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Bioinspired liver scaffold design criteria
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ABSTRACT. Maintaining hepatic functional characteristics in-vitro is considered one of the main
challenges in engineering liver tissue. As hepatocytes cultured ex-vivo are deprived of their native
extracellular matrix (ECM) milieu, developing scaffolds that mimic the biomechanical and physico-
chemical properties of the native ECM is thought to be a promising approach for successful tissue
engineering and regenerative medicine applications. On the basis that the decellularized liver matrix
represents the ideal design template for engineering bioinspired hepatic scaffolds, to derive quantita-
tive descriptors of liver ECM architecture, we characterised decellularised liver matrices in terms of
their biochemical, viscoelastic and structural features along with porosity, permeability and wettability.
Together, these data provide a unique set of quantitative design criteria which can be used to generate
guidelines for fabricating biomaterial scaffolds for liver tissue engineering. As proof-of-concept, we
investigated hepatic cell response to substrate viscoelasticity. On collagen hydrogels mimicking
decellularised liver mechanics, cells showed superior morphology, higher viability and albumin
secretion than on stiffer and less viscous substrates. Although scaffold properties are generally inspired
by those of native tissues, our results indicate significant differences between the mechano-structural
characteristics of untreated and decellularised hepatic tissue. Therefore, we suggest that design rules -
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such as mechanical properties and swelling behaviour - for engineering biomimetic scaffolds be re-
examined through further studies on substrates matching the features of decellularized liver matrices.

KEYWORDS. decellularisation, design criteria, ECM-mimicking scaffold, hepatic cells, liver, tissue
engineering

INTRODUCTION

The liver, by way of its central role in both
endogenous and exogenous metabolism, is one
of the most widely studied organs in the human
body. Hepatic tissue and its derivatives are used
in many applications ranging from in-vitro liver
models for investigating hepatic drug metabo-
lism and diseases, to tissue regeneration and
incorporation into bio-artificial liver devices.1–3

One of the main challenges in engineering liver
tissue is to maintain the native hepatic functional
characteristics in-vitro. Indeed, conventional
monolayer hepatocyte cultures often fail to
remain functional, and this is thought to be due
to the absence of the native three-dimensional
(3D) multi-parametric, multi-stimuli in-vivo
milieu, that is not recapitulated in-vitro.4–6

Reproducing the 3D features of native liver is
crucial since the in-vivo environment affects cell
behaviour and function through a variety of solu-
ble and insoluble signalling factors, including
physical, chemical and mechanical cues (e.g.
oxygen concentration, substrate stiffness).7,8

These environmental signals are transmitted
within the cell, inducing a cascade of interactive
events at various levels (i.e. molecular, subcellu-
lar and cellular levels).9,10 Beyond cell-cell com-
munications, cell-ECM (extra-cellular matrix)
interactions are of primary importance since
they play a fundamental role in hepatocyte
growth,11 cell organisation,12 liver organ
development,13 tissue regeneration,14 wound
healing14 and liver diseases.15 The ECM is in a
state of dynamic reciprocity with these cells in
response to changes in the microenvironment
and has been shown to provide cues that affect
cell migration, proliferation and differentiation.-
16,17 In addition to physicochemical properties,
mechanical cues are also known to play a key
role in liver pathophysiology. Several hepatic
pathologies, such as fibrosis and non-alcoholic

fatty liver disease, are indeed associated with a
significant degree of ECM remodelling, which
involves dynamic changes in matrix stiffness,
flexibility and density related to the dysregula-
tion of predominant collagen and elastic fibres as
well as minor components with both structural
and signalling properties.18 In fact, both parench-
ymal and non-parenchymal cells exhibit
mechano-sensitive behaviour, suggesting that
the mechanics of liver ECM facilitates normal
regeneration or paves the way for liver disease.-
19–27 As the 3D ultrastructure, surface topology,
mechanical properties and composition of the
native ECM all contribute to hepatic homeosta-
sis, the current consensus is that an optimal
scaffold for liver tissue engineering should
mimic these architectural and physicochemical
features to provide cells with an appropriate sup-
portive framework and micro-environment.28–30

This study is therefore aimed at deriving a
unique set of quantitative descriptors of decel-
lularised liver which can be used to define an
ideal hepatic tissue scaffold in terms of inter-
facial and mechanical properties, viscoelasticity,
3D microarchitecture and adhesion ligands.31

Since human primary hepatocytes exhibit good
metabolic competency when cultured on por-
cine liver-derived ECM scaffolds, either in the
form of 3D porous matrices.32 or hydrogels,33

decellularised porcine liver matrices (dECMs)
may represent an attractive candidate for deriv-
ing design criteria for engineering hepatic
scaffolds.34

Unlike healthy human livers which are not
only difficult to obtain but also highly variable,35

decellularized porcine liver has proved to be a
reproducible material with unique mechano-
structural and physicochemical features.36–38 In
a previous study focused on the identification of
a standardised matrix conserving method for
eliminating cells from hepatic tissue, we investi-
gated several immersion and agitation protocols
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to decellularise porcine liver samples.38 We
demonstrated that a 3 days long immersion and
agitation procedure based on non-ionic deter-
gents (i.e. Triton X-100) ensured complete cell
removal while preserving the native ECM fea-
tures. Increasing treatment duration (up to
5 days) or using more aggressive detergents
(i.e. sodium dodecyl sulphate, SDS) resulted in
matrix degradation, while complete cell removal
was not achieved in the absence of detergents.

In this paper, we extend and complete the
systematic characterisation of porcine liver
dECMs described in Mattei et al.,38 by quanti-
fying biochemical and viscoelastic properties
along with porosity, permeability, wettability
and other parameters relevant to water-scaffold
interaction. This unique dataset can be used to
generate guidelines for fabricating bioinspired
tissue engineered livers. As a proof concept,
given that tissue mechanics are known to play
a critical role in liver pathophysiology, a brief
study on hepatic cell response to substrate vis-
coelasticity was conducted on collagen hydro-
gels with mechanical properties either matching
those of liver dECMs or not. Cell viability,
metabolism and morphology were evaluated
up to 7 days of culture.

RESULTS

Immunohistochemistry

The immuno-histochemical analysis showed
the presence of the three proteins investigated
both in the fresh and in the decellularised sam-
ples (Figure 1).

In fresh liver, collagen and fibronectin were
mainly distributed in the cells and in the extra-
cellular spaces. In particular, collagen positiv-
ity was evenly localised in the liver
parenchyma while fibronectin immunolabeling
was found in the hepatocyte cytoplasm, mem-
branes and extracellular spaces. On the other
hand, laminin displayed a marked extracellular
localization. Moreover, fibronectin, collagen
and laminin were maintained in the decellu-
larised samples when compared to that
observed in the fresh liver.

The average dimension of the dECM fibres
(likely consisting of aggregates of multiple pro-
tein fibrils) was estimated from control histolo-
gical images of decellularised liver samples and
found to be 1.09 ± 0.32 μm.

3D pore size

Confocal imaging of NI3 samples in the
equilibrium swollen state showed a rich intra-
lobular network with pores of 22.02 ± 0.65 μm
diameter, estimated with a seeded region grow-
ing algorithm (Figure 2).

It is worth noting that, unlike the dry liver
dECM pore size previously obtained via
micro-CT imaging,38 the wet pore size
obtained from confocal imaging of equilibrium
swollen samples represents that of cell culture
conditions. Other methods such as mercury
intrusion porosimetry as well as micro-,
meso- and macro-pore analysis by gas adsorp-
tion also require dry samples, and again do not
generally allow for wet pore size characteriza-
tion. Moreover, confocal imaging is able to
resolve the fine intra-lobular reticular network
observed with histological analyses, overcom-
ing the resolution limitations encountered using
micro-CT scans, which returned an average
pore size of about 500 μm.

Swelling behaviour

Swelling ratio values (Q) over time obtained
for NI3 decellularised liver matrices are shown in
Figure 3. Although one-way ANOVA analysis
showed that only Q at 12 h is significantly lower
than values obtained from 24 to 48 h (which are
not statistically different from each other), it is
more advisable to consider the swelling plateau
reached after 36 h, taking the equilibrium mass
swelling ratio equal to the average between
values at 36 and 48 h (i.e. Qeq = 17.82 ± 0.98).

Sorptivity

For both decellularised and untreated liver
samples, sorptivity values were derived
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considering measurements in the first 100 s of
acquisition, where Q=A was found to be linear
with

ffiffi

t
p

. In particular, the sorptivity coeffi-
cient for decellularised samples, Sdec
= (1.25 ± 0.26)∙10–1 cm/s1/2 was found to be

significantly higher than that obtained for
untreated liver, Sunt = (2.52 ± 0.30)∙10–3 cm/
s1/2 as expected since higher sample pore size
and porosity are known to result in higher
sorptivity coefficients.39

FIGURE 1 Immuno-histochemical staining of the fresh (left column) and decellularized (right
column) liver. Insets within each micrograph show a magnification to better display collagen,
laminin and fibronectin localization. In both fresh and decellularised negative controls (CTR)
where the primary antibodies were omitted, immunostaining was not detected. Collagen (COL)
immunoreactivity was evenly distributed in the fresh liver parenchyma, laminin (LAM) was mainly
localised in the extracellular spaces, while fibronectin (FIB) was found in the hepatocyte cytoplasm,
membranes and extracellular spaces. The decellularized samples also showed positivity to col-
lagen, laminin and fibronectin. Scale bars = 50 µm in the main micrographs and 10 µm in the insets.
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Wet porosity and permeability estimation

Residual mass swelling ratio of NI3 liver
dECMs after pore-filling water expulsion was
equal to Qres = 3.59 ± 0.44. This result was
used along with Qeq = 17.82 ± 0.98 to calculate
the wet porosity according to Equation 2,
obtaining ϕdec = 0.81 ± 0.08, which is in agree-
ment with cells occupying about 80% of liver
volume.40

Equilibrium and residual mass swelling
ratios for untreated liver were found to be
equal to Qeq = 3.55 ± 0.26 and Qres

= 2.21 ± 0.14, respectively. These results
yield ϕliver = 0.41 ± 0.09, which is signifi-
cantly lower than that obtained for decellu-
larised liver, as expected due to the denser
and more compact structure of untreated
liver, owing to the presence of cells.
Notably, the wet porosity of the native hepatic

FIGURE 2 Confocal acquisitions of an eosin-stained NI3 liver decellularised matrix. A) 3D render-
ing of a 62 x 62 x 16 μm volume and B) detail of a central slice of the confocal scan showing a rich
intra-lobular network with an average (equilibrium swollen) pore size of about 22 μm.

FIGURE 3 Mass swelling behaviour of NI 3 decellularised liver matrices. Black circles represent
mean swelling ratio values (Q) at different time points, while error bars denote respective standard
deviation. * = significant differences between samples (one-way ANOVA, p < 0.05).
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tissue largely consists of the liver blood
volume fraction.41,42

The Darcy’s permeability of NI3 liver
dECMs, estimated from wet porosity and pore
size data, was found to be equal to k
= (1.53 ± 0.28) ∙ 10 ∙ 10–10 m2.

Viscoelastic characterisation

Since soft biological tissues are typically
regarded as viscoelastic materials,43 characteris-
ing elastic properties (i.e. stiffness, elastic mod-
ulus) only is generally over-reductive to
describe their mechanical behaviour. In

FIGURE 4 Examples of experimental LVR stress-strain data collected at various strain rates for
NI3 liver dECMs. Decellularised liver LVR extended up to 3% strain and the apparent compressive
modulus markedly increases with applied strain rate, as expected for viscoelastic materials.

TABLE 1 Viscoelastic parameters of decellularised and untreated porcine liver estimated using
the _εM with both SLS and GM2 lumped models. Results are expressed as estimated parameter

value ± standard error of estimation. The abbreviation n.s. stands for non-significant result

Decellularised liver Untreated liver

SLS GM2 SLS GM2

Einst kPað Þ 1.75 ± 0.01 1.75 ± (5.26 ∙ 104) n.s. 2.04 ± 0.01 2.04 ± (3.21 ∙ 102) n.s.
Eeq kPað Þ 0.76 ± 0.01 0.76 ± 0.01 0.91 ± 0.01 0.91 ± 0.01
τ1 sð Þ 0.77 ± 0.01 0.77 ± (2.05 ∙ 105) n.s. 1.10 ± 0.02 1.10 ± (3.05 ∙ 103) n.s.
τ2 sð Þ - 0.77 ± (5.11 ∙ 104) n.s. - 1.10 ± (3.43 ∙ 102) n.s.
R2 0.97 0.97 0.97 0.97
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agreement with experimental results previously
obtained for untreated liver samples,37 the
Linear Viscoelastic Region (LVR) of liver
dECMs extended up to 0.03 compressive strain
range, independent of the applied strain rate (_ε),
with an increase in the apparent compressive
modulus with _ε (Figure 4).

Viscoelastic parameters obtained for liver
dECMs are summarised in Table 1, where Einst

and Eeq represent the instantaneous and equili-
brium elastic moduli, respectively, while τi is
the characteristic relaxation time, defined as the
ith Maxwell arm dashpot to spring constant
ratio. For the sake of comparison, results are
reported along with those previously obtained
for untreated liver samples.37

As in the case of untreated liver samples,
although a good fitting convergence was
obtained for both SLS and GM2 models,
the latter yielded non-significant results with
very large standard errors, indicating model
over-parameterisation. Therefore, the SLS
model adequately represents the viscoelastic
behaviour of both untreated and decellu-
larised liver matrices within the investigated
range of physiologically relevant strain rates.
Decellularised matrices were found to be less
rigid than untreated liver samples, in terms
of both instantaneous and equilibrium moduli
(p < 0.0001) and characterised by a shorter
relaxation time (p < 0.0001). These differ-
ences in viscoelastic mechanical behaviour
are likely linked to structural differences
occurring upon cell removal, which results
in a decrease of bulk sample stiffness and
in a reduction of barriers to fluid flow. As a
consequence, fluid is able to redistribute

faster within the porous network of decellu-
larised matrices, explaining the smaller char-
acteristic relaxation time with respect to that
of untreated tissue, in agreement with results
reported by Evans et al.44

Maxwell SLS viscoelastic parameters of
GTA-crosslinked collagen gels are reported
in Table 2 as a function of GTA concentra-
tion. Notably, collagen samples not only get
stiffer with increasing GTA concentration (as
demonstrated by increased Einst and Eeq

values), but there is also a concomitant
change in their viscoelastic behaviour from
a more viscous towards a more elastic one
(as indicated by the longer τ), in agreement
with data previously reported for gelatin
samples.45 Collagen samples crosslinked
with 1 mM GTA concentration closely
mimic decellularised liver viscoelastic prop-
erties (Table 1), while those at higher GTA
concentrations correlate well with liver fibro-
tic stiffening.46

Hepg2 response to collagen substrate
viscoelasticity

Cell viability results at different time
points are shown in Figure 5a, as percentages
of the respective values obtained on the soft-
est 1 mM GTA-crosslinked collagen gels
(mimicking decellularised liver viscoelastic
properties), here taken as 100% viability
controls. A significant decrease in cell viabi-
lity was observed on stiffer and less viscous
substrates (crosslinked with 20, 100 and
200 mM GTA), independent of the culture
time point.

TABLE 2 Viscoelastic parameters of GTA-crosslinked collagen hydrogels estimated using the _εM
with a SLS lumped model. Results are reported as a function of GTA concentration and expressed
as estimated parameter value ± standard error of estimation. GM2 fitting resulted in model over-

parameterisation, as in the case of liver (data not shown)

GTA [mM] 1 2 20 100 200

Einst kPað Þ 1.88 ± 0.01 2.98 ± 0.02 4.72 ± 0.04 6.45 ± 0.03 7.95 ± 0.04
Eeq kPað Þ 0.81 ± 0.01 1.47 ± 0.01 2.63 ± 0.02 3.92 ± 0.02 5.12 ± 0.02
τ1 sð Þ 0.70 ± 0.02 0.77 ± 0.02 0.85 ± 0.03 0.93 ± 0.02 0.99 ± 0.03
R2 0.98 0.98 0.97 0.97 0.98
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Hepatic metabolic activity was evaluated
at the same time points by measuring HepG2
albumin secretion in the cell culture medium.
At each time point, albumin secretion on
1 mM GTA-crosslinked hydrogels was sig-
nificantly higher than those measured on the
other substrates (Figure 5b). Taken together,
these results demonstrate that mimicking
hepatic viscoelasticity is not only critical
for maintaining cell viability, but also for
promoting cell metabolic activities.

Cell morphology at day 3 and 7 was evalu-
ated via immunofluorescence. Hepatocytes form
a compact monolayer on substrates more clo-
sely mimicking hepatic viscoelasticity (i.e. 1
and 2 mM GTA). Conversely, as the substrate
viscoelastic properties are changed towards
more stiff and less viscous environments, the
cells started forming clusters (Figure 6). This
behaviour is in agreement with that reported
in,47 where hepatocytes seeded on increasingly
fibrotic-like substrates were less spread and suf-
fered a decrease in albumin expression .

DISCUSSION

Tissue ECM is known to provide chemical,
physical and biological cues affecting cell func-
tion and behaviour as a result of inside-out
signalling.48 Therefore, developing scaffolds

that mimic the mechanical and physicochemical
properties of the native ECM is thought to be a
promising approach for tissue engineering and
regenerative medicine applications.49

Porcine liver dECMs may represent a suitable
template for deriving hepatic scaffold design cri-
teria, since they provide good support to primary
hepatocytes.32,33 In light of the above considera-
tions and building upon our previous studies on
porcine liver decellularisation and
characterisation,37,38 we performed an in-depth
analysis of porcine liver decellularised matrices in
terms of their biochemical, mechanical and struc-
tural features aimed at deriving a unique set of
quantitative descriptors which can be used to fab-
ricate ideal bioinspired hepatic scaffolds for liver
tissue engineering. Beside in-vitro applications
(such as pathophysiological organ models to
study cell function and behaviour or to test new
drugs and treatments), obtaining functional liver
constructs could also help cope with the chronic
shortage of donor organs.35,50

In order to investigate the presence and arrange-
ment of hepatic ECM proteins, the histological
analyses in38 were complemented with immuno-
histochemistry, while the 3D architecture of liver
dECM was analysed using confocal imaging.
Immunohistochemical staining for extracellular
matrix moieties (laminin, collagen and fibronectin)
in the decellularised samples demonstrated that
liver architecture and biochemical features were

FIGURE 5 HepG2 viability (a) and albumin secretion (b) measured at different time points (day 1,
3, 7) on collagen scaffolds with different viscoelastic properties (here coded according to their GTA
crosslinker concentration, Table 2). Statistical differences are denoted with an asterisk (p < 0.05).
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largely conserved, In particular, the immunola-
beled fibres observed in the histological images
may represent the delicate network of connective
tissue elements that supports the plates of hepato-
cytes within the lobules in native liver.34

The swelling behaviour was extensively
characterised, while sorptivity index (i.e. the
capacity of absorbing or desorbing liquid by
capillarity), wet porosity and matrix permeabil-
ity were quantified to provide robust design
criteria for fabricating biomaterial scaffolds for
liver. Finally, given the importance of matrix
mechanics in the regulation of hepatic cell func-
tion and differentiation, we also tested untreated
and decellularised liver samples at small phy-
siologically relevant strains.38 Characterising
decellularised liver tissue allows for the isola-
tion of the extracellular matrix contribution to
the overall mechanical behaviour of the liver
and it is highly relevant for appropriate scaffold
design given the known mechano-sensitivity of

hepatic cells. Therefore, a complete viscoelastic
characterisation of liver dECMs was performed
using the _εM , comparing results with those
previously obtained for untreated hepatic
tissue.37.

Table 3 summarises the quantitative para-
meters obtained in this study for both decellu-
larised and untreated liver samples. It provides a
quantitative dataset which can be used for defin-
ing the ideal design criteria and generating
guidelines for the fabrication of hepatic ECM-
mimicking scaffolds for application to liver tis-
sue engineering.

Using one of the design parameters to illus-
trate an application of the data in Table 3, we
generated a series of collagen hydrogels with
different viscoelastic properties and examined
the vitality, albumin production and morphol-
ogy of hepatocytes seeded on the gels. The
results, reported in Figures 5 and 6, show that
hepatocyte vitality and metabolic function is

FIGURE 6 Immunofluorescent analyses of HepG2 cultured on collagen scaffolds with different
viscoelastic properties (here coded according to their GTA crosslinker concentration, Table 2). Top
row images show cell nuclei stained in blue (DAPI) at day 3. Cell clusters are highlighted with red
circles. Bottom row images show HepG2 nuclei stained in blue (DAPI) and F-actin fibres stained in
red (phalloidin) at day 7.
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higher on substrates with viscoelastic para-
meters which match those of liver dECM.

CONCLUSIONS

Most of the studies published to date seek to
mimic untreated tissue properties to design opti-
mal scaffolds for various cell applications, ran-
ging from tissue engineering to in-vitro models.
However, since it is widely accepted that an
ideal scaffold should replicate native ECM fea-
tures, the exemplar should be a (reproducible)
decellularised matrix with highly preserved
structure and constituents rather than the native
untreated tissue. In this work, we extend and
complete the systematic characterisation of por-
cine liver dECMs described in Mattei et al.38

Moreover, given that tissue mechanics are
known to play a critical role in liver pathophy-
siology, a brief study on hepatic cell response to
substrate viscoelasticity was conducted as a
proof concept by seeding HepG2 cells on col-
lagen hydrogels with mechanical properties
either matching those of liver dECMs or not.
Cell behaviour was evaluated up to 7 days of
culture, showing better morphology, higher via-
bility and albumin secretion on substrates
mimicking dECMs mechanics.

In conclusion, we show that there are signifi-
cant differences between the mechano-structural
and swelling properties of untreated and decel-
lularised hepatic tissue (summarised in Table 3).

Moreover, cell behaviour on substrates mimick-
ing liver dECM viscoelasticity is improved with
respect to stiffer and less viscous substrates. As
biomimetic hepatic scaffold design is generally
inspired by the properties of native (untreated)
tissue, we suggest that design rules for engi-
neering liver scaffolds be re-examined through
further studies on substrates matching the fea-
tures of decellularized liver matrices.

MATERIALS AND METHODS

Liver decellularisation

Pig livers were collected from one year old
healthy pigs as a slaughter by-product and
decellularised using a 3-day long immersion
and agitation procedure based on non-ionic
detergents (NI3) described in Mattei et al.38

This method guarantees a good preservation of
the architecture, structure and composition of
the native hepatic ECM. Briefly, fresh pig livers
were dissected into individual lobes and stored
at −20 °C until use. Frozen livers were thawed
at 4°C overnight and cut into 3 mm thick -
14 mm diameter discs, avoiding both the
Glisson’s connective capsule and macroscopic
vasculature. Liver discs were frozen at −20°C
until use, then thawed and placed in 500 mL
plastic bottles.

The decellularisation solution was added in a
20:1 v/w ratio with respect to the weight of liver

TABLE 3 Quantitative parameters obtained for decellularised and untreated liver samples. Results
are expressed as mean ± standard deviation, with the only exception of those referred to

viscoelastic properties that are reported as estimated parameter value ± standard error of esti-
mation. N/A = not available. For each parameter investigated, results obtained for decellularised

liver are significantly different than those of untreated liver (p < 0.05)

Analysis Parameter (units) Decellularised liver Untreated liver

Confocal imaging Pore diameter (μm) 22.02 ± 0.65 N/A
Fibre diameter (μm) 1.09 ± 0.32 N/A

Swelling behaviour Equilibrium mass swelling ratio (w/w) 17.82 ± 0.98 3.55 ± 0.26
Residual mass swelling ratio (w/w) 3.59 ± 0.44 2.21 ± 0.14
Wet porosity (v/v) 0.81 ± 0.08 0.41 ± 0.09

Confocal imaging + swelling Darcy’s permeability (m2) (1.53 ± 0.28) ∙ 10–10 N/A
Viscoelastic characterisation (Maxwell SLS) Instantaneous elastic modulus (kPa) 1.75 ± 0.01 2.04 ± 0.01

Equilibrium elastic modulus (kPa) 0.76 ± 0.01 0.91 ± 0.01
Characteristic relaxation time (s) 0.77 ± 0.01 1.10 ± 0.02
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disc samples, i.e. 200 mL solution per 10 g of
liver samples (~ 20 discs). The bottles were
placed on an orbital shaker (SO3, Stuart
Scientific, Stone, UK) at 200 rpm in a cold
room at 4°C, changing the decellularisation
solution twice a day.

Immunohistochemistry

Liver samples were fixed by immersion in
buffered formalin and processed for paraffin
embedding. Immunohistochemistry was per-
formed on 5 µm thick sections using the follow-
ing primary antibodies: a goat polyclonal anti-
Laminin β-1 (1:100, S. Cruz Biotech., Inc., sc-
6018), a goat polyclonal anti- Fibronectin
(1:100, S. Cruz Biotech., Inc., sc-6952), and a
goat polyclonal anti- COL4A1/3: (1:100, S.
Cruz Biotech., Inc., sc-9301). Epitope retrieval
was carried out at 120°C in a pressure cooker
for 5 min with a Tris/EDTA buffer, pH 9.0.
Sections were pre-treated with 1% H2O2 in
0.1 M phosphate buffered saline (PBS 1x, pH
7.4) for 10 min to quench endogenous perox-
idase activity, then rinsed with PBS 1x and
blocked for 1 h with 5% normal horse serum
(s-2000, Vector Labs, Burlingame, CA), 0.05%
Triton X-100 in PBS. Sections were incubated
overnight at 4°C with the primary antibodies.

Sections were then rinsed thrice in PBS 1x
(10 min each), incubated with a biotinylated
anti-goat IgG (BA-9500, Vector Labs) diluted
1:300 in PBS and then with the ABC system
(PK-7200, Vector Labs). Immunostaining was
visualized by incubating the sections in diami-
nobenzidine (sk-4105, Vector Labs) solution.
Sections were counterstained with haematoxy-
lin. The specificity of immune-histochemical
staining was tested by substituting either the
primary antibody, anti-goat IgG, or the ABC
complex with PBS or non-immune serum.
Under these conditions, staining was abolished.

Tissue sections were obtained from n = 3
independent liver samples. Each immunostain-
ing was performed on n = 3 randomly selected
sections, hence a total of 9 (immune-stained)
+ 3 (controls) = 12 sections per liver sample
were analysed. Images of control and immuno-
stained samples were acquired using a Leitz

Diaplan light microscope (Leitz, Wetzlar,
Germany) equipped with a 25x objective and
connected to a digital camera (Nikon Digital
Sight DS-U1, Nikon Instruments, Florence,
Italy) interfaced with the NIS-Elements BR-
4.13.00 software (Nikon Instruments). Control
images of decellularised samples were used to
characterize ECM fibre diameter. Briefly,
images were firstly segmented using
hisTOOLogy, an open-source software based
on k-means clustering for quantitative analyses
of digital colour images.51 Then, fiber diameters
were obtained performing direct measurements
on the segmented images using the “straight
line” tool available in ImageJ software (NIH).

3D pore size characterization

The architectural analysis of decellularised
liver matrices is fundamental to characterise
their pore size, porosity and permeability.
Confocal imaging was performed on eosin-
stained equilibrium swollen matrices using a
Nikon A1 confocal microscope (Nikon,
Tokyo, Japan) equipped with a 10x objective.
The scanning parameters were adjusted to
obtain a pixel size less than 0.2 μm. In this
study, n = 3 independent decellularised liver
samples were imaged, acquiring n = 5 randomly
selected volumes (62x62x16 μm) per sample
investigated. Pores dimensions were derived
using a seeded region growing algorithm,52

which was implemented as an ImageJ plug-in.
Briefly, a seed was inscribed into each pore of
the 3D structure acquired, then a sphere was
grown from each seed until contacting the pix-
els representing the ECM network, thus return-
ing the pore diameter.

Swelling behaviour

Decellularised liver samples were lyophilised
for 24 h at −55°C/45 mTorr using a VirTis
BenchTop Pro freeze-dryer (SP Scientific, PA,
USA) to determine their dry weight (Wdry).
Then, they were swollen in PBS 1x at room
temperature and weighed every 12 h collecting
W tð Þ values until a stable equilibrium swollen
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weight (W eq) was reached. For each time inter-
val investigated, the mass swelling ratio was
calculated as Q tð Þ ¼ W tð Þ=Wdry, until reaching
an equilibrium value (Q eq ¼ W eq=Wdry).

Swelling experiments were performed testing
n = 12 samples, which were weighed using an
electronic balance (AS 220/C/2, Radwag,
Poland) with an accuracy of 0.1 mg.

Sorptivity

Water absorption measurements were carried
out to determine the sorptivity coefficient of both
decellularised hepatic matrices and untreated
liver specimens, used as control. Both samples
were freeze-dried for 24 h at −55°C/45 mTorr,
then pre-conditioned in the oven at 37°C until
reaching a constant mass (i.e. a constant moisture
level) and cut into 10 × 5 × 2 mm parallelepiped
specimens to test. The lateral surface of each
specimen was sealed with paraffin to avoid eva-
poration and maintain a uniaxial water flow dur-
ing the test, while the upper and lower 5 × 2 mm
opposite surfaces were left unsealed.
Measurements were performed in an under-
hook weighing configuration using a Radwag
AS 220/C/2 electronic balance (Radwag,
Poland) with an accuracy of 0.1 mg, mounted
on a custom rack as shown in Figure 7. Weight
data over time were recorded connecting the
balance to a PC via the RS232 serial port.

Dry samples were gently grasped with a
paper clip and connected to the balance
hook. A Petri dish filled with PBS 1x at
room temperature was placed on a laboratory
scissor jack positioned under the sample.
Then data acquisition was started and the
PBS-containing Petri dish slowly raised
towards the bottom of the sample until an
increase in the balance reading was observed.
This increase is due to surface tension forces
and was used as a reference point to identify
sample contact with the PBS surface53: weight
and time vectors were re-zeroed in correspon-
dence to this point for sorptivity evaluation.
The test surface was visually examined to
ensure that no air was trapped under the

specimen. If this occurred, or very occasion-
ally, if the free water surface was significantly
above the bottom surface of the specimen
(indicated by a decrease in the balance read-
ing due to buoyancy effects), the test was
abandoned and the specimen reconditioned
for a repeat test.

In the present study, weight measurements
were recorded at 7 samples per second over a
total test time of approximately 30 minutes. The
sorptivity coefficient, S (cm=

ffiffi

s
p

), is defined
according to the following expression
(Equation 1)39,54:

S ¼ Q

A
ffiffi

t
p (1)

where Q represents the amount of PBS
adsorbed (cm3), A denotes the cross-section
area of the specimen that was in contact with
PBS (cm2) and t (s) is the time. To obtain the
sorptivity coefficient, Q=A was plotted against
the square root of time (

ffiffi

t
p

), then S was derived
as the slope of the first linear portion of the
curve.39 The density of PBS 1x was considered
equal to that of water (i.e. 1 g/cm3) in the
calculations.

Wet porosity and permeability estimation

Wet porosity for liver decellularised
matrices was estimated adapting the method
described by Weadock and colleagues.55

Briefly, liver dECMs were lyophilised as for
swelling tests and their dry weight measured
(Wdry). Then, they were swollen until equili-
brium in PBS 1x at room temperature to
determine the equilibrium swollen weight
(Weq). Finally, liver dECMs were sandwiched
between two disks of filter paper (Whatman
No. 3, United Kingdom) and placed under a
1 kg mass for 20 seconds to eliminate the
pore-filling water, leaving only the portion
which hydrates the dECM protein fibres, this
giving the wet matrix weight (Wwet). The wet
porosity (ϕ), defined as the volume of pore-
filling water over the total liver dECM
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volume in the equilibrium swollen state, can
be derived as follows (Equation 2).

ϕ ¼
Weq�Wwet

ρPBS
Weq�Wwet

ρPBS
þ Wwet�Wdry

ρPBS
þ Wdry

ρECM

¼ Qeq � Qres

Qeq � 1þ ρPBS
ρECM

(2)

where ρPBS and ρECM are the density of PBS 1x
(assumed as that of water, 1 g/cm3) and dry
liver ECM (assumed as that of collagen,
1.34 g/cm3 56), respectively, while Qeq and
Qres represent the equilibrium mass swelling
ratio (defined as Weq=Wdry) and the residual
mass swelling ratio (defined as Wwet=Wdry),
respectively. Untreated liver samples were also
tested and the results compared to those
obtained for liver dECMs.

The wet porosity of liver dECMs was used
along with the average pore diameter retrieved
from 3D architectural analysis in the equili-
brium swollen state to estimate the Darcy’s
permeability (k) of decellularised liver matrices
through the following relation proposed by
Chor et al.57 (Equation 3).

k ¼ D2
pϕ

3

150 1� ϕð Þ2 (3)

Viscoelastic characterisation

Liver decellularised matrices were charac-
terised using the epsilon dot method (_εM ) to
derive lumped viscoelastic parameters avoiding
sample preload and deterioration during
experiments.37,58 To ensure a repeatable sample
testing state, essential to obtain meaningfully
comparable data,27 samples were equilibrium
swollen in PBS 1x at 4°C, then brought to
room temperature and carefully measured
using a calliper prior to testing.37,38,46,59

Hepatic tissue was considered as mechanically
isotropic.36–38,60 Briefly, force and displacement
time-series were recorded compressing samples
at different strain rates (i.e. _ε = 0.001, 0.005,
0.01 and 0.05 s−1) using a twin column Zwick/
Roell ProLine Z005 uniaxial testing device
(Zwick/Roell, Ulm, Germany) equipped with a
10 N load cell. The beginning of the sample
compressive phase was identified as the instant
at which the measured force crosses the abscissa
towards monotonically increasing values with
increasing displacement.37,45,58,61 Starting from
this point, engineering stress (σ) and strain (ε)
were calculated normalising measured force and
displacement to sample’s cross-sectional area
(πd2=4) and initial length (l0), respectively.
The linear viscoelastic region (LVR) was iden-
tified as the region in which the stress varies
linearly with the applied strain giving an R2 of
at least 0.995. Stress-time data within sample’s

FIGURE 7 Experimental setup used for sorptivity measurements.
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LVR (termed LVR stress-time data) obtained
from measurements at different strain rates
were globally fitted to derive viscoelastic con-
stants for lumped parameter models as
described in Tirella et al.58 A standard linear
solid (SLS) and a 2-arm generalised Maxwell
(GM2) model were used to fit experimental
data.37 Six liver samples were tested at each
strain rate, using a new sample for each trial
to prevent permanent alterations due to repeated
testing cycles (total number of specimens = 24).

Collagen hydrogels

Collagen hydrogels were obtained from type
I collagen extracted from rat tails under sterile
conditions following a standard protocol.62

After extraction, the collagen was freeze-dried
and dissolved in 0.02 N acetic acid to obtain a
5.56 mg/mL solution. Then latter was then neu-
tralised on ice by adding 10x concentrated
M199 medium (Sigma-Aldrich) in a 9:1 col-
lagen solution:M199 volume ratio, obtaining a
5 mg/mL neutralised collagen solution.
Physically crosslinked hydrogels were obtained
by pipetting 100 µL of the latter solution into
the well of a 48-multiwell plate (Corning,
Milan, IT), followed by 1 hour incubation at
37°C/5% CO2.63,64 After physical gelation,
100 µL of glutaraldehyde (GTA, Sigma-
Aldrich) solution at different concentrations
(i.e. 1, 2, 20, 100, 200 mM) were to each
sample to modulate the substrate mechanical
properties while keeping the other material
parameters constant: this enables selective
investigation of the role of substrate mechanics
on cell response.59 Samples were incubated 1
hour at toom temperature (RT) to allow for
GTA amino-crosslinking and then washed
thrice with PBS 1x, soaked in a 0.1 M glycine
solution for 2 h at room temperature to quench
any residual aldehyde moiety and thus eliminate
their potential toxicity.65 Finally, samples were
rinsed twice with PBS and sterilised with 70%
v/v ethanol (EtOH) aqueous solution for 2h at
RT and placed under UV light for 30 minutes.59

Collagen samples were then incubated over-
night with culture medium. The medium was

then discarded and samples ready for either
mechanical testing or cell seeding.

Hepg2 cell culture

The hepatocarcinoma cell line (HepG2)
was purchased from ATCC (American Type
Culture Collection ATCC, Manassas, VA).
Cells were cultivated in Eagle’s Minimal
Essential Medium (EMEM, 1 g/L glucose)
(Sigma, Milan IT), supplemented with 10%
inactivated fetal bovine serum (FBS) (Sigma,
Milan IT), 1% non-essentials aminoacids
(Lonza, Milan IT), 2 mM L-glutamine
(Lonza, Milan IT), 100 U/mL penicillin and
100 μg/mL streptomycin (Lonza, Milan IT).
All experiments were performed at passage
83, seeding cells at a density of 5 × 104

cells/well in a non-adhesive 48-well plate
by carefully pipetting 500 μL of cell suspen-
sion on the samples. HepG2 cells were then
cultured in a 37°C/5% CO2 humidified incu-
bator up to 7 days, evaluating their viability
and albumin secretion at different time points
(i.e. day 1, 3 and 7) and assessing their
morphology at day 7.

CellTiter-blue viability assay

CellTiter-Blue® Cell Viability Assay
(Promega, Mannheim, Germany) was used
according to the manufacturer’s instructions to
assess cell viability at day 1, 3 and 7. Briefly, at
each time point the medium in each well was
removed (and collected for albumin secretion
analyses) and replaced with 500 μL of fresh
medium plus 50 μL of CellTiter-Blue®

Reagent. Resofurin-mediated fluorescence was
measured with a FLUOstar Omega microplate
reader (BMG Labtech GmbH, Offenburg,
Germany; excitation, 544 nm; detection,
590 nm) after 30 and 150 minutes of incubation.
The slope of the fluorescence increase – repre-
senting the specific metabolic activity of cells –
was calculated and expressed as percentage of
that measured for cells cultured on softest col-
lagen gel (i.e., the one crosslinked with 1 mM
GTA) at the same time point.
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Albumin secretion assay

Albumin secretion was quantified at day 1, 3
and 7 using an enzyme-linked immunosorbent
assay (ELISA) kit (Bethyl Laboratories Inc.,
Montgomery, TX), according to manufacturer’s
instructions. Absorbance readings at 450 nm
were performed with a FLUOstar Omega
microplate reader.

Cell morphology evaluation

HepG2 cells cultured were stained for F-actin
and nuclei to assess their morphology after 3
and 7 days of culture on collagen hydrogels. For
F-actin filaments staining, samples were incu-
bated in the dark with rhodamine-conjugated
phalloidin (Life-Technologies) diluted 1:400 in
PBS containing 1% w/v BSA for 30 minutes at
RT. After washing the samples three times with
PBS, cell nuclei were stained incubating sam-
ples in the dark with 1 μg/mL DAPI (4ʹ,6-dia-
midino-2 phenylindole, Sigma-Aldrich)
solution in PBS containing 1% w/v BSA for
30 minutes at RT. Then, samples were washed
three times with PBS 1x and observed using a
confocal microscope (Nikon A1, Nikon Co.
Ltd., Tokyo, Japan).

Statistical analysis

All experiments were carried out at least
in triplicate. Results are reported as mean
± standard deviation, unless stated otherwise.
Comparisons between n groups of data (e.g.
swelling ratio) referring to one factor only
(e.g. time) were performed using one-way
ANOVA followed by Tukey’s Multiple
Comparison Test, while the Student’s t-test
was used in case of two groups of data only
(e.g. sorptivity coefficient of decellularised
samples and untreated liver). Statistical sig-
nificance was set at p < 0.05.
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