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Studying Activated Fibroblast Phenotypes and
Fibrosis-Linked Mechanosensing Using 3D Biomimetic
Models
Francesca Paradiso, Marcos Quintela, Stefania Lenna, Stefano Serpelloni, David James,
Sergio Caserta, Steve Conlan, Lewis Francis, and Francesca Taraballi*

Fibrosis and solid tumor progression are closely related, with both involving
pathways associated with chronic wound dysregulation. Fibroblasts
contribute to extracellular matrix (ECM) remodeling in these processes, a
crucial step in scarring, organ failure, and tumor growth, but little is known
about the biophysical evolution of remodeling regulation during the
development and progression of matrix-related diseases including ﬁbrosis
and cancer. A 3D collagen-based scaﬀold model is employed here to mimic
mechanical changes in normal (2 kPa, soft) versus advanced pathological
(12 kPa, stiﬀ) tissues. Activated ﬁbroblasts grown on stiﬀ scaﬀolds show
lower migration and increased cell circularity compared to those on soft
scaﬀolds. This is reﬂected in gene expression proﬁles, with cells cultured on
stiﬀ scaﬀolds showing upregulated DNA replication, DNA repair, and
chromosome organization gene clusters, and a concomitant loss of ability to
remodel and deposit ECM. Soft scaﬀolds can reproduce biophysically
meaningful microenvironments to investigate early stage processes in wound
healing and tumor niche formation, while stiﬀ scaﬀolds can mimic advanced
ﬁbrotic and cancer stages. These results establish the need for tunable,
aﬀordable 3D scaﬀolds as platforms for aberrant stroma research and reveal
the contribution of physiological and pathological microenvironment
biomechanics to gene expression changes in the stromal compartment.
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1. Introduction
The extracellular matrix (ECM) plays crucial roles during many physiological processes such as organism development, tissue repair, and organ homeostasis.[1] A reciprocal interaction between cellular and
matrix components, deﬁned as “dynamic
reciprocity,”[2] has been shown to orchestrate both normal physiological function
and disease development. Pathological conditions in any organ tissue, such as chronic
or repeated injuries and irritation, can lead
to a failure to heal and subsequent tissue
ﬁbrosis,[1] a dysregulated outcome of the tissue repair response following injury.[3]
The ECM of ﬁbrotic tissue is characterized by increased collagen and ﬁbronectin synthesis,[4] while local tissue ﬁbroblasts become activated and increase
their contractility and secretion of inﬂammatory mediators.[5] In a physiological setting, these changes initiate the wound healing response. When damage is minor or
nonrepetitive, a transient increase in the
deposition of ECM components supports
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eﬃcient wound healing and restoration of functional tissue
homeostasis. However, when the injury is repetitive or severe,
ECM components accumulate excessively, with consequent tissue architecture disruption, organ dysfunction, and ultimately
organ failure.[6,7] The resulting increase in matrix stiﬀness, traditionally viewed as an end point of organ ﬁbrosis, is now recognized as a critical regulator of tissue ﬁbrogenesis that promotes
organ ﬁbrosis, hijacking the normal physiologic wound-healing
program.[8] ECM–cell interactions result in tensional, compressive, and shear forces that are translated into biochemical signaling through a process known as mechanotransduction,[9] and
through this signaling, matrix stiﬀness controls a range of cell
activities including migration, adhesion, phenotypic modulation,
and survival[10] and can activate a “myoﬁbroblast program” in ﬁbroblastic cells.[11,12]
Matrix remodeling in ﬁbrotic tissues is thought to be similar
to that in the formation of premetastatic niches.[13] In many solid
tumors, the formation of ﬁbrotic tissue is referred as a desmoplastic response. Desmoplasia is a ﬁbrotic state characterized by
increased deposition, altered organization, and enhanced posttranslational modiﬁcations of ECM proteins; chronic inﬂammation; ﬁbroblast expansion and activation; and elevated angiogenesis, resembling many of the facets of chronic tissue ﬁbrosis.[14] In
the tumor context, matrix dysregulation is now considered a hallmark of solid tumors.[15] This process occurs in many advanced
carcinomas, including breast cancer, and is responsible for the
clinical presentation of a tumor as a “lump.”[16–18] One area of intensive research is investigating how matrix remodeling that occurs in tumor settings, and the resulting tumor-associated tissue
ﬁbrosis, help to create an environment for primary and secondary
tumor colonization of the tissue. Indeed, in some of the most
well-studied tumor types like breast, pancreas, lung, and colon,
tumor growth is usually associated with a dense ﬁbrotic stroma
and their aggressiveness is often associated with higher collagen
levels and extensive dense, linearized, and cross-linked ECM in
the tissue.[19–22] As a result, malignant tissue is typically stiﬀer
than its normal counterpart, with studies showing that normal
breast tissue is 20 times softer than its neoplastic counterpart.[23]
Speciﬁcally, breast and pancreatic tumor stiﬀness has been exploited to detect cancer mass either by physical palpation or using
imaging modalities such as magnetic resonance imaging, computerized tomography, or elastography.[24,25]
At a cellular level, pathological ﬁbrosis is driven by a feedback loop in which the ﬁbrotic ECM is both a cause and consequence of ﬁbroblast activation, known as myoﬁbroblasts or
herein referred to as activated ﬁbroblasts (AFs). The origin of
myoﬁbroblasts has been shown to be tissue dependent[26] and
they can be activated by many stimuli such as reactive oxygen
species, pathogen-released activators, and many other soluble
molecules secreted by inﬁltrating cells.[27,28] Speciﬁcally, transforming growth factor-beta (TGF𝛽1) is a potent ﬁbroblast activator, enhancing ﬁbroblast contractile capacity, inducing the incorporation of smooth muscle 𝛼-actin (𝛼-SMA) within cytoskeletal stress ﬁbers, and increasing focal adhesion clustering, all of
which represent a typical phenotype in ﬁbrotic pathologies or
aberrant wound healing.[29–31] In parallel, as a result of structural
ECM changes, biomechanical signals are also thought to initiate
and sustain tissue ﬁbrosis.[9,32]
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TGF-𝛽1 is also thought to promote tumor initiation and
progression.[33,34] In many solid tumors, reciprocal TGF𝛽1 signaling between cancer cells and the tumour microenvironment
(TME) promotes cancer progression by activating ﬁbroblasts
into cancer-associated ﬁbroblasts (CAFs).[35,36] CAFs usually exert a protumorigenic eﬀect, enhancing tumor phenotype and
promoting tumor growth, cancer cell proliferation, angiogenesis, invasion, and metastasis.[37–39] Indeed, ﬁbroblasts adjacent to the tumor express genes mainly related to stress and
inﬂammation,[40] and as observed in breast cancer, macrophage
dysfunction can enhance the process of inﬂammation, contributing to metastasis.[41] Resulting from CAF activation and consequent production of a dense connective tissue, such altered
biomechanical properties often induce tumor metastasis, angiogenesis, and hypoxia.[42,43]
In line with this, cultivating tumor stromal cells in 3D systems can allow more in-depth investigations by fully recapitulating the cell–matrix interactions observed in tumor tissue. Precise 3D scaﬀold fabrication enables the production of tissue-like
materials, closely mimicking native tissues for various applications, from regenerative medicine to cancer research.[44–50] Exploiting porous scaﬀold collagen-based material, we investigate
stiﬀness eﬀects on both normal ﬁbroblasts’ (NFs) and AFs cellular migration, morphology, functionality, and gene expression
proﬁles. In this study, we characterize the mechanical properties
of a tunable collagen-based 3D in vitro model to fully replicate
both soft/physiological and stiﬀ/ﬁbrotic-like tissue. The present
work further establishes the advantages of 3D modeling and the
tuning properties of porous scaﬀolds while establishing a foundation for further exploration of the role of the stroma in ﬁbrotic/desmoplastic tissue responses. As such, it represents a
meaningful and reliable platform to combine biological and biophysical cues in a 3D system, envisioning a stroma-ECM model
for drug discovery, personalized medicine, and basic research of
pathologies characterized by the dysregulation of ECM homeostasis.

2. Results
2.1. Scaﬀold Characterization
As one of the main components of interstitial matrix, collagen
type I is an elective biomaterial used in in vitro scaﬀold model
development.[51] As collagen crosslinking can inﬂuence tissue
strength and elasticity, we exploited two strategies, using diﬀerent percentages of the cross linker 1,4-butanediol diglycidyl ether
(BDDGE) to speciﬁcally reproduce the mechanical features of
both native and dense ﬁbrotic tissue.[43,52] Various percentages
of BDDGE were tested (data not shown) to determine the ﬁnal conditions, where 1% BDDGE was chosen to mimic tumorﬁbrotic/stiﬀ tissue (St) and 0.01% to mimic normal/benign/soft
tissue (So).
Scaﬀold mechanics were analyzed at the nanoscale using atomic force microscopy (AFM), showing a 36-fold increase in stiﬀness between St (144.58 ± 0.010 kPa) and So
(4.35 ± 0.005 kPa) (p < 0.05; Figure 1A and Figure S1A, Supporting Information). Shear rheometry was used to calculate
the average mechanical parameters for the bulk scaﬀolds,[53] in
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Figure 1. Mechanical features of native normal/cancer tissue are mimicked in a 3D collagen-based in vitro system, using diﬀerent percentage of
crosslinker 1,4-butanediol diglycidyl ether (BDDGE). A) Atomic force microscopy analysis of Young modulus (kPa) in St and So scaﬀolds. B) Rheology analysis of storage modulus (G’, kPa) and loss modulus (G”, kPa) in St and So scaﬀolds. Data are mean + standard deviation (n = 3). T-test with
Welch’s correction, ****p < 0.0001, *p < 0.05. Illustration made with Biorender.

order to characterize the elastic, elastoplastic, and viscous ﬂow
behavior of both St and So at the tissue scale (see Figure S1B,C,
Supporting Information). St storage modulus and loss modulus
at 1 Hz (11.271 ± 0.619 and 0.67 ± 0.187 kPa, respectively) were
signiﬁcantly increased compared to those of So (1.816 ± 0.24 and
0.259 ± 0.043 kPa, respectively) (Figure 1B), indicating greater
viscoelasticity of St compared to So scaﬀolds.
Furthermore, the scaﬀold tan 𝛿 was analyzed as G”/G’, and
both scaﬀolds showed values less than 1, conﬁrming their solidlike behavior. St scaﬀolds showed lower tan 𝛿 (0.06 ± 0.003) compared to So (0.14 ± 0.008), indicating a greater ability of the So
material to absorb energy and relieve stress when compared to
the St material (Figure S1D, Supporting Information). Analysis
of scanning electron microscopy (SEM) images of both So and
St showed the typical porous structure of a 3D sponge scaﬀold
(Figure 2A). Porosity measurements showed that St scaﬀolds ex-
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hibited an average pore size of 5000 ± 400 μm2 , corresponding
to an average diameter of 80 μm, compared to an average So pore
size of 2564 ± 698 μm2 and an average diameter of 57 μm (Figure 2B; p < 0.05), with comparable pore circularity (Figure 2B).
Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) were used to characterize scaﬀold
composition after crosslinking. FTIR spectral analysis for both
St and So showed that the amide I (1700–1600 cm–1 ), amide
II (1600–1500 cm–1 ), and amide III (≈1200–1300 cm–1 ) peaks,
which constitute the characteristic signature of collagen material, were reported in both St and So sample proﬁles, with no
signiﬁcant diﬀerences observed (Figure 2C). Similarly, no signiﬁcant diﬀerence was observed between St and So samples using TGA analysis. Both materials underwent endothermic reaction at around 100 °C (evaporation of the water moisture present
in the material), while thermal transition and material degrada-
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Figure 2. St scaﬀolds showed higher average pore sizes, but same composition and hydrophilic properties compared to So. A) Bright-ﬁeld images of
whole scaﬀolds (left) and SEM magniﬁcation of the scaﬀolds (right). B) SEM analysis of average pore size (μm2 ) and circularity. T-test with Welch’s
correction, **p < 0.01. C) FTIR spectra of St and So scaﬀolds. The spectra highlighted the presence of typical collagen Amide I, Amide II, Amide III. D)
Thermo gravimetric Analysis (TGA). E) Water contact angle (WCA) measurements. T-test with Welch’s correction, **p < 0.01.

tion happened after 200 °C of the heating ramp, for both samples (Figure 2D). Finally, to validate scaﬀold suitability for cell
seeding, contact angle (CA) measurements were used, showing both scaﬀolds had hydrophilic properties (CA < 90°), with
no signiﬁcant diﬀerences observed between the two materials
(Figure 2E).

2.2. Normal Fibroblasts are Activated into Activated Fibroblasts
by TGF𝜷1 and Both Colonize the Scaﬀold Matrix
In order to develop a ubiquitous model to study NF and AF response to stiﬀness within the 3D model and assess the suitability of the 3D collagen scaﬀolds for stromal studies, human fetal lung ﬁbroblast cells (MRC5) cells were used and were activated into AFs using a dose range of TGF𝛽1. Expression levels
of known AF markers, ﬁbroblast activation protein (FAP), and 𝛼SMA, were ﬁrst monitored in 2D cell cultures after TGF𝛽1 treatment. Flow cytometry and western blot analysis showed an increase of FAP (Figure S2A, Supporting Information) and 𝛼-SMA
expression (Figure S2B, Supporting Information) following treatment with 25 and 50 ng mL−1 TGF𝛽1, compared to the untreated
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control. Similarly, and as expected, the relatively high doses of 25
and 50 ng mL−1 of TGF𝛽1 were optimal for NF to AF activation
in our 3D setting (Figure S3A,B, Supporting Information[54] ).
MRC5 cells (±TGF𝛽1) were seeded on St and So scaﬀolds to
determine if both NFs and AFs could attach, grow, and colonize the diﬀerential mechanical scaﬀolds. Cell death was monitored after seeding in 2D and 3D (St and So) for 7 d, using calcein/ethidium bromide staining, and assessed by ﬂow cytometry
(Figure 3A) and epiﬂuorescence microscopy (Figure 3C). When
analyzed quantitatively for viability, NFs and AFs were both viable, exhibiting calcein-positive staining on both St (NFs: 84% ±
7.2%, AFs: 87.3% ± 6.1%) and So (NFs: 81% ± 6.4, AFs: 84.3% ±
6.9) (Figure 3A). When treated with TGF𝛽1 in 3D, NFs showed
increased gene expression of both FAP and ACTA2 (𝛼-SMA) compared to those cultured in 2D, highlighting the substrate dimensionality eﬀect on ﬁbroblast activation (Figure 3B). Signiﬁcant
increases were observed in ACTA2 (𝛼-SMA) (3.8-fold) and FAP
(4.6-fold) expression following treatment with 25 ng mL−1 of
TGF𝛽1 (p < 0.05). Similar increased expression of ACTA2 (𝛼SMA) (2.7-fold) and FAP (2.5-fold) were observed when treated
with 50 ng mL−1 of TGF𝛽1 (Figure 3B). Both NF and AFs were
able to penetrate and colonize the So and St scaﬀolds, as reported

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.mbs-journal.de

Figure 3. NFs/AFs were viable and proliferated on both St and So scaﬀolds. A) Representative plots of cell live/death staining analyzed with ﬂow
cytometry and statistical analysis. B) ACTA2 (𝛼SMA) and FAP mRNA expression under 0–50 ng mL−1 TGF𝛽1 treatment. Data normalized on 2D control.
Data are mean + standard deviation (n = 3). D) Cell live/death staining analyzed with ﬂuorescence microscopy. Analysis and imaging were performed
after 7 d of culture. Scale in images of whole scaﬀold: 500 μm, scale in magniﬁed images: 100 μm. Data are mean + standard deviation (n = 3).

by the 3D maximum intensity projection of three layers per scaffold collected (i.e., top, center, bottom) (Figure 3C).

2.3. Normal Fibroblast and Activated Fibroblast Migration and
Morphology in Altered Mechanical Environments
The ﬁbroblast migration pattern and length were then evaluated on 3D scaﬀolds, using live cell confocal imaging analysis
of NFs and AFs cultured in 3D over 24 h, at an average depth
of 800 μm for each scaﬀold (Figure 4A). Rendered movement
tracking showed that AF directionality in So scaﬀolds followed
a speciﬁc pattern, converging toward the center of the scaﬀold,
while NFs had more random motility, with no speciﬁc direction
(Figure 4A left). Conversely, NFs and AFs grown on St scaﬀolds
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showed very few and short movements (Figure 4A right). Overall, the migration path of both NFs and AFs grown in St scaﬀolds
was signiﬁcantly decreased in both track length and displacement compared to So (Figure 4B; p < 0.05), suggesting an impairment of cell migration on the stiﬀ material. Cellular morphology
was also impacted by substrate stiﬀness, with both NF and AFs
showing statistically higher cell circularity when cultured on St
materials (Figure 4B), in part explaining the limited motility. To
investigate if these phenotypic eﬀects resulted in a modiﬁed collagen ﬁber alignment, we computationally analyzed collagen orientation from diﬀerent areas of the scaﬀold using a Fluo View
3000 confocal microscope after 7 d of culture. The predominant
orientation, for both NF and AFs, was around 0° among all the So
samples, whereas the orientation was shifted to mostly −45° and
45° in both cell types on the St materials. Interestingly, AFs on St
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Figure 4. NFs and AFs grown on St scaﬀolds showed shorter migration distance across scaﬀold and higher cell circularity compared to those on So.
A) Live imaging rendering of the whole 3D scaﬀold (800 μm height) of NFs and AFs grown on St and So scaﬀolds from day 3 to day 4. Migratory
tracks are shown using a rainbow scale. Scale bar: 600 μm. B) Track length (in μm), track displacement (μm), and cell circularity were analyzed using
cellSens software. C) Collagen orientation analysis at 7 d of culture. Data are mean + standard deviation of 30 areas, *p < 0.05, **p < 0.01,***p < 0.001,
****p < 0.0001.

scaﬀolds showed a hybrid pattern with a prevalent distribution
between −45° and 45° and no predominant direction (Figure 4C
and Figure S4, Supporting Information). These data, alongside
the rounded phenotype and reduced track length and displacement, support the inactivity of AFs on this stiﬀer scaﬀold.
To correlate these phenotypes with cell cycle and proliferation,
we utilized propidium iodide to quantify DNA content in our cell
cultures (Figure S3C, Supporting Information). Using DNA content analysis to assess the cell cycle state of the cell, a higher number of cells in the G1 and S phases was observed in 2D compared
to 3D, with no signiﬁcant diﬀerences observed between NFs and
AFs grown on So and St scaﬀolds. To conﬁrm that the higher transition of G1→S phases for synthesis of DNA in 2D is in preparation for cell division and subsequent mitosis,[55] we assessed
proliferation using CellTracker Green 5-chloromethylﬂuorescein
diacetate (CMFDA) staining (Figure S3D, Supporting Information). Overall, ﬁbroblasts in 2D presented a slightly higher number of cell generations (up to generation 8) compared to 3D.
No signiﬁcant diﬀerence in number of generations was reported
with this analysis.

2.4. Scaﬀold Remodeling and Stiﬀ Substrate-Promoted
Mechanotransduction
To test ﬁbroblasts’ contraction activity and ability to remodel their
collagen scaﬀold environment, we recorded diameter changes
over 7 d in culture. The shrinking eﬀect on both So and St scaffolds was recorded from day 3 with live cell imaging (Figure 5A
top), demonstrating that both NFs and AFs actively contract the
So matrix between days 3 and 4 of culture (Videos from S1–S4,
Supporting Information). Starting at 4 to 7 d of culture, scaﬀold
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shrinkage was higher in So scaﬀolds culture with AFs compared
to NFs (NFs/AFs : day 4 5512.4 μm ± 130.5/3884.3 μm ± 158.9;
day 5 4739.6 μm ± 420.5/3921.6 μm ± 17.9; day 6
4546.5 μm ± 612.4/3363.9 μm ± 72.1; day 7 4345.4 μm
± 655.1/3341 μm ± 151.4) demonstrating the susceptibility
of So materials to remodeling as well as higher contractility
function of AFs compared to NFs in So scaﬀolds. No signiﬁcant
change in St scaﬀolds shrinkage was recorded for either NF or
AF cells after 7 d (Figure 5A). Neither NFs or AFs showed an
ability to promote St collagen scaﬀold contraction between days
3 and 4 (Videos S1–S4, Supporting Information, calcein-only
staining and multiview).
Furthermore, H&E staining suggested that the eﬀect of So
scaﬀold shrinking is a denser matrix after 7 d compared to St
(Figure S5, Supporting Information). Utilizing rheology, we evaluated whether the recorded macroscopic changes in scaﬀold diameter resulted in changed physical properties after 7 d of culture. A signiﬁcant decrease in the So material storage modulus
was observed at day 7 when cultured with NFs or AFs, compared
to both empty scaﬀold (So D0) and So scaﬀold on day 1 (So-NFs
vs D0; p < 0.05; Figure 5B). No changes were observed in St elastic properties (Figure 5C; p > 0.05). No signiﬁcant variation was
observed in scaﬀold material loss modulus for either So or St scaffolds (Figure 5C right; p > 0.05), further highlighting the plasticity of the softer So material to remodeling and the suitability of
rheology analysis to test bulk tissue mechanic of fresh biological
samples.
In order to test if Yes-associated protein 1 (YAP1) related mechanosignaling is upregulated in our models,
YAP/Transcriptional co-activator with PDZ binding motif
(TAZ) was assessed at the mRNA level in NF and AF cells in
both the So and St scaﬀolds, compared to those in 2D. Speciﬁc
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Figure 5. So scaﬀolds are prone to remodeling by NFs and AFs but mechanotransduction is activated only on St scaﬀolds. A) Scaﬀold diameter analysis
over 7 d of culture of NFs and AFs on So scaﬀolds (top) and St scaﬀolds (bottom). Data are mean + standard deviation (n = 3). B) Rheology analysis
of storage modulus (G’, left) and loss modulus (G”, right) in St and So scaﬀolds. Data normalized to D0 controls. Data are mean + standard deviation
(n = 3). T-test with Welch’s correction, **p < 0.01, *p < 0.05. C) Mechanosensing-related genes (yap-taz) mRNA expression in NFs and AFs at day 7 of
culturing on 2D, So scaﬀolds, and St scaﬀolds. Data normalized to 2D control-NFs. Data are mean + standard deviation (n = 3).

activation of the mechanosensitivity pathways was observed on
St scaﬀolds, demonstrated by increasing expression of YAP1
(Figure 5C).

2.5. Mechanistic Understanding and Transcriptome Analysis
We reported diﬀerent AF cell behavior between So and St substrates; the So material stimulated AF migration and matrix reorganization resulting in scaﬀold shrinkage, while the St scaﬀold
promoted AF mechanosensing seemingly resulting in impaired
AF migratory properties and contractile functionality. To investigate these distinct AF phenotypes and understand mechanistic diﬀerentiation in terms of gene expression proﬁling, we conducted transcriptome-wide RNA-seq on AFs grown in 3D on So
and St scaﬀolds after 7 d, using 2D culture of both NF and AF
populations as relative controls.
Upon receipt of the raw ﬁles, we performed FastQC analyses
were used to monitor the quality of the data. Phred scores are a
measure of the accuracy of base calling from the sequencer. A
Phred score of 40 indicates that there is a 99.99% chance that
the base was called correctly, and a score of 30 indicates a 99.9%
chance that the base was called correctly. An average Phred score
of greater than 30 is usually considered suﬃcient. All samples
met this criterion (Table S1, Supporting Information). Statistics
relating to mapping of reads to the genome are shown in Table
S2 in the Supporting Information. For all samples, >80% of reads
are uniquely mapped conﬁrming the validity of the data.
Principal component analysis (PCA) provides information on
the overall structure of the analyzed dataset. PCA clearly showed
the generation of distinct clusters, suggesting that both substrate
stiﬀness and TGF𝛽1 activation lead to distinct AF phenotype
diﬀerentiation at the transcriptome level (Figure 6A). Good reproducibility was observed between biological replicates and the
most signiﬁcant separation between data sets was between the activated and not activated state of ﬁbroblasts promoted by TGF𝛽1
treatment.
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To conﬁrm ﬁbroblast activation under TGF𝛽1 treatment, regardless of the substrate, we looked at the TGF𝛽1 “core” transcriptomic proﬁle, reporting all the genes in common between
AFs grown among both 2D and 3D substrates (217 genes), conﬁrming the expression of AF biomarkers including FAP and
ACTA2 (𝛼-SMA) that are representative of TGF𝛽1-driven ﬁbroblast activation (Figure S6, Supporting Information).
We next aimed to evaluate gene expression variations in response to changes in the microenvironment stiﬀness in both AFs
and NFs. Referring to the whole dataset of gene expressed in
3D conditions, AFs showed a higher number of genes uniquely
identifying St culturing conditions (1133, 6.3% of the total) compared to So (872, 4.9% of the total); while the highest number
of uniquely identifying genes for NFs was found under So condition compared to St (1386, 7.5% and 899, 4.9% respectively)
(Figure 6B). The core 3D transcriptome of both NFs and AFs cultured on St/So showed distinct and signiﬁcant diﬀerences compared to their 2D cultured counterparts (Figure S7, Supporting
Information). Remarkably, the number of upregulated genes in
AFs cultured within the 3D scaﬀolds compared to the 2D substrate where higher than that observed in NFs (228 vs 110 upregulated genes), as shown in Figure S6A,B in the Supporting Information. When these gene lists were analyzed via pathway analysis for the key upregulated pathways, a number of AF-related
pathways related to matrix remodeling and the acquisition of an
active/contractile phenotype were identiﬁed, including degradation of the ECM and collagen formation; ECM structural constituents conferring tensile strength and response to mechanical stimuli; and pathways related to pathological situations like
ﬁbrosis and the inﬂammatory response (Figure S6A, Supporting
Information).
To investigate the unique signature promoted by substrate
stiﬀness, diﬀerential analysis was performed to highlight gene
pathways expression variations among NFs and AFs cultured on
St versus So. Our analysis reported few signiﬁcantly upregulated
and down regulated genes for NFs between St versus So culture
(76 upregulated and 90 downregulated; p < 0.05; Figure 6C), but
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Figure 6. AF gene expression is impacted by St culturing, activating many DNA-related pathways. A) Principal component analysis (PCA) of each
biological replicate/condition. B) Venn diagram of genes unique and in common between AFs and NFs grown in So and St scaﬀolds. C) Volcano plot
of NFs grown on St versus So. D) Diﬀerential analysis of gene expression pathways upregulated (left) and downregulated (right) in NFs grown on St
versus So. (FDR < 0.05). E) Volcano plot of AFs grown on St versus So. F) Diﬀerential analysis of gene expression pathways upregulated (left) and
downregulated (right) in AFs grown on St versus So (FDR < 0.05).
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Figure 7. Stiﬀer substrate impacts AF remodeling functions and promotes DNA replication and DNA repair and replication-related pathways. A) Venn
diagram of genes counts unique and in common between 2D-grown AFs and NFs, So-grown AFs and NFs, and St-grown AFs and NFs. B) Diﬀerential
analysis of gene expression pathways upregulated in AFs versus NFs on diﬀerent culturing substrates.

many more diﬀerentially expressed genes in AFs, showing 557
upregulated and 606 downregulated genes on St compared to So
(p < 0.05; Figure 6E). Among them, both NFs and AFs grown
on St showed an upregulation of pathways such as regulation
of chromosome organization and segregation, microtubules, cell
cycle, signaling by Rho GTPases, and central regulators of actin
reorganization, and consequently, function in cellular processes
such as cell migration, wound healing, cell adhesion, cell polarity,
membrane traﬃcking, and cytokinesis.[56,57] On the other side,
both showed a downregulation of ECM constituents and organization (Figure 6D,F).
Of note is the characteristic response of AFs on St materials
compared to So. The changes among the upregulated genes are
more pronounced and involve DNA replication, DNA damage responses like double-strand break repair, and mitosis-related pathways like cytokinesis, M phase, and cell cycle enrichment. Interestingly, upregulation of genes related to gastric cancer and
retinoblastoma were only found in AFs under St culturing, with a
loss of ECM-related functions and downregulation of locomotory
behavior, tissue remodeling, and extracellular constituent generelated pathways (Figure 6F). In line with those observations, we
further compared AF and NF proﬁles under diﬀerent culturing
conditions, trying to shed light on the underlying characteristic
patterns that sensitize AFs to St substrates compared to NFs.
We investigated the eﬀect of ﬁbroblast activation at the gene
expression level on each substrate. In the whole gene dataset, we
recorded a higher number of unique genes expressed by NFs on
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both 2D and So materials compared to AFs (2D:1363, 7.5% of
total; So:1454, 7.9% of total); a more even distribution of those
genes was found on St materials for both NFs (1064, 5.9% of total)
and AFs (1119, 6.2% of total) (Figure 7A), suggesting two distinct
traits, but equivalent in number of genes, acquired by NFs and
AFs on St scaﬀolds.
A deeper analysis comparing AF versus NF gene expression
proﬁles on each substrate was performed to unveil how the cytokine activation eﬀect could be ampliﬁed or weakened by the
mechanical nature of the substrate. 2D cultured AFs acquired
a typical functional state related to upregulation of ECM structural constituents as the top upregulated gene pathways in our
analysis, conferring elasticity and tensile strength. As expected,
AFs grown on 3D So scaﬀolds showed an upregulation of genes
related to ECM component degradation and synthesis, ECM remodeling, but also elastic ﬁber formation and matrix metalloproteases, suggesting an active contractile phenotype acquisition
and enzyme-dependent ECM degradation (Figure 7B and Figure
S8, Supporting Information). Similar to what was observed on So
scaﬀolds, AFs grown on St showed an upregulation of syndecan
interactions pathways, a coreceptor recognized to promote liver
and cardiac ﬁbrosis[58] and an upregulation of ECM-related pathways mainly related to collagen remodeling, i.e., collagen binding/degradation/formation but also biosynthesis and modiﬁcation. Interestingly, AFs grown on St scaﬀolds showed speciﬁc
upregulation of gene expression pathways related to pathological
diseases, spanning from ﬁbrosis and collagen diseases to prostate
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and colorectal cancer (Figure 7B and Figure S7, Supporting Information).

3. Discussion
The close relationship between ﬁbrosis and the progression of
solid tumors is well documented. Tumors, in particular carcinomas, activate, exaggerate, and prolong the latent wound-healing
program of the host tissue,[59–61] resulting in a tumor niche that
resembles a site of chronic wound healing.[62] The mutual presence of myoﬁbroblastic cells, referred to here as activated ﬁbroblasts with smooth-muscle-like features, have emerged as a particularly common hallmark of this close relationship.[63,64] AFs play
a role in the synthesis of ECM and in force generation, resulting
in ECM reorganization, wound contraction, and, importantly, altered tissue mechanics driven by altered ﬁbrin, ﬁbronectin, and
collagen crosslinking and rearrangement.[65] Collagen crosslinking in particular has been shown to accompany tissue ﬁbrosis
that increases the risk of malignancy.[66–68]
In the present study, we mimicked mechanical and tensional
features of normal and pathological tissue to explore how ECM
stiﬀness may aﬀect NF and AF phenotypes, behavior, and gene
expression proﬁles. Already an elective platform in tissue engineering, we utilize highly porous permeable scaﬀolds in the
broader spectrum of cancer research. Although not a focus in this
study, such scaﬀold structures provide appropriate void spaces
for mass transport and neovascularization. Importantly here, the
collagen scaﬀolds act as a template for de novo tissue formation with tunable mechanical features.[69] For this reason, we
employed a freeze-drying technique while employing BDDGE as
crosslinking strategy to produce bovine collagen type I-based interconnected porous structures with controlled and reproducible
porosity and ﬁber organization, resulting in a tunable system for
3D mechanical studies.[50,70,71]
In a native tissue context, cells are exposed to a variety of
mechanical stimuli including hydrostatic pressure, shear, compression, and tensile force.[72] For this reason, soft biological tissues can be described as viscoelastic materials. Viscoelastic ﬂuids (such as biological materials, known also as Bio-Soft-Matter)
exhibit the characteristics of both a viscous ﬂuid and an elastic
solid.[73] To fully characterize the mechanical components of our
model, we coupled micrometer-scale Young’s Modulus analysis
using AFM with a bulk assessment of scaﬀold viscous/elastic
properties using shear rheometry. Overall, St scaﬀolds showed
signiﬁcantly higher Young’s and shear modulus values compared
to So, replicating the in vivo mechanical stiﬀness reported for
many tumors such as breast and colon.[53] As a result, we were
able to recreate the mechanical diﬀerences in the collagen matrix reported between diseased tissue (St; 1% BDDGE) and corresponding native tissue (St, 0.01% BDDGE), mimicking tissue
ﬁbrosis and desmoplastic areas.[74–78] Scaﬀold pore size and interconnectivity, as well as mechanical rigidity, have been shown
to aﬀect cell attachment.[79] In our So and St scaﬀolds, even if the
pore sizes are signiﬁcantly diﬀerent, they span a range of optimal
cell adhesion.[80,81] Furthermore, we can exclude that cell migration could be aﬀected by the recorded pore sizes since they do not
fall within a size range that would limit cell migration by physical
arrest, based on previous studies.[82]
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We selected MRC5 cells as the ﬁbroblast cell line and activated them with a cytokine proﬁbrotic factor TGF𝛽1, to
promote AF activation as conﬁrmed by the expression of
two known biomarkers: FAP[83] and 𝛼-SMA.[84] MRC5 cells
were previously used for both ﬁbrosis studies (e.g., lung
ﬁbrosis[85,86] ) and stroma/desmoplastic response studies (e.g.,
ovarian cancer,[87] liver cancer,[88] pancreatic cancer,[89] hepatocellular carcinoma[90] ); while TGF𝛽1 is routinely used as a master regulator of ﬁbrosis[91,92] and as proinﬂammatory tumor microenvironment signal to promote CAF activation.[87,93] Among
the activation biomarkers used, FAP is a type II cell surface serine protease expressed by ﬁbroblastic cells in areas of active tissue remodeling such as tumor stroma and healing wounds.[94,95]
Furthermore, ﬁbroblasts isolated from chronic ﬁbrotic tissues are
known to typically express higher 𝛼-SMA levels, leading to an increased contractility and cellular morphological change.[96] Noteworthy is that 𝛼-SMA+ ﬁbroblast inﬁltration was signiﬁcantly increased in the tumor stroma compared with that in benign breast
tissue expression and correlated signiﬁcantly with larger tumor
size.[97]
In addition, employing 3D platform analysis enabled many
features of the AF phenotype recorded in vivo to be studied in
vitro. Using 2D substrates limits studies of cellular behavior such
as migration and active contractility. Speciﬁcally, cell movement
and diﬀerentiation occurs in response to environmental stimuli
with the aim of achieving appropriate physiological outcomes;
i.e., when stimuli are mechanical, cells can sense substrate stiﬀness through probing and contraction of actin ﬁbers.[38] In human ﬁbrotic organs, ﬁbroblasts show increased ability to obtain a
migratory phenotype.[98] Within tumors, peritumoral CAF migration and accumulation is often associated with increased deposition of ECM components in desmoplastic areas.[99] It has been
suggested that CAFs in those areas are capable of executing a migratory program, characterized by accelerated motility and collective motility conﬁguration, promoting cancer migration.[100–102]
In our model, the softer So material was the only environment
where both NF and AF cell migration was promoted, unveiling
diﬀerent migratory patterns for AFs and NFs. The directions of
AF tracks converged to the center of the So scaﬀold whereas NFs
did not show speciﬁc directionality.
Migration and ECM remodeling can also depend on contractile
forces exerted by ﬁbroblasts themselves.[103] In tumor settings for
example, CAFs most proximal to the cancer cells usually exhibit
a myoﬁbroblasts phenotype and are highly contractile.[30,104] Indeed, NFs and AFs cultured on So showed signiﬁcant reduction
in scaﬀold diameter size during 7 d of culture, with a more pronounced shrinking eﬀect of AFs, indicating a higher contractility
phenotype for AFs than NFs on So materials. Tissue contraction
mediated by AFs is considered the most important cause of increased interstitial pressure, which strongly delays drug delivery
to cancer tissues.[105] Such increased contraction forces resulted
in a decreased storage modulus after 7 d of AF culture on So,
suggesting that in the early stages of both ﬁbrotic and desmoplastic responses, AF activation does not result in higher stiﬀness. At the cellular level, cells sense and respond to the altered
mechanical forces, for example through YAP mechanosensing,
as shown in our stiﬀer St models, in turn driving the expression of a wide range of genes associated with AFs.[106,107] Within
the softer So scaﬀold, however, we speculated that the observed
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cellular response may reproduce an early nesting or niche environment where cancer cells could migrate, grow, and proliferate
rapidly. Alternatively, So scaﬀolds may mimic an early stage of
the healing process, i.e., the granulation phase, where myoﬁbroblasts (activated collagen secreting, 𝛼-SMA+ ﬁbroblasts) are responsible for facilitating wound closure both by tractional forces
and contraction.[108,109]
The whole-transcriptome RNA analysis clearly conﬁrmed that
the surrounding matrix stiﬀness can promote diﬀerential gene
expression landscapes, especially in AFs. AFs on the So scaﬀold
seemingly acquired a proremodeling phenotype, with higher zscore values of collagen and ﬁbronectin, coupled with higher integrin expression, TGF𝛽1 ampliﬁcation, and matrix metalloproteinase (MMPs) expression (Figure S7, Supporting Information).
The stiﬀer (12-kPa) scaﬀold, St, resulted in an arrest in contractility, remodeling, and active AF phenotype alongside an enrichment of pathways related to DNA replication, chromatin remodeling, and cell cycle control. Also noteworthy was the upregulation of gene expression pathways related to pathological diseases
in AFs compared with NFs, spanning from ﬁbrosis and collagenrelated conditions to prostate and colorectal cancer (Figure 7B).
Such AF phenotypes, promoted only on a stiﬀ 3D microenvironment, seemingly support the suitability of the St scaﬀold model
to mimic disease states and also reinforce the notion of common
ground between activated stroma in both ﬁbrosis and the cancer
microenvironment.
The wide-ranging matrix-, cellular-, and molecular-resolution
ﬁndings of this study reinforce the importance of studying both
NF and AF phenotypes in 3D, biologically relevant environments.
As a platform for drug testing and basic tumor microenvironment research, such porous collagen scaﬀolds lend themselves
to scalable, aﬀordable expansion. As we demonstrated, AFs are
strongly aﬀected by substrate rigidity, shifting their gene expression proﬁle to promote DNA replication and DNA repair-related
pathways, an interesting phenotype not yet fully described and
investigated in such reproducible in vitro 3D model systems.
Further investigations may address important questions such as
whether it is possible to tune myoﬁbroblast fate, reprogramming
stromal tissue inhabitant cells in favor of a “healing” tissue rather
than a pathological one. Furthermore, could this be achieved
through manipulating ECM parameters such as mechanical stiﬀness or identifying molecular pathways that promote ECM reorganization, altering the niche environment, thereby sensitizing
stromal cells to reprogramming? If employed in certain niche environments, the introduction of highly controlled, 3D culture systems may begin to overcome clinical challenges in both ﬁbrosis
and cancer tumorigenesis/metastasis.
As a therapeutic strategy, targeting the eﬀectors of myoﬁbroblast activation, deactivation, and fate programs is one
option.[110–113] We could also inhibit myoﬁbroblast intracellular
(contraction) or extracellular (stiﬀness and strain) stress as another promising approach to suppress myoﬁbroblast activation
or to drive myoﬁbroblasts into controlled suicide.[114,115] Furthermore, ECM remodeling and crosslinking factors, such as matrix
metalloproteases and lysyl oxidases, could be targeted to change
ECM mechanics.[116–119] As previously shown, reprogramming
cell-speciﬁc lineages is possible with the addition of soluble induction factors, but, as shown here, cells can change their expression proﬁle and acquire a speciﬁc lineage due to the stiﬀness
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and elasticity of their local, matrix environment. For example,
soft matrices that mimic brain are neurogenic, stiﬀer matrices
that mimic muscle are myogenic, and comparatively rigid matrices that mimic collagenous bone prove osteogenic.[120] In our
model, AFs grown on 3D So materials can provide an eﬀective
and meaningful tool to explore tissue biological and biophysical
changes and related ECM modiﬁcations occurring in ﬁrst stages
of ﬁbrosis and tumor desmoplastic responses, whereas St materials could represent a snapshot of a late-stage ﬁbrotic tissue,
where stromal cells enter a “twilight” zone.[121–123] Testing therapeutics on this platform could be helpful to highlight potential
antiﬁbrotic drugs and/or to study AFs plasticity in response to
microenvironment mechanical reprogramming.

4. Conclusion
Cells respond to alterations in the mechanical properties of
their external surroundings by adjusting their intracellular tension through the cytoskeletal network, while signaling external
changes to the nuclei, in turn aﬀecting gene expression proﬁles.
At the same time, intracellular tension changes result in alterations in ECM reorganization, thereby changing the mechanical properties of the matrix.[124] We employed a natural polymer
collagen type I biomaterial scaﬀold to investigate mechanical alterations and track their eﬀect on stromal cells in a 3D model
that mimicked microenvironment mechanical dysfunctions observed in pathological conditions such as ﬁbrosis and cancer. Using sponge scaﬀolds, we controlled the porosity and organization
of the material and tested its stiﬀness and viscoelastic properties,
reporting how changes in collagen crosslinking strongly impact
the phenotype of AFs in a 3D setting, providing a meaningful
platform to investigate both early and late stages of ﬁbrosis and
tumor dysplasia.

5. Experimental Section
Scaﬀold Preparation: Chemicals were purchased from Sigma-Aldrich.
The scaﬀolds were synthesized from type I bovine collagen (Viscofan) and
fabricated with the freeze-dry technique. Brieﬂy, an acetic collagen slurry
(200 mg mL−1 ) was prepared, which was precipitated to a pH of 5.5 with
NaOH (2 N). The slurry was wet crosslinked in an aqueous solution of
0.01 wt% (So) and 1 wt% (St) BDDGE at 4 °C for 24 h. Finally, the slurry was
washed with Milli-Q water (Merk Millipore) and casted onto a 48-well plate
and freeze dried through an optimized freezing and heating ramp (from
25 to −25 °C and from −25 to 25 °C in 50 min under vacuum conditions,
p = 0.20 mbar) to obtain the desired pore size and porosity.
Atomic Force Microscopy: The atomic force microscope used in this experiment was the Bio-Catalyst AFM (Bruker). A spherical cantilever (Novascan) was used for the force measurement. A silica bead (5 μm in diameter) was mounted on to the end of the cantilever. The spring constant
of the cantilever was 0.06 N m−1 . Before the AFM experiment, both the
spring constant and sensitivity of the cantilever were calibrated under thermal tune conditions with the controlling software (Catalyst Nanoscope
8.15 SR3R1, Bruker). For the AFM experiment, scaﬀolds were embedded
in optimal cutting temperature compound (OCT) and cryosectioned at
20 μm section thickness. The samples were precoated on a glass slide
and kept under −80 °C. Then, samples were carefully moved into a 60 mm
dish on the AFM scanning stage. A volume of 3 mL phosphate-buﬀered
saline (PBS) or media was preinjected into the dish after sample incubation for 5 min at room temperature. For force measurement, the ramping
size was kept at 10 μm. All experiments were conducted at room temperature (22 °C). Young’s modulus was calculated from the force curves
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with NanoScope Analysis 1.40 (Bruker). In the experiment, three to ﬁve
spots were randomly tested per sample and recorded, and at least 50 force
curves were acquired from each spot. In Young’s modulus calculations, extended ramp force curves and a linearized model (spherical) were used.
Rheology: Wet and dry scaﬀolds of 1 mm thickness and 8 mm diameter were analyzed using an Anton Paar/MRC 302 rheometer equipped
with an aluminum 8 mm insert plate. Both empty scaﬀolds and cellularized scaﬀolds collected at day 7 were characterized. An amplitude sweep
test (log ramp 0.001%/10%, angular frequency of 10 Hz, 25 recorded
points, T of 37 °C) was used to verify the range of linear viscoelasticity.
Frequency response was measured by frequency sweep tests in the range
1000/0.1 rad s−1 (shear strain of 0.1%, 40 data points, T of 37 °C). Storage
modulus and loss moduli measures were reported as three-sample averages collected at 1 rad s−1 angular frequency. Cellularized scaﬀold analyses
were reported after normalization of both storage and loss moduli on D0
samples.
Scanning Electron Microscopy: The morphology of the scaﬀold was
characterized by SEM and the pore size determined by ImageJ (US National Institutes of Health). Scaﬀolds were coated by 7 nm of Pt/Pl (Nova
NanoSEM 230) for SEM examination. The pore diameter of scaﬀolds was
measured from SEM images, and three images from each of three areas
were used for each scaﬀold at the same magnitude. For each image, porosity analysis was performed using “analyze particles” measurement in ImageJ software.
Fourier Transform Infrared Spectroscopy: The samples were analyzed
in transmission mode at resolution 4, 64 points, over the range of 500–
4000 cm–1 using a Nicolet 6700 spectrometer (Thermo-Fisher Scientiﬁc,
Waltham, MA, http://www.thermoﬁsher.com). The FTIR spectra were reported after background subtraction and baseline correction and reported
on the graph within the range of 500–1800 cm–1 .
Thermal Gravimetric Analysis: The thermal stability and composition
of St and So scaﬀolds (1% and 0.01% BDDGE) were analyzed by TGA under nitrogen atmosphere using a Mettler Toledo TGA/diﬀerential scanning
calorimetry (DSC) 1 instrument. A temperature ramp from 25 to 800 °C
with a heating rate of 10 °C min−1 was used to determine the onset decomposition temperatures. Approximately 10 mg samples were used.
Water Contact Angle (WCA) Measurement: The wettability of St and
So scaﬀolds was assessed through WCA measurements using an Attension Theta optical tensiometer from Biolin Scientiﬁc. PBS droplets of 20 μL
were deposited on the scaﬀold’s surface and sessile drop measurements
were performed. Side-view images of the deposited droplets were captured
using the OneAttension software. The static contact angle formed by the
droplet on the dry scaﬀold’s surface was described using Young–Laplace
equation. Scaﬀold wettability was observed for 10 min, evaluating the WCA
every 2.15 s, and the data were reported as a mean of the CA at 10 min.
Cell Culture: MRC5 cells were purchased from American type culture
collection (ATCC). Cultures were established in standard media constituted by Dulbecco’s Eagle medium supplemented with 10% fetal bovine
serum and 1% penicillin (100 UL mL−1 )-streptomycin (100 mg mL−1 ). For
maintenance of cultures, cells were plated at a cell density of 3 × 103 cells
per cm2 and incubated at 37 °C in a humidiﬁed atmosphere (90%) with 5%
CO2 . Medium was changed twice per week thereafter or according to the
experiment requirements with the addition of TGF𝛽1. TGF𝛽1 titration was
performed using increasing dose of TGF𝛽1 (0–50 ng mL−1 ) and analysis
performed at days 5 and 7. After establishment of 25 ng mL−1 as an elective dose for CAF activation, all further experiments used 25 ng mL−1 concentration and analysis performed after 7 d of culture. Adherent cells were
detached from plates using Trypsin before reaching conﬂuence (80%) and
subsequently replated for culture maintenance. When seeded onto scaffolds, MRC5 cells were harvested and resuspended in cell culture medium.
A 20 μL drop of medium containing 1 × 105 cells was seeded on the center
of each scaﬀold (So and St) and kept in an incubator for 30 min. Culture
medium was then added to each well.
H&E Staining: Hematoxylin and eosin staining was performed using the ST Inﬁnity H&E Staining System (Leica Biosystems) in Leica Autostainer ST5010 XL. Paraﬃn was melted prior to staining by heating the
slides at 60 °C for 30 min then slides were deparaﬃnized by performing
3 × 2 min washes in xylene, 3 × 1 min washes in 100% ethanol, and
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1 × 1 min wash in 95% ethanol before rinsing in tap water. Slides were
incubated for 30 s in Hemalast, for 5 min in hematoxylin, and were rinsed
for 1 min in tap water. Next, slides were incubated for 30 s in Diﬀerentiator and 1 min in Bluing agent, with each step followed by a tap water rinse
for 1 min then 95% ethanol for 1 min. Slides were stained with eosin for
30 s, dehydrated in 95% ethanol for 1 min, 4 min in 100% ethanol, and
2 × 1 min in 100% ethanol, and cleared for 3 × 2 min in xylene. Every step
after the initial heating of the slides was done at room temperature.
Flow Cytometry: Monitoring Live–Death Percentage by Flow Cytometry
Staining: After 7 d of TGF𝛽1 treatment, scaﬀolds were incubated for 10’
in Trypsin under shaking conditions, then scaﬀolds were removed and
cells pellet was collected after centrifugation and washed with PBS. Cells
were incubated with 2 μL of 50 × 10−6 m calcein acetoxymethyl ester (AM)
working solution and 4 μL of ethidium homodimer-1 stock and incubated
for 20 min at 37 °C protected from the light. After several washes with
warm media, cells were analyzed by ﬂow cytometry using BD ﬂuorescenceactivated cell sorting (FACS) Fortessa.
Propidium Iodide: After 7 d of TGF𝛽1 treatment, scaﬀolds were incubated for 10’ in Trypsin under shaking conditions, then scaﬀolds were removed and cells pellet was collected after centrifugation at 500 × g for
5 min and incubated overnight at 4 °C with 1 mL cold 70% ethanol. After adding PBS, cells were centrifuged and pellets resuspended in 1 mL
of 0.1% Triton X-100/PBS containing 20 μL of 1 mg mL−1 propidium iodide and 10 μL 20 mg mL−1 RNase for 15 min at 37 °C. After washing with
PBS, cells were resuspended in 300 μL of PBS and cell cycle analysis was
performed by ﬂow cytometry using BD FACS Fortessa.
CellTracker Green CMFDA Dye: After 7 d of TGF𝛽1 treatment, scaﬀolds
were incubated for 10’ in Trypsin under shaking conditions, then scaffolds were removed and cells pellet was collected after centrifugation and
washed with PBS. Cells were incubated with CMFDA dye (1 × 10−6 m) for
20 min at 37 °C protected from the light. After several washes with warm
media, cells were incubated for 10 min in fresh media before proliferation
analyses were performed by ﬂow cytometry using BD FACS Fortessa.
FAP Expression Quantiﬁcation: After 7 d of TGF𝛽1 treatment, scaﬀolds
were incubated for 10’ in Trypsin under shaking conditions, then scaffolds were removed and cells pellet was collected after centrifugation and
washed with 1% goat serum in PBS. Cells were incubated with FAP-PE
(FAB37159) for 30 min at 37 °C protected from the light. After several
washes with 1% goat serum in PBS, cells were analyzed by ﬂow cytometry using BD FACS Fortessa.
Western Blot: Cells grown on 2D plates were collected after 7 d of
TGF𝛽1 treatment using trypsin. After quenching with fresh media and
washing with PBS, cells were suspended in radioimmunoprecipitation assay buﬀer (RIPA) buﬀer (89901, Thermo Fisher) and Protease Inhibitor
Single-Use cocktail (100x) (78425, Thermo Fisher) and incubated for
15 min on ice. After bicinchoninic acid (BCA) quantiﬁcation, 10 μg protein
was loaded in each gel lane (Mini PROTEAN TGX GELS Cat# 4561096,
4–20%, Biorad). After protein transferring using Trans-Blot Turbo Transfer
Pack (Cat# 1704158), membranes were blocked in 5% fat milk (TBS-Tween
0.1%) for 1 h and then incubated with primary antibodies: 𝛼SMA (ab5694,
1:1000) and GAPDH (ab9485, 1:1000) overnight. Secondary 𝛼-rabbithorseradish peroxidase (HRP) was used (A16110, Invitrogen 1:1000) and
membranes developed using ChemiDoc XRS+ (X-Ray Sensitivity, Biorad).
Microscopy: Scaﬀold Shrinking: Cells were seeded on both St and So
scaﬀolds and imaged every day over a 7 d period using Keyence BZX800
with a 4x objective and performing a stich process to record the entire
scaﬀold surface. Scaﬀold diameter analysis was performed using ImageJ.
Relative scaﬀold shrinking was measured as the ratio of the diameter of
after 7 d of culture with MRC5 cells to the diameter at day 1.
𝛼-SMA Quantiﬁcation: After 7 d of TGF𝛽1 treatment, cells were collected, centrifuged, and washed with 1% goat serum in PBS. After ﬁxation with 4% paraformaldehyde for 10 min at room temperature, cellularized scaﬀolds were permeabilized using Triton X-100 0.1% in PBS for
10 min at room temperature. After washes, blocking was performed using
1% bovine serum albumin (BSA), 10% goat serum in PBS-Tween 0.1% for
30 min in a humiﬁed chamber at room temperature. Incubation with 𝛼SMA-488 (ab197240, 1:250) was performed for 1 h at room temperature
protected from light. 4’,6-Diamidino-2-Phenylindole (DAPI) was added at
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300 × 10−9 m. Imaging was conducted with the Nikon A1 confocal imaging
system, using a 40x objective and recording at least 3 z-stacks/scaﬀold.
Live–Death Imaging: Scaﬀolds were incubated with 2 μL of 50 × 10−6 m
calcein AM working solution and 4 μL of ethidium homodimer-1 stock and
incubated for 20 min at 37 °C protected from the light. After several washes
with warm media, scaﬀolds were analyzed by Keyence BZX800 using a 4x
objective and a ﬁnal stich process to show the entire scaﬀold surface.
Live Imaging: After 7 d of TGF𝛽1 treatment, scaﬀolds were incubated
with 2 μL of 50 × 10−6 m calcein AM working solution and incubated for
20 min at 37 °C protected from the light. DAPI was added at 10 μg mL−1 .
MatTek Glass bottom microwell dishes were used for imaging. Live imaging of scaﬀold shrinking was performed using a Fluo View 3000 confocal
microscope over 24 h with a 10x objective for 13 cycles at intervals of 2 h
with a step size of 40 μm (slices: 20) for a total of 800 μm collected from
the bottom of the scaﬀold. For cell migration tracking, analysis was performed over 24 h with a 10x objective for 13 cycles at intervals of 2 h, airy
disk: 2, step size: 10 μm (slices: 43) and analyzed using Olympus cellSens
software.
Fiber Orientation: OrientationJ is a software package which consists of
a series of plugins for ImageJ and Fiji that automates orientation analysis. The program computes the local orientation and the local coherency.
For each sample, six images were used as input of the structure tensor
computation.
Reverse-Transcription Quantitative polymerase chain reaction (PCR):
Reverse-transcription PCR was performed on cells grown on 2D plates,
St scaﬀolds, or So scaﬀolds after 7 d. Cells were collected using trypsin,
and after quenching with fresh media and washing with PBS, cells were
suspended in lysis buﬀer and RNA extracted using RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Total RNA (100 ng)
was reverse transcribed into cDNA using Biorad iScript cDNA Synthesis
Kit. Quantitative PCR was undertaken using TaqMan Fast Advanced Master Mix and performed on StepOnePlus (Real time PCR System, Applied
Biosystems). Expression of YAP (Hs00902712), WWTR1 (reported as TAZ,
Hs00210007_m1), MMP1 (Hs00899658), and MMP2 (Hs01548727) was
detected using TaqMan Gene Expression Assays. 18S ribosomal RNA was
used as an internal reference for normalization. Analysis was performed
using relative ΔΔCt method.
RNA Sequencing: Library preparation and sequencing were carried
out by Novogene (PE150). Raw fastq ﬁles were quality-checked using
FastQC,[125] a quality-control tool for high throughput sequencing data.
Reads were aligned to the GRCh38/hg38 genome build using spliced transcripts alignment to a reference (STAR).[126] Gene count tables were generated using the −quantMode GeneCounts argument in STAR. The DESeq2
median of means method[127] was used to normalize the gene count tables
to account for sample depth. DESeq2 was used to correct for multiple hypothesis testing and determine signiﬁcantly modiﬁed transcripts between
control and experimental samples (false discovery rate (FDR) < 0.05). Raw
and processed data are deposited in the gene expression omnibus (GEO)
Database with accession number GSE168639. The platform WebGestalt
was used to perform statistical overrepresentation analysis.[128] All major
annotation sets were tested for overrepresentation by comparing the lists
of genes expressed in diﬀerent experimental conditions to those expressed
by a standard genome of reference (FDR < 0.05). The lists of genes were
compared using Venn diagrams through the Venny website.[129] Volcano
plots were generated using the data visualization package ggplot2[130]
within R.[131] Raw gene counts were normalized for all samples and replicates using the DEseq median of ratios method.[127] Normalized counts
were then ﬁltered to include only counts from genes of interest. The mean
of the normalized counts for each replicate was calculated. The z-score
of the averaged counts was calculated per gene, over all samples. The zscore heatmap was generated using ggplot2.[132] Analysis of DEGs was
performed with a cutoﬀ value fold change (FC) > |1.5|.
Statistical Analysis: All data were obtained from at least three independent experiments and expressed as mean ± standard deviation, with
n indicating the number of replicates. The two-tailed Student’s t-test with
Welch’s correction or ANOVA test was used to determine diﬀerences between groups. Results were considered to be statistically signiﬁcant at P-
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value <0.05. The statistical analysis was processed with GraphPad Prism
6 Software (GraphPad; San Diego, CA, USA).
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