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A B S T R A C T   

Mechanomimetic materials are particularly attractive for modeling in vitro fibroblast to myofibroblast (Myof) 
transition, a key process in the physiological repair of damaged tissue, and recognized as the core cellular 
mechanism of pathological fibrosis in different organs. In vivo, mechanical stimuli from the extracellular matrix 
(ECM) are crucial, together with cell-cell contacts and the pro-fibrotic transforming growth factor (TGF)-β1, in 
promoting fibroblast differentiation. Here, we explore the impact of hydrogels made by polyacrylamide with 
different composition on fibroblast behavior. By appropriate modulation of the hydrogel composition (e.g. 
adjusting the crosslinker content), we produce and fully characterize three kinds of scaffolds with different 
Young modulus (E). We observe that soft hydrogels (E < 1 kPa) induced fibroblast differentiation better than 
stiffer ones, also in the absence of TGF-β1. This study provides a readily accessible biomaterial platform to 
promote Myof generation. The easy approach used and the commercial availability of the monomers make these 
hydrogels suitable to a wide range of biomedical applications combined with high reproducibility and simple 
preparation protocols.   

1. Introduction 

Hydrogel-based mechanomimetic materials are widely employed as 
scaffolds to optimize cell culture in vitro with a special focus on 
mimicking the mechanical properties of natural tissues. Indeed, in vivo 
cells are subjected to several interlinked and cross-talking mechanical 
tensions generated by cell-cell interactions, by internal cell structures 
(such as the cytoskeleton) or within the extracellular matrix (ECM) [1]. 
All these mechanical stimuli represent instructive signals modulating a 
wide range of cell behaviors including viability, motility, spreading and 
differentiation via a process called mechanotransduction [2]. Among 
others, cell fate is markedly influenced by the ECM stiffness [3]. Stan
dard in vitro cell cultures are generally performed on glass or plastic 

supports which are characterized by stiffness values (Young modulus, E, 
1–10 GPa) very far from the native ones (mostly in the kPa range) [4]. 
Therefore, conventional substrates do not account for the tissue ECM 
mechanics, calling for new mechanomimetic scaffolds. Among them, 
hydrogels made from either natural or synthetic sources are the most 
promising [5]. In the former class, collagen, hyaluronic acid or fibrin 
based hydrogels are studied for replicating both composition and ECM 
stiffness. However, such materials suffer from a limited range of 
achievable E values and a lack of independent control among compo
sition and mechanical properties [6]. More importantly, their isolation 
from natural sources may result in high variability among different 
batches, leading to a general issue on material reproducibility. 
Furthermore, the limited stability of these matrices, due to degradation 
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or contraction, can hinder their use in long term cultures [7]. 
These problems can be overcome by synthetic hydrogels, such as 

those based on polyethylene glycol or polyacrylamide (PA). These ma
terials allow for a wide range of E values, from tenths to hundreds kPa, 
thus covering most of the biological tissue stiffness [8]. Mechanomi
metic materials are particularly attractive to model the in vitro differ
entiation of myofibroblasts (Myofs) that are recognized as mechanically 
responsive cells, playing a critical role in the processes of wound healing 
and fibrosis [9,10]. The latter is a pathological condition that may affect 
multiple organs with tissue scarring eventually leading to organ function 
loss [11]. At the moment, a general effective therapy for fibrosis is not 
present. Despite the heterogeneous fibrotic disease etiology, Myof gen
eration and persistence in an activated state are the recognized core 
cellular mechanisms of fibrosis in different organs [11]. For this reason, 
availability of readily accessible in vitro models for Myof generation is 
crucial for new studies on the tissue repair and fibrosis mechanisms and 
to develop novel therapeutic treatments. Such models could be also 
useful in cancer research since these cells are critical elements also in 
tumor stroma [12]. 

Myofs are a unique population of cells displaying features of both 
contractile smooth muscle cells and ECM-synthesizing fibroblasts, hence 
the name [13]. Among other progenitors, they derive from the differ
entiation of resident fibroblasts in the ECM [14–17] that is promoted by 
an integrated action of both mechanical stimuli and different pro- 
fibrogenic agents, mainly transforming growth factor, TGF-β1. Such 
compounds are released at the site of a tissue damage by infiltrating 
inflammatory cells and other local cell types including the same fibro
blasts and Myofs [9,18,19]. Notably, also cell-cell communication 
including gap junction channels have been documented to strongly in
fluence the fibroblasts' transition towards Myofs as well as to be involved 
in the functional coupling of Myofs to coordinate their activity [20,21]. 

Fibroblast-to-Myof transition can be reasonably induced in vitro by 
culturing the cells on appropriate scaffolds and supplying TGF-β1 in the 
culture medium (Fig. 1). Choosing the best scaffolds is challenging since 
during the physiological tissue repair and fibrosis, ECM undergoes 
substantial spatio-temporal modifications. Myof generation cannot be 
assumed as the result of a single mechanical stimulus (from a “final” 
tissue) but it realistically depends on a more complex process of bio
logical tissue softening (e.g. after injury) and stiffening (e.g. during scar 
formation). A more detailed overview of the biological Myof generation 
process is reported in Supplementary Materials (Fig. S1), while Fig. 1 
also shows the main biological features that distinguish Myofs from fi
broblasts [20,21]. 

PA scaffolds with different stiffness, ranging from 0.1 to 100 kPa, in 
combination or not with TGF-β1, have been employed to assess the 
differentiation of different types of fibroblasts including corneal fibro
blasts/keratinocytes [22–24], primary human lung fibroblasts [25–29], 

portal fibroblasts [30], aortic valvular interstitial cells [31], cardiac fi
broblasts [32,33], fibro-adipogenic progenitors [34], mouse embryonic 
fibroblasts [35–37] and endometrial stromal cells [38]. The majority of 
these studies showed how stiffer hydrogel (E approximately 10 kPa or 
more) promotes better Myof differentiation supporting the emerging 
idea that the ECM stiffening is not only a consequence of fibrosis. In fact, 
ECM stiffening can itself induce self-reinforcing effects, sustaining Myof 
differentiation and function and, ultimately, maintaining a pro-fibrotic 
state. While this explains the progression of an established fibrotic 
state, it is less clear how the cycle starts [9]. In this scenario, the pro
motion of Myofs in soft PA hydrogels or other soft matrixes has been also 
observed [5,33,35,39]. Noteworthy, the number of the studies evalu
ating PA hydrogels for fibroblast differentiation is still limited, the 
experimental conditions are very variable (e.g. cell types, gel function
alization, culture media, time of culture) often resulting in a difficult 
comparison of the results. As well, regarding the scaffold mechanical 
stiffness, comparison in between different studies is not easy, since they 
were measured with different techniques (e.g. Atomic Force Microscopy, 
rheometer) and at different dimensional scales [40]. Finally, most of the 
current studies are focused on scaffolds mimicking the stiffness of 
healthy or fibrotic tissues, not considering the natural ECM mechanics 
soon after wounding or during the wound healing process that fibro
blasts experience in vivo. 

In this article, we aimed to develop an easily reproducible high- 
throughput in vitro model allowing fibroblasts transition to Myofs at 
best. PA hydrogels with different compositions have been prepared, 
characterized in terms of mechanical properties and tested as scaffolds 
for NIH/3T3 fibroblast culture in combination with chemical stimuli, 
namely TGF-β1. A major finding from our experiments is that hydrogel 
composition strongly influences differentiation. In particular, hydrogels 
prepared with low crosslinker amounts promote an efficient differenti
ation, especially when combined with TGF-β1 and cell-cell 
communication. 

2. Materials and methods 

2.1. Hydrogel preparation 

All chemical reagents were purchased by Merck and used as 
received. Three monomer formulations have been prepared by different 
amounts of acrylamide and N,N′-methylenebis(acrylamide) (called later 
only bis-acrylamide). In 10 mL of water, Stiff hydrogels contain 1.2 g of 
acrylamide and 25 mg of bis-acrylamide, Medium hydrogels contain 0.8 
g of acrylamide and 10 mg of bis-acrylamide and Soft hydrogels contain 
500 mg of acrylamide and 2.5 mg of bis-acrylamide. The solutions were 
degassed and then a 10 % m/V solution of ammonium persulphate (APS) 
was added to achieve a final concentration of 0.05 % of initiator. At the 

Fig. 1. Scheme of fibroblast-to-Myof differentiation in vitro. Myofs display a robust expression of α-smooth muscle actin (α-sma), the actin isoform found in smooth 
muscle cells, which confers a high contractility to Myofs, incorporated in extensively developed and well-assembled stress fibers. When compared to fibroblasts, 
differentiated Myofs are larger and secrete higher amounts of ECM components. Moreover, even if Myofs are not regarded as electrically excitable cells, they show 
distinctive biophysical properties and trans-membrane ion currents typical of smooth muscle cells. 
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end, a 10 % m/V solution of the N,N,N′,N′-tetramethylethylenediamine 
(TEMED) was added to achieve a final concentration of 0.5 % to induce 
the polymerization at room temperatures in 20 min. A more detailed 
procedure to obtain the hydrogel coating on glass coverslip is reported in 
Supplementary data. 

2.2. Hydrogel characterization 

Gel fraction indicates the part of the monomeric mixture which is 
effectively polymerized. It was calculated as the ratio between the 
weight of the dried gel after immersion in water (to eliminate unpoly
merized materials) and the weight of the dried gel before immersion in 
water according to Eq. (1): 

Gel fraction (%) =
Wf
Wd

× 100 (1)  

where Wf is the weight of the hydrogel soaked in water for seven days 
and then dried at 60 ◦C for 24 h; Wd is the weight of the hydrogel dried 
at 60 ◦C for 24 h immediately after the polymerization. 

Swelling degree can be described as the water absorptivity of the 
hydrogel calculated according to Eq. 2: 

Swelling degree (%) =
Ws − Wd

Ws
× 100 (2)  

where Ws is the weight of the hydrogel in swollen form; Wd is the weight 
of the hydrogel in dried form. 

A scanning electron microscope (SEM, PHENOM-World) was used to 
observe the hydrogel structures after lyophilization and sputter-coating 
with a 10 nm gold layer. 

2.3. Mechanical test 

The mechanical response of fully swollen hydrogels was investigated 
under shear and compression conditions using a controlled stress 
rheometer (AR-G2, TA Instruments). All the tests were performed after 
one-week equilibration of the gels in bi-distilled water [41]. Small 
amplitude oscillatory shear tests were performed on cylindrical-shaped 
gel samples. A plate-plate configuration with a Peltier base for temper
ature control (plate diameter = 25 mm) was adopted. To ensure perfect 
contact between the sample and the upper tool of the rheometer (no-slip 
condition), a plate with rough surface was used and the tests were 
performed under a slight degree of compression. Preliminary analyses 
were performed to identify a normal force value that did not affect the 
measurement of the moduli [42]. Preliminary strain sweep tests were 
carried out to define linear viscoelastic regime, and then the linear 
viscoelastic shear moduli were recorded at 25 ◦C in the frequency range 
ω = 5 × 10− 2–5 × 101 rad s− 1. For uniaxial unconfined compression 
tests, samples fully submerged in water were squeezed between the 
parallel plates of the rheometer with a compression rate of 10 μm s− 1. 

2.4. Cell culture and confocal microscopy analysis 

Murine NIH/3T3 fibroblasts, obtained from American Type Culture 
Collection (ATCC, Manassas, VA, USA), were plated on the different 
hydrogel substrates and cultured at 37 ◦C in a humidified atmosphere of 
5 % CO2 for 48 h in media containing different chemical stimuli as 
follows: in proliferation medium (FBS 10 %) containing Dulbecco's 
modified Eagle medium (DMEM, Sigma, Milan Italy) enriched with 10 % 
fetal bovine serum (FBS, Sigma); in low serum condition (FBS 2 %) or in 
low serum condition in the presence of the pro-fibrotic agent TGF-β1 
(2ng/mL, PeproTech Inc., Rocky Hill, NJ, USA) (differentiation me
dium, FBS 2 % + TGF-β1). All the media were supplemented with 1 % 
penicillin/streptomycin (Sigma). Cells grown on glass coverslips were 
meant as a control. Cells were routinely seeded at a density of 37.5 × 103 

cells/cm2; in some experiments (aimed to avoid cell-cell contact) 

fibroblasts were seeded at low density (17.5 × 103 cells/cm2). Confocal 
laser scanning microscope analyses were performed to reveal F-actin 
filament organization, α-sma, connexin (Cx)43, collagen type I (Col–I), 
phosphorylated-small mother against decapentaplegic (pSMAD)-3 
expression and cell surface area. Detailed procedures for microscopy 
observation and cell attachment determination are reported in Supple
mentary data. 

2.5. Electrophysiological records 

The records were performed by the whole-cell patch-clamp tech
nique as previously described [21,43]. The resting membrane potential 
(RMP) was measured in current-clamp mode whereas the passive 
properties of the cells were assessed in voltage-clamp mode. The passive 
currents consist of an early capacitive transient due to the membrane 
capacitance (Cm), followed by a steady-state current flowing through 
membrane resistance (Rm). The parameter Cm is considered as an index 
of the cell surface, since the membrane-specific capacitance is supposed 
to be constant at 1 μF/cm2. Rm was calculated as already reported [43] 
and is the parameter related to membrane permeability. Voltage- 
independent currents flowing through the cell membrane, including 
ion fluxes through transient receptor potential canonical (TRPC) 1 
cationic channels, were evoked by a suitable voltage-clamp step pulse 
protocol. A more detailed description of electrophysiological techniques 
used is reported in Supplementary data. 

3. Results and discussion 

3.1. Scaffold preparation and characterization 

The hydrogels were prepared by free radical polymerization starting 
from a water solution containing acrylamide and bis-acrylamide in 
different amounts [44,45]. The second component is able to act as a 
crosslinker between different polymeric chains and it is the main 
responsible for the mechanical properties of the final material, as shown 
in Fig. 2a. APS was added as a radical initiator, together with TEMED as 
co-initiator to trigger the reaction at room temperature. In this condi
tion, the polymerization was completed in 20 min. 

During the synthesis, the amount of water and crosslinker were 
adjusted to obtain three different hydrogels with composition reported 
in Table 1. The composition is mainly responsible for different me
chanical properties of the bulk final materials, that are hereinafter called 
Stiff, Medium and Soft. The three hydrogels differ for the total monomer 
concentration and the crosslinking content with both quantities 
decreasing from the stiffer to the softer materials. 

Gel fraction and the equilibrium swelling degree determined by 
gravimetric methods are reported in Table 1. For the first parameter, we 
observed a general increase of the gel fraction from 83.5 % to 89.5 % by 
increasing the monomer concentration in the initial solution. These 
values indicated that part of the monomers were not bound to the 
network at the end of the synthesis. The unpolymerized materials can be 
easily removed by immersion in water. This process has been observed 
by Attenuated Total Reflectance (ATR) spectroscopy reported, as an 
example, in Fig. S2. In particular, comparing the spectrum of the 
monomers with those of the final materials, it is possible to observe the 
complete disappearance of the band at 816 cm− 1, attributed to the 
-C=C- bending of the polymerizable double bonds. It confirmed the 
successful removal of unpolymerized monomers during immersion in 
water. Regarding the swelling degree, the higher amount of crosslinker 
(passing for the Soft to the Stiff hydrogel) was reflected in a decrease of 
swelling degree that varies from 96.4 % to 90.1 %. 

SEM micrographs in Fig. 2b show the inner microstructure of the gels 
obtained after freeze-drying. The typical microporous morphology of 
lyophilized materials is nicely preserved in the Stiff and Medium gels, 
while partial collapse of the pores can be appreciated for the Soft gel. 
This difference in the self-supporting ability of the three systems can be 
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taken as a first, indirect measure of the different mechanical response of 
the investigated systems. 

More quantitative details on the mechanical behavior were obtained 
by shear and compression measurement on fully swollen samples. 

Oscillatory shear tests were performed to measure the linear viscoelastic 
moduli of the gels. In particular, the elastic (G') and loss (G") shear 
moduli are shown in Fig. 3a as a function of the oscillatory frequency. All 
the samples exhibit the typical fingerprint of irreversibly covalently 
crosslinked gel-like materials: both moduli are essentially frequency- 
independent, with G' > G” over the entire investigated frequency 
range, pointing out that the elastic response of the hydrogels is more 
pronounced than the viscous one. This conclusion is further corrobo
rated by the data in Fig. 3b, in which the phase angle (δ), that represents 
the lag between the stimulus (stress) and the response (strain) during the 
oscillatory test, is reported as a function of the oscillatory frequency. 
Since it is defined as tanδ = G′′/G′, the phase angle is a relative measure 
of the viscous and elastic properties of a material. Its value can span 
between 0 and 90◦, with the two extreme behaviors characterizing the 
response of a purely elastic and purely viscous material, respectively. 

Fig. 2. Composition and structure of the hydrogels. a) Picture of a hydrogel and scheme of the material structures; b) SEM images of hydrogels after drying (Soft, 
Medium and Stiff hydrogel form left to right), scale bars: 80 μm. 

Table 1 
Composition and swelling capabilities of hydrogels. a % are indicated in weight 
over the water volume. All samples contain the same amount of APS (0.05 %) 
and TEMED (0.5 %). b Values are expressed as the mean ± standard deviation of 
three samples.  

Hydrogel Acrylamide 
(%)a 

Bis-acrylamide 
(%)a 

Gel fraction 
(%)b 

Swelling 
degree (%)b 

Stiff  12  0.25 89.5 ± 0.4 90.1 ± 0.4 
Medium  8  0.1 86.7 ± 0.6 94.1 ± 0.4 
Soft  5  0.025 83.5 ± 0.4 96.4 ± 0.4  

Fig. 3. Small amplitude oscillatory shear tests on hydrogels. Frequency dependence of a) the viscoelastic shear moduli and b) the phase angle for the three gels. The 
inset in b) shows the elastic shear modulus at 1 rad s− 1 as a function of the gel fraction. 
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Besides being all characterized by comparable values of the phase angle, 
the low value of δ indicates that all the investigated gels can be mainly 
regarded as elastic materials. Moreover, it is also evident that the in
crease of the bisacrylamide-to-acrylamide ratio led to a higher cross
linking degree and, hence, higher values of the elastic shear modulus 
(inset of Fig. 3b). 

Hence, viscous or viscoelastic features of the material can be 
considered negligible at least within the timescales of interest. To rule 
out poroelastic phenomena, related to the frictional drag that can be 
generated from the water flows through the polymeric network during 
tests, compression measurements were performed on submerged sam
ples. In this framework, a neoHookean hyperelastic model can be 
assumed, as it is typically done for most hydrogel materials [46,47]. 
Compression tests can be hence exploited to measure the elastic modulus 
of the gels [45]. Fig. 4 shows the compressive stress-strain curves of the 
gels, in which true (Cauchy) stress (σtrue) and strain (εtrue) were calcu
lated from the applied force and uniaxial displacement exploiting the 
following relationships [48]: 

σ true =
F

A0⌈1 − 2υ Δh
h0

⌉.

ε true = ln
(

h
h0

)

in which A0 and h0 represent the initial cross section and height of the 
sample, F and Δh = (h − h0) are the normal force and displacement that 
were recorded during the compression test, and a Poisson's ratio of =
0.49 is assumed in accordance with the previous considerations. From 
the σtrue-εtrue curve at compression, the Young's modulus (Ec) can be 
finally determined from the slope of the curve in the small-deformations 
range in which samples exhibit linear behavior, and it is reported in the 
inset of Fig. 4 as a function of gel fraction) [49]. 

To sum up, the measured mechanical properties of the hydrogels are 
summarized in Table 2. 

The hydrogels have been prepared as thin layers over glass coverslips 
to enable the biological tests. The schemes of the whole preparation 
protocol are reported in Figs. S3 and S4. First, the glass coverslips have 
been treated with (3-methacryloxypropyl)trimethoxysilane (MAPTMS) 
to enhance the adhesion of the polymeric gels and to avoid its detaching 
during the cell cultures (Fig. S3) [50]. Later, a drop of the hydrogel 
formulation solution was placed on a Mylar film and then, a treated glass 
was gently placed on the top of it. In this way, the drop spread over the 
whole glass surface and, after waiting the polymerization time, the 

Mylar was removed leading to the hydrogel coating on the other surface 
with a thickness higher than 10 μm (Fig. S5). 

3.2. Morpho-functional evaluation of fibroblast to Myof differentiation 

The experiments were performed with NIH/3T3 fibroblasts. This 
immortalized murine cell line is a prevalent model system for studying 
fibroblast behavior. Previous research by some of us demonstrated that 
this cell line responds to TGF-β1 stimulation similarly to human dermal 
and primary cardiac fibroblasts [21,51]. NIH/3T3 fibroblasts were 
seeded directly on the prepared scaffolds and on glass coverslips (stan
dard support as control). A first test demonstrated the hydrogels to 
support NIH/3T3 cells attachment with a very similar behavior on all 
the formulations. In particular, cell attachment percentage (determined 
as reported in Supplementary data) has been calculated as 74.2 % ± 2.6, 
74.3 % ± 2.4 and 75.6 % ± 2.0, for the Stiff, the Medium and Soft 
hydrogel, respectively. For differentiation test, cells were cultured for 
48 h in three different experimental conditions: (i) proliferation medium 
containing high concentration of fetal bovine serum (FBS 10 %), (ii) low 
serum medium (FBS 2 %), and (iii) low serum medium containing the 
pro-fibrotic agent TGF-β1 (differentiation medium, FBS 2 % + TGF-β1). 
The last condition was demonstrated to induce in vitro the transition of 
fibroblasts towards differentiated Myofs on the conventional culture 
glass or plastic dishes [20,21]. Usually, in low serum condition the cells 
reduce their capability to grow and proliferate while starting to differ
entiate. Notably the low serum condition may likely mimic the micro
environment to whom the cells are subjected after tissue wounding. The 
use of media of different (serum) compositions, like proliferation and 
low serum media, allowed us to better discern the effects induced by the 
substrate itself from those promoted by the chemical profibrotic agents. 
On the other hand, culturing the cells in differentiation medium con
taining TGF-β1 allowed us to assess the effects of the combination of 
scaffold composition and chemical stimuli. The effective transition of 
NIH/3T3 fibroblasts towards Myofs was assayed by morphological and 
immunocytochemical analyses (Figs. 5,6 and 7, Fig. S6), and further 
corroborated by a functional electrophysiological characterization 
(Fig. 8). Exemplificative confocal images and quantitative analysis of F- 
actin and α-smooth muscle actin (α-sma, the most reliable marker of well 
differentiated Myof) are reported in Figs. 5 and 6, respectively. Cell 
surface area is quantified in Fig. 6q by a morphometric analysis on 
Differential Interference Contrast (DIC) images (examples are reported 
in Fig. 6m-o). 

Fibroblasts cultured on glass coverslips in FBS 10 % for 48 h showed 
the typical spindle-like shape, did not exhibit assembled cytoskeletal 
stress-fiber structures as judged by F-actin staining (Fig. 5a) and 
expressed very low levels of α-sma. This protein appeared with a 
punctiform/dot-like staining and mainly dispersed throughout the 
cytoplasm (Fig. 6a). 

When cultured in FBS 2 % cells showed changes in the shape 
becoming mostly polygonal. They also displayed thin F-actin positive 
stress fiber-like structures suggesting their activation as proto-Myofs 
(Fig. 5e). This intermediate type of Myof is usually formed just after a 
tissue damage, as a consequence of ECM mechanical stress, and later 
undergoes mature differentiation thanks to the action of TGF-β1. An 
increase of α-sma expression was also detected (Fig. 6e). 

As expected, when cultured in FBS 2 % + TGF-β1 the cells appeared 
fully differentiated as Myofs. Indeed, they showed a prominent stress 
fiber network across cytoplasm (Fig. 5i) concomitantly to a robust 

Fig. 4. Unconfined compression tests on hydrogels. Stress-strain compression 
curves for the three hydrogels. The elastic modulus at compression is reported 
in the inset as a function of the gel fraction. 

Table 2 
Summary of the mechanical properties of the investigated hydrogels.  

Hydrogel G' @ 1 rad s− 1 [kPa] Ec [kPa] 

Stiff 2.61 ± 0.49 7.22 ± 0.85 
Medium 0.30 ± 0.09 1.23 ± 0.32 
Soft 0.09 ± 0.02 0.26 ± 0.05  
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expression of α-sma well organized along stress fibers (Fig. 6i), a more 
polygonal shape and an increase of the cell surface area. These results on 
fibroblast behavior have been the starting point of our scaffold explo
ration to find a material able to further improve the Myof phenotype 
acquisition. For this reason, the same culture conditions have been 
repeated using the hydrogels as scaffolds. To note that, hydrogels 
thinner than 10 μm have not been tested since, in these cases, the un
derlying glass stiffness may affect the cell differentiation process [52]. 
As observed on glass support, when fibroblasts were grown on the 

hydrogels, they became activated and displayed the Myof features after 
shifting from FBS 10 % to FBS 2 % and especially to FBS 2 % + TGF-β1. 
In particular, the cells cultured on Stiff hydrogel (Fig. 5b,f,j and Fig. 6b,f, 
j) behaved quite similar to the cells on Glass, although they expressed 
low levels of α-sma after culturing in FBS 2 % + TGF-β1 (Fig. 6j). 

On Medium hydrogel, the cells showed a more pronounced tendency 
to become activated and to undergo differentiation, exhibiting an 
increased F-actin staining and assembling already in FBS 10 % and in 
FBS 2 %, as compared to Glass in the same culture media (Fig. 5c,g). 

Fig. 5. Morphological analyses of NIH/3T3 fibroblast-to-Myof transition: cytoskeletal F-actin assembly. a-l) Representative confocal immunofluorescence images of 
fixed cells incubated with TRITC-labeled phalloidin to stain F-actin. Scale bars: 20 μm. m) Densitometric analysis of the fluorescence intensity (in arbitrary units, a.u.) 
of F-actin. Data are the mean ± SD. One-way ANOVA with Tukey's post hoc test. *** p < 0.001 vs FBS 10 % Glass; ◦◦◦ p < 0.001 vs FBS 2 % Glass; $$$ p < 0.001 vs 
FBS 2 % + TGF-β1 Glass; ### p < 0.001 vs FBS 10 % Stiff; @@@ p < 0.001 vs FBS 2 % Stiff; /// p < 0.001 vs FBS 2 % + TGF-β1 Stiff; §§§ p < 0.001 vs FBS 10 % 
Medium; %%% p < 0.001 vs FBS 2 % Medium; £££ p < 0.001 vs FBS 2 % + TGF-β1 Medium; &&& p < 0.001 vs FBS 10 % Soft; ^^^ p < 0.001 vs FBS 2 % Soft. 
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Moreover, in FBS 10 %, they exhibited a concomitant increase of α-sma 
expression as compared to Glass (Fig. 6c). The cell behavior on Medium 
hydrogel in FBS 2 % + TGF-β1 was comparable to that of the cells 
cultured with the same medium on Glass (Figs. 5k, 6k). 

Finally, when cells were plated on Soft hydrogel, we observed a 
robust increase of stress fiber formation and organization, as well as of 
α-sma expression levels and distribution along the filamentous struc
tures. This was noted both in FBS 10 % (Figs. 5d and 6d,m) and in FBS 2 
% (Figs. 5h and 6h,n) as compared to Glass, and even compared to 
Medium hydrogel in the same media. 

These findings suggest a key role for hydrogel composition itself, 
especially of Soft one, in prompting fibroblast activation and the sub
sequent transition to Myofs, that might likely be elicited by the 
recruitment and activation of pro-fibrotic mechanotransduction 
pathways. 

Notably, the cells cultured on Soft hydrogel in the presence of TGF-β1 
(FBS 2 % + TGF-β1) underwent the optimal differentiation displaying 
the best typical features of well differentiated Myofs. Indeed, they 
appeared polygonal, exhibited thick and well aligned parallel F-actin 
containing stress-fibers (Fig. 5l) with high levels of α-sma and an 
increased cell surface area as compared to that shown by cells cultured 
on other substrates in FBS 2 % + TGF-β1 (Fig. 6l,o). 

To better characterize Myof phenotype acquired on Soft hydrogel, 
we evaluated further distinctive markers such as Col-I and Cx43 (Fig. 7). 
Collagen proteins, in fact, are secreted in higher amounts by differen
tiated Myofs compared to fibroblasts [18], while Cx43 is a typical Cx 
forming voltage-dependent connexons, whose expression usually in
creases in Myof pairs in parallel with gap junction channel functionality 
[20,21]. The results indicates that the cells on Soft hydrogel showed a 
robust increase in the expression of Col-I at the cytoplasmic level and, in 
FBS 2 % + TGF-β1, even outside the cells in a filamentous form as 
compared to cells cultured on Glass, typical of mature Myofs in an active 
ECM synthesizing phase (Fig. 7a-f,m). Of note, the cells plated on Soft 
hydrogels displayed also an increased expression of Cx43 as compared to 
the cells on Glass. This difference was particularly pronounced when 
cells were cultured in the absence of TGF-β1 (Fig. 7g-l,n). Cx43 appeared 
localized both at the cytoplasmic level and at the cell membrane level of 
adjacent cells, in agreement with previous results [20,21]. In contrast, in 
the presence of TGF-β1, cells on Soft hydrogel and Glass exhibited a 
comparable expression of Cx43. 

Moreover, we evaluated the behavior of the cells cultured at low 
density, thus minimizing the impact of cell-cell contacts. Morphological 
analysis clearly revealed that sparse cells on Soft hydrogel appeared 
more differentiated as compared to the cells on Glass in the same me
dium (Fig. S6). Finally, to verify whether the response of the cells to the 
Soft substrate not stimulated by exogenous TGF-β1 could be dependent 
to the TGF-β1 possibly contained in the FBS, we analyzed the activation 
of the canonical TGF-β1/SMAD signaling pathway [53]. We found that 
the cells cultured on Soft hydrogel in proliferation and low serum me
dium condition did not show activation of such signaling pathway not 
exhibiting nuclear expression of the downstream effectors of TGF-β1 
namely pSMAD-3, contrary to the cells cultured in the presence of TGF- 
β1 (Fig. S7) further supporting the impact of the substrate on the pro
motion of fibroblasts to Myof transition. 

Altogether, the morphological observations strongly suggest that 
fibroblast to Myof transition was mostly due to an integrated and 

synergistic action between the scaffold composition and chemical 
stimuli, namely signaling downstream of TGF-β1. 

Furthermore, the functional acquisition of the Myof phenotype was 
assessed by the whole-cell patch- clamp technique (Fig. 8) [51]. Since 
morphological analyses indicated the Soft hydrogel as the best scaffolde, 
we here present electrophysiological investigations performed only on 
contacting cells plated on this substrate and on Glass for comparison. To 
estimate the appearance of features more typical of excitable cells, as 
Myofs can be considered, we first evaluated changes in the RMP, index 
of cell excitability, during the fibroblasts to Myof transition. We 
observed that cells cultured on Glass in FBS 2 % + TGF-β1 showed a 
more depolarized RMP compared with those grown in FBS 10 % in 
accord with previously published data [54], confirming the reliability of 
the model to differentiate under the classical pro-fibrotic chemical 
stimulus. Of note, this trend was endorsed also for cells plated on Soft 
hydrogel scaffolds. Notably, when cells were cultured on this hydrogel, 
their membrane was more depolarized if compared to those plated on 
Glass (Fig. 8b). This can indicate that Soft substrate is even more 
effective in promoting a better Myof differentiation than the standard 
supports, enabling cells to gain a membrane potential value that is closer 
to the contractile activation threshold. 

Then, we analyzed the Cm that is the passive property usually 
considered as an index of membrane surface extension being approxi
mately related to cell size and surface morphology. As expected, ac
cording to the morphological analysis, cells cultured in FBS 2 % + TGF- 
β1 showed significantly higher Cm values compared to those grown on 
FBS 10 %, confirming an increased size for Myofs (Fig. 8d). This ten
dency was observed for cells plated on both Glass and Soft hydrogel. All 
these parameter values are listed in Table 3. When we compared cells 
cultured in the same medium, FBS 2 % + TGF-β1, we found no signifi
cant differences between those plated on Glass and those on Soft 
hydrogel (p = 0.32 Glass vs Soft), suggesting that Soft hydrogel seems 
not to be much more effective than Glass in determining an increase in 
Cm. 

Next, we measured the Rm, that is an index of membrane perme
ability. We observed that Rm values increased during differentiation 
(FBS 2 % + TGF-β1) as compared to those cultured in FBS 10 % for both 
types of supports (Fig. 8e). Although cells grown in FBS 2 % + TGF-β1 on 
the different substrates did not show statistically significant differences, 
we observed a higher variability of Rm values on cells grown on glass 
coverslips. In contrast, Rm values measured from cells on Soft hydrogel 
(in FBS 10 % and FBS 2 %) were more homogeneous. This may suggest 
that Soft hydrogel drives a more uniform differentiation of Myofs, usu
ally presenting heterogeneous cell populations. 

The occurrence of specific ion currents can be a further index of 
differentiation [53]. Representative current responses from cells grown 
on Glass (Fig. 8f) and on Soft hydrogel (Fig. 8g) have been recorded both 
in FBS 10 % and FBS 2 % + TGF-β1. These linear current time courses 
put in evidence the non-voltage dependent currents, likely including 
those flowing through mechanically activated non selective cation 
channels, such as TRPC1 channels. Our preliminary records show that 
the overall current size increases during differentiation, especially on 
the Soft hydrogel. On the bases of the larger current amplitude and the 
more negative baseline current recorded on Soft hydrogel as compared 
to Glass, we can deduce a different stimulation of the cell membrane 
channels, most likely the mechanosensitive ones. This result strongly 

Fig. 6. Morphological analyses of NIH/3T3 fibroblast-to-Myof transition: α-sma expression and cell surface area. a-l) Representative confocal immunofluorescence 
images of fixed cells immunostained with antibodies against α-sma (green). Nuclei are counterstained in red with propidium iodide. Scale bars: 20 μm. m-o) 
Representative differential interference contrast (DIC, gray) images of fixed cell cultured on Soft hydrogels in the indicated experimental condition and observed 
under the confocal scanning laser microscopy. White dotted lines were depicted to better visualize the cell shape. Scale bars: 25 μm. p) Densitometric analysis of the 
fluorescence intensity (in arbitrary units, a.u.) of α-sma. q) Morphometric analysis of mean cell surface area in a.u. Data are the mean ± SD. One-way ANOVA with 
Tukey's post hoc test. * p < 0.05, *** p < 0.001 vs FBS 10 % Glass; ◦ p < 0.05, ◦◦◦ p < 0.001 vs FBS 2 % Glass; $$ p < 0.01, $$$ p < 0.001 vs FBS 2 % + TGF-β1 Glass; 
# p < 0.05, ## p < 0.01, ### p < 0.001 vs FBS 10 % Stiff; / p < 0.05, /// p < 0.001 vs FBS 2 % + TGF-β1 Stiff; §§§ p < 0.001 vs FBS 10 % Medium; % p < 0.05, %% 
% p < 0.001 vs FBS 2 % Medium; £££ p < 0.001 vs FBS 2 % + TGF-β1 Medium; && p < 0.01, &&& p < 0.001 vs FBS 10 %Soft; ^ p < 0.05, ^^^ p < 0.001 vs FBS 2 % 
Soft. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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suggests that different supports provoke a dissimilar stimulation of the 
mechanically-activated channels that may differently contribute to the 
interplay guiding differentiation. 

4. Conclusions 

To sum up, we here intend to present a readily accessible biomaterial 
platform to promote fibroblast to Myof differentiation. Accordingly, we 
prepared and characterized three different polyacrylamide hydrogels 
with elastic modulus at compression in between 0.26 and 7.22 kPa. The 

materials have been tested as scaffolds for NIH/3T3 fibroblast culture 
(48 h) showing that, also in the absence of the pro-fibrotic agent TGF-β1, 
a better differentiation towards Myofs can be achieved on softer sub
strates. Indeed, this kind of hydrogel was able to activate by itself F-actin 
positive stress fiber formation, to induce α-sma expression and organi
zation in filamentous structures and to increase Col-I synthesis and Cx43 
expression. The acquisition of a more differentiated phenotype was 
supported also by the functional electrophysiological analyses revealing 
that cells cultured on Soft hydrogel acquired Myof plasmamembrane 
features better than those seeded on Glass support. 

Fig. 7. Morphological analyses of NIH/3T3 fibroblast-to-Myof transition: Col-I and CX43 expression. a-f) Representative confocal immunofluorescence images of 
fixed cells immunostained with antibodies against Col-I (green). Nuclei are counterstained in red with propidium iodide (PI). Scale bars: 25 μm. g-l) Representative 
superimposed differential interference contrast (DIC, gray) and confocal fluorescence images (acquired simultaneously) of the cells immunostained with antibodies 
against Cx43 (green) and counterstained with PI to label nuclei. Scale bars: 25 μm. m,n) Densitometric analyses of the fluorescence intensity (in arbitrary units, a.u.) 
of Col-I and Cx43. Data are the mean ± SD. One-way ANOVA with Tukey's post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 vs FBS 10 % Glass; ◦ p < 0.05, ◦◦◦ p <
0.001 vs FBS 2 % Glass; $$$ p < 0.001 vs FBS 2 % + TGF-β1 Glass; &&& p < 0.001 vs FBS 10 % Soft; ^ p < 0.05, ^^^ p < 0.001 vs FBS 2 % Soft. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Electrophysiological records. a) Left panel: Detail of the experimental chamber with cells plated on the coverslip and patch pipette approaching the cell 
surface. Right panel: light microscopy image of a representative patched fibroblast (Scale bar: 20 μm). b) RMP (in mV), evaluated in current clamp condition (current 
stimulus I = 0 nA) from cells plated on different substrates (Glass, left bar charts in blue scale color; Soft hydrogels, right bar charts in orange scale color) and cultured 
in different media - proliferation medium (FBS 10 %), low serum medium (FBS 2 %) and differentiation medium (FBS 2 % + TGF-β1). c) Voltage pulse protocol of 
stimulation (top) and representative passive current responses (bottom). d) Cm, values (in pF) and e) Rm, values (in MΩ), obtained from cells plated on different 
substrates (Glass, left bar charts in blue scale color; Soft hydrogels, right bar charts in orange scale color) and cultured in the different media. Data are mean ± SD. 
Two- way ANOVA with Bonferroni ‘s correction. *p < 0.05 vs FBS 10 % Glass. f) Representative time courses of currents (in pA) recorded from a cell grown on Glass 
coverslips in FBS 10 % (left) and in FBS 2 % + TGF-β1 (right). Pulse protocol of stimulation shown in the inset. These current responses include ionic fluxes through 
TRPC channels. g) Representative time courses of currents (in pA) recorded from a cell grown on Soft hydrogel in FBS 10 % (left) and FBS 2 % + TGF-β1 (right). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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However, a limitation of the present in vitro model is the lack of 
precise control over the adhesive cues presented by the hydrogels. The 
control of the type and density of adhesive ligands present on the surface 
would allow us to discern deeply both the involvement of adhesive 
ligand-cell receptor interactions and the role of the scaffold stiffness in 
driving the differentiation. Nevertheless, we can currently speculate that 
the changes we observed in the cell behavior on the different substrates 
may be correlated to the stiffness differences. Soft hydrogel may 
resemble the mechanical properties occurring as soon after a tissue 
lesion (namely ECM destruction or disorganization and reduced ECM 
stiffness) that represents the first stimulus for activating the cells into a 
repairing myofibroblastic phenotype. Support on this hypothesis would 
be given by the functionalization of the hydrogels with adhesive cues 
such as collagen or fibronectin. Experiments are ongoing in our lab to 
assess the effects of different coatings. Indeed, it should be kept in mind 
that different adhesive molecules may interfere with the cell response 
[55], eliciting dissimilar outcomes likely by activating different down
stream mechanotransduction signaling. Furthermore, adhesive coatings 
may certainly improve cell adhesion which could be very helpful when 
using other cell types (e.g. primary ones) and for longer term cell 
culture. 

Abbreviations 

APS ammonium persulphate 
α-sma smooth muscle actin 
ATCC American Type Culture Collection 
ATR Attenuated Total Reflectance 
Cm Cell capacitance 
Col-I Collagen type-I 
Cx43 Connexin 43 
DIC Differential Interference Contrast 
DMEM Dulbecco's modified Eagle medium 
E Young Modulus 
ECM Extracellular matrix 
FBS Fetal bovine serum 
HP Holding potential 
MAPTMS 3-(Trimethoxysilyl)propyl methacrylate 
Myof Myofibroblast 
PA Polyacrylamide 
pSMAD phosphorylated small mother against decapentaplegic 
Rm Membrane resistance 
RMP Resting membrane potential 
TEMED N,N,N′,N′-tetramethylethylenediamine 
SEM Scanning electron microscopy 
TGF Transforming growth factor 
TRPC Transient receptor potential canonical 
ν Poisson's coefficient. 
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