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Keywords:
 Tissue contractures are processes of cell-mediated contraction, irreversible in nature and typically associated with fi-
brotic phenomena. Contractures can be reproduced in vitro; here, we have used a medium-throughput model based
on fibroblast-seeded fibrin (the ‘contracture well’). Firstly, we show how profoundly these processes depend on the lo-
cation of the contractile cells: when on top of the material, fibroblasts produce an interfacial contracture (analog to
capsular contraction around an implant), which tries and bends the construct; when seeded inside the material, they
initiate a bulk contracture (analogue to a wound bed closure) that shrinks it from within. Secondly, we demonstrate
that the interfacial and bulk contractures are also mechanically and biologically different processes. Thirdly, we
show the potentially predictive value of this model, since it not only recapitulates the effect of pro-fibrotic factors
(TGF-β1 for dermal (myo)fibroblasts), but can also indicate the fibrotic potential of a given cell population (here, dys-
trophicmyoblasts morefibrotic than healthy or genetically corrected ones), whichmay have important implications in
the identification of appropriate therapies.
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Cell-matrix interactions
Contraction
Contracture
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Fibrosis
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1. Introduction

Cell-mediated contraction processes can be rapid and reversible, e.g. in
the build-up of tension in muscles, or slower and irreversible, e.g. in scar
formation. The latter are typically referred to as contractures and can fulfil
beneficial (e.g. closure of a wound [1] or proper tissue morphogenesis
[2]) or pathological roles (e.g. hypertrophic scarring [3], organ fibrosis
[4], or capsule formation around implants [5]). The healthcare signifi-
cance of contractures can be better understood by considering that virtu-
ally all large burns produce keloids and/or hypertrophic scarring, [6] or
that the best known contracture-associated pathology - Dupuytren's
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disease - has a prevalence estimated between 1 and 30% of the adult
Western population depending on the age group (increasing with age)
[7]. Contractures can also be observed in in vitro systems: extracellular
matrix (ECM) contracture and orientation by cells is instrumental to ob-
tain tendon/ligament-[8,9], muscle-[10] or peripheral nerve[11]-
mimicking constructs. Of note, ECM contracture can reduce cell viability,
e.g. for chondrocytes [12–14].

Here, we have mechanistically studied in vitro contracture, in order to
quantitatively assess the effect of design/(micro)environmental parameters
(nature of the ECM, mechanical constraints, cell location, pro-fibrotic fac-
tors), and eventually generate predictive fibrotic models, using adult
human dermal fibroblasts (HDFa) as a cellular model in most of the study.

1.1. Fibrin is a contractible ECM

Fibrin is a popular injectable matrix, which is capable to host cells and
be remodeled by them into a variety of functional tissues [15]; it is widely
applied in the clinic as a sealant [16], and has widespread laboratory use as
an artificial ECM [17]. As the natural provisional matrix laid down during
wound healing, fibrin and its remodelling plays a key role in tissue contrac-
ture and scarring. Indeedfibrin is naturally contracted by cells; for example,
platelet-mediated compaction of fibrin networks is crucial to reduce the
size of blood clots. [18–20] Here, we have produced gels using fibrinogen
at a concentration of 3.125, 6.25 and 12.5mg/mL (Fig. 1A), a range similar
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Fig. 1. A. Scanning Electron Microscopy (SEM) images (top), Young's modulus (E; in compression, strain 10%; bottom) and storage shear modulus (G') of gels obtained from
3.125, 6.25 and 12.5mg/mL fibrinogen; n=3. SEM images show the difference in fibre density, whichmay be themain determinant of the slower HDFamigration through
more concentrated gels [34]. Gels are identified in reference to the initial fibrinogen concentration; the fibrin concentration in the gels is more complex, due to their different
swelling in culture media. B. Scheme (top) and image (bottom) of an anchored fibrin gel. Sutures secure the gels to pins inserted in an indented PDMS layer (see its cross-
section in Supporting Information, Fig. 1SI). C. The contracture geometry depends on where cells are seeded. Substrates are seen along the anchor axis (transverse),
perpendicular to it (longitudinal), or from above (top-down); arrows indicate directions of contracture. With 2D-seeded cells (surface - left), the material ‘wraps' around an
axis, eventually resembling a hollow tube. With cells dispersed within the construct (bulk – right), the material shrinks around the anchor axis. The pictures at the bottom
show the two types of contracture in wells of a 12-well plate.
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to that in human blood (2–5 mg/mL [19]). The moduli of the resulting gels
(Fig. 1A, bottom) are close to those of several soft tissues (0.1–10 kPa der-
mis [21]; 0.7–6 kPa lungs [22]; 12 kPa skeletal muscles [23,24]; 0.5–3/
2

10–15 kPa for healthy/fibrotic liver, 1.5/2 kPa for white brain white/
grey matter [25]); this makes fibrin suitable for modelling cell-mediated
contracture of similarly soft tissues.

Image of Fig. 1
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1.2. Axial anchoring is a beneficial form of mechanical constraint

Contraction of cell-laden matrices is often evaluated on freely floating
constructs. [26–29] These models are far from ideal: firstly, they do not
model physiological processes, where mechanical anchoring to surround-
ing tissues is the norm. Secondly, uncontrolled contracture is often detri-
mental to the viability of embedded cells (see Supporting Information,
Fig. 3SI, 4SI, 6SI). Indeed, several approaches have been explored to reduce
fibrin unconstrained and thus uncontrolled contraction, e.g. by mixing it
with components that e.g. osmotically counter contracture (e.g. hyaluronic
acid[30] or poly(ethylene glycol) (PEG) [31]), or are sufficiently hard to
mechanically resist to it. [14,32] Thirdly, anchored and non-anchored
models contract differently: confluent layers of fibroblasts can assemble
in tendon-like structures only when pins anchor them axially [33]. A direc-
tional constraint (axial anchoring) offers both simplicity and efficacy.

1.3. 3D vs. 2D cell positioning

Key to this study is the comparison of two contracturemodes, which dif-
fer in where cells are seeded, i.e. on top of fibrin or within it (Fig. 1C), here
respectively referred to as 2D- and 3D-seeding. 2D-seeding should lead to
constructs folding without significant volumetric changes (‘wrapping');
this provides a model of interfacial, 2D fibrosis, similar to capsular contrac-
tion around non-degradable foreign bodies (e.g. silicone implants). 3D-
seeding should determine a bulk contracture (‘shrinkage’) that more closely
resembles scar formation. Of note, we have previously shown that HDFa
migration rate within fibrin, and the mechanical properties of the latter,
are insensitive to protease inhibitors [34] for at least one week, which sug-
gests insignificant matrix remodelling by 3D-seeded HDFa in the time
frame of the experiments of this study, which is indeed at most one week.

The two models, therefore, mimic fibrotic/contracture processes that
are both geometrically and physiologically different, and thus in perspec-
tive may allow for a targeted assessment of the efficacy of anti-fibrotic
therapies.

1.4. The contracture well

Fibroblast-loaded fibrin has been used to produce tendons [35] and -
with calcium phosphate anchors - ligaments [9,36], through processes of
in vitro contractures. One of the novel points of this study is the introduc-
tion of a medium-throughput approach, where each well of 12-well plate
is a complete contracture unit (the ‘contracture well’). Such a system allows
for a quantitative comparison of the fibrotic potential of physical, cellular
or molecular variables, thereby also possibly permitting predictions of the
fibrotic or anti-fibrotic effects of specific conditions. In this regard, a num-
ber of factors are known to promote myofibroblastic differentiation of fi-
broblasts and increase their contractility, which can be used to validate
the model and show its predictive potential; here we have employed possi-
bly the best known among these factors, the transforming growth factor
beta (TGF-β1) [37,38].

2. Results and discussion

2.1. Optimization of the contracture well model

2.1.1. Cell density in 3D
In viewof a reproducible performance of a cell-laden construct, cell den-

sity is a critical parameter. We have tackled its optimization using HDFa as
a model with the aims a) to maximize viability and proliferation, and b) to
allow the contracture process to last a few days, which is a typical duration
for the closure of a wound bed. Typical values of cell density in 3D-seeded
constructs vary from 2× 105 cells/mL [28,39] to 1–3× 106 cells/mL [40,
41], and we have therefore focused on finding an optimal value within this
range.

The proportion of dead cells increased with increasing cell numbers
(Fig. 2A). The threshold for significant cell death (around 1 M cells/mL)
3

is relatively low, and is likely caused by the hypoxia/necrosis during con-
traction of these rather thick (around 1 mm) constructs.

However, at the lowest density (2 × 105 cells/mL) 3D-seeded HDFa
retained both viability and proliferative activity (in Supporting Informa-
tion, see Fig. 3SI, panel B, Fig. 4SI, panel B, and Fig. 5SI); as a testimony
of the cell health at this density, resazurin fluorescence grew with time, in
a fashion qualitatively similar to what observed on plastics (Fig. 2B).
Since low densities also allowed for more gradual contraction kinetics
(Fig. 2C), we adopted 2 × 105 cells/mL as the volumetric cell density for
all further 3D experiments. Of note, lower densities did not allow the con-
tracture process to stabilizewithin oneweek andwere not further analyzed.

2.2. Cell density in 2D

HDFa were seeded at 5000 cells/cm2, which provided both high viabil-
ity and proliferation activity (see Supporting Information, Fig. 3SI, panel C,
and Fig. 4SI, panel C). This density roughly corresponds to an initial 30%
surface coverage (assuming an area of min. 5000 μm2/cell, as measured
on neonatal HDF [42]); resazurin fluorescence increases steadily with
time, likely reaching confluence by day 4, and suggesting that at later
time points HDFa may have formed multilayers.

2.3. Anchoring or not

Since fibrin gels do not directly adhere to the underlying Pluronic-
treated silicone, their anchoring points determine the contracture geometry
and therefore can affect the extent of shrinkage, and in turn influence the
activity and survival of embedded cells. Indeed, 3D-seeded cells can only
marginally proliferate in case of unconstrained contracture (freely floating,
non-anchored constructs), as shown in Supporting Information (Fig. 3SI,
panel A and Fig. 4SI, panel A). It is noteworthy that experiments were con-
ducted with/without TGF-β1, which can promote contracture by inducing
a myofibroblastic differentiation in HDFa [43], but is also a known anti-
mitogenic factor. [44] In these freely floating matrices, HDFa proliferated
only at the highest fibrin concentration and without TGF-β1 (see
Supporting Information, Fig. 3SI, panel A and Fig. 4SI, panel A), i.e. in the
only system that experienced a limited contracture (see Supporting Infor-
mation, Fig. 6SI). In short, anchoring is beneficial not only for a guided con-
tracture but also to avoid the detrimental effects on viability seen with the
rapid and unconstrained contracture observed in freely floating gels.

2.4. Kinetic similarities in fibroblast-mediated 2D and 3D contracture

In the contracture well model, constructs evolve from a circular to an
elongated shape (Fig. 3A and C); this can be followed using aspect ratio
or cross-sectional area as quantitative descriptors. The two parameters
provide essentially the same geometrical information, and indeed are in-
versely related (see Supporting Information, Fig. 7SI and 8SI); however,
cross-sectional area data have generally a lower variability, and are there-
fore better candidates to characterize the contracture kinetics (see
Supporting Information, the red sigmoidal lines in Fig. 6SI, panel B,
and Fig. 8SI, panels A and C, are Boltzmann fittings) with numerical pa-
rameters; in the latter role, we have employed the final cross-sectional
area and the characteristic time, in order to separately account for the
contractile capacity of the cell population, and for the speed of the con-
tracture, respectively.

The key results of this analysis apply to both the ‘shrinking' (3D) and
‘wrapping' (2D) contracture, and indicate that:

a) stiffer substrates were contracted less and more slowly (Fig. 3B and D
for 3D; Fig. 3F and H for 2D); as a limit case, without TGF-β1 12.5
mg/mL fibrin (Young's modulus ~2.3 kPa) was hardly contracted in
both geometries.

b) TGF-β1 increased the contractile capacity but did not have a clear influ-
ence on the speed: no difference for 3.125 mg/mL fibrin(ogen) con-
structs, and contradicting effects for the others (compare white and



Fig. 2.A.At day 7, live cells were stained by Calcein-AM (green), and the nuclei of dead cells by propidium iodide (red) in 6.25 mg/mL 3D-seeded and axially anchored gels.
B.Cellmetabolic activitywasmeasured via the resazurinmetabolic assay (Alamar Blue assay, see Supporting Information, Fig. 2SI)) at days 1, 2, 4 and 7 of culture. Values are
normalized to the day 1 fluorescence. C. The time-dependent normalized cross-sectional area of constructs 3D-seeded with different cell densities (left) can be fitted with a
Boltzmann model (red lines); the centroid of the corresponding curves is taken as the characteristic contracture time (right). n = 6.
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black symbols in Fig.s 3B and 3D for 3D constructs, Fig.s 3F and 3G for
2D ones).

c) when cells are capable to exert significant contracture, speed and capac-
ity of contraction appeared to be related, i.e. the more a matrix can be
contracted, the quicker it will be contracted (Fig. 3I).
It is noteworthy that 2D and 3D contractures are kinetically similar: the

fastest and the slowest systems in shrinkage are also respectively the fastest
and slowest in wrapping (Fig. 3J and K).

Of note, freely floating gels did not show anymeaningful correlation be-
tween both the extent or the speed of their unconstrained contracture and
the construct stiffness (see Supporting Information, Fig. 3SI, panel C).

2.5. Myofibroblastic character enhances, but is not crucial for contracture

Myofibroblastic phenotypes are most often identified as α-smoothmus-
cle actin (α-SMA)-positive cells and are encountered in most fibrotic con-
tractures. Despite a heterogeneous origin and an intrinsic phenotypic
plasticity [43], there are two minimal denominators: a) fibroblasts (and
protomyofibroblasts [45]) develop into fully differentiated myofibroblasts
under the influence of TGF-β1 [46,47] or other pro-fibrotic factors such
as platelet-derived growth factor (PDGF)[48,49]; b) myofibroblasts differ
from (quiescent)fibroblasts for an enhanced contractile character, presence
α-SMA-positive stress fibres and enhanced collagen type I production. [50]
Of note, also ED-A fibronectin can be used as a marker, but is less selective
thanα-SMA:firstly, it is an earlymarker, which then persists during full dif-
ferentiation; for example, it is typically already recorded in HDFa cultured
on plastic in the absence of fibrotic factors. Secondly, its detection may
strongly depend on its fibrillation state. [45].

2.5.1. α-SMA
In our models, α-SMA-positive cells were detected only upon TGF-β1

treatment, both in 3D (Fig. 4A, left) and 2D contracture (Fig. 4B, left). α-
SMA mRNA expression broadly confirmed this (see Supporting
4

Information, Fig. 9SI, panels A and B); for example, α-SMA was barely de-
tectable in untreated 2D-seeded constructs, and TGF-β1 treatment elevated
its levels only to approach those of untreated HDFa on plastics. It is worth
pointing out that both in 3D and 2D-seeded constructs the initial modulus
had hardly any relevant effect on α-SMA production (see Supporting Infor-
mation, Fig. 9SI, panels A and B).

In terms of localization, in 2D-seeded constructs α-SMA-positive cells
were predominantly seen close to their folding edges (Fig. 4B, right),
which may reflect the higher mechanical stresses acting on the edges of
the materials; in 3D-seeded constructs, they were only seen on their surface
(Fig. 4A, right),where cell densitymay also be higher (see Supporting Infor-
mation, Fig. 5SI; note also the apparently higher density of actin fibres on
the surface; Fig. 4A, right).

2.5.2. Collagen
In 3D-seeded constructs Picrosirius Red stain revealed a relatively ho-

mogeneous collagen distribution, with often a slight accumulation at the
surface; this may be connected to the higher cell density mentioned
above (Fig. 4C). The stain was more intense upon TGF-β1 treatment,
which also tallies with collagen I RT-qPCR data (see Supporting Informa-
tion, Fig. 8SI, panel C). A similar, TGF-β1 stimulated collagen production
can also be seen in 2D-seeded constructs (see Supporting Information,
Fig. 9SI, panel D). In the latter constructs, however, the collagen-rich
areas are found in the fibroblast layer, i.e. on top of and not within fibrin;
it may be hypothesized that the interfacial contracture is due to the cell-
mediated contraction of the matrix of this layer. Neither Picrosirius stain
nor mRNA analysis indicated an effect of the matrix modulus on collagen
production in any of the constructs.

2.5.3. Contractile cell ‘fingerprinting’
By cross-correlatingα-SMA and collagen I production (PCR data), a phe-

notypewith bothmarkers upregulated, i.e. ‘fullymyofibroblastic’, develops
only in 3D-seeded constructs and under the action of TGF-β1 (Fig. 4E); the

Image of Fig. 2


Fig. 3.A.Views from above of the contracture (shrinkage) of 3D-seeded, axially anchored constructs as a function of fibrin initial concentration and presence of TGF-β1. The
sutures anchoring the constructs to the metallic pins are visible as dark lines at the two ends of the horizontal axis. B-C. The final cross-sectional area (panel B) and the
characteristic time (panel C) are numerical parameters extracted from the time dependency of the cross-sectional area (see Supporting Information, Fig.s 6SI and 8SI). D.
Both parameters scale with the initial hardness of the material. E-H. Same as in panels A to E, but for 2D-seeded constructs. A time-lapse of the contracture processes is
available in the Supporting Information; a first movie presents the phenomenon at the level of whole wells (Contracture_wells_Roberts.mp4), while a second in a
magnified fashion at the level of suture ponts (Contracture_magnified_Roberts.mp4). I-K. In all samples undergoing significant contracture (i.e. all samples but 12.5
mg/mL fibrin gels without TGF-β1) speed and final extent of contraction correlate well (panel I); the blurred purple line is just a guide for the eyes. There is also a
remarkable correlation among the final cross-sectional areas in the two contraction geometries (panel J), with remarkably similar effects of the TGF-β1treatment (arrows).
A similar 2D/3D correlation can also be seen also for the speed of contraction (panel K); the somehow weaker correlation may stem from the higher variability in this
parameter seen in samples undergoing hardly any contracture. For all panels, n = 6.
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equally treated 2D-seeded systems only showed amild increase in collagen.
Interestingly, the extent of this differentiation did not appear to correlate to
stiffness nor to degree of contracture (Fig. 4F).
6

Amyofibroblastic phenotype, therefore, does not appear to be necessary
for such constructs to undergo contracture, or to respond to a pro-fibrotic
agent: TGF-β1 induced a similar increase in contracture in 2D and 3D-

Image of Fig. 4
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seeded constructs, despite the cells in the constructs showing a rather differ-
ent ‘myofibroblastic’ character.

2.6. Contractures as isotonic (2D) or partially isometric (3D) affine processes

In the contracture well model, the application of axial constraints
leads the cell-laden constructs to assume a macroscopically anisotropic
shape; microscopically, this corresponds to a preferential orientation of
ECM fibres (see Supporting Information, Fig. 10SI). When a macro-
scopic deformation of a material translates uniformly at any level of
scale, e.g. with the same direction of alignment, that deformation is typ-
ically described as affine. Indeed, the affine approach is often used to ra-
tionalize the behaviour of ECM fibrillar components such as collagen,
[51,52]. In our model, cells are an integral part of the anisotropic con-
traction, directly pulling ECM fibres (Fig. 5A); it is of interest whether
the affine scheme applies not only to fibrin fibres but also to cell bodies,
since the relevant literature provides evidence of this [53] but also of
the contrary [52]. Indeed, HDFa bodies aligned to a high extent along
the contraction axis (Fig. 5B and C, left panels). We have employed cy-
toskeletal stress fibres to quantify cell alignment, expressing it through
an order parameter (see Section 2.3.3; in Supporting Information, exam-
ples of stress fibre angular distributions are reported in Fig. 11SI, panels
D-G, while Fig. 12SI and 13SI provide the order parameter data). In 3D-
seeded constructs, HDFa alignment depended on the initial elastic mod-
ulus and on the extent of contracture (Fig. 5A, right): the softest and
more contractible matrices provided the highest alignment. In 2D-
seeded constructs, HDFa did not invade the matrix (despite the absence
of fibrinolysis inhibitors), but produced a cell- and collagen-rich layer
on its top (Fig. 4D); there, they were highly aligned, independent of
stiffness and contracture (Fig. 5B, right).

In the most studied contractile tissues – skeletal muscles - contractions
are often classified as isometric (distances unchanged, pulling force in-
creases) or isotonic (distances reduced, pulling force constant). If we as-
sume internal tension (the ‘tone’) to be roughly proportional to cell
alignment, 2D contracture would resemble an isotonic process: cell align-
ment is constant during contraction of the cell layer. In the contracture of
3D-seeded constructs, the distance between anchoring points is fixed,
while the cell alignment is variable (stiffness-dependent); at least in its cen-
tral parts, the process is therefore mostly isometric. Interestingly, on the
surface of the 3D-contracted constructs, the matrix turned out to be essen-
tially isotropic, while HDFa aligned their spindle-shaped bodies in the di-
rection of the anchoring points (Fig. 5C); we interpret this as the affine
deformation being overcome by matrix (but not cell) shrinkage in the pe-
ripheral areas. We are therefore inclined to consider the contracture of
3D-seeded constructs to be isometric when dominated by a geometric con-
straint, anisometric (possibly more isotonic) elsewhere.

2.7. Mechanical effects of 3D contracture

The contracture of 2D-seeded constructs does not alter the mechanical
properties of fibrin: the process is not accompanied by any significant vol-
ume change or remodelling of these matrices. Conversely, we recorded a
significant variation of stiffness in the contracture of 3D-seeded constructs,
both using tensile tests (bulk) and nanoindentation (surface), due to the
bulk/surface differences discussed above.
Fig. 4. A-B. Left: immunofluorescence of α-SMA (Green: α-SMA. Red: actin. Blue: nucle
Right: 3D-seeded constructs develop a higher density of actin close to the surface (3D-r
is marked with yellow lines because HDFa did not invade it. C. Picrosirius Red staining
colour with TGF-β1 shows an increased presence of collagen. D. At day 7, prior to Picr
their axis. Their shape was heavily distorted, but the presence of a collagen-rich (red a
E. The correlation between collagen 1 and α-SMA expression (see Supporting Inform
‘myofibroblastic’ cells. n = 6. F. Correlation between collagen 1 (left) and α-SMA exp
contracture). Negligibly contracted samples (12.5 mg/mL fibrin, no TGF-β1) are high
effect of TGF-β1 on 3D-seeded constructs; 2D-seeded constructs exhibit a similar reduct
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2.8. Tensile measurements (Fig. 6A)

First, it must be noted that the mere presence of HDFa had a minor
effect on the stiffness of constructs, with a moderate hardening only of
the softest ones (see Supporting Information, Fig. 16SI). Cell-mediated
contracture, on the contrary, was always accompanied by significant
stiffening (Fig. 6B-C), above all in the presence of TGF-β1; this effect
was so noticeable that the softest constructs underwent the highest
degree of stiffening (Fig. 6C) and as a result became the hardest
(Fig. 6B).

Contracture may also have a (small) effect on stress relaxation; by using
a double exponential model (inset in Fig. 6A, bottom), it is possible to sep-
arately account for a predominantly elastic / poroelastic (‘instantaneous’ re-
laxation, τ1) and for a viscoelastic response (‘delayed’ relaxation, τ2). τ2was
unaffected by the presence of cells (at day 0) or by contracture (day 7, with
or w/o TGF-β1). τ1, on the contrary appeared to be affected by contracture;
before shrinkage, the softest samples showed higher τ1 values, but after con-
tracture no difference between samples could be noticed (Fig. 6D). This is a
further indication that in a contracted state - and basically independent of
its extent – all constructs were mechanically similar; a modulus in the
range of 2–2.5 kPa may therefore be a self-limiting factor for HDFa-
mediatedmatrix contracture. Finally, it is worthmentioning that no sample
exhibited a statistically relevant difference in their strength, before or after
contracture (Fig. 6E).

2.9. Nanoindentation

Firstly, this analysis showed that the construct surfaces became more
mechanically heterogeneous after contracture (see Supporting Informa-
tion, Fig. 11SI), above all with TGF-β1. This is likely due to cells migrating
to the surface (Fig. 5D), where they are mechanically different from the
surrounding matrix. The average surface elastic modulus (Fig. 7A) in-
creased 20–50% in the absence of TGF-β1, independent of the extent of
bulk contracture, which is consistent with the lack of matrix orientation
seen in SEM image of construct surfaces. A more significant increase
was recorded in the presence of TGF-β1, and - differently from bulk mea-
surements - the hardest constructs showed the highest increase (Fig. 7B).
This is directly related to the mechanical behaviour of HDFa: control
nanoindentation experiments performed selectively on cells showed that
TGF-β1 makes HDFa harder (Fig. 7C, left) and that this process is specifi-
cally related to the hardening of stress fibres (Fig. 7C, centre), whose
stiffer character and larger dimensions (Fig. 7C, right) tally well with
the expression of α-SMA (Fig. 4A). Of note, the modulus values recorded
for whole cells (Fig. 7C, left) are similar to those of the whole constructs.
We previously noted contracture to be possible with matrix moduli below
2–2.5 kPa; in the light of this mechanical analysis, an alternative interpre-
tation is that contracture might be limited by the very hardness of the cell.
Indeed it seems reasonable that a cellular contractile machinery would be
able to pull the surrounding matrix only when the latter is softer than the
cell body.

In summary, at the level of whole constructs contracture and hardening
are proportional, as it should be expected. However, the surface of the con-
structs behaves in a peculiar fashion, with a likely denser and more
myofibroblastic cell population being directly responsible for (part of) the
surface stiffening.
i) for 3D (A) and 2D (B)-seeded constructs (day 7), cryosectioned prior to staining.
endered images of 3 mg/mL fibrin, TGF-β1, day 7); in 2D-seeded constructs fibrin
(collagen I and III) of cryosectioned 3D-seeded constructs, day 7 days. The darker
osirius Red staining, the 2D-seeded constructs were cryosectioned orthogonally to
rrows) area sandwiched between collagen-poor regions (black arrows) is apparent.
ation, Fig. 8SI) shows that only 3D-seeded and TGF-β1 treated constructs yield
ression (right), and final cross-sectional area (the higher the area, the lower the
lighted in red brackets, and should be considered outliers. Grey arrows show the
ion in areas, but allow or negligible development of myofibroblast markers. n = 6.



Fig. 5. A. SEM images of freeze-fractured 3D-seeded fibrin constructs (day 7), showing ECM fibres being ‘pulled’ by HDFa. B. Left. Confocal microscopy images of 3D-seeded
constructs stained with phalloidin (green) and DAPI (blue). Of note, phalloidin provides a better signal-to-noise ratio than the anti-α-SMA antibody, which appears to stain
also intermediate filaments (see also Supporting Information, Fig. 11SI, panel A to C), as also reported in literature. [54] Right. Correlation between cell alignment (order
parameter S: 1 means perfect alignment, 0 random distribution; see also Supporting Information, Fig. 12SI) and extent of contracture; the order parameter data are also in
Supporting Information, Fig. 13SI, panel A. C. As in panel A, but for 2D-seeded cells; the order parameter data are also in Supporting Information, Fig. 13SI, panel B. D.
SEM images of 3D-seeded construct surfaces (day 7); in the pictures at higher magnification cellular processes are marked with a red star. Cells but not fibres show a
preferential orientation. The high number of cells on the construct surfaces can also be seen by staining the constructs (see Supporting Information, Fig. 14SI).
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2.10. Contracture in non-fibroblastic models

Fibrosis accompanies a variety of inflammatory pathologies, which
are not exclusively associated with fibroblastic phenotypes. Here, we
have focused on muscle cells, with the aim to highlight the occurrence
of irreversible contracture; myoblasts have been previously plated on
or in fibrin-based gels [55–57] to generate myobundles, but always fo-
cusing on stimulated (reversible) contraction. However, contractures
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play an important role in pathologies such as muscular dystrophy:
there, progressive muscle wastage is accompanied by its replacement
with irreversibly contracted, fibrotic tissue, which hampers the contrac-
tile function of the residual healthy muscle [58,59]. The precise cellular
etiology of fibrotic tissues in muscular dystrophies is still debated: a con-
sensus exists that fibroblasts, adipocytes or fibro/adipogenic (platelet-de-
rived growth factor (PDGFRA)-positive) precursor cells [60–62] are
major players, but little is known regarding the direct participation of

Image of Fig. 5


Fig. 6.A. 3D-seeded constructs were analyzed in tensile mode (see also Supporting Information, Fig. 15SI). A stress-strain curve (strain rate 10mm/min, up to 50% strain; the
tensile stiffness was normalized against cross-sectional area, please refer to the experimental section) was followed by stress relaxation for 2 min (double exponential model)
and a final deformation until failure; due to the stress relaxation, the stress at failure (ultimate strength) values can be different (higher) than without the relaxation step.
Please note that it is often impossible to precisely calculate stress, therefore we have preserved the most common terminology (stress-strain curve, stress relaxation), but
we have actually employed force data, instead of stress. B. Normalized stiffness of 3D-seeded samples after 7 days of culture. C. Correlation between the increase in
stiffness during contraction and the extent of contraction; the numbers in red report the fibrinogen concentration. D. Short (τ1) and long (τ2) relaxation times of 3D-
seeded constructs as measured from the stress relaxation experiments. Before contracture, the short relaxation times of the softer gels were marginally larger than that of
the hardest construct, but after contracture (red circles) no difference was apparent. E. Tensile strength measurements (stress at the point of rupture) of 3D-seeded
constructs; no statistically significant effect can be seen, although the 12.5 mg/mL fibrin(ogen) may show a higher strength after contraction.
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diseased muscle cells themselves. Here, we have employed human im-
mortalized myoblasts, as models of healthy, diseased (dystrophic), and
cured cells (dystrophic but genetically corrected via exon skipping of
the dystrophin gene: the truncated but functional dystrophin can amelio-
rate muscle performance [63]).

In terms of the overall extent of contracture (Fig. 8A, larger graphs), all
myoblasts and non-TGF-β1 stimulated fibroblasts were similar (40–50%
contraction), both in 2D and in 3D.

Healthy and corrected myoblasts, however, clearly differed from fibro-
blasts in the contraction kinetics: they acted more rapidly than HDFa in 2D-
seeded constructs, and more slowly in 3D-seeded. Since 3D-seeding is more
relevant for tissue fibrosis, this finding indicates a higher fibrotic potential
for fibroblasts than healthy/corrected myoblasts, which is logical. On the
other hand, dystrophic myoblasts always showed a rapid contracture, sim-
ilar in speed to the other myoblasts in 2D, and to HDFa in 3D, indicating a
higher propensity to 3D fibrotic processes for dystrophic cells than for their
healthy/corrected counterparts. While on one hand this would tally with
the actual pathology, on the other hand it would potentially suggest dystro-
phic cell direct participation in fibrosis.

Incidentally, both in 2D and in 3D these dystrophic cells showed a some-
how reduced stain for sarcomeric myosin heavy chain (MHC), which is an
early marker of terminal myogenic differentiation into myotubes and a
key component of their reversible contraction machinery (Fig. 8B); this
finding appears to confirm reports that dystrophic myoblasts in vitro may
9

generate more immature myotubes [64], which are also less capable of
stimulated, reversible contraction.

3. Conclusions

Our contracturewells recapitulate in vitro several features of tissue con-
tractures, including the sensitivity to pro-fibrotic factors. HDFa can easily
contract soft fibrin constructs (E≤ 1.5 kPa), but the extent of contraction
is significantly increased through the use of TGF-1, which promotes HDFa
differentiation to a myofibroblastic phenotype. Of note, while mechanical
properties are a major determinant of contracture (harder construct – less
contracture), they did not appear to affect the extent of myofibroblastic dif-
ferentiation, i.e. cells do not appear to be ‘more myofibroblastic’ when on/
in constructs more difficult to contract.

Further, ourmodels allowus to differentiate two geometrically different
contracture modes: interfacial (2D) processes occur when cells form and
contract their own ‘tissue’ outside the constructs, andmay be approximated
to isotonic contractions. Bulk (3D) processes see cells pulling the matrix
from within, and in the presence of constraints these phenomena may be
considered isometric. These two modes, therefore, lend themselves to
in vitro mimic, respectively, the fibrotic reaction around a non-infiltrated
foreign body (e.g. capsular contracture around a silicone implant), or that
within a tissue (e.g. that of a wound bed, or the formation of a Dupuytren
nodule).

Image of Fig. 6


Fig. 7.A. The number averagemodulus values, obtained as reported in Supporting Information, Fig. 17SI, show that higher fibrin concentration, presence of TGF-β1 and the
prolonged culture time all increased the surface stiffness of the constructs. B. The extent of stiffening is quantified reporting the fold increase in elastic modulus values
between day 7 and day 0 (top, no TGF-β1), and with and without TGFβ1 at day 7 (below). C. HDFa were subjected to nanoindentation when cultured a planar substrate
(TCPS, see Supporting Information, Section 1SI). Left. The modulus of the cells was measured using nanoindentation with a 2 m-sized colloidal probe, showing a
considerably hardening upon a 48 h TGF-β1 treatment. Centre. Using an AFM tip-based nanoindentation, it is possible to selectively probe areas of the cell bodies
corresponding to stress fibres or not. The corresponding force maps (see Supporting Information, Fig. 19SI) clearly show that most of the hardening is due to a > 2-fold
elastic modulus increase in the areas corresponding to stress fibre areas. Please note that the elastic modulus values obtained with tip and colloidal probe-based
nanoindentation are not necessarily comparable Right. Deflection images of HDFa on TCPS showing more developed stress fibres after a TGF-β1 treatment.
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Some cell types may be more prone to participating in one or the other
kind of contracture; for example, our models indicate that non-dystrophic
myoblasts were more apt to 2D and less to 3D contracture, and the reverse
applies toHDFa. Interestingly, dystrophicmyoblasts appeared to be equally
prone to both mechanisms, which may indicate a propensity of these dis-
eased cells to be involved in fibrotic muscle degeneration.

In summary, we have validated 2D and 3D contracture models as
medium-throughput and possibly automatable tests of the fibrotic capacity
of various cell types, or for the pro- or anti-fibrotic effects that environmen-
tal cues can have on them. This can significantly increase the capacity of
precisely predicting and fine tuning the efficacy of anti-fibrotic therapy.

4. Materials and methods

4.1. Materials

Bovine fibrinogen (FG, F8630, Type IS, α-chain Molecular weight
(MW): 63.5 kDa, β-chain MW: 56 kDa, γ-chain MW: 47 kDa; soluble
dimer MW: 340 kDa), bovine thrombin (≥1500 NIH units/mg protein),
N-(2-(hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) and
Pluronic F-127 (number average molecular weight 12.6 kDa) were pur-
chased from Sigma-Aldrich (Gillingham, UK). Calcium chloride (CaCl2)
and sodium chloride (NaCl) were purchased from VWR International Ltd.
(Leicester, UK). The poly(dimethylsiloxane) (PDMS) precursor Sylgard
Type 184 was purchased by the Dow Chemical Corporation (Midland, MI,
USA). Stainless steel 0.1 mm minutien pins were purchased from Fine Sci-
ence Tools GmbH (Heidelberg, Germany).
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4.2. Preparative operations

4.2.1. Preparation of fibrin gels
Fibrinogen stock solutions were prepared in HEPES-buffered saline

(HBS: 20 mMHEPES, 150mMNaCl, pH=7.4) by slowly dissolving fibrin-
ogen for 2 h at 37 °C under shaking, typically to obtain a concentration of
9.375, 18.75, 37.5 mg/mL. A stock HBS solution of thrombin and CaCl2
was produced by mixing equal volumes of 6 U/mL thrombin in HBS and
of 120 mM CaCl2 in HBS. In a typical gelation experiment, 54 μL of this
stock solution were mixed with 54 μL of a solution of fibrinogen at the ap-
propriate concentration in HBS and with 54 μL of HBS, yielding final solu-
tions 3.125, 6.25 or 12.5 mg/mL in fibrinogen, 1 U/mL in thrombin and
20 mM in CaCl2, which were allowed to react at 37 °C for 2 h.
4.2.2. Preparation of culture dishes and anchors
A PDMS mould was produced at the bottom of each well of a 12-well

plate, by mixing the two components of Sylgard 184 (elastomer and curing
agent, 10:1weight ratio). The PDMSwas cured at 60 °C for 45min, yielding
very viscous (‘tacky’), but yet not completely cured materials. At this point,
13 mm diameter circular cover slip (previously treated with 3% w/v Plu-
ronic F-127 for 30 min to reduce adhesion) was positioned at the centre
of each well, then completing the curing at 60 °C for 30 min. The cover
slips were finally removed to create a circular indent in the centre of the
well, which typically is ~20 μm deep. The wells (including PDMS moulds)
were then sterilized with pure ethanol for 30 min, and then treated for 2 h
with a sterile-filtered (0.22 μm) 3%w/v Pluronic F127 solution to cover the

Image of Fig. 7


Fig. 8. WT: wild-type, healthy myoblasts. DYS: dystrophic myoblasts. DYS-CORR: dystrophic myoblasts where the dystrophin gene was engineered via exon skipping to
provide a shorter but functional version of the protein. A. Contracture kinetics for 2D- (left) and 3D-seeded (right) constructs. The kinetics of myoblast-based constructs
was typically bimodal; the slower component may be associated to differentiation and myotube formation. The myoblast data were correspondingly fitted with a double
Boltzmann model (solid red lines) and the characteristic time of the more rapid component is presented in the insets; for comparison, HDFa (please note: without TBF-β1
treatment) data were fitted with the same model, but a single Boltzmann fitting provides virtually identical results (red dotted lines in the graphs, grey squares in the
insets). B. Myoblasts 2D (above) and 3D (below) seeded on/in 6.25 mg/mL fibrin(ogen) were imaged for nuclei (DAPI, blue) and myosin heavy chain (green) at day 15,
as a qualitative indication of myotube formation. Please note that a) the degree of fusion observed (2–3 nuclei per myotube) does not correspond with the level of
myotube maturation required for dystrophin expression; b) the lower intensity observed for the myosin stain suggests a reduced capacity of fusion for dystrophic
myoblasts when in/on a contracting matrix.
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PDMS substrates with a layer that prevents the adhesion of fibrin gels. Silk
sutures (Mersilk Suture 3–0, Ethicon) of approximately 4 mm in length
were pinned with minutien pins into the PDMS elastomer at a separating
distance of 10 mm (as seen in Fig. 2B). Of note, both pins and sutures
were sterilized with pure ethanol for 30 min prior use, and the plates
were further sterilized under UV exposure overnight.

4.2.3. Preparation of cell-seeded fibrin gels

4.2.3.1. Fibroblast cell culture. During both expansion (on plastic substrates)
and culture in/on fibrin constructs, adult human dermal fibroblasts (HDFa;
C-013-5C, Cascade Biologics, Invitrogen, Paisley, UK; passage always <11)
were cultured in high glucose Dulbecco's Modified Eagle Medium (DMEM,
D6546, Sigma-Aldrich) supplemented with 10% v/v fetal bovine serum
(FBS, Invitrogen), 1% v/v L-glutamine (Invitrogen) and 1% v/v penicil-
lin/streptomycin solution (Sigma-Aldrich) (hereafter referred to as
DMEM) and incubated at 37 °C/5% CO2 under sterile conditions.

4.2.3.2. Myoblast cell culture. Immortalized human skeletal myoblasts from
muscle biopsies of both healthy donors and DMD patients carrying a skip-
pable mutation of exon 51 of the dystrophin gene (as developed by
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Mamchaoui et al. [65]; passage 4) were grown in SKM (Skeletal Muscle)
medium, which consists of 80% high glucose DMEM and 20% 199
medium, supplemented with 20% FBS, 25 mg/mL Dexam (Sigma-
Aldrich), 10 mg/mL gentamicin, 25 mg/mL fetuin and 1× insulin-
transferrin‑selenium-X (Thermo Fisher), 5 μg/mL human Fibroblast
Growth Factor (hFGF) and 500 μg/mL recombinant human Endothelial
Growth Factor (hEGF). Part of DMD myoblasts were genetically corrected
with a lentiviral vector expressing a small nuclear RNA (U7) engineered to
skip exon 51 of the dystrophin gene as originally described in De Angelis
et al. [66]. Cells were passaged at 80% confluence. When seeded in/on
constructs, myoblasts were left to adhere/spread for at least 24 h in
SKM medium, and differentiation was then induced by replacing it with
serum-free high-glucose DMEM, supplemented with 10 mg/mL gentami-
cin, 1× insulin-transferrin‑selenium-X (kept for the whole duration of
the experiments).

4.2.3.3. Cell-seeded constructs. Solutions of fibrinogen and thrombin (54 μL
each, as described in Section 2.2.1) were mixed with 54 μL of either HBS
(for 2D-seeded constructs) or a cell suspension in DMEM (for 3D-seeded
constructs). 150 μL of gelling fibrinogen solutions (with or w/o cells)
were pipetted within the circular indent in the anchored culture dishes

Image of Fig. 8
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ensuring good contact with the suture. Please note that the no fibrinolysis
inhibitors were added. 2D constructs. After allowing gelation to occur at
37 °C for 2 h, 100 μL of a 70,000 cell/mL cell suspension in DMEM were
carefully pipetted on to the gel surface, in order to obtain a surface density
of 5000 HDFa/cm2 or of 20,000 myoblasts/cm2; myoblasts were used at a
higher density for myoblasts to favour their fusion into myotubes. Cell at-
tachment was allowed to occur at 37 °C for 4 h prior to the addition of
0.5mL of DMEM. 3D constructs. Gelation and cell attachmentwere allowed
to occur at 37 °C in a cell culture incubator, and 0.5mL of DMEMwas added
after 4 h. A final cell density of 200,000 cells/mL was used for 3D con-
structs, unless otherwise stated.

The constructs were cultured for up to 7 days (up to 15 for myoblasts),
changing the cell culturemedia at day 1, 2 and 4. In the experiments includ-
ing TGF-β1 (recombinant human TGF-β1, ab50036, Abcam, Cambridge,
UK) treatment, the DMEM used for the first two days after gelation
contained 10 ng/mL of the growth factor, and was then replaced by normal
DMEM for the remaining culture period. For cryosectioning, SEM, immuno-
fluorescence and Picrosirius Red staining, at the end of the cell culture pe-
riod the constructs were washed with PBS and fixed in 4%
paraformaldehyde for 20 min at room temperature, then stored at 4 °C in
PBS prior to any further analysis.

4.3. Biological characterization

4.3.1. Viability tests
Cell metabolic activity was quantified at days 1, 2, 4 and 7 of culture

using resazurin reduction with the addition Deep Blue Cell Viability Kit
(BioLegend) in a 1:10 ratio with cell culturemedia, measuring fluorescence
intensity of supernatants with a Synergy 2 multi-mode BIOTek microplate
reader 4 h after the addition of the staining agent. After each measure,
cells were washed with DMEM and then fresh cell culture medium was
added to wells. Moreover, a live/dead cell staining kit (Calcein-AM/ propi-
dium iodide-based 04511 Cellstain double staining kit, Sigma Aldrich) was
used following the manufacturer's instructions to study cell viability at day
7. Images were acquired on a Leica DMI6000B inverted microscope with a
20× objective and processed with ImageJ.

4.3.2. Cryosectioning
3D-seeded, fixed constructs went through sequential incubations (1 h,

RT) in 7.5%, 15% and finally 30% w/v sucrose in PBS solutions, in order
to prevent the formation of ice crystals during freezing. Sutures were care-
fully removed, and the constructs were embedded in Tissue Tek OCT com-
pound before being frozen in liquid nitrogen-cooled isopentane. Frozen
samples were sectioned with a Leica CM3050 S cryostat to a thickness of
10 μm and mounted on microscope slides.

4.3.3. Immunofluorescence

4.3.3.1. α-Smooth muscle actin imaging. Fixed samples were permeabilized
with 0.1% Triton X-100 in phosphate buffered saline (PBS) for 3 min
followed by blocking with 5% w/v bovine serum albumin (BSA) in PBS
overnight at 4 °C. α-Smooth muscle actin was stained with an anti-αSMA
antibody (mouse monoclonal, A2547, Sigma Aldrich) at a 1:200 dilution
in PBS containing 1%w/v BSA (PBS-BSA) for 60min followed by a second-
ary Alexa Fluor® 488-conjugated antibody (ab150113, Abcam) at a 1:500
dilution in PBS-BSA for 60 min. F-actin fibres were stained using Alexa
Fluor® 594-conjugated phalloidin (Invitrogen) in a 1:200 dilution in PBS-
BSA for 60 min. Nuclei were stained with 1 μg/mL DAPI (4′ 6-diamidino-
2-phenylindole) in PBS for 5 min. All the above incubation steps were con-
ducted at room temperature and in the dark, washing the samples 3 times
with PBS between each step. Samples were detached from the PDMS sub-
strate and placed on a glass coverslip, whilst ensuring the samples remained
hydrated, prior to imaging on an inverted Leica SP8 confocal microscope
with a 40× oil immersion objective lens. Maximum intensity projection
was used on z-stacks of images to accommodate for either surface curvature
and sampling a volume of the constructs. 3D projection images were
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generated using IMARIS software based on z-stacks of confocal images ac-
quired using a 10× objective lens.

4.3.3.2. Evaluation of cell alignment. Fixed fibrin construct samples were
stained with DAPI and Alexa Fluor® 488-conjugated phalloidin
(Invitrogen) using the procedure as described in the previous section. Sam-
pleswere detached from the PDMS substrate and placed on a glass coverslip
whilst ensuring the samples remained hydrated prior to imaging on an
inverted Leica SP5 confocal microscope with a x40 oil immersion lens.
Note that 2D-seeded constructs were placed top-side down to ensure the
cells were within the focal length of the lens. By taking a maximum inten-
sity projection of a z-stack of images it was possible to overcome the curva-
ture of the constructs to obtain a 2D image for each region of interest. The F-
actin images were subsequently imported into SOAX, an open source fibre
image analysis software [67]. This allowed the quantification of the direc-
tion of the individual F-actin filament segments which was characterized
by an order parameter S = (3 < cos2θ > − 1)/2, where θ is the angle be-
tween an actin fibre segment and the primary axis of the filament direction,
which macroscopically equates to the inter-suture axis. S = 1 represents
complete alignment of all the filaments with the primary axis; S = 0
equates to random alignment; S = −0.5 is equivalent to complete anti-
alignment of the filaments with the primary axis.

4.3.3.3. Myosin heavy chain imaging. Fixed myoblast construct samples (day
15) were washed with 0.2% Triton X-100 and 1% w/v BSA in phosphate
buffered saline (BSA-PBST) for 30 min followed by blocking with 10% v/
v fetal bovine serum in PBS for 30 min. Cells were stained with anti-
myosin heavy chain (MHC) (MF-20, Developmental Studies Hybridoma
Bank, Univ. of Iowa, Iowa City, IA) in BSA-PBST overnight at 4 °C. Samples
were subsequently washed 3 times for 15 min with PBST prior to the incu-
bation with secondary Alexa 488 anti-mouse antibody (Invitrogen). After
further 2 washings in PBST for 15 min each, nuclei were counterstained
with DAPI (1:1000 in BSA-PBS, Sigma Aldrich) for 5 min and similarly
washed again. Fluorescence images were subsequently acquired on a Zeis
Observer D1 inverted microscope (Zeiss, Oberkochen, Germany) equipped
with a Zeiss AxioCamMRm and Axiovision Software. Maximum intensity
projection was used on z-stacks of images to accommodate for either sur-
face curvature and sampling a volume of the constructs.

4.3.4. Collagen histochemical analysis (Picrosirius Red staining)
Picrosirius red staining was performed on 10 μm-thick sections of fixed

constructs after 7 days of culture to demonstrate fibrillar collagen produc-
tion. Samples were immersed in a Fast Green counterstain, consisting of
0.1% w/v Picrosirius red and 0.1% Fast Green stains in saturated picric
acid for 1 h, then dehydrated and mounted prior to imaging with a 3D
Histec Pannoramic250 slide scanner.

4.3.5. Quantitative reverse transcription PCR (qRT-PCR)
Fibrin gel constructs were extracted from their anchors and homoge-

nized with the mechanical action of scissors. Each replicate consisted of
two constructs in a single tube to ensure sufficient RNA could be extracted.
TRIzol (500 μL) was added to each tube and incubated at room temperature
for 5 min. At this point, samples could be frozen at−80 °C prior to further
extraction. Chloroform (200 μL) was added to each sample that were subse-
quently mixed by inversion for 15 s, incubated at 15 min at room tempera-
ture then centrifuged at 12,000g for 15min at 4 °C. Following this, the clear
aqueous layer was carefully extracted from each sample and placed into a
clean Eppendorf tube. Isopropanol (250 μL) was added to each sample
that were incubated for 10 min at room temperature prior to being centri-
fuged at 4 °C for 10 min. After discarding the supernatant, 500 μl of 70%
ethanol was added to each sample that were then centrifuged for 5 min at
4 °C. The supernatant was subsequently discarded, and the samples were
left to dry at room temperature for 10 min to dry before the addition of
20 μL of RNAse free water. The concentration of the extracted RNA was
quantified on a NanoDrop 1000 Spectrophotometer. For reverse transcrip-
tion, a Thermo Scientific RevertAid RT Kit was used by following the
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manufacturer's instructions to produce cDNA from 1 μg of each RNA sam-
ple. These samples were subsequently treated with FastStart Essential
DNA Green Master Mix (Roche) following the manufacturer's instruction
for a quantitative SYBR Green I-based real-time PCR using the
LightCycler® 96 Instrument. Primers: ACTA2 for αSMA (SY180520856),
COL1A1 for collagen 1 (SY 180520856–065), and ACTB for β-Actin
(SY151136672) was used as an endogenous control.

4.4. Material characterization

4.4.1. Contracture analysis
Contracture was quantified through two parameters: cross-sectional

area and aspect ratio. The former was measured on top-down Fig.s through
tracing and area evaluation, the latter was calculated as the inter-suture dis-
tance divided by the maximum width in the orthogonal direction. Calcula-
tions were performed in ImageJ and data were normalized against their
initial values. For HDFa the cross-sectional area, A(t), was fitted with a

Boltzmann sigmoidal distribution: A tð Þ ¼ Ai � Af

1 � e
t � t0ð Þ

dt

� Af , where Ai is the

initial cross-sectional area (normalized to 100%), Af is the final cross-
sectional area, dt is the slope and t0 is the centre of the sigmoidal fit,
which was used as the characteristic time the phenomenon. For myoblasts
a biphasic behaviourwas apparent, andwas fittedwith a double Boltzmann

model with equation A tð Þ ¼ Af þ Ai � Af
� � p

1 � e
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dt1

þ 1 � p
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The parameters are identical to single Boltzmann, with p added to account
for the fractional amount of initial contracture (phase 1).

The ImageJ package TrakEM2 [68] was used for the registration of the
sequential images of the constructs at each day to accommodate any varia-
tion in the angle of imaging, which was critical for accurate aspect ratio
measurements and contracture movie generation.

4.4.2. SEM analysis
Cell-seeded fibrin constructs, prepared and cultured for 7 days as de-

scribed in Section 2.2.3, were fixed for 2 h in 2% glutaraldehyde in 0.1 M
cacodylate buffer at room temperature. After fixation, the samples were
washed thrice with the same buffer and post fixed for 1 h in 1% w/v os-
mium tetroxide in 0.1 M cacodylate buffer. After several washes with
MilliQ water, samples were subsequently dehydrated in a graded ethanol
series, 1:1 ethanol:hexamethyldisilazane (HMDS) and pure HMDS, and
air-dried overnight. Dried samples were then mounted on stubs and coated
with gold. In order to image the internal part of the constructs, the stubs
(with the samples mounted on them) were immersed in liquid nitrogen
and a fracture was applied in order to have a clean cross-section of the con-
structs. The morphology of each sample was characterized using a JEOL
JSM-6490LA Scanning Electron Microscope (SEM) equipped with a tung-
sten filament and operating at 10KV of accelerating voltage.

4.4.3. Mechanical testing

4.4.3.1. Compression. Compressivemeasurements were used to characterize
the matrices and were performed on non-cell-containing gels, which there-
fore all had identical dimensions. The Young's moduli of cylindrically
shaped (height: 3 mm; diameter: 8 mm; no cell) gels were determined via
compression tests performed on a TA. XT. Plus texture analyser (Stable
Micro Systems, Godalming, Surrey, UK) at room temperature in air with a
compression speed of 0.1 mm/s up to 5% strain, starting the measurement
from a non-contact position (about 2 mm above the gel surface).

4.4.3.2. Shear rheology. Rheological measurements were conducted as de-
scribed by Valdivieso et al. [34]. Briefly, precursor gel solutions were
placed between the parallel plates of a Bohlin Instruments Gemini rheome-
ter (Malvern Instruments Ltd., Malvern, UK) and were incubated at 37 °C
for 2 h for gelation to occur prior to taking measurements in a stress-
controlled mode (upper plate diameter 20 mm, plate separation 100 μm).
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4.4.3.3. Tensile testing. These measurements were performed on constructs
carefully removed from the PDMS moulds and clamped securely in an
Instron 3365 uniaxial testing machine at a clamp separation distance of
6–10 mm. These constructs underwent a variable degree of contraction
and therefore also had variable lateral dimensions (hence the data are pre-
sented as stiffness rather thanmodulus, see below). Sampleswere subjected
to a 10 mm/min increase in strain up to 50% elongation to obtain a stress-
strain curve, then held at a constant strain for 120 s to perform stress relaxa-
tion experiments and finally subjected to a further 10 mm/min strain in-
crease until mechanical failure, in order to determine their tensile strength.
The samples are exposed to air for about 5 min, a time assumed to be
short enough to exclude any significant dehydration at room temperature.
The stress relaxation data were fitted with a double exponential function,
as expected for a 4-elementMaxwell model of 2 sets of a spring and dashpot
in series. The normalized stiffness (slope of the stress-strain curve divided
by the transverse sectional area at half-length) of the samples was deter-
mined by calculating the slope of the initial stress-strain curve within the
2–10% linear elongation range. Please note that normalized stiffness is
not a modulus, albeit it is calculated in the same fashion (stress divided
by transverse sectional area). The main point is that the sectional area can
vary significantly along the main axis of the constructs, where a modulus
can be correctly calculated only if it were homogeneous; additionally, a
modulus value may suggest that the cell-containing materials are internally
homogeneous, while in reality they are rather heterogeneous, due to higher
cell density closer to the surface.

4.4.4. Nanoindentation
Nanoindentation studies were performed in liquid conditions (con-

structs immersed in 10 mM PBS buffer, pH = 7.4) on samples containing
living cells using aMolecular Force Probe 3DAFM (ModelMFP-3D, Asylum
Research – Oxford Instruments, UK). Anchored constructs were analyzed
with/without cells (3D) at day 0 (2–3 h after their fibrin gelation) and
with cells ± TGFβ1 at day 7. sQUBE (Bickenbach, Germany supplied by
Windsor Scientific LTD, Berkshire, UK) colloidal probes (CP-PNPL-SiO-A
SiO2 particles attached on a cantilever) were used for all measurements.
The nominal spring constant, particle diameter, cantilever length and
probe resonance frequency were 0.08 N/m, 2 μm, 200 μm and 15 Hz, re-
spectively. Two probes were used for this analysis, with their actual spring
constants determined by the thermal noise method as 0.04 N/m and 0.06
N/m. For indentation on cells, see Supporting Information, section 1SI.

On each sample analyzed, several forcemaps were acquired performing
210 indentation curves within a 20 μm × 20 μm area (spatial resolution:
1.90 μm2). The relative elastic modulus was calculated by fitting the
force-indentation data with the Hertz sphere model (Hertz sphere-on-flat
model), where Es, νs, Rtip and h are the relative elastic modulus of the sur-
face, the Poisson's ratio of the samples (ν=0.7)41, the radius of the sphere
attached to the cantilever (R = 1 μm) and the displacement of the speci-
men, respectively.

4.4.5. Statistical analysis
Contraction or mechanical data are presented as mean and standard

error on 6 samples from 2 independent preparations, unless otherwise
stated. The levels of significance * - p < 0.05, ** - p < 0.01, *** - p <
0.001 were obtained through two-way ANOVA (GraphPad PRISM 8).
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