow thiol/acrylate reaction.2® A
plateau G’ of 180 + 42 Pa was obtained 2 and 3 h after mixing for gels with or without the
GIW crosslinker, respectively.

The homogeneity of the primary Michael network was inspected spectroscopically and
microscopically (Figure S6). Neither HA-SH nor POM-AT alone exhibited turbidity at the
final hydrogel concentrations, as assessed by low absorbance at 600 nm.37 No turbidity was
observed from the gel mixture either. In addition, POM-AT alone and the HA-SH/POM-AT
mixture exhibit a similar absorbance for the tetrazine chromophore at 525 nm.33: 38 For
confocal imaging, POM in the primary network was fluorescently labeled via interfacial
tetrazine ligation using Cy3-TCO. The hydrogel was devoid of any phase-separated
microstructures3? and displayed Cy3 signal homogenously throughout the samples (Figure
S6B). Collectively, HA-SH and POM-AT was homogeneously mixed as a single phase under
gelation conditions. When incubated in PBS containing 100 U/mL Collagenase type 1V, a
gradual mass loss over time was observed for GIW-containing gels, with an ultimate mass
loss of 16 + 2% by day 12 (Figure S7). By contrast, gels incubated in enzyme free media
were intact, suggesting minimal hydrolytic degradation within the period of the experiment.
The moderate level of collagenase-mediated degradation reflects the low density of MMP-
cleavable linkages incorporated in the primary network; approximately 1 out of 11
crosslinks were MMP-degradable. Unless otherwise noted, MMP-degradable gels were used
in subsequent studies.
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It was possible to stiffen the primary network of the hydrogel through the reaction with HA-
TCO, which forms crosslinks with Tz groups dangling from the primary network. Time
sweep experiments (Figure 2C) revealed that upon introduction of the hydrogel disk to the
HA-TCO bath, the G’ value of the hydrogel increased accordingly. The successful
installation of the tetrazine network was further confirmed by the disappearance of tetrazine
chromophore (pink color) in 4 h, as shown in Figure S8. The Michael gel, prepared as a soft
and pliable disk, sank to bottom of a vial when transferred to HA-TCO (0.7 mM) solution.
Within 15 min, the outer shell of the hydrogel disk became colorless, and the disk became
buoyant, presumably due to the release of N, during tetrazine ligation. Over the course of
the next 4 h, the non-crosslinked core of the hydrogel disk disappeared as HA-TCO
crosslinked the gel from the “outside in”.21

To assess the crosslinking kinetics and the evolution of gel properties under 3D cell culture
conditions, the Michael gels were prepared in a cell culture insert and a solution of HA-TCO
was overlaid on top of the gel disk to install the secondary network (Figure 3Ai). In this
experiment, diffusion is one-dimensional and can be monitored by the disappearance of the
pink color at the diffusion interface. After incubation time for >10 h, the pink color had
disappeared completely, indicating that the complete consumption of the pendant tetrazines.
Twenty-four hours post treatment with HA-TCO, the hydrogel exhibited a G” of 520 + 80
Pa (Figure 3B), which is significantly higher than that of the initially formed Michael gel
(180 £ 42 Pa). The stiffening of the matrix is consistent with the formation of the new
crosslinks in the network by tetrazine ligation. The tand (G”/G’) value for both networks
remained low (<0.05), confirming the elastic nature of the networks.

Next, we explored the utility of tetrazine ligation for the covalent tagging of cell-adhesive
peptides with the tetrazine substituents on the primary network. Here, a solution of RGD-
TCO was overlaid on top of the Michael gel (Figure 3Aii). Again, the pink color disappeared
as RGD-TCO diffused through the interface, forming a colorless hydrogel as the interface
advanced. After 6 h, the pink color had completely disappeared, consistent with complete
modification of the tetrazine side chains. Incubation with monofunctional RGD-TCO led to
the installation of dangling peptide chains that serve as non-elastic network defects without
affecting the free diffusion of RGD-TCO. Thus, RGD tagging did not significantly alter the
mechanical properties of the network, and the resultant gel maintained a G’ value of 160

+ 60 Pa (Figure 3C). Compared to the HA-TCO treatment, a shorter incubation time is
required for the pink color to disappear for RGD-TCO modified gels because of a slower
diffusion of HA-TCO through the reinforced hydrogel network.

In Situ Modulation of Stem Cell Behavior.

The tunable synthetic ECM was utilized as a model platform to investigate cell behaviors via
a user-directed interfacial bioorthogonal reaction during 3D cell culture. This design mimics
the dynamic nature of the native ECM during embryogenesis, tumorigenesis and tissue
repair. Tissue stiffening and the enhancement in matrix adhesivity are the hallmarks of these
biological events.*® hMSCs were employed in this work because they can be easily
expanded in culture and differentiated into specific cell types in response to the changes in
stem cell niche under the influence of potent inducers.*1-42 The ability to maintain stemness
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and induce differentiation has significant implications in wound healing for tissue
engineering applications.#3-44

3.2.1. Cell Morphology.—In our study, cells were encapsulated in the primary Michael
network and two days later, HA-TCO was used to increase the matrix stiffness, while RGD-
TCO was used to tag the matrix with a cell adhesive motif without changing the matrix
stiffness. Live/dead staining (Figure 4A) revealed that the cells were highly viable after 9
days of culture. (cell viability ~95%, Figure 4B), confirming the cytocompatibility of the
hydrogel formulations. First, we investigated the effect of matrix stiffening on hMSCs
during 3D culture (Figure 5). Cultures were maintained in hMSC growth media and
monitored using a fluorescence microscope in bright field mode up to 9 days (Figure 5A).
Cells in MMP-degradable Michael gels with or without HA-TCO treatment remained mostly
rounded during early days of culture. By day 9, however, 22 + 4% cells in control gels and
28 + 3% cells in HA-TCO gels (p>0.05) had developed thin hair-like projections and were
stellate-shaped (Figure 5A). A few spindle shaped cells were present close to the bottom of
the gels.

Fluorescent staining and confocal imaging of day 9 cultures (Figure 5B) revealed that the
majority of hMSCs were homogeneously distributed in both control and HA-TCO gels as
single, rounded cells with distinct cortical actin. A few cells developed small actin-rich,
filopodia-like processes (Figure 5B, inserts). Nevertheless, the morphological changes were
more pronounced in HA-TCO treated gels than in the untreated controls. If the primary
Michael gels lacked the GIW crosslinks, network stiffening by HA-TCO on day 2 did not
cause any detectable changes in cell morphology by day 9 (Figure S9A, B). Thus, cell-
mediated matrix degradation is essential to promote for cell-matrix interactions.*®> Under the
experimental conditions employed, hMSCs expressed integrin p-1 (ITGb1, Figure S9) and
can potentially bind HA via CD44 and RHAMM?Z to elicit motility associated with dynamic
cytoskeletal changes.*6 The ability of the network to retain ECM proteins secreted by the
resident cells, although not detectable by immunofluorescence (data not shown), may also
contribute to the development of cellular extensions. Collectively, tetrazine ligation-
mediated stiffening of MMP-degradable Michael network enabled hMSCs to locally interact
with the network through the development of small filopodia-like structures without
significantly altering the overall cell morphology.

Next, we studied if temporally controlled bioorthogonal tagging could be used to modify the
ECM and influence hMSC function. RGD tagging 2 days post encapsulation promoted
significant cell spreading by day 5 (Figure 6A). Cells continued to spread and elongate along
a single axis in 3D to establish an interconnected cellular mesh by day 9. Confocal
microscopy revealed the development of polarized, elongated morphology with bundles of
cytoskeleton stress fibers distributed throughout the entire cellular extensions (Figure 6B).
Organization of actin monomer into stress fibers indicates active actin polymerization events
leading to the development of load-bearing cell-matrix binding that is conducive to cell
extension in 3D. In the absence of MMP-cleavable peptide substrate in the primary network,
the addition of RGD-TCO on day 2 failed to induce hMSC spreading (Figure S9C) by day 9.
Again, restricting hMSCs in a “covalent cage” that lacks macroscopic pores and are not
susceptible to protease-mediated matrix remodeling prohibits the acquisition of normal
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mesenchymal morphology. Introduction of the RGD signal 6 days post encapsulation also
triggered significant cell spreading. By day 8, elongated cells with extended and
interconnected cellular processes were abundant (Figure S10).

To ensure the observed cellular response was due to the covalent conjugation of the RGD
signal, control experiments were performed using acrylamide-tagged RGD (RGD-AM) that
does not participate in tetrazine ligation. RGD-AM, instead of unfunctionalized RGD, was
used in the control experiment to ensure a similar hydrophobicity with RGD-TCO. Covalent
tagging of RGD-AM to the Michael network is expected to be very inefficient because thiol/
acrylate reaction is slow and free thiols can be readily oxidized to disulfide. Indeed, our
results (Figure S11) show that hMSCs cultured in gels treated with RGD-AM were
morphologically similar to those in control gels without any modification, in sharp contrast
to the triggered cell spreading and extension seen in gels that were covalently modified with
RGD through tetrazine ligation.

Under the experimental conditions employed, as soon as RGD-TCO comes in contact with
the tetrazine groups dangling from the primary network, tetrazine ligation occurs at the gel-
liquid interface and the reaction is complete instantaneously with close to 100% efficiency.2!
Blocking of cell surface integrin binding sites by soluble RGD-TCO prior to its
immobilization on the network is unlikely as this TCO/Tz pair reacts with ky > 10° M~1s71,
While the interfacial reaction is instantaneous, the complete consumption of tetrazine
moieties takes 6 h owing to the unidirectional nature of the diffusion. Collectively, RGD
tagging could be used to induce morphological changes in hMSCs by /n situ modification of
ECM.

3.2.2. Gene Expression.—qPCR analyses were performed to identify cellular
responses to RGD tagging, in terms of expression levels of transcripts encoding important
ECM proteins and putative differentiation markers (Figure 7). As seen in Figure 7B, RGD
tagging significantly decreased (p<0.05) cellular expression of type 111 collagen (a3 chain,
COL3A1, 1.38 + 0.04-fold), type I collagen (a 1 chain, COL1A1, 1.28 + 0.09-fold) and
tenasin C (TNC, 1.40 + 0.13-fold). Although not significant, the expression of fibronectin
(FN) in RGD-TCO treated gels were 1.13 + 0.12 lower than the blank controls. Conversely,
the expression of MMP1 was significantly (p<0.05) increased (1.64 + 0.27-fold). Expression
levels of transcripts encoding fibroblastic (FSP-1: fibroblast specific protein-1)47 and
adipogenic (aP2: adipocyte protein 2)*8 phenotypes were comparable between the controls
and the RGD-TCO treated samples. However, RGD tagging resulted in a significant
(p<0.05) down regulation of chondrogenic*® (AGN: aggrecan, 1.40 + 0.10 fold),
osteogenic®® (ALP: alkaline phosphatase, 1.40 + 0.09 fold) and myofibroblastic®! (aSMA:
alpha smooth muscle actin, 1.37 £ 0.15 fold) differentiation.

Our gPCR results revealed that the potential of classic osteoblastic, chondrogenic,
adipogenic, or myofibroblastic differentiation was suppressed at the transcriptional level in
RGD-TCO treated constructs as compared to the RGD-free controls. Considering TNC and
COL1/3 as the broad fibroblastic hallmarks,2-53 it is clear that RGD tagging also
suppressed the fibroblastic commitment of hMSCs. Matrix metalloproteinases are
commonly found to be upregulated during the wound healing response in hMSCs,>* and
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have been implicated in turnover of fibrotic tissue.>5-°6 Upregulation of MMP1, along with
downregulation of COL1A1, COL3A1, indicate that cells are moving towards a net catabolic
state in the RGD-treated gels.

It is widely acknowledged that the manipulation of stem cell niches, particularly the
incorporation of integrin binding motifs, is an effective approach to guide stem cell fate
selection.>” In most studies, hMSCs encapsulated in synthetic ECM were maintained for a
longer time (>21 days) in specific differentiation media containing potent inductive factors.
58-59 Depending on the matrix compositions and culture conditions, RGD was reported to
promote or inhibit chondrogenesis and osteogenesis.89-83 In our case, cellular constructs
were cultivated in the growth media for 7 days after the RGD signal was introduced. Even
though MMP-degradable linker was present in both gels, only when RGD was introduced
could cells actively degrade the matrix.

Collectively, RGD tagging did not promote specific lineage commitment, even though cells
in these gels develop extensive cellular processes and adopted elongated cell morphology. It
is well documented that cell shape determines cell function.64-65 The fact that RGD tagging
caused pronounced morphological changes in hMSCs without compromising their stemness
implies that these cells would be more susceptible to lineage-specific differentiation when
potent inductive signals are subsequently introduced. To this end, we are developing RNA
sequencing and bioinformatics methods to gain a broad, global view of differential
expressions and to identify specific signaling pathways that are activated. Once the gene
targets are identified, protein-level analysis will be carried out to gain more in-depth
understanding of hMSC differentiation. Establishing a biomimetic microenvironment that
regulates cell morphology is a powerful strategy for controlling cell physiology, a first step
towards the establishment of engineered tissues or tissue models.

4. Conclusion

In summary, we described a novel method for /n situ tuning of the cellular
microenvironment to alter the behaviors of hMSCs cultured in a 3D biomimetic matrix.
While the slow Michael addition facilitated the 3D encapsulation of hMSCs, the fast
tetrazine ligation enabled a time-delayed modification of the synthetic ECM. The key matrix
component is a well-defined, random copolymer carrying both acrylate and tetrazine groups.
The rapid, bioorthogonal Tz/TCO reaction enables straightforward adjustment of matrix
properties to elicit corresponding cellular responses without negatively affecting normal cell
functions. Specifically, tetrazine-ligation mediated tagging of integrin-binding RGD peptide
to the MMP-degradable network significantly altered cell morphology, through the
development of extensive F-actin rich structures. Our observation is in line with recent
reports revealing that 3D cell migration is cell-type independent and can be regulated by
extracellular cues.86-88 Qur synthetic matrices recapitulate key properties and functions of
natural ECMs, allowing dynamic and systematic tuning of the cellular environment at a
molecular level.
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Figurel.
Establishment and modification of 3D cultures using two independent bioconjugation

reactions. hMSCs were encapsulated in the primary network using a slow thiol-acrylate
reaction. During culture, tetrazine ligation was used to modify the existing network through
a rapid, diffusion controlled reaction at the gel-liquid interface. (A): Schematic depiction of
the evolution of the network properties and the corresponding cellular responses. (B):
Structures of hydrogel building blocks carrying thiol, acrylate/acrylamide, tetrazine and
TCO groups.
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Figure2.

Establishment of the primary Michael network and the introduction of additional crosslinks
via tetrazine ligation, as assessed by oscillatory rheometry. (A, B): Time sweep experiments
conducted on HA/POM gels established via thiol/acrylate reaction with or without MMP-
degradable GIW-bisAM crosslinker. Samples were loaded on the plate immediately after the
hydrogel precursors were mixed. (C): Stiffening of the primary MMP-degradable network
through tetrazine ligation via a diffusion-controlled interfacial crosslinking using HA-TCO.
At ~2 min, HA-TCO (0.7 mM) was added around the preformed gel on the plate and G'/G”
values were monitored for 20 min.
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Tetrazine ligation-mediated modification of the primary Michael gel under 3D cell culture
conditions. Gels were prepared in cell culture inserts and the respective TCO solution was
added on top of the gel disks. The TCO molecules diffused into the gel disk to introduce
further crosslinking or to conjugate the cell adhesive peptide. The disappearance of tetrazine
chromophore (A) indicated the consumption of tetrazines in the primary network. Twenty-
four hours later, gels were collected for rheological analysis (B, C).
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Figure 4:
Characterization of 3D cultures by live/dead staining. (A): Confocal images of hMSCs

stained with calcein AM (live cells, green) and ethidium homodimer-1 (dead cells, red) after
9 days of culture in the primary, MMP-degradable Michael network (control) or with HA-
TCO or RGD-TCO treatment on day 2. White circles highlight dead cells. (B):
Quantification of cell viability based on live/dead assay using ImageJ. No statistical
significance (p>0.05) was observed between the control, RGD-TCO or HA-TCO treated
samples.
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Figure5.
Effect of tetrazine ligation-mediated matrix stiffening on hMSC morphology. Cells were

initially encapsulated in MMP-degradable Michael gels. Two days later, HA-TCO were
introduced to the growth media. Cultures were maintained until day 9. (A): Time series
brightfield images of hMSC cultured in HA/POM gels with and without HA-TCO treatment.
(B): Representative confocal images of fluorescently stained hMSCs after 9 days of culture
with or without the HA-TCO treatment. Cell nuclei and F-actin were stained blue and red,
respectively.
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Figure 6.
Effect of tetrazine ligation-mediated RGD tagging on hMSC morphology. Cells were

initially encapsulated in MMP-degradable Michael gels. Two days later, RGD-TCO (2 mM)
were introduced to the growth media. Cultures were maintained until day 9. (A): Time series
brightfield images of hMSC cultured in HA/POM gels with or without RGD-TCO treatment.
(B): Representative confocal images of fluorescently stained hMSC after 9 days of culture
with or without RGD-TCO treatment. Cell nuclei and F-actin were stained blue and red,
respectively.
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Gene Forward Primer (5'-3') Reverse Primer (5'-3") GeneBankit Efficiency Product Size (bp)
GAPDH GAAATCCCATCACCATCTTCCAGG GAGCCCCAGCCTTCTCCATG NM_001289746 2.08 120
CoL3A1 TGGTGCCCCTGGTOCTTGCT TACGGGGCAAAACCGLCAGC NM_000090 2.03 87
COoL1AL AATGGTGCTCCTGGTATTGCTGGT ACCAGTGTCTCCTTTGCTGCCA XM_005257058 2.10 141
TNC GGGCTGGTTGTATTGATGCTTT AGGGACCACTGGGTGAGAGA ¥M_005251975 2.0 76
FN ACCTACGGATGACTCGTGCTTTGA CARAGCCTAAGCACTGGCACAACA NM_001306132 2,10 116
MMP1 GGGAGATCATCGGGACAACTC GGGCCTGGETTGAAAAGCAT NM_D01145938 2.03 72
FSP-1 AGCTTCTTGGGGAAAAGGALC CCCCAACCACAT CAGAGG NM_019554 1.98 200
aP2 AACCTTAGATGGGGGTGTCCTG TCGTGGAAGTGACGCCTTTC NM_001442 21 125
ACAN TCGAGGACAGLGAGGCC TCGAGGGTGTAGCGTGTAGAGA NM_013227 2.03 85
ALP GCCTACCAGCTCATGCATAAC GAAGTGGGAGTGCTTGTATCT NM_000478 2.07 192
aSMA CCAAGCACTGTCAGGAAT AGGCAGTGCTGTCCTCTT NM_D01613 199 60 A
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Figure7.

Effect of tetrazine ligation-mediated RGD tagging on hMSC phenotype as assessed by
gPCR. Cells were initially encapsulated in MMP-degradable Michael gels. Two days later,
RGD-TCO (2 mM) were introduced to the growth media. (A): Summary of primer
information; (B): gPCR analyses of genes encoding essential ECM proteins: COL3A1,
COL1A1, TNC, FN and MMPL1. (C): gPCR analyses of genes encoding classic hMSCs
differentiation markers: FSP1, aP2, ACAN, ALP and aSMA. The relative gene expression
(fold change) was normalized to the RGD-free controls (baseline). *significant difference (p
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< 0.05) between control and RGD-TCO. Error bars represent SEM. Gene abbreviations:
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; COL3AL, collagen Il alpha 1 chain;
COL1A1, procollagen I alpha 1 chain; TNC, tenascin-C; FN, fibronectin; MMP1, matrix
metalloproteinase 1; FSP1, fibroblast specific protein-1; aP2,adipocyte Protein 2; ACAN,
aggrecan; ALP, alkaline phosphatase; aSMA, alpha smooth muscle actin.
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