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Abstract

Synthetic hydrogels with well-defined mechanical properties have become invaluable tools for
probing cell response to extracellular cues including matrix stiffness and integrin binding. These
synthetic matrices are often decorated with either proteins or integrin-binding peptides to promote
cell adhesion and to direct or probe cell behavior. For example, both collagen I-functionalized
polyacrylamide and peptide-functionalized poly(ethylene glycol) hydrogels have been
instrumental in elucidating the role of the elasticity or “stiffness’ of the matrix in promoting
fibroblast activation in wound healing and fibrosis. However, the two methods of promoting
integrin binding are not often directly compared in the same system, partly owing to differences in
material designs, despite the potential differences in the way cells interact with whole proteins and
protein mimetic peptides. We hypothesized that such a comparison could provide insight into the
ways integrin binding affects fibroblast activation within commonly utilized /n vitro cell culture
models, and more broadly, to inform the design of materials to modulate fibroblast activation in
studies of wound healing and disease. To enable this comparison, we developed a method to
conjugate whole proteins to step-growth poly(ethylene glycol) (PEG) hydrogels and investigated
fibroblast response to protein-peptide pairs: fibronectin and PHSRN(G)10RGDS or collagen | and
(POG)3POGFOGER(POG),, which are important in matrix remodeling and relevant to fibroblast
activation. With this approach, we observed that human pulmonary fibroblasts adopted a similar
morphology on fibronectin and PHSRN(G)1oRGDS, although with a slight increase in the
percentage of alpha smooth muscle actin (¢ SMA) expressing cells on PHSRN(G)1oRGDS.
Interestingly, we observed that fibroblasts formed activated clusters on the collagen mimic
(POG)3POGFOGER(POG),4 while exhibiting less activation on collagen 1. This cell activation and
clustering is reminiscent of fibroblast foci that are observed in lung fibrosis, suggesting the
relevance of these well-defined polymer-peptide hydrogels for investigating fibrosis and
decoupling biochemical and biophysical cues.
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Introduction

Interactions between cells and their environment are known to play a crucial role in directing
their function and fate in both wound healing and disease. For example, fibroblasts respond
to changes in the extracellular matrix (ECM) during would healing by expressing alpha
smooth muscle actin (¢SMA) to enable contraction and secreting matrix metalloproteinases
(MMPs) and new ECM proteins, including large amounts of collagen I, to remodel and
repair the injured tissue.1=3 This process of fibroblast activation in response to extracellular
cues is mediated by integrins, cell surface protein dimers that interact with both the
cytoskeleton of cells and specific amino acid sequences presented by ECM proteins and
allow cells to sense and respond to the composition* and elasticity (or ‘stiffness’) of their
environment.>8 How matrix composition influences fibroblast activation and persistence in
wound healing and fibrosis remains an outstanding question in the field and is of importance
for the design of approaches to both study and direct these complex processes.

Studies of cell-matrix interactions in well-defined material systems, like synthetic hydrogels,
allow hypothesis testing with control of extracellular cues, such as integrin binding and
material modulus, and probing relevant cell responses. In studies of fibroblast activation,
synthetic hydrogel systems commonly use one of two methods for promoting integrin
binding: the incorporation of whole proteins or integrin binding peptides. Traditionally,
protein-functionalized polyacrylamide and peptide-functionalized poly(ethylene glycol)
(PEG) hydrogels have been used as synthetic mimics of the ECM within in vitro culture
models designed to control extracellular cues like stiffness and integrin binding and studying
fibroblast activation.” Polyacrylamide hydrogels enable precise control of matrix mechanical
properties over a wide range of moduli® and have been instrumental in investigating the
ability of cells to sense and respond to the elasticity or “stiffness’ of their underlying matrix,
910 particularly for studies of fibroblast migration and activation.>1! Sulfo-SANPAH
chemistry, amongst other methods, has been commonly used to attach whole ECM proteins,
most often collagen I, to the surface of polyacrylamide hydrogels,®912:13 for promoting cell
adhesion and integrin binding. For example, using polyacrylamide substrates presenting
immobilized collagen I, matrices of higher stiffness were observed to promote fibroblast
activation and inhibit the expression of anti-fibrogenetic cyclooxygenase-2 (COX-2) and
prostaglandin E, (PGEy), identifying these proteins as important parts of the
mechanotransduction signaling cascade that leads to fibroblast activation.?> While
polyacrylamide-based cell culture systems continue to yield important discoveries, their
translation for use in three-dimensional (3D) culture can be challenging owing to the limited
cytocompatibility of the monomers and polymerization conditions.®

A variety of crosslinking strategies have been used to create PEG hydrogels that are suitable
for both 2D and 3D fibroblast culture applications.14 These include j) PEG-bis-acrylate/
methacrylate for hydrogel formation by chain growth polymerization and /7;) multi-arm PEG
functionalized with thiols and a variety of alkenes, such as vinyl sulfones, norbornenes, and
maleimides, for step growth polymerization.1* Step-growth chemistries are of particular
interest for the rapid formation of hydrogels with MMP-cleavable peptide crosslinks to allow
cells to remodel the resulting 3D culture environment.2>-17 In these systems, integrin-
binding peptides often have been included to promote specific cell-matrix interactions,
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including fibronectin/vitronectin-derived RGDS (binds a/f3 and asp; amongst several
other integrins),1:18.19 collagen-derived (POG)3POGFOGER(POG)4 (a1B1, ap1)?22! and
DGEA (aB1, a3fy),%%223 and laminin-derived IKVAV (laminin receptor).1%24 Fibroblasts
have been shown to respond to variations in receptor-binding peptide composition within
these materials. For example, valvular interstitial cells (a type of cardiac fibroblast) were
observed to activate in response to the VGVAPG peptide derived from elastin.2> These
systems are also increasingly being used to better understand the role of cell culture
geometry in guiding fibroblast activation, for example by comparing fibroblast activation in
2D and 3D cell culture.26 These PEG-peptide hydrogel systems allow the decoupling of
matrix modulus and biochemical content in 2D and 3D culture, with complementarity to the
protein-presenting poly(acrylamide) substrates for 2D culture.

These methods of promoting integrin binding used in these common hydrogel culture
systems for studying fibroblast activation are both useful for deconstructing the effects of
key extracellular cues in cell responses yet have some notable differences. For example,
whole proteins present a variety of integrin binding sites and have secondary structure,
whereas their peptide mimics generally present one integrin binding sequence and often lack
higher ordered structures. Such differences may influence the phenotypes of cells cultured
on these biomaterials; however these two methods for promaoting integrin binding often are
not directly compared in the same culture system, partly owing to differences in materials
design and conjugation chemistries. A direct comparison of these two methods for
promoting integrin binding could inform comparisons of studies conducted in different
material systems and provide insights into the role of integrin binding motifs in promoting
fibroblast activation, with relevance for ultimate translation of new material designs and
therapeutic strategies in wound healing and fibrosis.

To address this, in this work, we aimed to compare fibroblast activation on two commonly
utilized proteins and their peptide mimics: /) fibronectin and PHSRN(G)1oRGDS (PHSRN-
RGDS), where appropriate spacing between RGDS and the PHSRN synergy sequence has
been shown to promote binding to asB; to mimic aspects of fibronectin,2” and /;) collagen |
and (POG)3POGFOGER(POG), (GFOGER), where the triple helical structure imparted by
(POG),, has been shown to promote binding to a1f; and a,f; to mimic aspects of collagen
.28 To enable this comparison, we first established an approach for modifying the surface of
step-growth hydrogels with whole proteins. Specifically, we adapted methods using Sulfo-
SANPAH chemistry commonly employed to functionalize polyacrylamide hydrogels to
modify the surface of step-growth PEG hydrogels that presented amine-functionalized
pendant peptides. Both amine-functionalized pendant peptides and integrin binding peptides
were incorporated into the hydrogel network using photoinitiated thiol-norbornene click
chemistry. With this well-defined system, we examined the phenotype of human pulmonary
fibroblasts on these different synthetic matrices, identifying any differences in cell
attachment, morphology, and activation, including examination of a SMA expression?® and
YAP nuclear localization, which recently has been shown to be a key step in fibroblast
activation.11 With this approach, we observed important differences in fibroblast response to
different substrate compositions, including increased activation on peptide-presenting
materials in comparison to their protein counterparts and the formation of activated cell
clusters on GFOGER-presenting materials. These studies provide insights into the effects of
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integrin binding on fibroblast phenotype, informing the design of materials for modulating
fibroblast function and fate /n vitroand in vivo, and a new approach for the presentation of
whole proteins from step-growth hydrogel culture systems.

2. Methods

PEG-norbornene functionalization:

Functionalization of multi-arm PEG with norbornenes was performed using an established
protocol.30 Briefly, N,N’-Diisopropylcarbodiimide (DIC) (Sigma) was added to a round
bottom flask (5X molar excess relative to the amine functional groups of 8-arm PEG amine).
The flask was purged with argon, and then dichloromethane (DCM) was added by syringe
while stirring to dissolve the DIC (roughly 30 mL DCM to 2 g DIC). Norbornene carboxylic
acid (10X molar excess) (Sigma) was melted anhydrously and transferred by syringe to the
flask containing DIC. 8-arm PEG amine (M, ~ 40 kDa, JenKem) and 4-
(dimethylamino)pyridine (DMAP, 0.5X molar excess) (Alfa Aesar) were added to a separate
round bottom flask that was then purged with argon, and anhydrous DCM was added to
dissolve the PEG and DMAP (roughly 40 mL DCM to 10 g PEG). This polymer solution
was transferred to the flask containing the DIC and norbornene solution, which was purged
with argon and stirred overnight. The functionalized PEG was purified by precipitation in
ice-cold ethyl ether (10X volume) three times with centrifuging between precipitations,
dried at room temperature overnight, resuspended in deionized (DI) water, and purified by
dialysis against DI water at room temperature for approximately 2 days. The purified
polymer was lyophilized and functionality was determined using 1H NMR in D,0 on an
AV400 NMR spectrometer: 400 mHz & 6.15 to 6.0 (m, 16H), 6 3.7 to 3.42 (m, 3636H) and
disappearance of the peak at 6 3.12 to 3.02 (t, 16H) (Figure S1). Typical reactions resulted
in, on average, ~ 85% norbornene functionality per 8-arm PEG.

Peptide synthesis:

Peptides were synthesized by solid phase peptide synthesis using Fmoc chemistry (Protein
Tech Inc PS3, Protein Tech Inc Tribute, or CEM Liberty Blue). All amino acids (APPTec)
were double coupled. Sequences GCRDVPMSIMRGGDRCG, CGGPHSRN(G)19RGDS,
and CGGGK were built on Rink Amide MBHA resin (Novabiochem), and
CG(POG)3POGFOGER(POG)4G was built on H-Rink Amide-Chemmatrix resin (PCAS
Biomatrix). Peptides were cleaved from resin using 95% wi/v trifluoroacetic acid (Fisher
Scientific), 2.5% wi/v triisopropylsilane (Fisher Scientific), and 2.5% w/v DI water. The
peptides were cleaved up to 3 hours, precipitated in in ice-cold ethyl ether three times, dried
at room temperature overnight, resuspended in DI water, and purified using reverse phase
high performance liquid chromatography (HPLC, C18 column, Water:ACN 95:5 to 45:55
over 45 min, Waters). The identity of the peptide sequence was confirmed using electrospray
ionization (ESI) mass spectroscopy (Figures S2-S5).

Lithium Phenyl-2,4,6-trimethylbenzoulphosphinate (LAP) synthesis:

The photoinitiator LAP was synthesized by following a previously published protocol.31
Briefly, dimethyl phenylphosphinate (3 g) (Sigma) and 2,4,6-trimethylbenzoyl (3.2 g)
(Sigma) were added to a dry round bottom flask purged with argon and stirred at room

ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smithmyer et al.

Page 5

temperature overnight. Lithium bromide (6.1 g) (Sigma) was dissolved in 2-butanone (100
mL) (Sigma) and then added to the round bottom flask. The reaction was heated to 50 °C
using an oil bath for 10 minutes. The reaction mixture was cooled over several hours and
subsequently filtered to recover the powder product, which subsequently was desiccated
under vacuum. The identity of the product was verified by 1H NMR in D,0: 400 mHz &
7.59 (m, 2H), 7.44 (m, 1H), 7.36 (m, 2H), 6.78 (s, 2H), 2.12 (s, 3H), and 1.90 (s, 6H).

Hydrogel polymerization:

Hydrogels were formed using thiol-norbornene click chemistry following established
protocols.30 Briefly, a pre-polymerization solution was formed so that the final
concentrations of functional groups were 20 mM of norbornene groups from norbornene
functionalized 8-arm PEG, 14 mM of thiol groups from the crosslinker
GCRDVPMSIMRGGDRCG, and 2 mM of thiol groups from the pendant peptide
(CG(POG)3POGFOGER(POG)4G (GFOGER), CGGPHSRN(G)10RGDS (PHSRN-RGDS),
or CGGGK). In the case of GFOGER, the total thiol concentration was decreased to 14 mM
by decreasing the amount of thiol contributed by the cross-linker to 12 mM to keep the
moduli of the hydrogels consistent among all pendant group compositions. The
photoinitiator LAP (2.2 mM) was used in all formulations.

Molds for hydrogel formation were prepared: 10-mm diameter cylinders were punched out
of 0.15-mm thick rubber gaskets (McMaster-Carr), and these forms then were pressed onto a
Teflon sheet (Protein Technologies, Inc). Glass coverslips (18-mm diameter), for hydrogel
immobilization and ease of handling, were thiolated after flame cleaning by incubation in a
solution of (3-Mercaptopropyl) trimethoxysilane (170 pL, Sigma) and 190 proof ethanol (30
mL, Fisher) for 5 minutes per side. The coverslips were then rinsed with ethanol and
incubated at 80 °C for 15 minutes. The hydrogel precursor solution then was pipetted into
the molds and covered with the thiolated coverslip. The solution was exposed to 10 mW/cm?
at 365 nm for 5 minutes using an Omnicure Series 2000 (Excilitas, Waltham, MA) with a
365 nm filter, light guide, and collimating lens (Exfo; intensity measured with NIST Light
Measurement System from International Light). The resulting hydrogels covalently
immobilized to glass coverslips were swollen in phosphate buffered saline (PBS) with 1%
penicillin/streptomyocin (Life Technologies) and 0.2% fungizone (Thermo Fisher) and
sterilized by exposure to germicidal UV (Spectroline model EF-180) for 15 minutes. For
modulus measurements, hydrogels were polymerized /n situwith an AR-G2 rheometer with
UV light accessory and 8-mm geometry (10 mW/cm? at 365 nm) (TA Instruments;
Omnicure Series 2000, Exfo). During polymerization, shear modulus was measured over
time at a strain of 1% and a frequency of 2 Hz for measurements within the linear
viscoelastic regime. The final modulus (e.g., no measurable change in modulus with
continued irradiation) was generally reached within two minutes of commencing irradiation.
Young’s modulus then was calculated using rubber elasticity theory, adjusting for theoretical
equilibrium swelling.32:33

Protein conjugation:

Whole proteins (rat tail collagen | (BD), fibronectin (Corning), or FITC-labeled collagen)
were conjugated to amines presented by hydrogels containing pendant CGGGK using the
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heterobifunctional linker Sulfo-SANPAH, adapting protocols previously utilized with
polyacrylamide hydrogels.® Specifically, CGGGK-presenting hydrogels were swollen in
PBS overnight and then immersed in a 1-mg/mL solution of Sulfo-SANPAH in HEPES
buffer (pH ~ 8). The hydrogels then were exposed to 10 mW/cm? at 365 nm for 15 minutes
and washed 3X (20-min each) with fresh HEPES buffer. Modified hydrogels then were
covered with either collagen I in HEPES buffer (pH ~ 6) or fibronectin in neutral HEPES
buffer and incubated at 4 °C overnight for covalent immobilization of the respective protein.
The resulting hydrogel substrates subsequently were washed 3X with sterile PBS. For the
encapsulation of fibronectin, protein solution was added to the hydrogel precursor solution
at a concentration of 300 nM.

Characterization of peptide incorporation:

Cell culture:

Fluorescently-labeled model peptide tether (CGRGDS-Ahx-AF488) was synthesized
according to published protocols.3* Briefly, after removal of the Fmoc on the N’-terminus of
the peptide, the resin was transferred from the automated peptide synthesizer to a reaction
vessel and stirred overnight with 1 mg of Alexa Fluor 488 Carboxylic Acid, 2,3,5,6-
Tetrafluorophenyl Ester, 5-isomer (Invitrogen) in 4 mL of DMF and 50 pL of N,N’-
diisopropylethylamine (DIPEA) (Chem-Impex International). The resulting fluorescently-
labeled peptide then was cleaved from resin, purified by HPLC, and analyzed by ESI-MS as
described above.

To create a standard curve for relating hydrogel fluorescence to peptide concentration,
hydrogels (30 uL) with no pendant peptide were polymerized in cylindrical molds (5-mm
diameter) then swollen in standard solutions of fluorescent peptide in PBS (0 mM, 0.2 mM,
1 mM, and 2 mM) on a shaker in the dark overnight. The next day the hydrogels were
moved to new well plates and imaged on a confocal microscope (LSM 810, Zeiss). Each
standard condition was replicated in triplicate.

To measure peptide incorporation, hydrogels were polymerized in cylindrical molds (~5-mm
diameter) with 2 mM fluorescently-labeled peptide included in the pre-polymerization
solution, as done with other pendant peptides. Hydrogels were polymerized (10 mW/cm? at
365 nm for 5 minutes) and swollen in PBS overnight in the dark. The resulting hydrogels
with immobilized peptide tethers were imaged at the same time as the hydrogels swollen
with different concentrations of fluorescently-labeled peptide for the standard curve.
Hydrogels were imaged on an LSM 810 confocal microscope (Zeiss) (n=3). The total
fluorescence intensity of each image was measured using ImageJ. Linear regression was
used to produce a trend line from the standard curve for calculating the concentration of
peptide incorporated into the hydrogel network.

Human pulmonary fibroblasts (CCL151, ATCC) were cultured in Ham’s F12K medium
(Life Technologies) with 10% fetal bovine serum (Invitrogen), 1% penicillin/streptomyocin
(Life Technologies), and 0.2% fungizone (Thermo Fisher). Cells were propagated on tissue
culture plastic, feeding every 2—3 days and passaging at 80% confluency (passage 15 to 18
used in all experiments). Normal Human Lung Fibroblasts (Lonza) were cultured in FGM-2

ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smithmyer et al.

Page 7

medium (Lonza). Cells were propagated on tissue culture plastic, feeding every other day
and passaged at 80% confluency (passage 6 to 8 in all experiments) according to vendor
instructions. Note, while propagation on tissue culture plastic is standard practice, culturing
of fibroblasts on such substrates that are “stiff” relative to native soft tissues is known to
promote some level of fibroblast activation during propagation3°-3¢ that would be present at
the start of each experiment.

Immunostaining:

Imaging:

At time points of interest hydrogels were washed with PBS and then fixed with 4% PFA
(Fisher Scientific) for 15 minutes at room temperature. Fixed samples were washed with
PBS (4X for 5 minutes each) and then blocked with 5% BSA in PBS for one hour while
rocking. If necessary (i.e., for cell studies but not protein-only studies), hydrogel samples
were permeabilized with 0.2% v/v triton-X (Fisher Scientific) for 15 minutes and then
washed in 0.2% (v/v) Tween-20 (Sigma) (4X for 5 minutes each) while rocking. Primary
antibody with 1.5% BSA in PBS (rabbit anti-YAP (Abcam ab52771, 1:200), mouse anti-
alpha smooth muscle actin (Abcam ab7817, 1:50), rabbit anti-collagen (Abcam ab34710,
1:200), or mouse anti-fibronectin (Abcam ab26245, 1:200) was added to blocked samples
and incubated at 4°C overnight. The samples were washed with 0.2% (v/v) Tween-20 (4X
for 5 minutes each) while rocking. The secondary antibody (1:200) (goat anti-rabbit
AlexaFluor 594 (Invitrogen A11012), goat anti-mouse AlexaFluor 488 (Invitrogen A1101),
or goat anti-rabbit AlexaFluor 647 (Invitrogen A21244)) and rhodamine-labeled phalloidin
to label F-actin (5 pg/mL) (Sigma) were added in a 1.5% BSA in PBS solution and
incubated overnight at 4 °C. Hydrogels were washed with PBS (4X for 5 minutes each)
while rocking and incubated with DAPI (Invitrogen) for 5 min. Hydrogels were stored in
PBS at 4 °C protected from light until imaging.

For counting live cells at 24 hours in culture to assess initial cell attachment, samples
without any fixation were stained with Hoescht dye only. Specifically, Hoescht 33258 was
diluted in PBS to a concentration of 5 ug/mL and incubated with live samples at 37 °C for
30 minutes. The Hoescht solution was replaced with warmed PBS, and three hydrogels were
imaged for every condition and three images were taken per hydrogel. Error was calculated
using n=3 hydrogels.

Samples were imaged on either an LSM 810 or LSM META 510 Confocal Microscope
(Zeiss). Images were taken as 100-micron z-stacks with imaging parameters kept consistent
between different conditions. Samples with proteins conjugated to the surface of Sulfo-
SANPAH functionalized hydrogels were imaged on an Axio Observer Al Inverted Epi-
fluorescence Microscope (Zeiss). In all cases, three images or more were taken per replicate
(>100 cells counted per condition), and care was taken to avoid imaging near the edges of
the hydrogels.

Image analysis for cell number and aSMA expression using Fiji:

Confocal z-stacks were converted to maximum intensity projections in Fiji, and then the
channels were split. The nuclei were counted to assess cell number. The 405-nm (DAPI)
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channel subsequently was merged with the 488-nm (aSMA) channel, and the number of
nuclei associated with aSMA was determined to quantify the percentage of cells positive for
aSMA. Error was calculated using n=9 hydrogels for CCL151 studies and n=3 hydrogels
for NHLF studies.

% positive = # of cells positive for aSMA/total nuclei

Image analysis for YAP nuclear localization in Volocity:

YAP nuclear localization was assessed following a modified version of published protocols.
11,37 Briefly, the “Find Objects” function in Volocity (PerkinElmer) was used to find nuclei
and cell bodies (f-actin) in the DAPI (405 nm) and red (594 nm) channels, respectively. The
“Analyze” function then was used to determine the mean fluorescence intensity for YAP in
the far red channel (647 nm). Fluorescence intensity localized to the nucleus vs. the cytosol
(i.e., nuclear YAP vs. cytosolic YAP) was quantified by identifying nuclei as “Population 1,”
cell bodies as “Population 2”7, and subtracting the mean fluorescence for Population 1 from
Population 2 using the “Subtract” function.

Statistical analysis:

Results are reported as mean = standard error with n = 3 for all conditions, where exact
numbers of replicates are noted above for specific experiments. To determine statistical
significance (p < 0.05), a two-tailed t-test was performed using Excel.

3. Results and Discussion

3.1. Approach for incorporation of whole proteins or synthetic integrin-binding peptides
into a step growth hydrogel culture platform

We formed hydrogels using photoinitiated, step growth thiol-ene click chemistry to allow
incorporation of pendant peptides during hydrogel formation and control of matrix modulus,
with relevance for both 2D and 3D cell culture.2%:26 Eight-arm PEG functionalized with
norbornene end groups (PEG-8-NB, M, ~ 40,000 g/mol) was reacted with an MMP-
degradable synthetic peptide presenting pendant thiols (GCRDVPMSIMRGGDRCG) in the
presence of a photoinitiator LAP and light (10 mW/cm? at 365 nm for 5 min) (Figure 1)
(reactive functionality bolded). This thiol-norbornene reaction scheme produced hydrogels
with tunable mechanical properties (Young’s modulus (E) ~ 5 to 25 kPa) relevant for
mimicking soft tissues (e.g., healthy to fibrotic connective tissues such as lung) (Figure 1),
and while not utilized in this work, enables the encapsulation of cells during gel formation
for 3D culture applications.12:33.38-40 We chose to focus our study on fibroblast activation in
2D culture, as most studies conducted in the polyacrylamide-protein system are in two
dimensions, and using a matrix modulus known to promote fibroblast activation ( E ~ 15
kPa) toward elucidating any differences in activation in response to the selected ECM
proteins and their peptide mimics.2>41

Peptides were reacted into the hydrogel during network formation by photoinitiated thiol-
ene click chemistry. Specifically, a cysteine was incorporated into peptide sequences of
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interest to conjugate them into the network as pendant peptides: /) GFOGER sequence
CG(POG)3POGFOGER(POG)4G and /7)) PHSRN-RGDS sequence
CGGPHSRN(G)10RGDS for integrin binding or /7f) CGGGK for subsequent conjugation
with whole proteins as described below. Interestingly, because the GFOGER peptide self
assembles to form triple helices,2921 its inclusion in the pre-polymerization solution was
observed to produce a slight increase the modulus of the final hydrogel; this effect was
counteracted by a slight decrease in the amount of crosslinking peptide within hydrogels
containing GFOGER (Figure S6). With this approach, hydrogels were synthesized with a
consistent modulus of E ~ 15 kPa for all pendant peptide compositions.

We prepared substrates with 2 mM pendant peptide in the hydrogel precursor solution as this
concentration during hydrogel preparation previously had been shown to promote cell
adhesion and response with PEG-based thiol-norbornene hydrogels in both 2D and 3D
culture.23:25.26.33 Tg determine the amount of pendant peptide presented by these materials
after hydrogel formation and swelling, we examined the concentration of a fluorescently-
labeled model pendant peptide (CGRGDS-AF488) incorporated within each hydrogel.
Fluorescence of the resulting hydrogel was compared to that of hydrogels swollen in known
concentrations of fluorescently-labeled peptide: samples were imaged with a confocal
microscope to generate a calibration curve from which the concentration of conjugated
fluorescently-labeled peptide was calculated, following an approach previously reported by
others.23 Using this technique we determined that the concentration of the peptide
immobilized within the hydrogels was approximately 0.25 mM, which is consistent with
literature reports for other photopolymerized thiol-norbornene hydrogels.?3

While many methods exist for incorporating large structural ECM proteins into synthetic
hydrogels, including encapsulation during hydrogel formation or surface conjugation via a
covalent linker, we aimed to use Sulfo-SANPAH conjugation for the functionalization of
hydrogels in this work, with complementarity to the widely used in polyacrlamide-based /n
vitro model systems.%:1342-44 Sy1fo-SANPAH contains two amine reactive functional
groups, an activated ester and a light-sensitive azide, making it well suited as a
heterobifunctional linker for covalent immobilization of amine-containing proteins to amine-
presenting substrates like polyacrylamide. However, hydrogels formed by thiol-ene step
growth polymerization do not inherently present such free amines. Here, we sought to
establish a new approach for immobilization of proteins on the surface of these hydrogels
built upon the success of using Sulfo-SANPAH for modification of polyacrylamide
hydrogels used for 2D culture.

Amine-bearing peptide tethers were incorporated during hydrogel formation by reacting in a
pendant CGGGK sequence. Free amines on the hydrogel surface then were reacted with
Sulfo-SANPAH in the presence of UV light (365 nm at 10 mW/cm? for 15 minutes), making
the hydrogel surface reactive to amine containing proteins, such as collagen | and
fibronectin, through the immobilization of the linker presenting an activated ester. Hydrogels
and protein solution (50 pg/mL collagen | or 132 pg/mL fibronectin, similar concentrations
to those previously used in the literature, as detailed below)>43 were incubated at 4 °C
overnight in the dark for reaction with the activated ester linker. We confirmed consumption
of amines presented from the peptide tethers and respective ECM proteins upon reaction
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with the Sulfo-SANPAH linker using a fluorescence-based assay for assessing total amine
content (fluoraldehyde-OPA) (Figure 2). Additionally, we observed presentation of whole
proteins (fibronectin or collagen 1) from the surface of the hydrogels after conjugation using
immunostaining and epifluorescence microscopy (Figure 2) and did not observe significant
protein loss in wash solutions (Figure S7), suggesting good retention upon immobilization.
Taken together, these data support covalent immobilization of each ECM protein on the
hydrogel surface. This approach provides a step-growth hydrogel analog to polyacrylamide
systems modified with whole proteins for 2D culture applications.

3.2 Protein and peptide concentrations identified for consistent attachment of cells
between compositions

A variety of fibronectin and collagen concentrations have been used in various /in vitro cell
culture models models.53541:45-47 To choose appropriate protein concentrations for
comparison of whole proteins and their peptide mimics, we considered protein
concentrations that had previously been utilized as well as the effect protein concentration
would have on cell density. As a starting point for comparisons, protein concentrations for
collagen I or fibronectin, respectively, first were selected based on those typically used in the
literature for similar hydrogel-based culture substrates that have been used for fibroblast
culture and cell attachment (50 pg/mL collagen I or 132 pug/mL (300 nM) fibronectin).>43
However, cell-cell contact also is a key consideration, particularly in studies of fibroblast
activation: during fibrosis, cell-cell contact and the formation of adherens junctions
increases and have been shown to influence fibroblast activation.#8 Consequently, to limit
the confounding effects of different levels of cell-cell contact, at least initially, protein
concentrations that promoted similar levels of initial cell attachment as their peptide
counterparts where identified. Specifically, cell attachment to protein-functionalized
substrates at 24 hours was compared to cell attachment to their respective peptide mimics
(GFOGER or PHSRN-RGDS, 2 mM in hydrogel formulation, respectively), and protein
concentrations were adjusted for achieving similar seeding densities. Here, human
pulmonary fibroblasts were selected as a model fibroblast cell type.

For collagen- and GFOGER-functionalized substrates, we observed higher levels of cell
adhesion to hydrogels functionalized with collagen I at concentrations previously reported in
the literature, starting with 50 pg/mL,° as compared to hydrogels functionalized with
GFOGER peptide (24 hours in cell culture) (Figure 3). Lower concentrations of collagen
(0.5 to 5 ug/mL) subsequently were investigated, where a concentration of 5 pg/mL collagen
I was observed to yield the same initial cell density as the GFOGER peptide. Consequently,
to keep cell-cell contact initially constant between these protein- and peptide-functionalized
substates, we used the 5 ug/mL collagen | for subsequent comparisons of fibroblast
phenotype on collagen- and GFOGER-functionalized hydrogels.

Similarly, fibronectin was conjugated to hydrogel surfaces as detailed above. At 24 hours,
cell density was compared between fibronectin- and PHSRN-functionalized substrates.
Fewer fibroblasts were present on the fibronectin-functionalized hydrogel surface at this
early timepoint (Figure S8). As the concentration of fibronectin used was already at a high
level in the context of the literature, we hypothesized that the Sulfo-SANPAH conjugation,
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which non-specifically reacts with free amines presented by proteins, may have affected the
structure or presentation of key binding sites on fibronectin or obscured parts of the protein
that promote cell adhesion. To partly test this and ultimately circumvent this issue,
fibronectin at the same concentration (132 pug/mL (300 nM)) was encapsulated, as opposed
to covalently conjugated, within the hydrogel during hydrogel formation, an approach that
had been previously utilized for PEG-based hydrogels in the 2D culture of valvular
fibroblasts.#3 During sample washes, we observed loss of approximately 15% of the
encapsulated protein, likely due to minor burst release or removal of loosely adsorbed
protein upon equilibrium swelling of the hydrogels after formation, suggesting that 85% of
fibronectin from the precursor solution was entrapped and retained in the hydrogel for cell
culture (Figure S7). When comparing initial cell seeding between samples with entrapped
vs. covalently-conjugated protein, we observed that cell attachment increased on hydrogels
containing encapsulated fibronectin in comparison to those with Sulfo-SANPAH-conjugated
fibronectin, despite the fact that the Sulfo-SANPAH condition presumably presented a
higher concentration of fibronectin on the surface of the sample. This result further suggests
that the process of covalently conjugating fibronectin to the hydrogel surface with Sulfo-
SANPAH impacted fibroblast-fibronectin interactions. Initial cell seeding densities on
hydrogels containing encapsulated fibronectin were similar to those on PHSRN-RGDS-
functionalized hydrogels (Figure S9). Consequently, to proceed with comparison of
fibroblast phenotype on fibronectin- and PHSRN-RGDS-functionalized hydrogels,
encapsulated fibronectin was used for all substates in subsequent cell culture experiments.

3.3 Comparison of fibroblast morphology and phenotype on hydrogels functionalized
with whole proteins or integrin binding peptides

Fibroblasts are known to respond to changes in the ECM during would healing by
expressing aSMA to enable contraction and secreting and new ECM proteins, including
large amounts of collagen I, to remodel and repair the injured tissue.13 Further, the
YAP/TAZ signaling pathway, which is involved in a number of cellular processes including
mechanotransduction, recently has been identified as a driver of fibroblast activation, where
increased YAP nuclear localization correlates with increased activation and has been
observed in fibrotic lung tissue.11:3741 To assess fibroblast response to our different protein-
and peptide-functionalized substrates, we thus examined cell morphology (staining for
cytoskeletal protein F-actin) and a SMA and YAP expression as hallmarks of fibroblast
activation (Figure 4). Human pulmonary fibroblasts were seeded on hydrogels presenting
fibronectin, PHSRN-RGDS, collagen I, or GFOGER, respectively. At 72 hours, samples
were fixed and stained to assess activation, where sufficient time was given to observe a
robust cell response to the underlying matrix at both the cellular and protein levels.43:4° Cell
morphology was slightly rounded on hydrogels functionalized with fibronectin and PHSRN-
RGDS, whereas fibroblasts adopted a spread and elongated morphology on collagen I-
functionalized hydrogels and formed star-shaped clusters on GFOGER-functionalized
hydrogels. Additionally, while all complementary protein and peptide samples started at the
same initial cell density (as shown in Figure 3), cell number was roughly three times higher
on the collagen-functionalized hydrogels compared to the other conditions by 72 hours.
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Both fibronectin and PHSRN-RGDS promoted high levels of aSMA expression. However,
statistically more fibroblasts were a SMA positive on PHSRN-RGDS-functionalized
hydrogels (86 = 1.9%) than on fibronectin-functionalized hydrogels (70 + 2.6%) (p < 0.01).
YAP nuclear localization was not statistically different between the two conditions. These
results suggest that, while cells did not appear to spread on these motifs, fibroblasts adhered
and responded to either whole fibronectin or the PHSRN-RGDS peptide mimic, expressing
early markers of myofibroblastic activation like aSMA expression throughout the cell body.
Additionally, while the majority of fibroblasts in both conditions were activated, these
observations suggest that the peptide sequence promoted slightly more activation than the
whole protein at the concentrations probed, potentially owing to its increased targeting of
specific integrins (namely, asB1). These findings correlate to previously published
observations of fibroblasts expressing high levels of a SMA on stiff RGD-containing
hydrogels,>° and the essential role of fibronectin in the development of fibrosis.51:52

Fibroblasts were observed to exhibit both different morphologies and levels activation on
GFOGER-functionalized hydrogels and collagen I-functionalized hydrogels (Figure 4), as
well as different cell numbers by 72 hours while having starting at similar initial cell
densities (Figure 3). Significantly fewer fibroblasts expressed significant levels of aSMA
(18 + 4.6%) on collagen-functionalized hydrogels, despite increased cell-cell contact which
one might expect to be activating,*® as compared to GFOGER-functionalized hydrogels
aSMA (89 + 2%) (p < 0.01). A statistically significant decrease in YAP nuclear localization
also was observed on collagen I-functionalized hydrogels relative to GFOGER (p < 0.05).

These results suggest that, under the conditions probed, fibroblasts activate significantly
more in response to the collagen-mimicking GFOGER peptide than its whole protein
counterpart collagen I. In addition to the observed expression of markers of activation, the
star shaped clusters observed on the GFOGER peptide are reminiscent of fibroblast foci that
are observed in fibrotic disease.>3 To ensure that this interesting response was not cell line
specific, we replicated this experiment with primary normal human lung fibroblasts (Lonza)
and observed similar responses as observed with the banked human pulmonary fibroblasts
(CCL-151) (Figure S10).

The differences observed between GFOGER and collagen I, and to a lesser extent between
PHSRN-RGDS and fibronectin, are useful both for comparing results among models that
use these proteins or peptides to influence cell behavior and for understanding fibroblast
activation in fibrosis. In healthy human lung tissue, fibronectin is present but at lower levels
than laminin or collagen I in the lung epithelium or interstitium, respectively, and often
associated with proteins in the basement membrane or with collagen fibrils.>* After injury,
increasing amounts of fibronectin are produced and accumulate in the provisional matrix
during tissue remodeling. The high levels of fibroblast activation observed in both the
fibronectin and PHSRN-RGDS conditions may be reminiscent of cell response during this
process, where a stiff synthetic matrix rich in fibronectin or PHSRN-RGDS may mimic
aspects of fibronectin accumulation during the progression of lung fibrosis. Indeed,
fibronectin has been observed to be associated with activated fibroblast foci, suggesting that
the protein may contribute to fibroblast activation or persistence.>* Alternatively, collagens,
particularly type IV in the epithelium and type | in the interstitium, are ubiquitous
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throughout the lung, making up 15% of the dry weight of a healthy human lung. During
fibrosis, collagen degradation decreases while collagen synthesis and crosslinking increases,
leading to the accumulation of a stiff and disordered collagen-rich matrix.>* The GFOGER
condition, perhaps by increased targeting of 1, may mimic aspects of this disordered, high-
collagen environment that contributes to fibroblast activation and persistence. To better
understand the differences observed between the collagen and GFOGER conditions, we
conducted a series of experiments to further characterize fibroblast phenotype on these
materials.

3.4 Probing differences in cell response to GFOGER- and collagen-functionalized

hydrogels

To better understand the origin of the clustering behavior observed on GFOGER hydrogels,
we monitored human pulmonary fibroblasts cultured on GFOGER-functionalized hydrogels
over time (at 6, 12, 24, and 72 hours). Fibroblasts initially seeded as individual cells on the
hydrogels and formed clusters over time (Figure 5). Image analysis revealed that the number
of objects in the images decreased over time while cell number remained relatively
consistent (number of nuclei from DAPI staining), suggesting the formation of clusters by
migration of cells initially seeded onto the substrate rather than the proliferation of cells on
the substrate. The resulting clusters are reminiscent of foci in fibrotic tissue.>3

These observations of clustering along with the high levels of a SMA observed for cells on
GFOGER-functionalized matrices may suggest that targeting and increased binding of
specific integrins by the integrin-binding peptide (e.g., asp1 and a1f1) relative to the whole
protein induced more disease-like behavior in pulmonary fibroblasts. Broadly, while
peptides often target a few specific integrins, whole proteins present several different
integrin-binding sequences. Additionally, large portions of proteins are not integrin targeting
yet may affect cell behavior by sequestering cytokines. In particular, the GFOGER peptide is
known to target integrins a,f; and a1p1, whereas collagen | contains sequences known to
bind ayB1, a1f1, asfi, ayPs, as well as many other integrins.>® To understand more
specifically the representation of GFOGER-like sequences within whole collagen for
comparison, we performed a search of such integrin-binding subunits within collagen I.

Specifically, collagen is a polymeric protein made up of alpha 1 and alpha 2 chains, and the
typical collagen | monomer contains two alpha 1 chains and one alpha 2 chain (total
molecular weight of 407 kDa (National Center for Biotechnology Information)). Only the
alpha 1 chain contains the GFOGER sequence (1 per strand; National Center for
Biotechnology Information). Using this information we estimated that hydrogels modified
with 5 ug/mL collagen | contain up to 24.5 nM of the GFOGER sequence. Both the alpha 1
and alpha 2 chains of collagen | contain 9 GFOGER-like GER sequences (GXXGER:
GROGER, GLOGER, GPOGER, GKAGER, GARGER, GGRGER, GASGER, GPAGER),
resulting in 18 GFOGER-like GER sequences per collagen monomer. With this, we
calculated that collagen-functionalized hydrogels contain up to 0.22 uyM GFOGER-like
sequences. Taken together, collagen-functionalized hydrogels were estimated to contain
significantly fewer a,B1 and a1p; integrin targeting sequences relative to GFOGER-
functionalized hydrogels, which contain approximately 0.25 mM of pendant peptide that
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targets a,p; and a1f31. For comparison, we conducted a similar calculation to examine any
differences in asf1-binding sites between the fibronectin and PHSRN-RGDS conditions.
We estimated that 85% of encapsulated fibronectin was retained in the hydrogel (Figure S7),
leading to a concentration of approximately 0.25 uM of entrapped fibronectin within the
hydrogels for fibroblast culture. With one PHSRN-RGDS sequence per fibronectin, the
amount of PHSRN-RGDS presented by the fibronectin-presenting hydrogels would be
roughly three orders of magnitude less than the approximately 0.25 mM of PHSRN-RGDS
sequence presented by the PHSRN-RGDS-functionalized hydrogels.

Collagen deposition is a hallmark of pulmonary fibrosis. Given this physiological context
and our estimated mismatch in GXXGER integrin-binding sequences between peptide
versus protein-functionalized samples we hypothesized that increasing the amount of
collagen I functionalized to the hydrogel, which would increase the number of integrin-
binding sites presented by the whole protein samples, would increase the percentage of
activated fibroblasts. To investigate this, we conjugated higher concentrations of collagen |
to the surface of hydrogels (over two orders of magnitude: 5, 50, and 500 ug/mL) and
compared percentage of aSMA expressing fibroblasts. These condiditions included the 5
ug/mL concentration of collagen I initially tested and GFOGER-functionalized hydrogels
for comparison. Collagen | labeled with AlexaFluor-488 was used during sample preparation
to allow visual confirmation of collagen presentation. The surface of hydrogels that had been
functionalized with Sulfo-SANPAH and incubated with solutions of different concentrations
of fluorescently-labeled collagen I, ranging from 5 to 500 pug/mL, subsequently was imaged
using confocal microscopy and relative fluorescence intensity quantified. Increased
fluorescence was observed with increasing collagen | concentration, indicating that
increased concentrations in collagen | applied to the Sulfo-SANPAH-functionalized
hydrogels resulted in increased collagen | presented on the surface (Figure 6A).

Using this approach, hydrogels were functionalized with different concentrations of
standard, unlabeled collagen | and used to culture fibroblasts (Figure 6B-D). As before,
samples were fixed and stained at 72 hours in culture to assess cell response (F-actin,
aSMA, and DAPI nuclear stain). A trend of increasing a SMA positive cells was observed
with increasing collagen | concentration; however, the differences between conditions were
not statistically signficant. An elongated cell morphology was observed on all collagen
functionalized substrates, with some clusters of cells present on the highest concentration of
collagen I. Cell clustering and the percentage of a SMA cells still were significantly
increased for GFOGER-functionalized substrates in comparison with all collagen |
conditions tested. Note, while samples functionalized with 5 pg/mL collagen I and
GFOGER, respectively, began with a similar cell seeding density, increased number of cells
were observed on all collagen I-functionalized substrates relative to the GFOGER-
functionalized substrate by 72 hours. Decreased proliferation often is commensurate with
increased activation of fibroblasts: for example, in the early stages of wound healing,
fibroblasts migrate to the site of injury and proliferate, and as they transition to more mature
myofibroblasts, proliferation decreases and matrix remodeling increases.3” This transition
that occurs with increased activation could explain the difference in cell number at 72 hours
between all collagen- and GFOGER-functionalized hydrogels.
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These studies suggest that the differences observed in fibroblast phenotype between collagen
I- and GFOGER-functionalized hydrogels may be the result of several differences between
the protein and peptide conditions and not be strictly a concentration effect. Indeed,
significantly lowering the GFOGER concentration (0.1 mM vs. 2 mM GFOGER at hydrogel
formation) did not result in statistically significant decrease in the percentage of aSMA
positive cells (Figure S11). Many differences between the collagen-functionalized hydrogels
and GFOGER-functionalized hydrogels, including but also beyond concentration, could be
contributing to these results as a whole. For example, in addition to the differences between
the concentration of integrin binding sites, the structure of collagen | (e.g., fibrils) on the
surface of these hydrogels likely differs from the structure of the GFOGER sequence.
Further, collagens also sequester growth factors and may serve as local reservoirs for soluble
factors found within serum-containing media or target other integrins. The challenge of
decoupling these many, possibly interacting, factors underscores the need for a better
understanding of the many ways cells and different proteins interact in fibrosis. Well-defined
hydrogel systems that allow us to mimic aspects of whole proteins with combinations of
peptides and polymers (e.g., matrix integrin-binding, mechanical properties) for hypothesis
testing may be useful tools for conducting these studies. For such future studies, the
activating-nature of the GFOGER sequence may prove useful for probing aspects of
fibroblast activation and persistence in fibrotic disease, or more broadly, as a handle for
modulating activation in the context of other extracellular cues (e.g., matrix integrin-binding,
modulus, structure). By intentionally choosing a controlled integrin binding technique, as
done here, or by controlling the biophysical properties of the matrix, the complexity of the
ECM can be deconstructed toward elucidating the role of these extracellular cues in
directing cell functions and fate with relevance for the design of therapeutic interventions.

3. Conclusions

In this work, we introduced a method for conjugating whole proteins to hydrogels that had
been polymerized by a step growth thiol-ene reaction for controlled cell culture applications.
We used this technique to compare the activation of human pulmonary fibroblasts on whole
proteins important in wound healing (collagen I and fibronectin) and their peptide mimics
(GFOGER and PHSRN-RGDS). We found that fibronectin and PHSRN-RGDS induced
similar cell morphologies, and PHSRN-RGDS promoted a slight yet statistically significant
increase in the percentage of cells expressing a SMA. Interestingly, we found that collagen |
induced a more elongated fibroblast morphology and fewer fibroblasts expressing aSMA
than GFOGER. On GFOGER, activated clusters of fibroblasts were observed to form over
time, reminiscent of fibroblast foci and suggesting the potential a role for a,p1 and a1f1 in
the progression of fibrosis for future investigations. These findings highlight the need for
well-defined hydrogel systems for examining the effects of integrin binding on cell behavior,
where the complexity of matrix structure, mechanical properties, and biochemical content
can be decoupled. By understanding how the concentration, identity, and presentation of
integrin binding sites contained in a synthetic matrix affect fibroblast activation, it is
possible to better design materials that mimic aspects of /in vivo conditions toward
understanding and directing wound healing and fibrotic disease.
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Figure 1. Synthetic matrix design for comparing cell response to hydrogels that were — formed
by step growth polymerization and functionalized with proteins and integrin-binding peptides.

A) Eight-arm PEG-norbornene was reacted with a di-thiol MMP-degradable peptide
(GCRDVYPMSV{MRGGDRCG) in the presence of LAP and 365 nm light to form a step-
growth hydrogel network. This mechanism of network formation allows the incorporation of
different thiol-presenting peptide sequences for promoting cell binding or presenting of
amines for subsequent immobilization of whole ECM proteins, as summarized in the table.
B) Using a fluorescently-labeled model peptide (CGRGDS-AF488), the concentration of
pendant peptide incorporated into the hydrogel network was observed to be approximately
0.25 mM at equilibrium swelling. C) By altering the weight percent of total monomer in the
system (1:1 NB:SH), various moduli can be achieved. For all cell culture studies, the
composition of 20 mM NB was selected as it results in a matrix modulus known to promote
fibroblast activation, specifically E ~ 15 kPa, allowing examination of any differences in
activation in response to the selected ECM proteins and their peptide mimics.
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Figure 2. Functionalization of hydrogels with whole ECM proteins.
Collagen I and fibronectin were conjugated to the surface of step-growth hydrogels using

Sulfo-SANPAH chemistry. For both proteins, a semi-quantitative fluorescence based assay
was used to assess the consumption of amines upon conjugation, and separately, presentation
of the protein on the surface of hydrogels was qualitatively assessed by microscopy. First, to
assess consumption of amines upon reaction with Sulfo-SANPAH, fluoraldehyde-OPA
solution was added to whole protein solution, amine-functionalized polymerized hydrogel,
hydrogel and whole protein solution, and hydrogel and whole protein solution that was
treated with Sulfo-SANPAH. Fluoraldehyde-OPA reacts with free primary amines to create a
fluorescent product, such that fluorescence correlates directly with amine concentration in
the sample. For both A) collagen | (graph) and B) fibronectin (graph), we observed a
decrease in fluorescence when Sulfo-SANPAH was used to conjugate each respective whole
proteins to the surface of the PEG hydrogels, indicating that primary amines had been
consumed in the conjugation reaction (* p < 0.05). Further, immunofluorescent labeling was
used to visualize protein on the surface of the hydrogels. A) Collagen | (left image) and B)
fibronectin (left image) were observed on the surface of Sulfo-SANPAH treated hydrogels
using immunostaining and epifluorescence microscopy, whereas little background was
observed upon staining of control samples where hydrogels had been incubated with the
respective protein without Sulfo-SANPAH conjugation (right images).
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Figure 3. Examination of different substrate compositions for achieving uniform cell attachment
between collagen | and GFOGER.

A) Human pulmonary fibroblasts were seeded on hydrogels functionalized with 50 pg/mL
collagen | or GFOGER peptide, and initial cell attachment assessed (24 hours), staining cell
nuclei (Hoescht, blue) and counting number of cells per field of view. Cell attachment to
hydrogels containing 50 pg/mL collagen | was observed to be higher than attachment to
hydrogels containing the GFOGER peptide (*p<0.05). B) To identify a collagen
concentration that resulted in uniform initial cell-cell contact on protein- and peptide-
functionalized substrates, cells were seeded on hydrogels functionalized with a range of
collagen I concentrations (0.05 pg/mL to 5 pg/mL). A collagen | concentraiton of 5 ug/mL
was identified to produce the most similar cell attachment to that observed with GFOGER.
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Figure 4. Fibroblast activation on protein- and peptide-functionalized hydrogels.
A) Human pulmonary fibroblasts were cultured on hydrogels functionalized with

fibronectin, PHSRN-RGDS, collagen I, or GFOGER. Cell morphology and activation were
assessed 72 hours after seeding immunostaining (F-actin (red), aSMA (green), YAP (pink),
and DAPI for nuclei (blue)). B) Significantly more aSMA positive fibroblasts were
observed on GFOGER- and PHSRN-RGDS-functionalized hydrogels relative to substrates
functionalized with their whole-protein counterparts of collagen and fibronectin,
respectively (*p<0.01). C) YAP nuclear localization was determined by measuring
fluorescence intensity in the nuclei (nuclear YAP) and dividing it by fluorescence intensity
in the cytoplasm (cytosolic YAP), where YAP localization is correlated with fibroblast
activation. Fibroblasts cultured on collagen I-functionalized hydrogels displayed
significantly less YAP nuclear localization than fibroblasts cultured on GFOGER-
functionalized hydrogels or fibronectin-functionalized hydrogels (*p < 0.05). Taken
together, these data suggest increased activation of fibroblasts on peptide-functionalized
substrates, with significantly increased activation on GFOGER- relative to collagen I-
functionalized substrates.
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Figure 5. Fibroblasts form clusters over time on GFOGER-functionalized hydrogels.
A) Human pulmonary fibroblasts (CCL151) were cultured on GFOGER-functionalized

hydrogels and fixed and stained with DAPI and for F-actin at both early and later time points
to assess initial seeding and subsequent cell response to the synthetic matrix. Qualitatively,
cells were observed to form star-shaped clusters over time reminiscent of activated foci that
form during lung fibrosis. To more quantitatively assess this, the number of nuclei and the
number of objects (individual or clustered cell bodies) were counted. B) The total number of
cells attached to the substrates was relatively consistent over the time course, with ~ 80 cells
per field of view initially and ~ 60 cells per field of view by day 3. C) In contrast, the
number of objects steadily decreased with time, ~ 20 to ~ 5 per field of view, supporting the
formation of clusters of cells and indicative of activation. Number of objects statistically
decreased from earlier timepoints at both 24 and 72 hours (* p<0.05).
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Figure 6. Effects of collagen concentration on fibroblast activation.
Hydrogels were functionalized with different concentrations of collagen I (5 to 500 pg/mL

fluorescently-labeled collagen 1) using Sulfo-SANPAH chemistry. A) where increased
fluorescence intensity on hydrogel surfaces was observed with increasing concentrations of
collagen using confocal microscopy (* p < 0.01). Fibroblasts were seeded on hydrogels with
different concentrations of standard (not labeled) collagen and cell response compared to
GFOFER-functionalized hydrogels (F-actin (red), aSMA, (green) and with DAPI nuclear
stain): B) the percentage of a SMA postive cells per image C) the number of cells per image,
and D) representative images. A trend of increasing a SMA positive cells was observed with
increasing collagen | concentration; however, the differences between conditions were not
statistically signficant, and all collagen conditions were different from GFOGER-
functionalized substrates (* p < 0.01).
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