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Abstract—Idiopathic pulmonary fibrosis is a chronic disease
characterized by progressive lung scarring that inhibits gas
exchange. Evidence suggests fibroblast-matrix interactions
are a prominent driver of disease. However, available
preclinical models limit our ability to study these interac-
tions. We present a technique for synthesizing phototunable
poly(ethylene glycol) (PEG)-based hybrid-hydrogels com-
prising healthy or fibrotic decellularized extracellular matrix
(dECM) to decouple mechanical properties from composi-
tion and elucidate their roles in fibroblast activation. Here,
we engineered and characterized phototunable hybrid-hy-
drogels using molecular techniques such as ninhydrin and
Ellman’s assays to assess dECM functionalization, and
parallel-plate rheology to measure hydrogel mechanical
properties. These biomaterials were employed to investigate
the activation of fibroblasts from dual-transgenic Col1a1-
GFP and aSMA-RFP reporter mice in response to changes
in composition and mechanical properties. We show that
reacting functionalized dECM from healthy or bleomycin-
injured mouse lungs with PEG alpha-methacrylate (aMA) in
an off-stoichiometry Michael-addition reaction created soft
hydrogels mimicking a healthy lung elastic modulus (4.99 ±
0.98 kPa). Photoinitiated stiffening increased the material
modulus to fibrotic values (11.48 ± 1.80 kPa). Percent
activation of primary murine fibroblasts expressing Col1a1
and aSMA increased by approximately 40% following
dynamic stiffening of both healthy and bleomycin hybrid-
hydrogels. There were no significant differences between
fibroblast activation on stiffened healthy versus stiffened

bleomycin-injured hybrid-hydrogels. Phototunable hybrid-
hydrogels provide an important platform for probing cell-
matrix interactions and developing a deeper understanding of
fibrotic activation in pulmonary fibrosis. Our results suggest
that mechanical properties are a more significant contributor
to fibroblast activation than biochemical composition within
the scope of the hybrid-hydrogel platform evaluated in this
study.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic
lung disease characterized by excessive proliferation of
fibroblasts,15 pathological extracellular matrix (ECM)
deposition and remodeling,18 increased tissue stiffness,
impaired gas exchange, and ultimately respiratory
failure.32,44 Preclinical models of IPF3,6,34 have been
invaluable in uncovering potential drivers of disease
progression,16,22 identifying biomarkers for improved
diagnosis,46 and discovering new therapeutics.22,38,43,45

Rodents treated with a single dose of bleomycin, for
example, display symptoms reminiscent of pulmonary
fibrosis, including parenchymal inflammation, epithe-
lial cell injury, increased fibroblast activation and dif-
ferentiation, and ECM remodeling, which peak two to
three weeks after injury.9 Time-resolved analysis of the
lung proteome revealed that 154 matrisome proteins
were significantly changed after administration of
bleomycin, indicating substantial biochemical changes
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accompany the biomechanical alterations, i.e., tissue
stiffening observed in fibrotic lung injury.37 This
combination of altered ECM composition and
mechanics has been indicated as a key driver of
pathological gene expression in fibroblasts.12,14,28

However, less is known about how composition and
mechanics independently regulate fibroblast activation.
Here, we present a strategy for engineering hybrid-
hydrogels with a phototunable poly(ethylene glycol)
backbone containing healthy or bleomycin-injured
(fibrotic) murine decellularized ECM (dECM) in a way
that decouples biochemical composition from
mechanics to study fibroblast-matrix interactions
in vitro.

Techniques in lung decellularization have gained
traction alongside a growing interest in accurately
modeling the composition and mechanical properties
of the extracellular environment of fibrotic lung tis-
sue.4,7 For example, Booth et al.measured the Young’s
modulus of healthy and IPF human lungs before and
after decellularization. Prior to decellularization the
elastic modulus of healthy lung tissue was measured to
be 1.96 ± 0.13 kPa with a wide range of values
reported from 0.5 up to 9 kPa. Fibrotic lung tissue
prior to decellularization exhibited an elastic modulus
that was significantly higher 16.52 ± 2.25 kPa with an
even wider range of measurement values (0.5 to ~ 100
kPa).5 These results corresponded to many previous
studies, which report elastic moduli ranges as healthy
(1–5 kPa) and fibrotic (> 10 kPa) with significant
heterogeneity.8,19,21 Following decellularization, the
elastic modulus of both healthy and IPF lungs
decreased as did the difference between the two.5 Using
decellularized precision-cut lung slices, Parker et al.
showed that diseased ECM, not fibroblasts from IPF
lungs, was the primary modulator of pathologic gene
expression.28 Several studies have generated dECM--
derived hydrogels to preserve the complex biochemical
milieu of native tissue.8,30,35 For instance, de Hilster
et al. developed dECM hydrogels from control and
diseased human lungs that replicated trends in
mechanical properties, e.g., increased stiffness for
IPF-derived dECM hydrogels, but did not fully
reproduce the values of mechanical properties mea-
sured for healthy or diseased lung tissue.8 Several
strategies have been employed to overcome this limi-
tation, including photoinitated crosslinking of dECM
proteins,27 coating of poly(acrylamide) hydrogels with
varying elastic modulus values with healthy and dis-
eased dECM,36 and even incorporating dECM into
hybrid-hydrogels that enable user-controlled stiffening
of the cellular microenvironment.29

User-controlled dynamic stiffening has been
achieved through a variety of dual-stage polymeriza-
tion hydrogel systems.1 Dual-stage polymerization of-

ten proceeds via a click reaction mechanism, such as a
thiol-Michael addition. This reaction occurs with high
specificity under mild reaction conditions and is fol-
lowed by a user-controlled mechanism, such as a
photoinitiated secondary reaction to manipulate
hydrogel mechanics. For example, Gillette et al. em-
ployed a collagen-alginate composite hydrogel to in-
crease or decrease stiffness of the microenvironment
when divalent cations were added to or removed from
the system, respectively.11 Furthermore, Rosales et al.
developed a dual-polymerization system capable of
dynamically switching hydrogel modulus values
through a combination of photopolymerization and
photodegradation.33 More recently, Petrou et al.
engineered a hybrid-hydrogel dual-stage polymeriza-
tion model that combined a phototunable poly(-
ethylene glycol)-alpha methacrylate (PEGaMA)
synthetic backbone with porcine lung dECM, demon-
strating that dynamically stiffening the hydrogel
resulted in significant increases in fibroblast activa-
tion.29

Here, we build on this work by presenting a strategy
that incorporates both healthy and bleomycin-injured
(fibrotic) dECM within a dual-stage photopolymer-
ization system. This new hydrogel offers precise con-
trol of both the mechanical properties and biochemical
composition of the cellular microenvironment. To
accomplish this, healthy and bleomycin-treated murine
pulmonary tissue were decellularized following estab-
lished guidelines7 and dECM solubility and free-amine
content were tailored for incorporation into hybrid-
hydrogels. Hydrogel formulations reproducibly repli-
cated elastic moduli of healthy and fibrotic tissues,
before and after stiffening respectively. Evaluation of
fibroblasts cultured on these surfaces revealed that
matrix stiffness was a more significant contributor to
activation to the myofibroblast phenotype as measured
by alpha-smooth muscle actin (aSMA) and collagen
1a1 (Col 1a1) expression than dECM composition.
This new biomaterial system will enable future studies
of cell-matrix interactions in pulmonary fibrosis and
improve our ability to understand, prevent, and treat
IPF.

METHODS

PEGaMA Synthesis and Characterization

PEGaMA was synthesized as previously
described.29 Briefly, poly(ethylene glycol)-hydroxyl
(PEG-OH; 8-arm; 10 kg mol�1; JenKem Technology)
was lyophilized. Next, PEG-OH (5 g, 0.004 mol of
hydroxyls) was dissolved in anhydrous tetrahydrofu-
ran (THF; Sigma) in a flame-dried Schlenk flask under
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moisture-free conditions. Anhydrous sodium hydride
(0.38 g, 0.015 mol) was added to the flask and reacted
with PEG-OH at room temperature for 45 min. Ethyl
2-(bromomethyl)acrylate (3.68 mL, 0.026 mol) (EBr-
MA; Ambeed, Inc.) was injected dropwise into the
Schlenk flask and the reaction proceeded in a light-
protected environment for 48 h. The reaction was
neutralized with 1 N acetic acid and filtered through
Celite 545 soaked with THF in a medium glass-fritted
funnel. The filtrate was concentrated with rotary
evaporation at 45 �C and precipitated into diethyl
ether (Sigma Aldrich) overnight at 4 �C. The resulting
polymer was dialyzed (1 kg mol�1 MWCO, Repligen)
against 3.5 L of deionized water with a total of four
changes over 72 h at room temperature and lyophilized
to obtain a white solid product (yield: 64%). PEGaMA
functionalization and purity were verified using 1H
NMR. 1H NMR spectrum was recorded on a Bruker
DPX-400 FT NMR spectrometer (300 MHz). Chemi-
cal shifts for protons (1H) were recorded in parts per
million (ppm) relative to a residual solvent. 1H NMR
(300 MHz, CDCl3): d (ppm) 1.36 (t, 3H, CH3–), 3.71
(s, 114H, PEG CH2–CH2), 4.29 (t, s, 4H, –CH2–C(O)–
O–O, –O–CH2–C(=CH2)–), 5.93 (q, 1H, –C=CH2),
6.34 (q, 1H, –C=CH2). End group functionalization
of the final PEGaMA polymer was greater than 96%
(Fig. S1). Only PEGaMA with functionalization over
95% by comparison of the aMA vinyl end group to the
PEG backbone was used in subsequent experiments.

Bleomycin Injury Model

All animal procedures were performed in an AAA-
LAC-accredited facility in accordance with the Guide
for the Care and Use of Laboratory Animals26 and ap-
proved by the University of Colorado Denver Institu-
tional Animal Care and Use Committee. Dual-
transgenic reporter mice (C57BL/6J.aSMA-RFP.Co-
l1a1-GFP) aged 8–12 weeks, male and female, were bred
for this study from single-transgenic reporter parents.
Fibroblasts from this strain express green fluorescent
protein (GFP) under control of the promoter Col1a1
and red fluorescent protein (RFP) under control of the
promoter aSMA. Wildtype littermates were used for
experiments that did not require reporter cells, such as
collection of healthy lungs for decellularization.

Bleomycin (MWI Veterinary Supply) was adminis-
tered intratracheally to male and female C57BL/6J
mice aged 8–9 weeks to initiate development of pul-
monary fibrosis.25,31 Mice were anesthetized with 3%
isoflurane and instilled with 3 U kg�1 bleomycin in 50
lL phosphate-buffered saline (PBS; Cytiva) directly
into the trachea.25 Mice were maintained for 21 days
post-bleomycin administration before harvest, as de-
scribed below.

Lung Function Assessment

Lung function at 21-days post-bleomycin adminis-
tration was assessed as previously described.40 Briefly,
mice were anesthetized with ketamine/xylazine/ace-
promazine (100/8/2.5 mg kg�1), the trachea was can-
nulated with a blunted 18-gauge thin-walled needle,
and the cannula was attached to a flexiVent FX small
animal ventilator (SCIREQ, Montreal, PQ, Canada).
Mice were then administered pancuronium bromide
(0.8 mg kg�1) to induce paralysis and prevent spon-
taneous breathing efforts. After a 10 min equilibration
period (tidal volume (Vt) = 10 mL kg�1, positive end
expiratory pressure (PEEP) = 3 cmH2O, and respira-
tory rate (RR) = 150 breaths min�1) a lung function
assessment was conducted. First, a recruitment
maneuver was applied and a stepwise pressure-volume
loop was recorded to determine quasi-static compli-
ance (Cst, the slope of the quasi-static points at 5
cmH2O on the expiratory limb) and inspiratory
capacity (IC, the volume delivered from 0 to 30
cmH2O). Multi-frequency forced oscillation measure-
ments were then conducted at PEEP = 9, 6, 3, and 0
cmH2O. At each PEEP, a recruitment maneuver was
applied and then four 3 s forced oscillations were
recorded at 10 s intervals. We report the average
elastance (H), calculated by fitting the constant phase
model to impedance spectra, for each PEEP. Finally, a
7 min period of ventilation at PEEP = 0 cmH2O was
recorded to assess alveolar stability (derecruitment),
followed by a 2nd stepwise PV loop. Forced oscillation
data are shown in the supplement (Fig. S1).

Murine Lung Decellularization

Murine lungs were harvested from healthy (between
8 and 12 weeks of age) or bleomycin-injured (between
11 and 15 weeks of age) male and female mice and
decellularized using a previously established protocol.4

Briefly, animals were euthanized via CO2 overdose and
a cannula was inserted into the trachea. Pulmonary
vasculature was cleared of blood by injection of PBS
into the right ventricle. The cannulated heart-lung
block was excised from the thoracic cavity and
sequentially perfused through both the trachea and the
right ventricle with a series of solutions and incubation
periods: Triton X-100 (0.1%; 6 mL; Fisher BioR-
eagents) for 24 h at 4 �C, sodium deoxycholate (SDC;
2%; 6 mL; Fisher BioReagents) for 24 h at 4 �C, so-
dium chloride (1 N; 6 mL; Chem Impex) for 1 h at
room temperature, and DNase (12 U mL�1; 6 mL;
Epicentre) for 1 h at room temperature. Each perfu-
sion and incubation step was followed by a wash step
with deionized water (DI water; 20 mL; 100 U mL�1

penicillin; 100 lg mL�1 streptomycin).

BIOMEDICAL
ENGINEERING 
SOCIETY

Hybrid-Hydrogels to Study Pulmonary Fibrosis 507



Confirmation of Decellularization

Tissue decellularization was confirmed through nu-
clear staining and DNA quantification. One decellu-
larized scaffold was used for nuclear assessment and
three were used for DNA extraction. A PBS-perfused
lung was used as a non-decellularized control in all
experiments. Completeness of decellularization was
assessed by staining for cell nuclei with 4¢,6-diamidino-
2-phenylindole (DAPI), visualization of DNA deple-
tion on an agarose gel, and quantification of residual
dsDNA. DNA was extracted from three decellularized
scaffolds and one non-decellularized control lung tis-
sue using a tissue DNA extraction kit (QIAGEN). The
total concentration of remaining DNA in decellular-
ized scaffolds was quantified using a Quant-iT Pico-
Green dsDNA Assay Kit (ThermoFisher) according to
the manufacturer’s instructions. Additionally, equiva-
lent amounts of tissue dry weight (in mg) were dis-
solved in 100 lL of PBS and loaded as 30 lL samples
per lane onto a 0.8% agarose gel containing Gel Red
(Biotium). The gel was run for approximately 75 min
at 110 V in a tris borate buffer to assess the size of
remaining DNA fragments.

Mechanical and Enzymatic Digestion of dECM

Following decellularization, lung lobes were dis-
sected from the heart-lung block, homogenized in 10
mL DI water (gentleMACS Dissociator, Miltenyi
Biotec, Inc.), and lyophilized. Total time required for
enzymatic digestion of healthy and bleomycin-injured
dECM was determined by exposing dECM to pepsin
(320 U mg�1 tissue; Sigma) in 0.1 N HCl (pH adjusted
to 1.5) for 0, 4, 12, 24, and 36 h, followed by neu-
tralization with 0.1 N NaOH.23 Digested dECM was
centrifuged (3500 rpm, 10 min; Sorvall Legend Micro
17 Microcentrifuge, Thermo Scientific) and the super-
natant fluid was ultrasonicated (5 min; 100% ampli-
tude; 10 s frequency; FisherbrandTM Model 705 Sonic
Dismembrator) before being flash-frozen for
lyophilization.

Lyophilized samples from each time point were
evaluated for protein content, amine content, and
protein molecular weight distribution. Protein content
was measured using a bicinchoninic acid assay (Pierce
BCA Protein Assay Kit, Thermo Scientific) following
manufacturer’s instructions. Amine content was eval-
uated via ninhydin assay (Sigma-Aldrich) following the
manufacturer’s protocol. Protein molecular weight
distribution was quantified using a QuickStain Protein
Labeling Kit (Amersham) to evaluate samples run
using SDS-PAGE electrophoresis on 4–20% Mini-
PROTEAN TGX Precast Protein Gels for approxi-
mately 120 min at 100 V in a tris borate buffer, per the

manufacturer’s protocol. All subsequent experiments
were performed using dECM digested for 36 h as de-
scribed above.

dECM Functionalization and Characterization

As previously described, dECM was functionalized
by converting free amines to thiol that can participate
in a thiol-ene Michael addition reaction with
PEGaMA.29 Briefly, Traut’s reagent (2-iminothiolane
hydrochloride, Sigma) was dissolved at 3 mg mL�1 in
PBS with 3 mM ethylenediaminetetraacetic acid
(EDTA, Sigma). dECM samples were dissolved in
Traut’s reagent solution and incubated for 1 h at room
temperature. The molar excess of Traut’s reagent
required to minimize amine content following thiola-
tion was identified by measuring amine content at 5,
10, 25, 50, 75 and 100 molar excess Traut’s reagent.
Thiolated dECM was purified by dialysis (100–500 g
mol�1 MWCO, Repligen) and lyophilized to obtain
pure thiolated dECM. Thiolation was confirmed with
ninhydrin and Ellman’s assay (Sigma-Aldrich) per-
formed according to the manufacturer’s protocol.
Based on the results of these analyses, 75 molar excess
Traut’s reagent was selected for subsequent dECM
thiolation.

Hydrogel Synthesis

PEGaMA was reacted with the crosslinkers 1,4-
dithiothretiol (DTT; Sigma-Aldrich) and thiolated
dECM in a base-catalyzed thiol-ene Michael addition
reaction at a 3:8 thiol to aMA off-stoichiometric ratio,
which was maintained by using the thiol concentra-
tions measured through Ellman’s assays in the hydro-
gel formulation calculations. The hydrogel
formulation was determined by varying the molar ratio
(mol%) between healthy murine dECM and DTT to
achieve the desired elastic modulus. First, dECM (0.5
mg lL�1) was reacted with 250 mM Tris(2-car-
boxyethyl)phosphine (TCEP, Sigma) (40 molar excess
to thiol groups on the dECM as measured by Ellman’s
assay) for 45 min at room temperature to obtain the
maximum thiolation. Stock solutions of DTT (250
mM), CGRGDS peptide (75 mM), and PEGaMA (0.4
mg lL�1) were prepared in 0.3 M, pH 8 4-(2-hydrox-
yethyl)-1piperazineethanesulfonic acid buffering agent
(HEPES; Life Technologies). Precursor solution con-
sisting of dECM, DTT, CGRGDS (2 mM), and then
18.5 wt% of PEGaMA was added. A 40-lL drop of
hydrogel precursor solution was placed between two
hydrophobic parafilm-covered glass slides and allowed
to polymerize for 45 min at 37 �C for rheology
experiments. Hydrogels were equilibrated in PBS
overnight with phenyl-2,4,6-trimethylbenzoylphosphi-
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nate photoinitiator (LAP; 2.2 mM; Sigma-Aldrich).
After equilibration, hydrogels were exposed to 365 nm
ultraviolet light at 10 mW cm�2 for 5 min to initiate
secondary homopolymerization of remaining excess
aMA moieties (Lumen Dynamics OmniCure Series
2000 UV lamp). For cell activation experiments, 40 lL
of hydrogel precursor was placed between a Sigma-
cote-treated glass microscopy slide and a silanated
cover slip [(3-aminopropyl)-trimethoxysilane; 12 mm].
Hydrogels polymerized via thiol-ene Micheal addition
at 37 �C for 45 min. All cell activation experiments
were carried out under aseptic conditions. 2D Hybrid-
hydrogel samples were then placed in 24-well non-tis-
sue culture treated plates (Greiner BioOne) and equi-
librated in sterile PBS overnight prior to experiments.
Secondary homopolymerization of excess aMA func-
tional groups was initiated by exposing hydrogels to
UV light, stiffening hydrogels for fibrotic activation
experiments.

Hybrid-Hydrogel Characterization

Mechanics of the hydrogels were evaluated via
rheology, following initial thiol-ene Michael addition
polymerization and a secondary homopolymerization
of aMA groups. Hydrogels (height = 300 lm; diam-
eter = 8 mm) were mechanically tested using a Dis-
covery HR2 rheometer (TA Instruments) with an 8
mm parallel plate geometry. The geometry was low-
ered until the rheometer registered a 0.03 N axial force.
Storage modulus (G¢) plateau was determined by
measuring storage modulus under hydrogel compres-
sion in increments of 10% compression.24 Hydrogel
samples underwent a frequency oscillation with loga-
rithmic sweep of frequencies between 1 and 100 rad s�1

at 1% strain. Elastic modulus (E) was calculated by
assuming that hydrogels exhibited incompressible
bulk-elastic characteristics with Poisson’s ratio of
0.5.29

Primary Cell Isolation

Fibroblasts were isolated from lungs of dual-trans-
genic reporter mice (C57BL/6J.aSMA-RFP.Col1a1-
GFP) aged 8–12 weeks old, both male and female.
Following euthanasia, the right ventricle was perfused
with PBS and then 1 mL of enzyme solution (5 U
mL�1 dispase and 2 mg mL�1 collagenase 1 in PBS;
Life Technologies) was instilled into the lungs through
the trachea. Next, lungs were inflated with 0.3 mL
warm low melting point agarose (LMP Ultra-pure;
Life Technologies) through the trachea. The heart-lung
block was placed under ice until the agarose solidified.
The heart-lung block was excised, individual lobes
were dissected away from the heart and trachea, and

transferred into the same enzyme solution in a gen-
tleMACS C tube (Miltenyi Biotec, Inc). Lung lobes
were incubated for 20 min at 37� with rotation before
dissociation using a gentleMACS Dissociator (Mil-
tenyi Biotec, Inc.) at 275 rpm for 37 s followed by 3300
rpm for 38 s. The enzymatically and mechanically
dispersed lung tissue was sequentially filtered through
70-micron and 40-micron cell strainers. Cells were
counted and re-suspended in a buffer containing 0.5%
bovine serum albumin (BSA; Sigma) and 2 mM EDTA
in PBS (PEB buffer). For every 107 cells, 10 lL each of
magnetic microbeads conjugated to anti-mouse CD31
(Miltenyi Biotec, Inc.; CD31 MicroBeads; mouse;
Catalog Number: 130-097-418) and CD45 (Miltenyi
Biotec, Inc.; CD45 MicroBeads; mouse; Catalog
Number: 130-052-301) were added to the cell suspen-
sion, incubated at 4 �C for 15 min, and passed through
LS magnetic columns (Miltenyi Biotec, Inc.) in a
Quadromacs Separator (Miltenyi Biotec, Inc.) to ex-
clude CD31+/CD45+ cell populations. Positive selec-
tion for fibroblasts was performed with magnetic
microbeads conjugated to anti-mouse CD140a
(PDGFRa) (Miltenyi Biotec, Inc.; CD140a (PDGFRa)
MicroBead Kit; mouse; Catalog Number: 130-101-
502) using the same columns.

Fibroblast Activation

PDGFRa+ fibroblasts from dual-reporter (C57BL/
6J.aSMA-RFP.Col1a1-GFP) mice (8–12 weeks old)
were cultured on 2D hybrid-hydrogels (N = 6) to
evaluate fibroblast activation. Cells were seeded di-
rectly onto soft hydrogels at 20,000 cells cm�2 fol-
lowing isolation and cultured in growth medium
(DMEM/F12 with 100 U mL�1 penicillin, 100 U mL�1

streptomycin, 2.5 lg mL�1 amphotericin B, and 10%
FBS) at 37 �C; 5% CO2. The next day medium was
changed to experimental medium (DMEM/F12 with
100 U mL�1 penicillin, 100 U mL�1 streptomycin, 2.5
lg mL�1 amphotericin B, and 1% FBS). On day 6
following cell seeding, cell culture medium was re-
placed on half of the soft hydrogel samples with
medium containing 2.2 mM LAP photoinitiator. The
next day (day 7), the soft hydrogels treated with LAP
were stiffened by exposure to ultraviolet light (365 nm
at 10 mW cm�2) for 5 min. Samples were rinsed to
remove residual photoinitiator and incubated in com-
plete medium for two additional days. All samples
were collected for analysis on day 9 of culture and
processed at room temperature. Samples were rinsed
with PBS and fixed with 4% v/v paraformaldehyde
(Electron Microscopy Sciences) in PBS for 20 min.
After fixation, samples were rinsed with 100 mM gly-
cine (Sigma) in PBS for 15 min. Nuclei were stained
with Hoechst (1:200 dilution in deionized water; Sig-
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ma) for 15 min. Samples were washed with deionized
water and mounted with Prolong Gold Antifade
(ThermoFisher).

Microscopy was performed on an upright epifluo-
rescent microscope (BX-63; Olympus). Six fields of
view were randomly selected and imaged on each
sample at 920 magnification, at constant exposure
time between groups. Image analysis was performed by
counting cells positive for Col1a1-GFP and/or aSMA-
RFP and normalizing to the total number of cells by
counting DAPI-positive nuclei. The proportion of cells
positive for each reporter was documented.

Fluorescence Microscopy and Image Analysis

Fluorescence microscopy was performed using an
upright, epifluorescent microscope (BX-63, Olympus).
Six fields of view were randomly selected and imaged
on each sample at 920 magnification maintaining the
same imaging settings, including exposure time across
all samples. Image analysis for activation experiments
was performed using ImageJ software (NIH) to count
cells positive for GFP-Col1a1 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-Col1a1-positive and RFP-
aSMA-positive cells on each sample.

ImageJ software was also used to quantify total
fluorescence intensity of GFP-Col1a1 and/or RFP-
aSMA positive fibroblasts, per field of view. Grayscale
intensity of each image was recorded using the Mea-
sure function. The intensity of each individual image
was divided by total cell count for that field of view.
These values were averaged to calculate the mean
average intensity per cell for each sample type. Finally,
the mean intensity for each sample type was normal-
ized to the mean intensity for the healthy, soft samples.

Statistics

All quantitative decellularization confirmation and
hydrogel characterization experiments were performed
with a minimum of N = 3 technical replicates.
Hydrogel characterization experiments and in vitro
experiments were represented by a minimum of N = 4
biological replicates. All dECM material was sourced
from populations containing equal numbers of male
and female mice. Lungs from at least four mice were
pooled for each dECM replicate. Unless otherwise
stated, data were presented as mean ± standard error
of the mean (SEM). GraphPad Prism 9 Software was
used to perform all graphing and statistical analyses.
Two-way analysis of variance (ANOVA) with Tukey’s
post hoc multiple comparison tests was performed on
each measure with multiple groups being compared

over time. A 2-tailed Student’s t-test was used when
comparing fewer than three groups where the data
followed normal distribution and featured equal vari-
ance. Elastance measurements from the lung function
assessment did not meet these criteria, so a Welch’s t-
test was performed on data with unequal variance
between groups (PEEP 9) and a Mann–Whitney test
on data with a non-normal distribution (PEEP 0, 3, 6).
p values of < 0.05 were considered significant.

RESULTS

Bleomycin Injury Model and Murine Lung
Decellularization

In this work, we report a strategy for incorporating
healthy and bleomycin-injured murine dECM into a
phototunable hydrogel system for investigating cellular
responses to mechanical and biochemical changes to
the microenvironment. Healthy and bleomycin-injured
mouse lungs were decellularized, homogenized, di-
gested, and lyophilized (Fig. 1a). Lung function mea-
surements confirmed bleomycin-induced fibrosis as
measured by decreases in both inspiratory capacity
(from 0.90 ± 0.05 to 0.62 ± 0.09 mL; Fig. 1b) and
quasi-static compliance (from 0.08 ± 0.01 to 0.05 ±

0.01 mL cmH2O
�1; Fig. 1c), indicating that bleomycin-

treated mice exhibited smaller and stiffer lungs. In
support of this, lung elastance (stiffness) measured
with forced oscillations was increased at high PEEP
(Fig. S3) where the connective tissue network plays the
strongest role.10,17,23 Next, decellularization for both
healthy and bleomycin-injured lungs was confirmed by
staining for cell nuclei (Fig. 1d), measuring the con-
centration of remaining DNA (Fig. 1e), and evaluating
the size of remaining DNA fragments (Fig. S2). The
lack of cell nuclei observed through DAPI staining and
fluorescent microscopy, total average dsDNA con-
centrations below 50 ng mg�1 for both healthy (16.23
± 2.28 ng mg�1) and bleomycin-injured (25.49 ± 5.32
ng mg�1) lungs, and no detectable bands for DNA
fragments in the size range of 100–25,000 base pairs all
indicated complete decellularization according to
guidelines established by Crapo et al.7

Enzymatic Digestion of dECM

Digestion of dECM from healthy and bleomycin-
injured murine lungs was monitored over time by
measuring total soluble protein concentration, total
free amine concentration, and protein fragment size.
The total protein concentration quantified by BCA
protein assay of both healthy and bleomycin-injured
lung dECM increased between initial measurements
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and 4 h of pepsin digestion, then remained near
approximately 660 lg mL�1 for healthy and 800 lg
mL�1 for bleomycin-injured for all subsequent time
points (Fig. 2a). These results indicate that 4 h pepsin
digestion was sufficient to solubilize dECM proteins.
Total free amine concentration, an indicator of how
many peptide bonds have been cleaved by pepsin over
time, showed an increasing trend from 0.35 to 0.45
lmol mg�1 for healthy and 0.32 to 0.39 lmol mg�1 for
bleomycin-injured over 36 h (Fig. 2b). There was a
statistically significant difference (p < 0.05) between
free amine concentrations measured at 24 and 36 h.
These data demonstrate that peptide bond cleavage
occurred throughout the digestion process. Qualitative
evaluation of protein fragment sizes showed that sol-
uble protein was initially undetectable due to the low
solubility of undigested dECM. Prominent bands
appeared between 50 and 75 kDa and near 25 kDa for
both healthy (Fig. 2c) and bleomycin-injured (Fig. 2d)
dECM after 4 h treatment with pepsin. These bands
remained visible but decreased slightly in intensity
between 12 and 36 h in healthy. In bleomycin, band

intensity for all lanes peaked at 24 h and decreased
slightly at 36 h. Taken together with the results from
total free amine concentration measurements, these
results indicated that even though cleavage of peptide
bonds continued over 36 h, there were still relatively
large protein fragments present in the soluble fraction
of the dECM solution for functionalization and
incorporation into hybrid-hydrogels.

dECM Functionalization and Characterization

dECM was functionalized to transform it into a
crosslinker capable of undergoing a thiol-ene Michael
addition reaction. Naturally occurring free primary
amines on the dECM were converted into thiols using
Traut’s reagent. First, healthy and bleomycin-injured
murine dECM samples were treated with 5–100 molar
excess Traut’s reagent to identify the amount of re-
agent required to fully convert primary amines to thi-
ols. The average concentration of primary amines as
measured by ninhydrin assay decreased for both
healthy and bleomycin-injured samples as the molar

BIOMEDICAL
ENGINEERING 
SOCIETY

Intact Decellularized

H
ea

lth
y

B
le

om
yc

in

(b) (c)

(a)

(d) Hea
lth

y

Bleo
myc

in 
0

10

20

30

40

50

C
on

ce
nt

ra
tio

n 
of

 d
sD

N
A 

(n
g 

m
g-1

) Complete
DecellularizationIntact Decellularized g-1

) De

PBS Bleomycin
0.0

0.5

1.0

1.5

Treatment

IC
 (m

l)

p=0.04

PBS Bleomycin
0.00

0.02

0.04

0.06

0.08

0.10

Treatment

C
st

 (m
l c

m
H

2O
-1
)

p=0.03

(e)

FIGURE 1. (a) Schematic representing the lung decellularization process for both healthy and bleomycin-injured lungs. Lungs
were sequentially perfused with detergents, salts, and enzymes before being enzymatically digested and lyophilized. (b) A
significant decrease in (b) inspiratory capacity and (c) quasi-static compliance was measured in bleomycin-injured lungs versus
controls, indicating reduced air volume in lung due to fibrotic tissue accumulation (N = 5–8; Student’s t-test). (d) Representative
fluorescent microscopy images of cell nuclei (blue; DAPI) before and after decellularization showed nearly complete removal of
cells in healthy and bleomycin-injured mouse lung samples (N = 3, Scale bar 200 lm). (e) Quantification of dsDNA concentration
demonstrated decellularized scaffolds containing average dsDNA amounts that were significantly below the threshold for
complete decellularization (N = 3).
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excess of Traut’s reagent increased and plateaued at 75
molar excess (Fig. 3a). Average primary amine con-
centrations of healthy (0.40 ± 0.03 lmol mg�1) and
bleomycin-injured (0.27 ± 0.01 lmol mg�1) dECM
decreased significantly following treatment with
Traut’s reagent to 0.02 ± 0.004 lmol mg�1 and 0.01 ±

0.001 lmol mg�1, respectively. Following reaction with
Traut’s reagent, thiol concentrations increased signifi-
cantly from 0.007 ± 0.001 to 0.278 ± 0.002 lmol mg�1

for healthy and from 0.006 ± 0.001 to 0.177 ± 0.001
lmol mg�1 for bleomycin-injured (p< 0.0001, Tukey
Test), indicating successful conversion of dECM ami-
nes to thiols (Fig. 3b).

Hybrid-Hydrogel Synthesis and Characterization

Hybrid-hydrogels containing either healthy or
bleomycin-injured (fibrotic) dECM within a dual-stage
photopolymerization system were designed to repro-
duce the mechanical properties of healthy and fibrotic
lung tissue. First, an off-stoichiometry (3:8 thiols to -
enes), base-catalyzed Michael addition reaction

between DTT or thiolated dECM and aMA end
groups produced a soft hydrogel. Then stiffening was
accomplished via a homopolymerization of PEGaMA
in the presence of LAP photoinitiator and 365 nm UV
light (Fig. 4a). Functionalized dECM from healthy
lung tissue was crosslinked with 18.5 wt% PEGaMA
via base-catalyzed thiol-ene Michael addition at vari-
ous dECM to DTT molar ratios to select a hydrogel
formulation exhibiting elastic modulus values for both
soft and stiffened in ranges that corresponded to
healthy (1–5 kPa) and fibrotic lung tissue (> 10 kPa)
(Fig. 4b).8,19,21 Elastic moduli decreased with increased
dECM content. Hydrogels containing 5% and 10%
dECM exhibited initial elastic modulus values above
10 kPa, while the 20% and 25% dECM formulations
displayed stiffened modulus values below 5 kPa. Only
the 15% dECM hydrogel formulations displayed a soft
modulus of 5.1 ± 0.59 kPa replicating healthy pul-
monary tissues and stiffened modulus of 10.6 ± 0.78
kPa recapitulating fibrotic tissue. Hybrid-hydrogels
fabricated with functionalized dECM from bleomycin-
injured pulmonary tissue were crosslinked with 18.5
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wt% PEGaMA and 15% dECM, resulting in similar
soft (4.9 ± 0.35) and stiffened (12.0 ± 0.58) mechanics
that were not significantly different from the healthy
hybrid-hydrogel formulation (Fig. 4c).

Fibroblast Activation

Fibroblasts were cultured on hybrid-hydrogels and
assessed for expression of Col1a1 and aSMA pro-
moters, characteristic of fibroblast activation,13,41 via
fluorescent microscopy. The percentage of cells
expressing Col1a1 increased from 38.6 ± 3.1% on
healthy, soft hydrogels to 77.8 ± 2.5% on healthy,
stiffened hydrogels and from 40.4 ± 3.1% on bleo-

mycin-injured, soft hydrogels to 77 ± 2.6% on bleo-
mycin-injured, stiffened hydrogels (Fig. 5b). Similarly,
percentages of cells expressing aSMA increased with
stiffening from 30.2 ± 2.6 to 76.5 ± 2.5% for healthy
hybrid-hydrogels and from 32.0 ± 2.8 to 75.5 ± 2.7%
for bleomycin-treated hybrid-hydrogels (Fig. 5b). Sta-
tistical differences were observed between soft and
stiffened conditions (p< 0.001, 2-way ANOVA, Tukey
Test); however, no statistical differences were evident
between compositions. Additional analysis of the
average intensity of each reporter per cell revealed that
the healthy stiffened condition displayed an increase of
39.1% for Col1a1 and 46% for aSMA while the
bleomycin-treated stiffened condition increased by
65.5% for Col1a1 and 75.9% for aSMA relative to the
healthy soft condition (Fig. 5c). Statistical differences
in average intensity per cell were measured between
soft and stiffened (p< 0.05, 2-way ANOVA, Tukey
Test), but not between healthy stiffened and bleomycin
stiffened conditions (p = 0.25, 2-way ANOVA, Tukey
Test). While no statistical differences were measured, a
trend toward increasing intensity was observed when
comparing bleomycin stiffened hydrogels to healthy
stiffened hydrogels. Taken together, these data indicate
the impact of substrate stiffness on fibroblast activa-
tion is greater than the influence of matrix composition
on this hybrid-hydrogel platform.

DISCUSSION

Here, we describe engineering a model that enables
researchers to decouple matrix mechanical properties
from biochemical cues and explore cell-matrix inter-
actions in vitro. Previous research from our group
presented a strategy for incorporating healthy dECM
into a dual-stage polymerizable hydrogel. These
materials provided dynamic control over the extracel-
lular mechanical environment and showed that stiff-
ening increased activation of fibroblasts cultured on
the hybrid-hydrogels.29 In this manuscript, we build on
that work by incorporating dECM derived from a
murine model of bleomycin-induced pulmonary fibro-
sis to isolate and interrogate the effects of ECM
composition as well as substrate mechanics (stiffness)
on fibroblast activation. Findings from this study
support that substrate stiffness induced significantly
higher levels of fibroblast activation than biochemical
changes in the dECM.

First, the efficacy of bleomycin injury and decellu-
larization methodologies were confirmed. Bleomycin
was administered as a single-dose intratracheal instil-
lation 3 weeks prior to harvest, allowing for deposition
and remodeling of the ECM.37 A multi-dose regimen
was not necessary for this study, because ECM ele-
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FIGURE 3. (a) Healthy and bleomycin-injured murine lung
dECM was treated with excess Traut’s reagent ranging from 5
to 100 molar excess to identify the quantity required to
completely convert primary amines to thiols, i.e., significantly
reduce primary amine content following thiolation (N = 12).
Reduction in primary amine content plateaued at 75 molar
excess. (b) Amine and thiol content of healthy and bleomycin-
injured murine lung dECM was evaluated before and after
thiolation via ninhydrin and Ellman’s assay, respectively (N =
12, ANOVA, Tukey Test). Statistically significant decreases in
primary amine concentration and corresponding increases in
thiol concentrations demonstrated successful
functionalization for both healthy and bleomycin-injured
dECM.
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ments were captured and processed prior to resolution
of fibrosis.31 Invasive lung function measurements40

demonstrated that bleomycin had been correctly in-
stilled and fibrosis-induced changes in lung mechanical
function were achieved, reflected by decreased lung
capacity (Fig. 1b) and quasi-static compliance
(Fig. 1c). Furthermore, while a significant increase in
lung elastance was found at PEEP = 9, elastance also
trended higher at PEEP = 6, 3, and 0 (Fig. S3). A
more prominent change in lung function at high air-
way pressures is not unexpected because the connective
tissue network plays a more substantial role at higher
lung volumes, while low-volume alveolar microme-
chanics are primarily governed by alveolar shape
change, septal folding, and surfactant effects.17 Taken
together, these results indicated that stiffening due to
fibrotic remodeling had occurred within bleomycin-
injured lungs. Additionally, decellularization of both
healthy and bleomycin-treated pulmonary tissue was
confirmed following previously established criteria.7 In
accordance with Crapo et al., decellularized lungs were
devoid of nuclear staining (Fig. 1d) and dsDNA frag-
ments were below the threshold of 50 ng mg�1, at 16.23
and 25.49 ng mg�1, for healthy and bleomycin-injured,
respectively (Fig. 1e).

Synthesizing hybrid-hydrogels containing dECM
required that extracellular protein fragments be solu-
bilized prior to functionalization. The relatively large
ECM fragments obtained following decellularization
remained poorly soluble even after robust mechanical
digestion. Therefore, experiments were performed to
determine a sufficient duration of enzymatic digestion

of dECM with pepsin to ensure solubility. Pepsin from
porcine gastric mucosa has been used in the digestion
of decellularized pulmonary tissue from human8,42 and
porcine30 lungs, but has not been described for murine
lung tissue. Digestion times varied from 24 to 72 h and
significantly impacted solubility, protein fragmenta-
tion, and bulk mechanics of hydrogels made from these
materials.30 Here, dECM from healthy and bleomycin-
injured mouse lungs was digested for 36 h. Protein
concentration (Fig. 2a), amine content (Fig. 2b), and
protein fragment size (Figs. 2c, 2d) were measured at 0,
4, 12, 24, and 36 h. Protein concentration plateaued
after 4 h of enzymatic digestion for both healthy and
bleomycin-injured dECM. However, free-amine con-
tent continued to increase up to 36 h of digestion,
maximizing the potential amine-to-thiol conversion,
and thus available functional moieties for crosslinking.
Staining of dECM protein fragments separated by
SDS-PAGE revealed relatively large protein frage-
ments between 25 and 75 kDa remained, even follow-
ing 36 h of pepsin digestion. Monomeric fibrillar
collagens exhibit molecular weights between 250 and
300 kDa,30,39 indicating that pepsin fragmented ECM
collagens, but that these were not all further reduced in
size with digestion time. Based on these results, 36 h
duration of enzymatic pepsin digestion for both heal-
thy and bleomycin-treated tissue was selected to max-
imize available protein concentration, free-amine
content, and maintain consistent digestion protocols
across dECM conditions.
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Development of the hybrid-hydrogel formulation
followed several distinct steps: (1) Identification of
a sufficient amount of Traut’s reagent to maximize
thiolation of dECM amines; (2) Selection of the PE-
GaMA weight percentage and DTT to dECM molar
ratio necessary to emulate mechanics of healthy tissue
during the initial base-catalyzed polymerization and
fibrotic tissue following photoinitiated stiffening using
healthy dECM; and (3) replication of the hybrid-hy-
drogel formulation with bleomycin-injured dECM.
Residual amine content was minimized after thiolation
with a 75-molar excess of Traut’s reagent (Fig. 3a).
Moreover, thiol concentrations post-thiolation were
observed to be between 0.10 and 0.3 lmol mg�1

(Fig. 3b), aligning with previous studies in which thiol
concentration of thiolated porcine lung was observed
to be about 0.2 lmol mg�1.29 After thiolation, 18.5
wt% PEGaMA was chosen to bring the initial
hydrogel elastic modulus within range of healthy lung
stiffness (1–5 kPa), while several dECM to DTT ratios

were evaluated to enable photoinitiated stiffening to
fibrotic levels (> 10 kPa) (Fig. 4b).8,19,21 A final hy-
brid-hydrogel formulation containing 15% dECM
with 85% DTT resulted in modulus values that met
these criteria in the soft (5.11 ± 0.86 kPa) and stiffened
states (11.02 ± 1.80 kPa).

Previous studies have linked the combination of
biochemical and biomechanical alterations that occur
in the ECM during pulmonary fibrosis to fibroblast
activation. Schiller et al. performed time-resolved
proteomic analysis of bleomycin-injured mouse lungs
to characterize changes associated with inflammation
(day 3), fibrogenesis (day 14), remodeling (day 28), and
resolution (day 54).37 Over 3000 proteins, including
154 matrisome components, changed significantly
across this study. For instance, the ECM glycoprotein
tenascin-C increased during fibrogenesis and was
associated with stiffer lung tissue.37 Typically, a3- and
a5-laminins are the most abundant in adult mouse lung
tissue. At days 3 and 14 after injury, this abundance
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was downregulated accompanied by an upregulation
of collage type IV.37 There were also notable changes
in 365 known targets of transforming growth factor b
(TGF-b) signaling indicating this key regulator of
fibrogenesis was highly upregulated at day 14 after
injury.37 Booth et al. used decellularized human pre-
cision-cut lung slices from healthy and IPF human
lungs as cell culture platforms and showed that fibrotic
matrices promoted fibroblast activation as measured
by increases in aSMA production.5 Similarly, Parker
et al. cultured healthy and IPF fibroblasts on decellu-
larized human precision-cut lung slices from healthy
and IPF human lungs and found that dECM origin
was a stronger regulator of fibroblast activation than
cell origin.28 Other studies have investigated the influ-
ence of increased microenvironmental stiffness alone
on fibroblast activation in the context of pulmonary
fibrosis and found a positive correlation between sub-
strate stiffness and activation on static surfaces.2,20

Petrou et al. cultured primary murine fibroblasts on
soft (3.63 ± 0.24 kPa) and dynamically stiffened (13.35
± 0.83 kPa) hybrid-hydrogels containing healthy
dECM, observing a greater than twofold increase in
proportion of cells expressing Col1a1 and aSMA,
proving similar fibroblast activation results can be
achieved through dynamic changes in substrate
mechanics.29

The phototunable hybrid-hydrogel detailed in this
report is a platform that enables the investigation of
cellular responses to matrix composition and dynamic
changes in mechanical properties in a way that
decouples microenvironmental mechanics from com-
position. Sava et al. have reported one of the only
other biomaterial platforms designed to decouple these
properties that are intrinsically linked in vivo. Poly-
acrylamide hydrogels designed to mimic healthy (1.8 ±

0.5 kPa) and fibrotic (23.7 ± 2.3 kPa) lung tissue were
coated with healthy or IPF-derived lung dECM. Cells
cultured on the high-stiffness hydrogels exhibited sig-
nificantly increased cell area, elongation, and expres-
sion of aSMA compared to soft substrates independent
of dECM origin.36 In the current report, PDGFRa+
fibroblasts from dual-reporter mice were cultured on
the surface of hybrid-hydrogels to evaluate fibroblast
activation in response to differences in composition
and dynamic stiffening. Fibroblasts cultured on stiff-
ened hydrogels displayed a twofold increase in the
percentage of cells expressing Col1a1 or aSMA, while
composition of the dECM (healthy versus bleomycin-
treated) did not significantly impact the percentage of
fibroblasts expressing Col1a1 and aSMA (Fig. 5b),
similar to results reported by Sava et al. Interestingly,
intensity measurements of Col1a1 and aSMA expres-
sion trended upwards between healthy and bleomycin
stiffened conditions. There was a nearly 20% increase

in average intensity per cell between these hydrogel
conditions, indicating composition may be a con-
tributing, but less significant driver of fibroblast acti-
vation.

CONCLUSIONS

Phototunable hybrid-hydrogels were engineered to
decouple the dependence of substrate mechanics from
the biochemical composition of the matrix and then
used to investigate activation of fibroblasts isolated
from dual-transgenic Col1a1-GFP and aSMA-RFP
reporter mice. It was observed that substrate stiffness
significantly impacted fibroblast activation and the
intensity of Col1a1-GFP and aSMA-RFP expression
trended upwards with a diseased dECM composition.
Taken together, this evidence supports that substrate
stiffness is the primary, but not sole contributor to fi-
brotic activation. Moreover, the incorporation of
healthy and diseased dECM into a phototunable hy-
brid-hydrogel as the crosslinker enables the encapsu-
lation and study of fibroblast responses to independent
changes in matrix composition and mechanical prop-
erties in 3D, an advance that allows future experiments
to improve our understanding of the cellular and
molecular drivers of pulmonary fibrosis.
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