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Fibrotic disorders account for over one third of mortalities worldwide. Despite great efforts to study
the cellular and molecular processes underlying fibrosis, there are currently few effective therapies.
Dual-stage polymerization reactions are an innovative tool for recreating heterogeneous increases in
extracellular matrix (ECM) modulus, a hallmark of fibrotic diseases in vivo. Here, we present a clickable
decellularized ECM (dECM) crosslinker incorporated into a dynamically responsive poly(ethylene glycol)-
a-methacrylate (PEGaMA) hybrid-hydrogel to recreate ECM remodeling in vitro. An off-stoichiometry
thiol—ene Michael addition between PEGaMA (8-arm, 10 kg mol™) and the clickable dECM resulted in
hydrogels with an elastic modulus of £ = 3.6 + 0.24 kPa, approximating healthy lung tissue (1-5 kPa).
Next, residual aMA groups were reacted via a photo-initiated homopolymerization to increase modulus
values to fibrotic levels (E = 13.4 4+ 0.82 kPa) in situ. Hydrogels with increased elastic moduli, mimicking
fibrotic ECM, induced a significant increase in the expression of myofibroblast transgenes. The
proportion of primary fibroblasts from dual-reporter mouse lungs expressing collagen lal and alpha-

Received 5th March 2020, smooth muscle actin increased by approximately 60% when cultured on stiff and dynamically stiffened

Accepted 15th April 2020 hybrid-hydrogels compared to soft. Likewise, fibroblasts expressed significantly increased levels of the
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areas. Collectively, these results indicate that hybrid-hydrogels are a new tool that can be implemented

rsc.li/materials-b to spatiotemporally induce a phenotypic transition in primary murine fibroblasts in vitro.

progression of fibrosis, yet it is not clear whether changes in ECM

1. Introduction

Pathologic tissue remodeling is a hallmark of chronic fibrotic
diseases.”™ It is characterized by persistent and excessive
production of biochemically abnormal extracellular matrix (ECM),
resulting in spatially heterogeneous increases in tissue stiffness.”®
Emerging evidence indicates that cell-matrix interactions drive the
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composition, or the subsequent alterations in mechanical proper-
ties of the tissues, are the more potent driver of fibrosis.”®
Recently, Parker et al. proposed a model of pulmonatry fibrosis in
which an initial insult creates a lesion in the lung that is repaired
with abnormal ECM. It is suggested that this pathologic
ECM locally corrupts nearby fibroblasts, further remodeling
the surrounding area and hence spreading fibrosis."' Herrera
et al. suggest that these findings reveal mechanisms of fibrotic
progression that can be self-perpetuating.'* Thus, using
pulmonary fibrosis as an archetype of chronic fibrotic disease,
we present a novel hybrid-hydrogel that allows us to decouple
fibrotic tissue composition from subsequent changes in mechan-
ical properties to study the dynamic biological processes occur-
ring in fibrosis.

Fibroblasts are a heterogeneous and versatile cell popula-
tion with remarkable plasticity.’” In healthy tissues these cells
can differentiate into activated myofibroblasts marked by
expression of Collagen 1a1 (Col 1a1) and alpha-smooth muscle
actin (@SMA) to promote wound healing. After healing, the
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majority of these activated cells undergo apoptosis to restore
homeostasis.’® In vitro studies of myofibroblast activation in
response to modulus changes in biomaterials have revealed that
this differentiation is reversible.'®' However, a subpopulation of
persistently activated, apoptosis-resistant fibroblasts have been
identified in fibrotic tissues.”>** Currently the mechanisms
underlying this progression, and the potential to reverse the
persistently activated phenotype by therapeutic treatment, remain
largely undefined.

Advances in lung decellularization techniques have fueled a
growing interest in building biomaterials from decellularized
ECM (dECM).>*"*° Hilster et al., for example, reported a protocol
for fabricating hydrogels using dECM derived from control
and fibrotic human lungs. While these materials comprise
the complex biochemical cues that cells encounter in vivo,””
they are limited by poor mechanical properties that do not fully
recapitulate diseased lung tissue. The elastic modulus of
human lung tissue ranges from 1 to 5 kPa (healthy) to greater
than 10 kPa (fibrotic).*®*® Hydrogels comprised of dECM from
healthy and fibrotic tissues demonstrated a similar trend,
1.5 kPa and 6.8 kPa, respectively, but ultimately could not
match the increased stiffness of fibrotic lung.>® To overcome
this limitation, Sava et al. coated polyacrylamide-based hydro-
gels of modulus values ranging from 1.8 kPa to 23.7 kPa with
healthy and fibrotic human-lung dECM. The results of these
studies demonstrated that changes in a«SMA expression and
organization were mechanosensitive regardless of composition.*
Although this approach enabled researchers to decouple dECM
composition from mechanical properties, the coating procedure
limited experiments to 2D.* In another study, dECM was metha-
crylated and covalently crosslinked with gelatin methacrylamide
to form 3D hydrogels from two naturally derived polymers with
elastic modulus values ranging from approximately 12 kPa to 66
kPa.*" While these experiments were certainly a breakthrough
in modeling fibrotic disease in vitro, these static systems do not
reproduce the spatiotemporal microenvironmental changes
that occur during fibrotic disease progression and have been
implicated as a major driver of cellular activation and disease
progression.11’15’16’32’33

Dual-stage polymerization systems are one innovative way to
recreate heterogeneous and localized ECM stiffening in vitro.>*>
These dual-stage polymerization systems often include a
“click” reaction that proceeds under mild conditions and is
highly reactive in a fast, specific, and efficient manner.*® The
specificity of click crosslinking allows the user to exploit
sequential reactions to control hydrogel mechanical properties.
Dynamic responsiveness has been initiated in a variety of
hydrogels by user-controlled mechanisms, such as light, to
probe how cells interact with and receive information from
the extracellular microenvironment.** While these systems are
capable of recapitulating the spatiotemporal heterogeneity of
the biophysical changes that occur in the ECM during disease
progression, two key limitations remain: (1) these biomaterials
do not recapitulate the dynamic alterations in ECM composi-
tion that characterize fibrotic disease, and (2) existing material
systems that mimic the water content of tissues are susceptible
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to hydrolysis over the long culture periods required to emulate
chronic disease.

Here, we present a strategy for synthesizing clickable dECM
and combining it with a hydrolytically stable, phototunable
poly(ethylene glycol) (PEG) backbone in a dual-stage polymeri-
zation system that allows us to decouple fibrotic tissue compo-
sition from subsequent changes in mechanical properties
to dynamically study the biological processes occurring in
fibrosis. The novel hybrid-hydrogel system provides predictable
control of initial matrix mechanical properties over a large
range of moduli (£ = 3.63 £+ 0.24 to 13.35 + 0.83 kPa) and
facilitates spatiotemporal control over precise increases in
elastic modulus in situ. Primary platelet-derived growth factor
receptor alpha-positive (PDGFRa+) fibroblasts from the alveolar
niche* were isolated from adult dual-transgenic reporter mice.
These mice express green or red fluorescent protein in response
to Col1al or aSMA or transgene expression,*" respectively, and
are used to monitor cellular responses to this new biomaterial.
PDGFRo+ fibroblasts from the alveolar niche were selected for
these assays because this is the proposed site of initial injury
and remodeling in pulmonary fibrosis.*>™** Fibroblast activation
was characterized by measuring expression of these transgenes in
response to initial substrate moduli, dynamic stiffening ranging
from healthy (E = 1-5 kPa) to diseased levels (E > 10 kPa), and
patterns of alternating soft and stiff areas to mimic the effect
of heterogenous mechanical properties observed in fibrosis.*’
We demonstrate the utility of this hybrid-hydrogel system for
dynamically probing cell-matrix interactions with spatial control,
highlighting a new approach for understanding the biochemical
and biophysical contributions to fibrotic disease progression.

2. Materials and methods
2.1. Small molecule and macromer synthesis

Synthesis of lithium phenyl-2,4,6-trimethylbenzoulphos-
pinate. Lithium phenyl-2,4,6-trimethylbenzoulphospinate (LAP)
photo-initiator was synthesized and characterized as previously
described.***”

Synthesis of ethyl 2-(bromomethyl) acrylate. Ethyl 2-(bromo-
methyl)acrylate (EBrMA) was synthesized following a previously
published protocol.*® Briefly, 60 mmol ethyl 2-(hydroxymethyl)
acrylate (EHMA; Sigma) was dissolved in 60 mL diethyl ether in
a round-bottom flask and 21 mmol phosphorous tribromide
(PBr3; Acros Organics) was slowly added while cooling the
reaction vessel with an ice bath. Then, the mixture was warmed
to room temperature and stirred for 3 h to complete the
reaction. Water (5 mL) was added to the mixture and it was
extracted with hexane (Sigma) three times. The organic solu-
tions from all three extractions were combined, washed with
brine, and dried with anhydrous magnesium sulfate (MgSOy;
Fisher Scientific). The solvent was removed by rotary evapora-
tion at 60 °C to give the final product at a 90% yield. The
functionalization of the product was verified by '"H NMR
performed on a Bruker Advance-III 300 NMR Spectrometer
(7.05 T) (Fig. S1, ESIt). 'H-NMR (300 MHz, CDCl): § (ppm)
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Fig.1 (A) Schematic depicting the lung decellularization process. Briefly, native lungs were sequentially perfused with Triton X-100, sodium
deoxycholate (SDC) solution, DNAse solution, and peracetic acid to remove all cellular components before being mechanically digested and lyophilized
to form a powder. (B) Decellularized porcine ECM was treated with Traut's reagent at a 75-molar excess to primary amines (NH,) and 2 mM EDTA to
convert free primary amines to thiols creating a clickable dECM crosslinker. (C) A significant increase in thiol concentration was measured post-treatment
using an Ellman’s assay (n = 6, **p < 0.0001, ANOVA, Tukey test). (D) Silver-stained SDS-PAGE results showed a loss of high molecular weight proteins
(=250 kDa) and an increase in proteins below 15 kDa following thiolation, indicating that that the treatment likely cleaved a portion of the dECM proteins

into clickable dECM peptides.

1.3 (t, 3H, -CH,), 4.16 (s, 2H, -CH,-Br), 4.25 (q, 2H, -CH,-0-),
5.9 and 6.3 (s, 1H, —CH,).

Synthesis of poly(ethylene glycol)-alpha methacrylate. Poly-
(ethylene glycol)-hydroxyl (PEG-OH; 8-arm, 10 kg mol ™ *; JenKem
Technology) was dissolved in anhydrous tetrahydrofuran (THF;
Sigma) in a round-bottom flask and purged with argon. Sodium
hydride (NaH; Sigma) was injected through a septum into the
reaction vessel at 3x molar excess to PEG-hydroxyl groups.*®
EBrMA was added drop-wise using an addition funnel at a
6x molar ratio to PEG-OH groups, and the reaction was stirred
at room temperature for 72 h protected from light. The mixture
was neutralized with 1 N acetic acid until gas evolution ceased
and filtered through Celite 545. The solution was concentrated
by rotary evaporation at 60 °C, precipitated dropwise into in
ice-cold diethyl ether (Fisher Scientific) and washed three times
in diethyl ether. The solid product was then dried under
vacuum overnight at room temperature. The product was
purified using dialysis (1 kg mol~* MWCO, ThermoFisher) for
four days, and then flash frozen in liquid nitrogen and lyophi-
lized to give the final product. The functionalization of the
product was verified by "H NMR (Fig. S2, ESIt). '"H NMR
(300 MHz, CDCl;): 6 (ppm) 1.23 (t, 6H, CH;-), 3.62 (s, 114H,
PEG backbone), 4.17-4.21 (t, s, 8H, -CH,-C(0)-O-0O, -O-CH,-
C(=CH,)-), 5.90 (s, 1H, -C = CH,), 6.31 (s, 1H, -C—CH,).

Synthesis of poly(ethylene glycol)-methacrylate. Poly(ethylene
glycol)-methacrylate (PEGMA) was synthesized by adapting a

6816 | J Mater. Chem. B, 2020, 8, 6814-6826

previously published protocol*>*® (detailed in the ESIf) and
characterized using '"H NMR (Fig. S3, ESIY).

2.2. dECM derivation and thiolation

Porcine lung decellularization. ECM was derived by decel-
lularizing porcine lung tissue as previously described.>® Briefly,
the heart-lung block was removed from the thoracic cavity and
sequentially perfused through the trachea/main bronchus
and pulmonary artery/main vessel with a perfusion pump at
1-3 L min~" with a DI water solution containing 5x penicillin/
streptomycin (PS). Next, the lungs were perfused with 0.1%
Triton X-100 solution and incubated overnight at 4 °C under
agitation, followed by subsequent washing with DI water
solution. The lungs were then perfused with 2% sodium
deoxycholate and again incubated overnight at 4 °C under
agitation, followed by perfusion with DI water solution. Next,
lungs were perfused with the following solutions and incubated
at room temperature for 1 h each followed by DI water solution:
1 M sodium chloride, 30 pg mL ™' DNAse, and 0.1% peracetic
acid in 4% ethanol to remove all cellular components (Fig. 1a).
Finally, the tissue was mechanically minced and treated again
with DNAse solution at 4 °C overnight, washed via centrifuga-
tion with ultrapure water, and lyophilized to form a powder.*?
Sufficient decellularization was confirmed through quantification
of dsDNA by Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo-
Fisher), analysis of residual DNA fragments by gel electrophoresis,

This journal is © The Royal Society of Chemistry 2020
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and hematoxylin and eosin staining of the decellularized lung
tissue (Fig. S4, ESIt).>

dECM thiolation. To create a clickable, decellularized ECM
(dECM) crosslinker, the free primary amines on the dECM were
converted into thiol moieties using 2-iminothiolane hydro-
chloride (Traut’s reagent; Sigma) (Fig. 1b).>® The primary amine
concentration was measured using a ninhydrin (NHN; Sigma)
assay according to the manufacturer’s protocol. Next, the dECM
was reacted with a 75-molar excess Traut’s reagent to primary
amine concentration with 2 mM ethylenediaminetetraaetic acid
(EDTA; Thermofisher) for 2 h at room temperature. Following
this reaction, the solution was filtered through Zeba Spin
Desalting Columns (7 kg mol ' MWCO, 10 mL; ThermoFisher)
to remove the Traut’s reagent. The final solution was lyophi-
lized and the number of thiol groups that were introduced to
the dECM was quantified using Ellman’s reagent (5,5'-dithio-
bis-(2-nitrobenzoic acid) or DTNB; Sigma) according to manu-
facturer’s protocol.

A Pierce™ Silver Stain Kit (ThermoFisher) was used to quali-
tatively analyze protein size distribution in dECM compared to
thiolated-dECM. Lyophilized dECM and thiolated-dECM were
lysed in RIPA buffer for 1 h on ice and loaded into sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels. After resolving the protein by size, the gels were silver
stained according to the manufacturer’s protocol to visualize
the size (via molecular weight) of dECM proteins, peptides, and
fragments before and after thiolation.”*

2.3. Hydrogel formation

The thiol-functionalized dECM (clickable dECM) and 1,4-dithio-
threitol (DTT; Acros Organics) crosslinkers were reacted with
PEGoMA in a base-catalyzed Michael addition reaction
off-stoichiometry at a 3:8 thiol to oMA ratio. The hydrogel
formulation was optimized by varying the percentage of DTT to
clickable dECM to achieve a desired elastic modulus. The
clickable dECM was dissolved in 15 mM solution of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP; Fisher Scientific)
for 1 h at a 20x molar ratio to the thiol concentration as
determined by the Ellman’s assay. Stock solutions of PEGaMA
(0.4 mg pL™"), DTT (500 mM), and a peptide sequence that
mimics adhesive ligands (0.2 mM; CGRGDS; GL Biochem) were
prepared in 0.3 M, pH 8 4-(2-hydroxyethyl)-1piperazine-
ethanesulfonic acid buffering agent (HEPES; Life Technologies).
A precursor solution was prepared by combining the clickable
dECM, DTT, CGRGDS, and then adding the PEGuMA. Hydrogels
were polymerized by placing 40 pL drops of the precursor solution
between two hydrophobic glass slides treated with SigmaCote
(Sigma). The reaction was allowed to proceed for 1 h at 37 °C.
Hydrogels were equilibrated in PBS at 4 °C, with or without
2.2 mM LAP photo-initiator for 24 h. Hydrogels swollen in LAP
were exposed to light (365 nm light,10 mW cm™?) for 5 min
using an OmniCure Series 2000 UV lamp (Lumen Dynamics) to
create stiff hybrid-hydrogel samples. For cell experiments,
the hydrogel-forming stock solutions were dissolved in sterile
0.3 M, pH 8 HEPES. The precursor solution was made from
the resulting stocks under sterile conditions. Glass coverslips

This journal is © The Royal Society of Chemistry 2020

View Article Online

Journal of Materials Chemistry B

(18 mm; Fisher Scientific) were silanated with (3-aminopropyl)-
trimethoxysilane (Sigma) using a liquid deposition technique.’”
Hydrogel precursors were deposited in 90 pL drops between
hydrophobic glass slides and silanated cover slips for 1 h at
37 °C. Hydrogels were then swollen in complete medium
(DMEM/F12; Gibco) supplemented with 100 U mL ™" penicillin,
100 pg mL " streptomycin, 2.5 pg mL ™" amphotericin B (Life
Technologies), and 10% fetal bovine serum (FBS; Thermo-
Fisher) for 24 h at 37 °C. The medium was formulated with
or without 2.2 mM LAP for stiffening or use as soft hybrid-
hydrogel samples in experiments, respectively.

2.4. Hybrid-Hydrogel characterization

Rheology was used to assess the mechanical properties of
the hydrogels following gelation. Hydrogel samples (height =
300 um; diameter = 8 mm) were loaded onto a Discovery HR2
rheometer (TA Instruments) with an 8 mm parallel plate
geometry and the Peltier plate set at 37 °C. The geometry was
lowered until the instrument read 0.03 N axial force and the gap
distance was noted. The gap distance between the plate and the
geometry was adjusted until the storage modulus measurement (G’)
plateaued and a percent compression of the specific hydrogel
was defined and used thereafter.>® The samples were subjected
to frequency oscillatory strain with a frequency range of 0.1 to
100 rad s~ at 1% strain. The elastic modulus (E) was calcu-
lated using rubber elastic theory, assuming a Poisson’s ratio
of 0.5 for bulk measurements of elastic hydrogel polymer
networks.?"

Hybrid-hydrogel morphology was visualized by scanning
electron microscopy (SEM). Briefly, soft and stiffened hybrid-
hydrogels were frozen in liquid nitrogen and then lyophilized at
—80 °C for 24 h (Freezone 4.5, Labconco, US). Samples were
subsequently sputter-coated with 2 nm platinum/palladium
(80/20) in a Quorum Q150T ES turbo pumped sputter coater
and examined with the secondary electron detector at 1.5 kV in
a Jeol JSM-7800F FEG-SEM.

Distribution of the clickable dECM and the PEG backbone
components within hybrid-hydrogels was visualized via confocal
microscopy. Clickable dECM crosslinker was treated with TCEP
for 1 h as described above. AlexaFluor™ 647 C, Maleimide
(ThermoFisher) at 0.8 mM was added to this solution and
allowed to react for 2 h to conjugate the dye to the thiols on
the crosslinker. Hybrid-hydrogels were polymerized by placing
a 40 pL drop of the precursor solution containing the labeled
dECM crosslinker on a silanated glass slide and allowing the
reaction to proceed for 1 h at 37 °C. The PEG component of
these hybrid-hydrogel samples was visualized through immuno-
staining. Briefly, samples were blocked with 5% bovine serum
albumin (BSA; ThermoFisher) for 1 h. Recombinant anti-PEG
antibody produced in rabbit (ab170969; abcam) was diluted
1:10 in an immunofluorescence (IF) solution containing 3% v/v
BSA with 0.1% v/v Tween 20 (Sigma) in PBS. Samples were
incubated with the primary antibody solution overnight at 4 °C.
After washing three times with IF solution, the hybrid-hydrogels
were incubated with goat-anti-rabbit IgG Alexa Fluor-488 secondary
antibody (1:200 in IF solution, ThermoFisher) overnight at 4 °C.
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Samples were rinsed with PBS three times and imaged on a Zeiss
LSM780 confocal microscope.

2.5. Hydrolytic stability

Hybrid-hydrogels and fully synthetic hydrogels (17 wt%
poly(ethylene glycol)-methacrylate (PEGMA; 10 kg mol ") cross-
linked with 100% DTT) were fabricated, swollen in 2.2 mM LAP,
stiffened by exposure to light (365 nm light,10 mW cm?) for
5 min (OmniCure Series 2000; Lumen Dynamics), and two
assays were performed on each condition every 10 days for up
to 60 days to examine the hydrolytic stability. Rheology was
completed as described above on each sample before the
sample was placed in DI water, lyophilized, and weighed to
record the dry polymer mass.

2.6. Spatial patterning of hybrid-hydrogel modulus

Hydrogels were fabricated as described above for cell experiments
and swollen in DMEM/F12 supplemented with 100 U mL™"
penicillin, 100 pg mL ™' streptomycin, 2.5 pg mL~* amphotericin
B, 1% FBS, 2 mM LAP, and 10 pM methacryloxyethyl thiocarba-
moyl rhodamine B (Polysciences Inc.). Hybrid-hydrogels were
exposed to 365 nm light at 10 mW cm > through a chrome-on-
quartz photomask to spatially pattern defined regions of
increased elastic modulus. Two line patterns were produced
with either 50- or 100-micron width and spacing.

2.7. Primary cell isolation

All animal procedures were performed in an AAALAC-accredited
facility in accordance with the Guide for the Care and Use of
Laboratory Animals®” and approved by the University of Colorado
Denver Institutional Animal Care and Use Committee. Male and
female, 8-12 week-old, dual-transgenic reporter C57BL/6] mice
were bred for this study. Fibroblasts from this GFP-Collal x RFP-
aSMA strain express green fluorescent protein (GFP) or red
fluorescent protein (RFP) transgenes upon the expression of
Collal and aSMA promoters, respectively.”! Wildtype litter-
mates, C57BL/6] mice, 8-12 weeks old, (GFP—, RFP—) which
resulted from the breeding protocol were used for cell viability
experiments.

Cells isolated from enzymatically dispersed whole lung were
sorted using magnetic microbeads conjugated with specific
monoclonal antibodies to purify a PDGFRo-positive fibroblast
population, as follows. At the time of animal sacrifice, the
heart-lung block was collected. The lungs were filled with room
temperature dispase solution (5 U mL™%; Life Technologies)
and allowed to collapse. Next, lungs were inflated through the
trachea with 1% low melt melting point agarose (LMP Ultra-
pure; Life Technologies) and placed in PBS on ice until the
agarose solidified. The lungs were transferred to fresh dispase
solution (5 U mL™") in a 50 mL conical tube and incubated for
45 min at room temperature. Then, the lungs were transferred
to GentleMACS C tubes (Miltenyi Biotec, Inc.) containing 3 mL
of digestion solution: complete DMEM with high glucose
(Life Technologies) supplemented with 100 U mL™" penicillin,
100 pg mL ™" streptomycin, 2.5 pg mL ™" amphotericin B, and
10% FBS with DNAse solution (0.33 U mL~*; Life Technologies).

6818 | J Mater. Chem. B, 2020, 8, 6814-6826
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The lungs were sequentially digested using a GentleMACS
Dissociator (Miltenyi Biotec, Inc.) at 275 rpm for 37 seconds
and 3300 rpm for 38 seconds. Digest solution was filtered using
a 40 um cell strainer, centrifuged at 1500 rpm for 10 min to
remove the supernatant, and the cells were resuspended in
complete medium for counting.

After counting, cells were resuspended in a buffer consisting
of 0.5% bovine serum albumin (BSA) and 2 mM EDTA in PBS
(PEB buffer). 10 pL of magnetic microbeads conjugated to
monoclonal anti-mouse CD31 and to monoclonal anti-mouse
CD45 antibodies (Miltenyi Biotec, Inc.) were added to the
solution for every 10 cells counted to magnetically label the
mature endothelial cells and leukocytes respectively. The
solution was triturated twice to mix and incubated at 4 °C for
15 min. The cells were then washed with PEB buffer, centri-
fuged, and resuspended in 500 pL PEB buffer. Next, magneti-
cally labeled cells in PEB buffer were applied to sorting
columns (LS; Miltenyi Biotec, Inc.) and placed in the magnetic
field of a Quadromacs Separator (Miltenyi Biotec, Inc.) and
allowed to flow through at room temperature until the column
reservoir was empty and the columns were rinsed with 9 mL of
PEB buffer. Cells that passed through the columns in this step
were the CD45—/CD31— fraction, and the CD45+/CD31+ cell
fraction was discarded. The CD45—/CD31— fraction was counted,
centrifuged to remove the supernatant, and resuspended in 90 uL
PEB buffer for every 10” cells counted. 10 L of magnetic micro-
beads conjugated to monoclonal anti-mouse CD140a antibodies
(Miltenyi Biotec, Inc.) were added to the solution for every 107 cells
counted to magnetically label PDGFRa+ fibroblasts. The solution
was triturated twice to mix and incubated at 4 °C for 15 min. This
cell suspension was loaded into a new sorting column, placed
into the magnetic field, and rinsed to remove unlabeled cells.
The column was removed from the magnetic separator and
immediately flushed with 5 mL PEB buffer into a 50 mL conical
tube for collection. This resulting solution contained the desired
cell fraction (CD45—, CD31—, and CD140a+).>®

2.8. Cellular viability

Sorted PDGFRo+ fibroblasts from wildtype C57BL/6] mice,
8-12 weeks old, (GFP—, RFP—) were seeded onto soft and stiff
hybrid-hydrogels (n = 6) at a density of 10 000 cells per cm” and
cultured in complete medium (DMEM/F12 supplemented with
100 U mL ™" penicillin, 100 p mL ™" streptomycin, and 2.5 ug mL ™"
amphotericin B and 10% FBS). Cell-seeded hydrogels were incu-
bated with 10% v/v PrestoBlue™ Cell Viability Reagent (Thermo-
Fisher) in culture medium for 3 h in a humidified incubator
(37 °C, 5% CO,) on days 1, 3, 5, 7, and 9. Three aliquots of
the media containing viability reagent were then transferred to a
96-well plate and read on a plate reader (540 nm excitation,
600 nm emission; Synergy H1 Hybrid Multi Mode Reader;
BioTek). Average fluorescence intensity values for all conditions
at each time point were normalized to the respective readings
acquired on day 1 to calculate normalized metabolic activity.
Sorted PDGFRo+ fibroblasts from wildtype C57BL/6] mice,
8-12 weeks old, (GFP—, RFP—) were seeded onto soft and stiff
hydrogels at a cell density of 10000 cells per cm” and separate
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cell-seeded hydrogels were stained on days 1 and 7 with 1 mM
calcein-AM (ThermoFisher) diluted 1:3000 in media to visua-
lize live cells and 2 pg mL™* molecular probe Hoechst 33342,
Trihydrochloride, Trihydrate (Tocris) to visualize cell nuclei
and incubated for 30 min at 37 °C. The cells were then rinsed
with PBS and imaged. Sorted PDGFRa+ fibroblasts from wild-
type C57BL/6] mice, 8-12 weeks old, (GFP—, RFP—) were also
seeded onto soft hydrogels for stiffening experiments. Photo-
initiator (LAP) was added to the media on day 6. Hydrogels
were stiffened on day 7 by exposure to light (365 nm light,
10 mW cm?) for 5 min and then stained and imaged on day 9
as described above. Cells stained by both calcein-AM and
Hoechst were determined to be alive, while cells only stained
by Hoechst were determined to be dead.>®

2.9. Cellular activation

PDGFRo+ fibroblasts from dual-reporter (GFP-Collal X
RFP-aSMA) mice (8-12 weeks old) were seeded onto soft or stiff
hydrogels at a density of 10000 cells per cm? and cultured in
medium (DMEM/F12 supplemented with 100 U mL ™" penicillin,
100 p mL ™" streptomycin, and 2.5 pg mL~" amphotericin B, and
1% FBS). Cells were intentionally seeded at a relatively low density
to enable single cell analysis without cells reaching confluence.*
All cell-seeded hydrogels were incubated in a humidified incuba-
tor (37 °C, 5% CO,). On day 6, the cell culture medium was
replaced with complete medium containing 2.2 mM LAP photo-
initiator on half of the soft hydrogels. The following day (day 7)
soft and stiff hydrogels (n = 4) were collected for analysis and the
soft hydrogels treated with LAP (n = 4) were stiffened by exposure
to 365 nm light at 10 mW cm ™2 for 5 min, rinsed three times to
remove any residual LAP, and incubated (37 °C, 5% CO,) for two
more days before being collected for analysis on day 9 (Fig. 5a).
This process was repeated for a total of three biological replicates.
All samples were rinsed with PBS, fixed with 4% v/v paraform-
aldehyde (Electron Microscopy Sciences) in PBS for 30 min at
room temperature, and quenched with 100 mM glycine (Sigma) in
PBS for 15 min at room temperature. Following fixation, cells were
rinsed with PBS, permeabilized with 0.2% Triton X-100 for 10 min
at room temperature, and then stained with DAPI (1:10000,
Sigma) for 15 min at room temperature. Finally, samples were
washed with PBS and mounted using Prolong Gold Antifade
reagent (ThermoFisher) to preserve for imaging.

2.10. Spatial control over cellular activation

Sorted PDGFRa+ dual-reporter fibroblasts were seeded onto
spatially patterned (i.e. stiffened) hydrogels (n = 6) at a cell density
of 15000 cells per cm? and cultured in medium supplemented
with 1% FBS. Samples were incubated in a humidified incubator
(37 °C, 5% CO,) for seven days, then collected and prepared for
activation analysis as described above.

2.11. Fluorescence microscopy and image analysis

All microscopy was performed using an upright, epifluorescent
microscope (BX-63, Olympus). Ten fields of view were randomly
selected and imaged on each sample at 10x magnification.
Image analysis for activation experiments was performed using
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Image] software to count cells positive for GFP-Col1lal and/or
RFP-aSMA. These cell counts were divided by the total cell
number acquired by counting DAPI-positive nuclei to calculate
the proportion of GFP-Collal-positive and RFP-aSMA-positive
cells on each sample.

2.12. Statistical analysis

All quantitative hydrogel characterization was performed with a
minimum of n = 3 technical replicates. All in vitro experimental
studies involving cell culture for the evaluation of activation
were performed with n = 4 technical replicates with 3 biological
replicates. Data were presented as mean =+ standard error of the
mean (SEM) or 95% confidence interval as described in each
figure caption. GraphPad Prism 8 Software was used to perform
all statistical analyses. One-way analysis of variance (ANOVA)
with Tukey’s post hoc multiple comparisons tests was done on
each experimental measure with multiple groups for pairwise
comparisons among conditions with a 95% confidence interval.
A 2-tailed Student’s ¢-test was used when comparing fewer than
three groups. P-Values of <0.05 were considered significant
and designated on plots as *<0.05 or **<0.0001. Linear
regression analysis with a 95% confidence interval was com-
pleted to compare trends over time.

3. Results and discussion
3.1. Hybrid-hydrogel characterization

We present a method for synthesizing a clickable dECM cross-
linker that facilitates a dual-stage polymerization reaction
providing dynamic control over matrix mechanical properties
in real time that is hydrolytically stable and can be implemented
in 3D. First, porcine lungs were decellularized® and mechanically
digested into small fragments (Fig. 1a). Next, clickable dECM was
generated by converting the naturally occurring primary amines
on native dECM molecules to thiol moieties using Traut’s reagent
(Fig. 1b). The average primary amine concentration of porcine
dECM was measured to be 0.184 £ 0.0135 umol mg™" by a
Ninhydrin assay. The average thiol concentration, measured by
Ellman’s assay before treatment with Traut’s reagent, was negli-
gible (0.00753 + 0.0273 pmol mg ). Following treatment with
Traut’s reagent, however, this thiol concentration increased
significantly to 0.189 & 0.0117 pmol mg ™", indicating successful
addition of thiols to dECM (P < 0.05, Tukey Test) (Fig. 1c). Traut’s
reagent has been used extensively to thiolate natural polymers
and growth factors,®* but the impact of this reaction on dECM is
not yet well understood. Therefore, we sought to investigate
whether the thiolation process induced degradation of dECM
molecules. As many conventional protein measurement techni-
ques rely on the detection of amines, we performed silver staining
of dECM pre and post-thiolation on SDS-PAGE gels. Silver staining
is a commonly used protein detection technique with high
sensitivity that relies on the binding of silver ions to the negative
side chains of proteins® and thus avoids potential interference
due to thiolation of amine groups. Silver staining of dECM before
thiolation revealed a wide distribution of proteins from > 15 kDa
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Fig. 2 (A) Schematic of the dual-stage polymerization reaction that
combined PEGaMA and the clickable dECM crosslinker with DTT and
CGRGDS to enable spatiotemporal control over stiffening. (B) The elastic
modulus of soft and stiffened hybrid hydrogels decreased with increasing
dECM content ranging from 14 mol% to 25 mol% dECM (n = 4, mean +
SEM). (C) Hybrid hydrogel formulations were adjusted so that soft and
stiffened samples resulted in elastic modulus values within healthy and
pathologic ranges, respectively (n = 4, mean + SEM, *p < 0.05, ANOVA,
Tukey test). (D) Scanning electron micrographs of soft and stiffened hybrid
hydrogels. Scale bars, 25 pm. (E) Representative confocal images of hybrid
hydrogels stained for PEGaMA (green) and dECM (red) show uniform
mixing of the two components throughout the samples. Scale bars, 50 pm.

to some above 250 kDa. In contrast, a loss of high molecular
weight proteins (>250 kDa) and an increase in proteins <15 kDa
was observed following thiolation, indicating that that the treat-
ment likely cleaved a portion of the dECM proteins into clickable
dECM peptides (Fig. 1d).

To demonstrate the utility of this clickable dECM cross-
linker, it was incorporated into a PEGaMA-based stiffening
hybrid-hydrogel system. First, clickable dECM was reacted off-
stoichiometry with DTT and a peptide sequence mimicking a
binding region on the basement membrane protein fibronectin
(CGRGDS) through a thiol-ene Michael addition reaction. This
thiol-ene polymerization was preceded by a “click” orthogonal
step-growth mechanism where one thiol of the clickable dECM,
DTT, or CGRGDS, reacted with one aMA, leading to a homo-
geneous distribution in crosslinks.?® The hybrid-hydrogel was
then dynamically stiffened by sequentially reacting the residual
oMA moieties in the presence of LAP photoinitiator via a
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light-initiated homopolymerization (Fig. 2a). Rheological
measurements were performed to quantify the shear elastic
modulus (G’) of hybrid-hydrogels containing various amounts
of clickable dECM and converted to elastic modulus (E’) using
rubber elasticity theory assuming a Poisson’s ratio of 0.5 for
bulk measurements of elastic hydrogel polymer networks.”'
This assumption has been used extensively to determine the
bulk modulus of PEG-based hydrogels'>®>*® and has been
previously confirmed using atomic force microscopy.®* The
elastic modulus scaled directly with total molar percent of
clickable dECM as expected (Fig. 2b). The final formulation
for the hybrid-hydrogels consisted of 15 wt% PEGoMA and a
molar thiol ratio of 75% DTT to 25% clickable dECM with 1 mM
CGRGDS pendant peptide. The soft hybrid-hydrogel exhibited
an elastic modulus of 3.63 + 0.24 kPa within the range of
healthy lung tissue (1 to 5 kPa)*®*®° (Fig. 2c). Following sequen-
tial crosslinking, stiff hybrid-hydrogels were dynamically stif-
fened to an elastic modulus of 13.35 £ 0.83 kPa, replicating
fibrotic stiffness (>10 kPa)*®*® and demonstrating temporal,
user-defined control over in situ stiffening (Fig. 2¢). The storage
modulus and the equilibrium volumetric swelling ratio of
hydrogels are proportional to the density of crosslinks within
the polymer network.®® The equilibrium volumetric swelling
ratio of the soft hybrid-hydrogels was measured to be approxi-
mately twice that of the stiffened hybrid-hydrogels, indicating
that crosslinking density increased following the stiffening
reaction (Fig. S5, ESIT).

Likewise, scanning electron micrographs showed a loosely
organized morphology within the soft hybrid-hydrogels that
became more highly interconnected upon stiffening (Fig. 2d).
The initial thiol-Michael addition polymerization preceded a
step-growth mechanism where one thiol reacted with one aMA.
This mechanism produced a homogeneous distribution of
PEGuMA and clickable dECM throughout hybrid-hydrogels as
visualized by confocal microscopy (Fig. 2e).

3.2. Hydrolytic stability

Synthetic PEG-based hydrogels have been widely employed to
study the cell-matrix interactions associated with the initiation
of fibrotic disease."**”** [n vitro studies of fibroblast activation
in response to modulus changes in PEG-based biomaterials have
revealed that this differentiation is reversible when high modulus
hydrogels (>15 kPa) are softened (<7 kPa)."' Hydrolysis in
these traditional Michael-addition, thiol-ene biomaterials occurs
preferentially at ester linkages between the polymer backbone
(eg, PEG) and the acrylate or methacrylate (MA) functional
end groups that facilitate polymerization,®® and this leads to
the breakdown of the crosslinking within step or chain growth
networks (Fig. 3a). The presence of an ester bond between the
PEG macromers and functional groups in many of these materials
has resulted in irreversible hydrolytic cleavage that degrades
hydrogel samples completely within 21 days.*® This hydrolysis
limits our ability to model chronic diseases, such as fibrosis, that
develop over long time periods. Therefore, the hybrid-hydrogel
system presented here was designed to withstand hydrolysis over
the long culture periods required to emulate chronic disease by
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Fig. 3 (A) Hydrolysis in traditional PEGMA biomaterials occured prefer-
entially at ester linkages between PEG and the MA functional end groups
leading to cleavage of the polymer network and a decrease in elastic
modulus. (B) The hybrid-hydrogel system was designed to withstand
hydrolysis by conjugating the MA to the PEG backbone on the opposite
side of the carbonyl as a typical MA group. This aMA functional group
allowed hydrolysis to occur by releasing an ethanol molecule and not
degrading the crosslinked polymer network. (C) Linear regression analysis
of the elastic modulus for stiffened PEGaMA hybrid-hydrogels and PEGMA
synthetic hydrogels showed that the elastic modulus of the hybrid-
hydrogel did not significantly decrease over 60 days (m = 0.009,
p = 0.81), while the elastic modulus of the PEGMA hydrogels significantly
decreased (m = —0.265, p < 0.0001). PEGMA hydrogel modulus values fell
below the range considered pathological (>10 kPa) by Day 20 (n = 4,
shaded areas represent 95% confidence intervals). (D) Linear regression
analysis of stiffened PEGaMA hybrid and PEGMA synthetic hydrogels dry
mass measurements over 60 days revealed that the PEGMA hydrogels may
be losing mass at a faster rate than the hybrid-hydrogels (m = —0.576,
p = 0.086 versus m = —0.399, p = 0.421, respectively), however these
trends are not statistically significant.

conjugating the MA to the PEG backbone on the opposite side of
the carbonyl as a typical MA group. This unique placement of the
ester allowed hydrolysis to occur without affecting the crosslinked
polymer network (Fig. 3b).** Additionally, the presence of the
carbonyl group imparted high reactivity during chain-growth
homopolymerization that is lacking for typical vinyl monomers.
Hydrolytic stability of stiffened PEGaMA hybrid-hydrogels was
monitored by measuring bulk mechanical properties and mass
loss over 60 days in culture. These results were compared to
stiffened, fully synthetic PEGMA. The elastic modulus of stiffened
PEGoMA hybrid-hydrogels remained stable over 60 days, with a
slope that was not significantly different from zero (m = 0.009,
p < 0.05, linear regression) (Fig. 3c). The stiffened PEGMA
hydrogel, however, began to degrade after just 10 days in PBS,
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Fig. 4 (A) Metabolic activity results from days 3, 5, 7, and 9 were normalized
to initial readings at day 1 and indicated that both soft and stiff hybrid-
hydrogel substrates supported a significantly increased levels of cellular
viability through day 9. (N = 6, mean £+ SEM, *p < 0.05, ANOVA, Tukey
Test). (B) Representative images of cells stained for Calcein-AM (green) and
Hoechst (blue). Cells positive for green and blue were considered live, while
cells stained for blue only were considered dead. Scale bars, 25 um.

and the elastic modulus of this material decreased below a level
recapitulating fibrotic tissue between day 10 and 20, and decreased
linearly over the course of 60 days (m = —0.265, p < 0.0001)
(Fig. 3a). PEGMA hydrogel mass also decreased at a faster rate
(m = —0.576, p = 0.086, linear regression) than the stiffened
PEGoMA hybrid-hydrogels (m = —0.399, p = 0.421, linear regres-
sion), although these trends are not statistically significant (Fig. 3d).

3.3. Cell viability

To confirm that this new hybrid-hydrogel system was cyto-
compatible, wildtype PDGFRa+ fibroblasts were seeded onto
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soft or stiff samples and metabolic activity was measured
over time using a resazurin-based PrestoBlue™ Cell Viability
assay. Metabolic activity significantly increased over nine days
on both soft and stiff hybrid-hydrogels compared to day 1
(Fig. 4a). This increase in metabolic activity can be attributed
to cellular proliferation over time. Representative images of
cells stained for Calcein-AM (green) and Hoechst (blue) con-
firmed fibroblast viability on soft and stiff hybrid-hydrogels on
days 1 and 7. All cells cultured on soft hybrid-hydrogels were
collected for analysis on day 7, while soft hybrid-hydrogels that
were stiffened on day 7 were collected for viability analysis
on day 9. Results confirmed fibroblast viability through the
dynamic stiffening process. Cells positive for green and blue
were considered live, while cells stained for blue only were
considered dead (Fig. 4b).

3.4. Cell activation

It is well established that both composition and mechanical
properties of ECM are significantly altered during the progres-
sion of fibrosis and that these alterations influence cellular
11123370 peciphering whether composition or
mechanical properties are the major drivers of disease has
remained challenging due to a limited number of experimental
techniques that allow for precise spatiotemporal control over
these parameters. Booth et al. cultured primary human lung
fibroblasts on acellular normal and fibrotic human lung slices
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that had significantly different moduli (1.6 £ 0.08 kPa and
7.3 £ 0.6 kPa, respectively) and observed a significant increase
in the production of «SMA in the cells seeded on the fibrotic
sections compared to cells on normal lung slices.>* While the
use of acellular normal and fibrotic human lung mimics
the in vivo scenario, this system is not readily amenable for
studying the relative contribution of ECM composition and
stiffness. Recently, to overcome this limitation, polyacrylamide
hydrogels of distinct moduli were functionalized with solubi-
lized dECM from control and fibrotic human lungs to decouple
mechanical properties from substrate stiffness. This study
found that substrate stiffness was the dominant factor initiat-
ing activation of fibroblasts, and pericytes cultured on medium
(4.4 £ 0.5 kPa) and high (23.7 £ 2.3 kPa) modulus substrates
replicated transitioning and fibrotic human lung, respectively.*
These cells expressed significantly increased levels of aSMA when
compared to cells cultured on soft hydrogels (1.8 £ 0.5 kPa)
replicating healthy lung tissue.*® These results demonstrated that
changes in aSMA expression and organization were mechano-
sensitive regardless of composition. However, this culture system
does not allow for temporally changing mechanical properties over
time. These systems enabled researchers to elucidate certain
aspects regarding the influence of lung composition and stiffness
on fibroblast activation in a static microenvironment, but the
remaining limitation was that these systems could not be altered
over time to recapitulate disease.

Fig. 5 (A) Schematic depicting the timeline for temporal stiffening during activation experiments. Gray and dark blue bars indicated the culturing time of

dual-reporter fibroblasts on soft and stiff substrates, respectively. Cells were cultured in 1% FBS media for all conditions. The photoinitiator (LAP) was
added to culture media on day 6 for hydrogels to be stiffened, and 365 nm UV light at 10 mW cm~2 (hv) was applied for 5 min at day 7. Pink lines represent
when samples were collected and analyzed. (B) Average proportion of dual-reporter fibroblasts that positively expressed Collal-GFP (green) and
aSMA-RFP (red) for soft, stiff and stiffened conditions (n = 6, mean + SEM). Significantly more cells cultured on stiff and stiffened substrates expressed
Collal-GFP and aSMA-RFP than those cultured on soft substrates. (ANOVA, Tukey Test, **p < 0.0001). (C) Representative images of dual-reporter
fibroblasts on soft and stiff hybrid-hydrogels on day 7 and stiffened hybrid hydrogels on day 9 showed expression of Collal-GFP and aSMA-RFP. Dual-
reporter fibroblasts also demonstrated increased spreading and more spindle-like morphology on the stiff and stiffened hybrid-hydrogels compared to
fibroblasts cultured on soft hybrid-hydrogels. Scale bars, 25 pm.
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The hybrid-hydrogel system engineered and presented in
the current article offers an in vitro system to allow delineation
of the contributions of composition versus mechanical environ-
ment during disease initiation and progression in vitro. The
ability of the hybrid-hydrogel system to provide temporal
control over substrate modulus in the presence of cells permits
the evaluation of the effect of dynamic modulus variation on
primary murine PDGFRa+ dual-reporter fibroblasts. Here, we
used PDGFRat+ dual-reporter fibroblasts to allow real-time
analysis of fibroblast activation (i.e., collal and aSMA trans-
gene expression). PDGFRo+ dual-reporter fibroblasts were
seeded onto soft hybrid-hydrogels, photoinitiator (LAP) was
added to culture media on day 6, and 365 nm UV light at
10 mW cm > (hv) was applied for 5 min at day 7 to stiffen these
substrates. Fibroblast activation on these stiffened samples was
compared to cells cultured on soft or stiff hybrid-hydrogel
controls (Fig. 5a). There was a significant increase in the
expression of myofibroblast transgenes Collal and oSMA,
respectively, when PDGFRo+ dual-reporter fibroblasts were
cultured on stiff (87.2%, 90.3%) and dynamically stiffened
hydrogels (88.6%, 88.9%) compared to soft hydrogels (36.7%,
37.2%) (Fig. 5b, p < 0.0001, ANOVA, Tukey Test). The higher
levels of myofibroblast transgene expression on the stiffened
hydrogels were comparable to those measured in cells cultured
only on stiff hydrogels, and demonstrates that the fibroblasts
were activated in response to in situ stiffening. Representative
images also showed a morphological difference between
PDGFRo+ dual-reporter fibroblasts cultured on the soft sub-
strates (small and rounded) and those grown on the stiff and
stiffened substrates (larger and more spread out; Fig. 5c). This
change in cellular morphology and the presence of ®SMA stress
fibers are hallmarks of the myofibroblast phenotype that have
been attributed to increases in substrate moduli.”**"*””" Similar
responses were observed in primary dual-reporter fibroblasts
cultured on fully synthetic PEGaMA hydrogel controls in response
to the in situ stiffening (Fig. S6, ESIt).

Spatial heterogeneity is another hallmark of fibrotic disease
that is important to replicate in vitro. Gradient stiffness poly-
acrylamide hydrogel substrates with modulus values ranging
from 0.1 to 50 kPa that mimicked the increasing stiffness of
crosslinked fibrotic lesions observed in murine bleomycin models
showed notable transitions in fibroblast morphology compared
to spindle-shaped cells typical of activated myofibroblasts
observed in vivo at higher stiffness levels.'® Additionally, human
lung fibroblasts seeded onto these materials expressed gradual
increases in procollagen I and aSMA along the stiffness gradient,
indicating that the matrix stiffness progressively activated fibro-
blasts. Another group investigated the influence of pattern size on
hepatic stellate cells using UV-induced secondary crosslinking
restricted with a photomask to spatially control mechanical proper-
ties with a modulus range of 2.5 & 0.6 kPa outside the patterns to
15.3 £ 5.7 kPa within the patterns.'® There was an expression of
high levels of ®SMA and type I collagen on stiffer substrates, and
the cells responded based on the local stiffness within the patterns.
However, they remained quiescent on stiff substrates if the feature
size was not sufficient to allow cell spreading.*
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Fig. 6 (A) A chrome on quartz photomask with two line patterns of either
50- or 100-micron width and spacing was placed in close contact with the
hybrid hydrogel surfaces, which were exposed to 365 nm, 10 mW cm~2 at
for 5 min, to spatially pattern defined regions of increased elastic modulus.
(B) Representative images of PDGFRo+ dual reporter cells on both
patterns. (C) Cells expressed significantly higher levels of collal on both
sizes within the stiff regions when compared to cells within the soft
regions. There was an emerging trend of a bigger difference of expression
with the larger spacing. This data is evidence of ability to spatially activate
cells on the hybrid-hydrogel system.

To investigate the influence of the spatial distribution of
increases in matrix stiffness on PDGFRa+ dual-reporter fibro-
blasts over 7 days, patterned hybrid-hydrogels were fabricated
by exposing soft substrates to light through a chrome-on-quartz
photomask comprised of either 50- or 100-micron wide lines
(Fig. 6a). Fibroblasts expressed significantly higher levels of the
collal transgene on both patterns within the stiff regions
compared to the soft regions (Fig. 6b). Trends towards greater
differences in expression were observed for both transgenes
between the soft and stiff regions on the 100 micron pattern,
demonstrating that tuning spatial patterning might impact the
degree of cellular activation (Fig. 6¢). Collectively, these studies
have revealed that the phenotype of PDGFRo+ dual-reporter
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fibroblasts is highly dependent on substrate mechanical
properties, and spatiotemporally stiffening can recreate the
heterogeneous mechanical cues that cells encounter in vivo
during fibrotic disease progression.

4. Conclusion

Here, a hydrolytically stable hybrid-hydrogel stiffening system
with clickable dECM and a phototunable PEG backbone was
synthesized and characterized. These hybrid-hydrogels integrated
complex biologically relevant compositions into biomaterials that
facilitated spatiotemporal control over mechanical properties to
generate a platform for studying the dynamic molecular and
cellular mechanisms underlying fibrosis. The dual-stage polymeri-
zation mechanism provided control over initial elastic modulus
and supported spatiotemporal control over precise increases in
local mechanical properties in situ, recreating the heterogeneous
ECM stiffening that cells encounter in vivo. Using pulmonary
fibrosis as a model of chronic fibrotic disease, we employed this
in vitro system to investigate the response of PDGFRa:+ fibroblasts
from dual-transgenic reporter mice to local matrix stiffening.
Experimental results indicated that fibroblasts cultured on stiff
and temporally stiffened substrates with moduli replicating
diseased tissue exhibited increased activation through the
measurement of Collal and aSMA transgene expression com-
pared to those grown on soft substrates replicating healthy
tissue. A phenotypic transition from quiescent to activated
fibroblasts was initiated by exploiting a sequential crosslinking
reaction scheme in these novel hybrid-hydrogels. In the present
article, clickable dECM provided the complex compositional
properties of healthy lung ECM. However, future experiments
could include clickable dECM derived from fibrotic dECM to
enable the decoupling of fibrotic tissue composition from
mechanics for fundamental studies to probe how fibroblasts
interact with and receive information from the extracellular
microenvironment. This versatile system could also enable the
encapsulation of healthy or fibrotic PDGFRa+ fibroblasts
within 3D hybrid-hydrogels to investigate cellular responses
to dynamic biophysical changes in the extracellular environment
in a more physiologically relevant way. Harnessing independent
and dynamic control over the presentation of biochemical and
biophysical cues to cells cultured within 3D hybrid-hydrogels
could allow future experiments with more control over experi-
mental parameters that will improve our ability to study the
cellular and molecular mechanisms underlying fibrotic disease
initiation and progression.
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