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. The development of human liver scaffolds retaining their 3-dimensional structure and extra-cellular

. matrix (ECM) composition is essential for the advancement of liver tissue engineering. We report

. the design and validation of a new methodology for the rapid and accurate production of human

- acellular liver tissue cubes (ALTCs) using normal liver tissue unsuitable for transplantation. The
application of high shear stress is a key methodological determinant accelerating the process of tissue
decellularization while maintaining ECM protein composition, 3D-architecture and physico-chemical
properties of the native tissue. ALTCs were engineered with human parenchymal and non-parenchymal

. liver cell lines (HepG2 and LX2 cells, respectively), human umbilical vein endothelial cells (HUVEC), as

. well as primary human hepatocytes and hepatic stellate cells. Both parenchymal and non-parenchymal

© liver cells grown in ALTCs exhibited markedly different gene expression when compared to standard
2D cell cultures. Remarkably, HUVEC cells naturally migrated in the ECM scaffold and spontaneously
repopulated the lining of decellularized vessels. The metabolic function and protein synthesis of
engineered liver scaffolds with human primary hepatocytes reseeded under dynamic conditions were
maintained. These results provide a solid basis for the establishment of effective protocols aimed at
recreating human liver tissue in vitro.

The development and functionalization of biomaterials have been actively pursued to enable more effective
applications of tissue engineering. In particular, the development of 3D-biological scaffolds, based on a natural
extracellular matrix (ECM) protein structure, has been shown to provide a more physiological platform for cell
engraftment and function'. In addition, the understanding of human physiological and pathophysiological con-
ditions could be improved by employing appropriate 3D-ECM microenvironments reflecting the complexity of
normal and diseased tissues, respectively®=.

The main challenge of liver tissue engineering is to recapitulate the complexity of human liver
micro-architecture. The hepatic ECM is a complex network of macromolecules that not only provides cells with
an extracellular scaffold but also plays an important role in the regulation of cellular functions'®!!. The regulation
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UniProt Entry Name ‘ Protein Gene Organism ‘ PE ‘ N ‘ Protein Score
Fresh liver samples

CO1A1_HUMAN Collagen alpha-1(I) chain COL1A1 Homo sapiens 1 5 97
CO3A1_HUMAN Collagen alpha-1(III) chain COL3A1 Homo sapiens 1 4 36
CO6A1_HUMAN Collagen alpha-1(VI) chain COL6A1 Homo sapiens 1 3 69
CO1A2_HUMAN Collagen alpha-2(I) chain COL1A2 Homo sapiens 1 7 112
CO6A3_HUMAN Collagen alpha-3(VI) chain COL6A3 Homo sapiens 1 5 131
FINC_HUMAN Fibronectin FN1 Homo sapiens 1 4 31
LMNB1_HUMAN Lamin-B1 LMNBI1 Homo sapiens 1 2 17
LMNA_HUMAN Prelamin-A/C LMNA Homo sapiens 1 1 92
Acellular liver tissue cubes (ALTCs) samples

CO1A1_HUMAN Collagen alpha-1(I) chain COL1A1 Homo sapiens 1 5 379
CO3A1_HUMAN Collagen alpha-1(III) chain COL3A1 Homo sapiens 1 4 59
CO6A1_HUMAN Collagen alpha-1(VI) chain COL6A1 Homo sapiens 1 3 204
CO1A2_HUMAN Collagen alpha-2(I) chain COL1A2 Homo sapiens 1 7 268
CO4A2_HUMAN Collagen alpha-3(VI) chain COL4A2 Homo sapiens 1 4 58
CO6A2_HUMAN Collagen alpha-2(VI) chain COL6A2 Homo sapiens 1 4 206
CO6A3_HUMAN Collagen alpha-3(VI) chain COL6A3 Homo sapiens 1 5 783
FINC_HUMAN Fibronectin FN1 Homo sapiens 1 4 171
LAMA5_HUMAN Laminin subunit alpha-5 LAMA5 Homo sapiens 1 8 81
LAMB2_HUMAN Laminin subunit beta-2 LAMB2 Homo sapiens 1 2 31
LUM_HUMAN Lumican LUM Homo sapiens 1 2 28
MIME_HUMAN Mimecan OGN Homo sapiens 1 1 85
VTNC_HUMAN Vitronectin VIN Homo sapiens 1 1 105

Table 1. Identification of ECM proteins. Proteomic results for fresh liver samples and ALTCs confirming the
preservation of the ECM proteins.

of key cellular features, such as differentiation and motility, is modulated by biochemical signals as well as by
the surrounding physical environment!?-'°. Therefore, biomaterials should be able to reproduce the essential
characteristics of the physiological extracellular scaffold including tissue-specific ECM protein composition,
3D-microarchitecture, stiffness and pro-angiogenic properties in order to support cellular growth and maintain
cell phenotypes.

Decellularization is a process that removes cellular and immunogenic materials from tissues and organs while
maintaining the mechanical and bioactive properties of the tissue'®. This provides the optimal micro-environment
for the repopulation with organ-specific cell types leading to the development of engineered tissues and organs.
Accordingly, major advances in the decellularization-recellularization technology have been achieved for the
development of whole engineered organs due to their attractive application in the area of whole organ transplan-
tationh % 17721,

Along these lines, we have recently reported the development of whole acellular human liver scaffolds
obtained by the decellularization of human livers unsuitable for transplantation and we have addressed its bio-
compatibility and the suitability to be repopulated with different types of human liver cells*.

Despite the progress achieved in establishing novel and improved protocols for the development of whole
organ scaffolds, no methodological advancement has been reported for the decellularization of tissue sections.
Importantly, the development of small scale acellular scaffolds could provide tissue-specific 3D-ECM platforms
to be used as an alternative to standard 2D-cell cultures on artificial materials such as plastic. This will allow the
introduction of in vitro experimental conditions much closer to human physiology and pathology, and provide a
framework to investigate drug action and metabolism.

The main aim of the present study was to develop and fully characterise a novel methodology for improving
the generation of small size 3D-ECM scaffold from sections of healthy human livers. This methodology, based on
high g-force oscillation/high shear stress and markedly reduced processing time, represents an alternative to the
established agitation-decellularization procedures so far reported . These procedures were characterized by
lengthy processes and prolonged exposure to detergents? > 2.

Here, we demonstrate a rapid and efficient production of human acellular liver tissue cubes (ALTCs) with
preserved ECM protein composition, 3D-architecture, angiogenic potential, topography and stiffness, allowing
tissue engineering with different types of human hepatic cells. Overall, the work presented herein is a key advance
for the development of in vitro human 3D-platforms for investigating disease pathophysiology, pharmacological
target discovery, drug toxicity assessment as well as engineered tissue transplant.

Results

Optimization of the agitation-decellularization procedure of human acellular liver tissue
cubes. The procedure was carried out by employing a stepwise protocol using increasing g-force intensity in
order to remove immunogenic cellular materials while preserving ECM proteins as well as reducing processing
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Figure 1. Decellularization of human liver cubes. (a) Macroscopic appearance and histological analysis

after decellularization, confirming elimination of nuclear (blue; H&E) and cellular material (yellow; SR)

and preservation of collagen (red; SR) and elastin (blue/black; EVG). (b) Macroscopic appearance and
histological images of fresh human liver. (c) DNA quantification showing significant elimination of DNA in
the decellularized cubes. (d) Comparison of the expression and distribution of several ECM proteins, namely
collagen I, collagen III, collagen IV, fibronectin and Laminin, evaluated by immunohistochemistry showing
consistency between decellularized cubes (top panel) and fresh samples (bottom panel). Data are expressed
as mean £ s.d. *#¥p < 0.0001. Scale bars, 1 mm macroscopic images (a,b) or 200 um top panel; a, b or 50 pm
bottom panel; a, b or 100 um (d). Biological replicates (n = 16) are performed for all samples.

time and exposure to detergents. Therefore, the first step was to define the g-force value to be employed during
agitation-decellularization and apply this value consistently through the different protocols.

Determining g- force. The agitation systems were characterized by different agitation speeds defined
by different g-force values. The g-force, which refers to the relative centrifuge force (RCF), is expressed as
REF=1.118 x r x (rpm)? and was adopted to estimate the g-force value employed in previously published proto-
cols using either an orbital shaker or a magnetic stirrer?>->°.

The novel system designed for decellularizing biological tissue considers a tissue sample undergoing harmonic
motion characterized by a frequency f Hz and amplitude U m and assuming it starts at zero displacement (i.e.,
x=0and t=0) will occupy the position x = Usin(f2rt) (considering the difference in density between the tissue
and it surrounding solution is negligible). Furthermore, a particle (or tissue in this case) which moves under
simple harmonic motion will be represented by the equation x” = —w2x, where w= 27f. Reformulating these
equation according to Newton’s second law, Force (F) equals mass () multiplied by acceleration (a) [F=ma],
results in the equation F = —m[(27f)2] ﬁsin(f 27t). This is greatest when |sin| = 1. Therefore, it will be at its
maximum/minimum when F = + /—Um[(2xf)2]. Finally, by dividing the equation by the force experienced by
gravity (myg), the equation for g—force is = e/ g)*[(27f)2].
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Figure 2. Confirmation of preservation of the micro-anatomy, biochemical and biomechanical properties

of the ALTCs. SEM imaging of; (a—c), fresh liver samples, and (d-f), decellularized liver cubes showing the
preservation of a portal tract (asterisks), collagen fibrils and hepatocyte pockets (octothorpe). Second harmonic
generation analysis of fibrillar collagens structure (green) of (g), fresh liver samples with the presence of cells
(red), (h), fresh liver samples with the subtraction of cells and (i), decellularized liver cubes. (j,k) Confocal
auto-fluorescence microscopy showing preservation of the vascular trees in both samples. (1,m) Pseudo-colour
images based on the first six components, highlighting the overall morphology of the tissue samples. (n,0)
Raman spectra from different points on the cubes, showing similar spectra pattern to collagen. (p), Biochemical
peaks of collagen proteins demonstrating no variability between the 2 decellularized cubes. (q) AFM
comparison of tissue stiffness between fresh and decellularized liver cubes. Data are expressed as mean +s.d. *,
p < 0.05. Scale bars, 100 um (a,d), or 10 pm (b,c,e,f), or 100 um (g-i). Biological replicates (n = 8) are performed
for (a-i), or (n=3) for q.

Protocol optimization. The general study protocol followed the scheme illustrated in Supplementary
Fig. 1a.

Initial experiments illustrated in Supplementary Fig. 1b and ¢ employed low g-force intensity (0.4 g). After 8
and 16 days of agitation with an orbital shaker (OS), the resultant tissue appeared macroscopically brownish indi-
cating incomplete decellularization (Supplementary Table 1a; protocol OS1 and OS2). Histological examination
employing hematoxylin and eosin (H&E) and Sirius Red (SR) staining revealed the presence of cellular material
within the tissue (Supplementary Fig. 1b,c). Although, DNA quantification showed a significant reduction in the
total amount of DNA after the procedure (p < 0.0001; Supplementary Fig. le) this was still above the accepted
threshold of 50 ng/mg of tissue'.

Subsequently, g-force was increased to 5-9 g obtained by agitating the tissue with a magnetic stirrer (MS)
(Supplementary Table 1a; protocol MS). After 8 days of agitation the tissue became translucent (Supplementary
Fig. 1d) and histological staining confirmed preservation of collagen and elastin filaments, while nuclear materi-
als were removed. This latter finding was confirmed by DNA quantification which showed significant reduction
of DNA (p < 0.0001) but the amount of DNA was slightly above 50 ng/mg threshold (Supplementary Fig. 1e).

Subsequently, the applied g-force was further increased to 45 ¢ to minimize the time of exposure to deter-
gents and to enhance the distribution of reagents within the tissue. Remarkably, the liver tissue cube turned
translucent in just three hours (Fig. 1a) when compared to native tissue (FL) (Fig. 1b). H&E staining confirmed
removal of nuclear materials while collagen and elastin filaments were preserved in the acellular liver tissue cube
(ALTC) as showed by SR and Elastin Van Gieson (EVG) staining, respectively (Fig. 1a). Moreover, DNA quantifi-
cation showed a significant reduction in the total amount of DNA after the procedure (p < 0.0001; Supplementary
Fig. 1e), to below the threshold of 50ng/mg of tissue'®. These observations suggested that by employing high shear
stress, it is possible to obtain in a significantly reduced processing time, an ALTC with preserved collagen and
elastin filaments while removing cellular material.

ECM protein distribution and composition. Immunohistochemical analysis showed that the expression
and distribution of key ECM components, namely collagen type I, collagen type III, collagen IV, fibronectin and
laminin (Fig. 1d), were maintained in ALTCs compared to native liver tissue.
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Figure 3. Neo-angiogenesis and re-endothelisation of ALTCs. CAM assay of (A), decellularized liver cube,
(B), sponge soaked in PBS, and (C), sponge loaded with VEGE. (D) Quantification of observed vessels at 0 and
7 days, showing a significant difference between the ALTC:s after 7 days when compared to the negative control
(PBS). Recellularization of ALTCs with HUVECs after 7 days, characterized by positive staining with (E-G),
H&E, (H-J), CD31 and (K-M), FVII], confirming the migration and attachment of the endothelial cells to the
lumen of the vessels and their functionality. Data are expressed as mean =+ sem. *p < 0.05, **P < 0.005. Scale
bars, 50 pm (E,G,H,J,K,M), or 200 um (ELL). Biological replicates (n > 5) are performed for all samples.

Furthermore, the composition of ECM proteins within the ALTCs was qualitatively investigated by proteomic
analysis and compared to that of fresh liver tissue (Table 1). Notably, the main fibrillar and structural collagens
(collagen alpha-1,-3,-6), as well as laminins, were preserved after decellularization. In addition, other ECM pro-
teins were identified only within the acellular scaffold and were mainly represented by proteoglycans (lumican
and mimecan) and glycoprotein (vitronectin) (Table 1).

Opverall, this analysis confirmed the preservation of key ECM components in the acellular scaffold and sug-
gested that the analysis of the cell-free scaffold may reveal the presence of ECM proteins which are masked by the
cell-dependent protein background during proteomic analysis.

3D architecture and ultrastructure. Scanning electron microscopy (SEM) was used to compare fresh
LTCs (Fig. 2a—c) with ALTC and to assess the quality of the resultant ECM micro-architecture after the decel-
lularization procedure (Fig. 2d-f). SEM imaging revealed the maintenance of key hepatic features including the
honeycomb-like arrangement and organized network of ECM fibrils associated with liver lobules (Fig. 2f). In
addition, portal tracts were preserved after decellularization (Fig. 2d, *) as well as the size of cellular pockets
within the parenchymal space which was in the region of 15-30 um corresponding to the approximate size of a
hepatocyte (Fig. 2f, #). Overall, these data confirm the preservation of the 3D liver microanatomy and ultrastruc-
ture following decellularization.

Visualisation of collagen type I expression and distribution was conducted via second harmonic generation
(SHG) microscopy allowing the simultaneous visualisation of collagen type I and cell autofluorescence (Fig. 2g-i).
The decellularized tissue (Fig. 2h-i) was characterized by the presence of more concentrated regions than the
native tissue sections (Fig. 2g) due to the removal of cellular materials which outdistance the 3D organisation of
collagen fibres. Regardless, the alignment and the distribution of collagen type I fibres in the decellularized tissue
reflected the normal hepatic 3D architecture.
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Biochemical and biomechanical features of decellularized liver tissue. Intrinsic tissue
auto-fluorescence confocal imaging (AF) and Raman spectroscopy (RS) were used for further biochemical
analysis of the decellularised tissue. The results obtained on two different samples (derived from two independ-
ent scaffold preparations) (Fig. 2j,k) showed strong tissue auto-fluorescence emission in the wavelength range
450-480 nm when the excitation was performed at 405 nm, indicating the high content of collagen®'. The AF
images were also used to select 4 x 4 mm? measurement areas for RS. Principal component analysis (PCA) was
used to build spectral maps (Fig. 21,m), highlighting the main spectral variance in the dataset (first six principal
components, capturing 45.2% of variance, were combined). Figure 2n,0 show typical Raman spectra selected at
positions corresponding to strong fluorescence emission in Fig. 2j,k. The Raman spectra showed similar band
pattern to Raman spectra of collagen type I reported previously®?, including intense bands at 851 cm™! and
950 cm™! assigned to proline and hydroxyproline, 1004 cm™! corresponding to phenylalanine, amide III bands
at 1246cm ™, 1271 cm ™!, CH, deformations at 1450 cm ™! and Amide I at 1660 cm™!. K-means clustering (k=3)
was then used to analyse the entire dataset. The centroid spectra for both samples are illustrated in Fig. 2p and
confirmed the chemical similarity of the two samples. Furthermore, the analysis confirmed the lack of Raman
bands typical of cellular material®.

Biomechanical characterisation of decellularized and native liver tissue was conducted with atomic force
microscopy (AFM). Calculation of Young’s modulus from the AFM force curves demonstrated a significant dif-
ference (p < 0.05) between the stiffness of decellularized liver tissue and the native tissue (Fig. 2q). As previously
described in other studies on biological scaffolds*, the Young’s modulus calculated for the decellularized liver
tissue was 2.051 & 0.39kPa (SEM), i.e. approximately twice as great as that calculated for the native liver tissue
(0.98 4 0.14kPa).

Pro-angiogenic properties of acellular human liver scaffold. The ability of ECM scaffolds to attract
blood vessels and to promote neo-angiogenesis has been demonstrated in several studies**-*®. This feature was
investigated by employing the chicken egg chorioallantoic membrane (CAM) assay (Fig. 3A-D). Fragments of
decellularized liver cubes were placed on the CAM system and observed macroscopically for 7 days. The ALTCs
were well incorporated within the developing environment of the chicken egg CAM system, which was demon-
strated by the attraction of blood vessels in a spoked-wheel pattern towards the scaffolds (Fig. 3A). Notably, the
number of vessels growing towards the ALTCs was significantly higher than both negative control - the mem-
brane loaded with PBS (Fig. 3D, p < 0.005) and positive control - pro-angiogenic cytokine VEGF-loaded mem-
brane (Fig. 3C,D).

Re-endothelization of acellular liver tissue cubes. The re-cellularization of intra-hepatic vessels by
employing human umbilical vein endothelial cells (HUVECs) was then assessed. HUVECs were seeded into the
ALTC and their presence/distribution was evaluated after 3 and 7 days of culture. Initially, endothelial cells were
attached to the surface of the scaffold (3 days; data not shown) and after 7 days cells were uniformly lining the
luminal surface of large vessels (Fig. 3E-G). In addition, the homogeneous expression of platelet endothelial cell
adhesion molecule (PECAM-1) (Fig. 3H-]) and FVIII confirmed the maintenance of endothelial-like features
(Fig. 3K-M).

Bioengineering of human liver scaffolds with liver-specific pericytes. Acellular liver tissues were
reseeded with liver-specific pericytes, i.e. hepatic stellate cells, and engineered tissues were evaluated after 7 and
14 days of in vitro culture. H&E staining demonstrated the progressive engraftment of LX2 cells, a human hepatic
stellate cell line, into the scaffold after 14 days compared to 7 days (Fig. 4j,m). SEM analysis demonstrated that
LX2 cells migrated within the decellularized sinusoidal space acquiring a definite myofibroblast-like cell pheno-
type (Fig. 4p). These findings were also confirmed with primary human hepatic stellate cells cultured up to 7 days
which demonstrated cell engraftment and cell viability (Supplementary Fig. 3).

The myofibroblastic phenotype of the cells migrated into the scaffold was assessed by the expression of cellular
markers typically expressed by hepatic stellate cells in their activated pro-fibrogenic phenotype®. The expression
of key growth factor receptors such as platelet derived growth factor beta receptor (PDGF3-R) (Fig. 4k,n) and
transforming growth factor beta receptor (TGF3-R) (Fig. 41,0) was detected by immunohistochemistry. However,
an interesting difference in the mRNA expression of two key pro-fibrogenic molecules, namely collagen type-1
and lysyl oxidase (LOX) was observed by comparing cells cultured in ALTCs versus standard 2D conditions.
Indeed, collagen type-1A1 expression was significantly reduced in 3D culture (p < 0.05 at 7 days, and p < 0.005
at 14 days) (Fig. 4q), while LOX2 was significantly increased in cells cultured in 3D conditions when compared
with 2D culture (p < 0.0001) (Fig. 4r).

Bioengineering of human liver scaffolds with parenchymal liver cells.  Next, liver tissue scaffolds
were reseeded with HepG2, a human hepatoblastoma cell line reproducing many of the features of polarized
human hepatocytes* and largely employed as a cellular component for bioartificial livers*!. After 7 days of
seeding, HepG2 cells were found attached to the surface of the scaffold, while a more homogenous distribution
within the scaffold was observed after 14 days, respectively (Fig. 4a,d). HepG2 cells were characterized by an
epithelioid phenotype as shown by SEM and were diffusely spread and engrafted into the ECM scaffold (Fig. 4g).
Immunohistochemical staining revealed positivity for alpha feto protein (AFP) at 7 days and the intensity was
reduced after 14 days of incubation (Fig. 4b,e). In addition, cell adhesion within the acellular tissue was confirmed
by the expression of the epithelial cell adhesion marker (EpCAM) at both 7 and 14 days (Fig. 4c,f). Moreover,
the expression of human albumin and phase II metabolism enzyme UGT1A1 was evaluated in order to assess
the metabolic activity of the engrafted cells. Quantitative RT-PCR revealed that albumin expression level was
higher in the recellularized liver at 14 days when compared with a standard 2D culture, thus suggesting that the
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Figure 4. Biocompatibility of ALTCs with various cell lines. Reseeded HepG2 cells were positive for (a,d), H&E,
(b,e), AFP and (c,f), EPCAM staining at both 7 (left panel) and 14 days (right panel). At 7 days the cells appear
to have only attached to the outer surface of the ALTCs, however, at 14 days, they were able to migrate and
occupy the ALTC’s parenchymal space. (g) SEM analysis confirming cellular attachment of the HepG2s cells to
the ALTCs at 14 days.Quantitative comparison of (h), albumin and (i), UGT1A1 mRNA expressions of HepG2
grown on 2D plastic (black bar) and those reseeded on ALTCs (blue bar), show contrasting patterns after 7 and
14 days. Similarly, reseeded LX2 cells stained positive for (j,n), H&E, (k,0), PDGFB-8 and (Lp), TFG-( at both
7 and 14 days. In contrast to HepG2, LX2 cells were able to migrate and occupy the ALTCs sinusoidal space at

7 days and were more abundant after 14 days. (p), SEM analysis confirming cellular attachment of the LX2 cells
to the ALTC:s at 14 days. Quantitative comparison of (q), COL1A1 and (r), LOX mRNA expressions of LX2

cells grown on 2D plastic (black bar) and those reseeded n ALTCs blue bar), confirming significantly different
patterns. Data are expressed as mean +s.e.m *p < 0.05, **p < 0.005, ***p < 0.0001. Scale bars, 50 pm (a-f, j-o),
or 10pm (g,p). Biological replicates (n > 4) are performed for all samples.
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Figure 5. Biocompatibility of ALTCs with primary hepatocytes in a dynamic perfusion culture system.:
Human primary hepatocytes cultures were established in ATLC using the LiverChip dynamic system for up to
10 days. (a) Schematic representation of ALTCs with cells in the perfusion system. H&E staining showing the
attachment of primary hepatocytes in the, (b), core and, (c), outer surface of the ALTC after 10 days in culture.
Hepatocytes supernatants were collected every 48 hours for measurement of lactate dehydrogenase (LDH),
alanine aminotransferase (ALT), Albumin, and factor IX. Data are expressed as mean =+ s.e.m. and analysed via
one-way ANOVA with Dunnet’s multiple comparisons test, *p < 0.05, **p < 0.005, ***p < 0.0001. Scale bars,
50 pm. Biological replicates (n = 6) are performed for all samples.

3D acellular tissue was able to maintain the synthetic hepatocyte-like phenotype for a longer time period (Fig. 4h,
p <0.0001 versus 2D culture). This finding was also supported by a higher level of expression of phase I metabo-
lism enzyme UGT1A1 at 14 days in the engineered tissue (Fig. 4i, p < 0.005 versus 2D culture).

Lastly, human liver scaffolds were reseeded with primary human hepatocytes by employing a dynamic perfu-
sion system*> . This system was implemented in order to improve both cellular distribution within the scaffold
and the oxygenation of engineered tissues (Fig. 5a). Primary human hepatocytes engrafted into the human liver
scaffold under dynamic condition (Fig. 5b,c). Notably, during the first days of reseeding ALT and LDH increased
because of the stabilization of the primary cells into the scaffolds. After day 3, these molecules were dramatically
reduced while the metabolic and protein synthesis activities were increased up to day 10 of reseeding as shown by
albumin and FIX secretion, respectively (Fig. 5d-g).

All together these findings demonstrated adequate cellular viability and function after scaffold engineering.

Discussion

This work demonstrates that small scale human liver biological scaffolds can be derived by process of
agitation-decellularization employing high shear stress (high g-force) which greatly reduces processing time.
The resultant 3D-human liver scaffolds are characterized by the preservation of essential biochemical, physical
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and topographical properties and in addition provide an optimal platform for tissue bio-engineering employing
different types of human liver cells.

The methodology based on agitation-decellularization was pioneered by Meezan and colleagues in ref. 23,
who proposed this approach for studying the basement membrane microstructure. Subsequently, this meth-
odology has been adapted to decellularize sections of different tissues, including xenogenic liver, by incubating
the native tissue with different detergents without a precise definition of the mechanical forces involved in the
process*-30.

The key contribution of the work herein presented is the development of a novel decellularization protocol
based on high g-force oscillation leading to the successful removal of immunogenic cellular materials, while
maintaining the ECM protein composition and 3D architecture. This achievement represents a key advance
towards the use of wedge sections of normal human liver tissue obtained following surgical resections for the
development of biological human liver ECM scaffolds. The resultant biomaterial can be engineered and employed
as platform for human disease modelling and the assessment of drug efficacy/toxicity.

To this aim, a necessary step is represented by the ability of the decellularized tissue to be repopu-
lated by organ-specific cell types. The present work provides solid evidence that human parenchymal and
non-parenchymal cell are able to engraft, to grow and to express a functional phenotype within the human acellu-
lar liver tissue developed with the newly proposed protocol. Indeed, the expression of phenotype-specific mark-
ers for both human parenchymal and non-parenchymal liver cells indicated that the engrafted cells maintain
differentiation and functionality. For example, HepG2 cells grown in 3D-scaffolds were able to maintain higher
cellular differentiation features following prolonged culture when compared to the same cell preparation grown
on standard 2D-plastic conditions.

Similarly, LX2 cells grown in 3D-scaffolds retained the phenotype of activated cells. Importantly, the mRNA
expression of key pro-fibrogenic genes (collagen type-1 and LOX2) showed a remarkable difference with the same
cell preparation grown on standard 2D-plastic conditions. These observations highlight the presence of remark-
able differences in the biology of liver cells cultured in a liver 3D ECM scaffold when compared to standard 2D
culture conditions on plastic dishes and definitely shed doubts on the accuracy and validity of the research for
molecular targets of disease when in vitro studies are conducted on artificial 2D plastic systems.

Although small scale scaffolds cannot be perfused directly through the main vascular system, the ALTC main-
tain the vasculature structure and protein composition of the native tissue. This was confirmed by demonstrating
the efficient re-endothelization obtained with human endothelial cells. Furthermore, the metabolic function and
protein synthesis of engineered liver scaffolds with human primary hepatocytes reseeded under dynamic condi-
tions were preserved.

Altogether the current results provide an innovative basis for further developments in the area of all human
in vitro 3D-platforms for the study of disease pathophysiology, pharmacological target discovery, drug toxicity
assessment and possibly micro-tissue transplant.

Methods

Source of human livers.  All organs used for this study were retrieved through the NHSBT National Organ
Retrieval Service and was coordinated by the UCL Tissue Access for Patient Benefit organisation (TAPb). The
study was approved by the UCL Royal Free Biobank Ethical Review Committee (NRES Rec Reference: 11/
WA/0077). Informed consent for research was confirmed via the NHSBT ODT organ retrieval pathway, and
the project was also approved by the NHSBT Research Governance Committee. Donor livers were processed
in accordance with the UCL Royal Free Biobank protocols under the Research Tissue Bank Human Tissue Act
licence, prior to use in research. Before use for experimentation, discarded livers were histologically analysed, and
those negative for fibrosis and steatosis were marked as “healthy” and used for this study.

Decellularization Protocols. Human livers (n=4) were first perfused with 1% PBS (Sigma-Aldrich, UK)
to eliminate blood and then frozen at —80 °C for a minimum of 24 h to assist with the initial destruction of the
cellular membrane.

Afterwards, human livers were thawed at 4 °C overnight and cut into 125mm? cubes (n > 1000) and stored
again at —80 °C until future use.

Prior to decellularisation, liver tissue cubes (LTCs) were thawed in a water bath at 37°C for 1 hour, followed
by the addition of 1.2 ml of 1% PBS for 15 minutes. Once thawed the cubes were transferred into 2 ml safe-lock
tubes (Eppendorf). A standardised 1.5ml of each solution is added to its respected tube/protocol. The agitation
protocols for the decellularization of the LTC is presented in Supplementary Table 1.

Histology and immunostaining analysis. Sections (4 pm) were taken from formalin fixed paraffin
embedded blocks and were dewaxed and rehydrated prior to staining (Xylene +IDA).
The histochemical stains were performed at room temperature as follows:

Haematoxylin and Eosin. Sections were treated with haematoxylin Harris’ formula (Leica Biosystems)
for 10 minutes and then washed in tap water for 5 minutes. Next, the sections were stained with eosin (Leica
Biosystems) for 3 minutes and then washed again with water. The sections were then dehydrated through IDA as
quickly as possible and then placed in histology grade xylene until mounted.

Pico-Sirius Red.  Sections were treated with freshly filtered pico-sirius red - F38 (R.A.Lamb; CI-35780) for
20 minutes. The sections were then dehydrated through IDA as quickly as possible and then placed in histology
grade xylene until mounted.

SCIENTIFICREPORTS | 7:5534 | DOI:10.1038/541598-017-05134-1 9


http://1

www.nature.com/scientificreports/

Elastic Van Gieson.  Sections were treated with 0.5% potassium permanganate for 5 minutes and washed thor-
oughly with distilled water. Next, they were treated with 1% oxalic acid for 1 minute, washed with distilled water
followed by absolute alcohol. Sections were then stained with neat Miller’s Elastic - (R.A. Lamb; LAMB/080D) for
2hours, washed thoroughly with 70% industrially methylated spirits (IMS) (Fisher Scientific) and then placed in
tap water. The sections were checked under the microscope and, if necessary, differentiated in 0.5% acid-alcohol
(1% HCl in 70% IDA aq.). As a final step, the sections were stained with van Gieson (Leica Biosystems) for
5minutes.

Immunocytochemistry: sections stained with Collagen I, III, IV, fibronectin and laminin were performed at
previously described by Mazza et al.?>. Briefly, slides were pre-treated to retrieve the antigens by trypsinization for
30 minutes at 37 °C. Sections stained with alpha-fetoprotein (AFP), Factor VIII, TGF- 3 and CD31 were micro-
waved (640 W) for 5 minutes, 10 minutes, 15 minutes and 20 mins respectively and EPCAM and PDGF-3 and
pressure cooked for 3 minutes, in sodium citrate buffer (pH 6.0).

Sections were then blocked using a peroxidase solution for 5 minutes then incubated for 1hour in the fol-
lowing primary antibodies; AFP (1:200; Dako, A0008), collagen I (1:200; Abcam, ab34710), collagen III (1:500;
Abcam, ab7778), collagen IV (1:25; Dako, M0785), EPCAM (1:50; Leica Biosystems, NCL-ESA), (fibronectin
(1:100; Millipore, MAB1937), laminin (1:200; Millipore, MAB1924), and Factor VIII (1:1000; Dako, A0082),
PDGF-3 (1:50; abcam, ab32570) and TGF-f3 (1:50; Santa Cruz, sc-146).

Primary antibodies were detected using the Novolink™ kit (Novocastra RE7280-K). Sections were dehy-
drated, cleared and mounted and images were captured with an Axiocam IcC5.

DNA quantification. Fresh and decellularised LTCs marked for DNA were weighed and if necessary, cut
to be between 15 and 25 mg in mass. Two hundred pl of proteinase K solution was added to each and the sam-
ples were then placed into a heating block at 56 °C for at least 16 hrs or until they were completely lysed. DNA
was then extracted using the QIAGEN DNAeasy Blood and Tissue Kit according to the manufacturer’s instruc-
tions. The extracted DNA was eluted in 200 ul of buffer AE and was quantified using a NanoDrop ND-2000
spectrophotometer.

CAM assay. Chicken chorioallantoic membrane (CAM) angiogenic assay. To evaluate the angiogenic capabil-
ity of the ALTC in vivo®®**, CAM assays were performed as previously described by Ahmadi et al.**. Briefly, prior
to implantation, fertilized chicken eggs (Henry Stewart and Co.) were incubated at 37 °C at constant humidity
for 8 days, followed by the extraction of 2 ml of albumin. 1 mm® ALTCs (n= 19), sterile inert mesh loaded with
PBS (n > 5) and 200 ng/mL VEGF (Sigma) loaded sterile mesh (n > 5), were placed on the CAM through a 3cm
diameter circular incision to the shell of the eggs. Eggs were allowed to incubate for a further 7 days at 37°C at
constant humidity. Scaffolds were photographed in ovo with a stereomicroscope equipped with a camera system
(Leica) and blood vessels less than 10 mm in diameter that were converging towards the inserts were counted by
blinded assessors (n=34) at day 7. The mean of the counts was considered.

Scanning Electron Microscopy (SEM).  Samples were fixed in 2.5% glutaraldehyde. Next, samples were
washed 3 times with 1% PBS, placed in a 0.5% PBS solution containing 25% sucrose and 10% glycerol for 2h and
then snap frozen in liquid Nitrogen. Once frozen, samples were fractured and then placed back into a 0.5% PBS
solution containing 25% sucrose and 10% glycerol at RT for 1 h. Once thawed, the samples were fixed with 1%
Osmium tetroxide in 1% PBS at 3°C for 1.5h and then washed with deionized water (dH,0O). Samples were then
dehydrated through a series of dH,O and ethanol baths until finally reaching 100% ethanol. Next, samples were
dried using carbon dioxide and firmly fixed onto an aluminum stub with the fractured side opposite to the stub.
This was followed by the addition of a 2 nm thick layer of Gold/ Palladium using a Gatan ion beam coater. Images
were recorded with a 7401 FEG scanning electron microscope (Jeol, USA).

Second Harmonic Generation (SHG) and imaging. Both native tissue and decellularized liver scaffolds
were cryoprotected and sections were then set in a mold and covered in OCT cold embedding media and frozen.
The OCT blocks containing the liver tissue/scaffolds were cryosectioned to a thickness of 20 um and mounted on
glass slides. Prior to measurements, samples were thawed for 15 min in PBS.

All SHG images were obtained using a custom built multiphoton microscope incorporating an upright confo-
cal microscope (SP5, Leica) and a mode-locked Ti: Sapphire Laser (Mai Tai, Newport Spectra-Physics). Images of
the SHG signal from collagen I were collected using an 820 nm excitation with SHG signal obtained with a
414/46 nm bandpass filter and multiphoton autofluorescence signal obtained with a 525/40 nm bandpass filter. A
25X, 0.95 NA water-immersion objective (Leica) was used to deliver the excitation signal and to collect the SHG
emission signal from the sample. Images with a 600 um x 600 um field of view were obtained with 2048 pixel
resolution and a line rate of 10 Hz giving a pixel resolution of ~0.3 pm with 3X averaging on each acquisition to
reduce the effect of noise.

Atomic Force Microscopy (AFM).  AEM sample preparation. Tissue samples for AFM measurement were
prepared by taking tissue slices from a cube of liver tissue. Thick tissue slices were cut from the tissue cube using
a scalpel, under liquid conditions and were kept in PBS at room temperature before attachment to a petri dish for
analysis within 30 minutes. A slice of tissue measuring 5mm X 2mm x 2 mm was attached to a petri dish using
two droplets of Cyanoacrylate adhesive, applied with a 10 pl pipette tip, placed at the extremities of the sample.
After tissue slice attachment (1-2 min) the slice was immersed in PBS in order for the AFM measurements to
be conducted within a 2h time period. In the case of tissue scaffold samples, scaffold cubes were removed from
storage in PBS at 4°C and excess liquid removed with a tissue prior to attachment. As previously described for the
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tissue slices, tissue scaffold cubes were attached to petri dishes with two droplets of adhesive at the extremities.
After attachment (1-2 min) scaffolds were immersed in PBS and imaged within 2h.

AFM Measurements. Measurements of the tissue slices and scaffold cubes have been conducted on a JPK
Nanowizard-1 (JPK Instruments) operating in force spectroscopy mode, mounted on an inverted optical micro-
scope (IX-81, Olympus). AFM pyramidal cantilevers (MLCT, Bruker) with a spring constant of 0.07 N/m were
used with a 35 pm glass bead attached to cantilever tip. Prior to measurements with the adapted cantilevers, their
sensitivity was calculated by measuring the slope of the force-distance curve in the AFM software on an empty
region of the petri dish. For indentation tests on the sample, the cantilever was aligned over regions in the middle
of the samples using the optical microscope. For each sample 30-50 force curves were acquired in 6-10 differ-
ent 100 pm regions, this arrangement allowed force-curves to be acquired in locations at least 50-100 pum apart.
Force-curve acquisition was carried out with an approach speed of 5pm/s and a maximum set force of 1.5 nN.
Elastic moduli were calculated from the force-distance curves by fitting the contact region of the approach curve
with the Hertz contact model, using the AFM software.

Raman Spectroscopy. Raman spectra were collected using an inverted optical microscope (Eclipse
Ti, Nikon) equipped with a 63x/ 1.2NA oil immersion objective. A 785 nm excitation laser, with the power of
50mW at the sample, was used for excitation. The Raman back-scattered light was collected by the same objec-
tive and collimated towards an optical spectrometer (RiverD International) equipped with a deep-depletion
back-illuminated CCD (Andor Technology, UK). Raman maps were measured by raster-scanning the A movable
stage (Prior Pro-scan ii) is equipped to allow spectral imaging. For measurements, the samples were placed on
a 1 mm thick quartz window. Raman spectral mapping were recorded for tissue areas of 4 x 4 mm with a step
size of 20 um. The integration time at each pixel was 0.5 seconds. Auto-fluorescence images of the tissue samples
were recorded for the same areas using a confocal scanner (C2, Nikon) integrated to the Raman microscope. The
excitation was based on a laser at 405 nm (10 mW) and detection in the range 450-480 nm.

Proteomic. The proteomic analysis was performed on formalin-fixed samples and 5 pm slides were removed
by scalpel cleavage and analyzed as previously described by Rodriguez et al.*. Following extraction into 10 mM
Tris/1 mM EDTA/0.002% Zwittergent buffer (99 °C, 1.5h) and sonication (1h), samples were trypsinised
(1.5mgw/v) overnight at 37 °C and then reduced with dithiothreitol (50 ug) at 99 °C for 5 minutes. Digests were
run on a nanoACQUITY™ UPLC system (Waters Ltd., Elstree, Hertfordshire, WD6 3SZ) coupled to an Orbitrap
Velos Mass Spectrometer (Thermo Electron, Bremen, Germany. MS data files were analysed using Mascot?’.

Cell Culture. LX2 cells were maintained in Iscove’s Modified DMEM supplemented with 2 mM/L-glutamine,
0.1 mM/L non-essential amino acids, 1.0 mM/L sodium pyruvate and 20% foetal bovine serum (FBS). HepG2
(ATCC® HTB-52™, VA, USA) were maintained in Eagle’s Minimum Essential medium (EMEM), supplemented
with Glutamax, 0.1 mM/L non-essential amino acids, 1.0 mM/L sodium pyruvate and 10% FBS. Human umbil-
ical vein endothelial cells (HUVEC pooled; PromoCell) were cultured in low-serum (2% V/V) ECGM with a
supplemental mix (PromoCell) and used between passage 3 and 5. All cells were sub-cultured every 3 days at a
split ration of 1:3.

Primary Human HSCs (hHSC) were isolated from wedge sections of liver tissue, obtained from patients
undergoing surgery at the Royal Free Hospital after giving informed consent (EC01.14-RF). Cells were isolated
according to Mederacke et al.*}, with modifications for human liver®.

The obtained HSCs were cultured in IMDM supplemented with 20% FBS, glutamine, nonessential amino
acids 1X, 1.0 mM sodium pyruvate, 1X antibiotic-antimycotic (all Life Technologies), hereafter referred to as
complete HSC medium. Experiments described in this study were performed on hHSC of at least three independ-
ent cell preparations, between passage 3 and 8.

All cells were maintained under standard conditions at 37 °C in a humidified incubator containing 5% CO,.

Reseeding with human liver cells under static conditions. To prepare decellularised tissue for cell
culture, scaffolds were sterilised using 1.5ml of 0.1% peracetic acid (Sigma-Aldrich) in 4% ethanol (Fisher
Chemical) for 45 minutes in an orbital shaker (Staurt) at 700 rpm. This was followed by replacing the solution
with sterile 1X HBSS (Thermofisher Scientific) for 15 minutes on an orbital shaker. The sterile scaffolds were then
placed in culture media 24 hours prior to the additions of cells [day —1].

For LX2, HepG2 and primary cells, 2 million cells in 20 ul were released on top of each ALTC. For HUVEC
cells, 1.4 million cells in 20 pl were released on top of each ALTC Following cell seeding; samples were kept for
2hours at 37°C in a humidified incubator containing 5% CO,. This was followed by the addition of culture
medium. On the following day, scaffolds were transferred to individual wells and fresh culture medium was
added. Thereafter, wells and fresh media were changed every 3 days. Experiments were stopped at days 7 or 14
following seeding for LX2, HepG2 and primary cells and at days 3 or 7 for HUVEC cells.

3D dynamic culture of primary hepatocytes in the LiverChipT™M system. Primary hepato-
cytes 3D-cultures were established using the LiverChip™ (CN-Bio Innovations) dynamic culture system*>**,
Cryopreserved human hepatocytes (HMCPTS, ThermoFisher Scientific) were cultivated according to the sup-
plier’s protocol. In brief, hepatocytes were quickly thawed in a water bath at 37°C, transferred to a 50 mL tube
containing 40 mL pre-warmed recovery medium (CHRM®, ThermoFisher Scientific), and centrifuged at 100 x g
for 10 min at room temperature. The resulting cell pellet was resuspended in plating medium, and viable cells
were counted by trypan blue exclusion. The plating medium was Williams E medium supplemented with 5%
FBS, 1 uM dexamethasone, 1% penicillin/streptomycin, 4 pg/mL insulin, 2 mM GlutaMax, 15 mM HEPES, pH

SCIENTIFICREPORTS | 7:5534 | DOI:10.1038/541598-017-05134-1 11



www.nature.com/scientificreports/

7.4. Human liver scaffolds were inserted inside the culture well and held in place using a modified retaining ring.
Cells were seeded in the LiverChip™ plates at a density of 0.6 x 106 hepatocytes/scaffold in a volume of 1.4 mL.
Hepatocytes were allowed to attach on the scaffold in a 5% CO2-incubator at 37 °C for 24 h with a down flow of
1 uL/second. After 24 hours, cultures were switched to maintenance medium, which was replaced every 48 hours
for the duration of the experiment. The maintenance medium composition was as follows: Williams E medium
supplemented with 0.1 pM dexamethasone, 0.5% penicillin/streptomycin, 6.25 pg/mL insulin, 6.25 pug/mL trans-
ferrin, 6.25pg/mL selenous acid, 1.25 mg/mL bovine serum albumin, 5.35 pg/mL linoleic acid, 2 mM Glutamax,
15mM HEPES buffer, and 1X Hepextend supplement (Gibco). Medium was replaced every 48 hours and used to
measure, with respective kits, LDH activity (Promega), secreted levels of albumin (Abcam), factor IX (Abcam),
and alanine transaminase (ALT, Antibodies Online).

RNA extraction and qRT-PCR.  Total RNA was extracted from 2D and 3D cultures using TRIzol reagent
and RNeasy Universal Mini Kit (Qiagen). One microgram of total RNA was reverse transcribed with random
primers and MultiScribe RT enzyme (Applied Biosystems).

Gene expression was measured using Tagman gene expression assays with the Applied Biosystems® 7500
Real-Time PCR system (Supplementary Table 2).

Expression levels for each gene were calculated using the delta Ct method* and normalized to the ones of
GAPDH as the reference gene. Graphs depict averages + SEM of the relative gene expression data (n=3 or 4/
group). Statistical analyses were performed with ordinary two-way ANOVA with Bonferroni’s multiple compar-
isons test, using Prism GraphPad software.

Statistical analysis. Results were expressed as mean = s.d. All data was analysed with ANOVA or Student’s
t-test. Two-tailed p values less than 0.05 were considered statistically significant.

References

1. Uygun, B. E. et al. Organ reengineering through development of a transplantable recellularized liver graft using decellularized liver
matrix. Nature medicine 16, 814-820, doi:10.1038/nm.2170 (2010).

2. Song, J. J. et al. Regeneration and experimental orthotopic transplantation of a bioengineered kidney. Nature medicine 19, 646-651,
doi:10.1038/nm.3154 (2013).

3. Folkman, J. & Hochberg, M. Self-regulation of growth in three dimensions. The Journal of experimental medicine 138, 745-753
(1973).

4. Wang, Y. et al. Lineage restriction of human hepatic stem cells to mature fates is made efficient by tissue-specific biomatrix scaffolds.
Hepatology (Baltimore, Md.) 53, 293-305, doi:10.1002/hep.24012 (2011).

5. Bornstein, P. & Sage, E. H. Matricellular proteins: extracellular modulators of cell function. Current opinion in cell biology 14,
608-616 (2002).

6. Mishra, D. K. ef al. Human lung cancer cells grown on acellular rat lung matrix create perfusable tumor nodules. The Annals of
thoracic surgery 93, 1075-1081, doi:10.1016/j.athoracsur.2012.01.011 (2012).

7. Sokocevic, D. et al. The effect of age and emphysematous and fibrotic injury on the re-cellularization of de-cellularized lungs.
Biomaterials 34, 3256-3269, doi:10.1016/j.biomaterials.2013.01.028 (2013).

8. Trautwein, C., Friedman, S. L., Schuppan, D. & Pinzani, M. Hepatic fibrosis: Concept to treatment. Journal of hepatology 62, S15-24,
doi:10.1016/j.jhep.2015.02.039 (2015).

9. Mazza, G. et al. Amyloid persistence in decellularized liver: biochemical and histopathological characterization. Amyloid: the
international journal of experimental and clinical investigation: the official journal of the International Society of Amyloidosis, 1-7,
doi:10.3109/13506129.2015.1110518 (2015).

10. Schuppan, D., Ruehl, M., Somasundaram, R. & Hahn, E. G. Matrix as a modulator of hepatic fibrogenesis. Seminars in liver disease
21, 351-372, d0i:10.1055/s-2001-17556 (2001).

11. Marastoni, S., Ligresti, G., Lorenzon, E., Colombatti, A. & Mongiat, M. Extracellular matrix: a matter of life and death. Connective
tissue research 49, 203-206, doi:10.1080/03008200802143190 (2008).

12. Engler, A. ], Sen, S., Sweeney, H. L. & Discher, D. E. Matrix elasticity directs stem cell lineage specification. Cell 126, 677-689,
doi:10.1016/j.cell.2006.06.044 (2006).

13. Discher, D. E., Janmey, P. & Wang, Y. L. Tissue cells feel and respond to the stiffness of their substrate. Science (New York, N.Y.) 310,
1139-1143, doi:10.1126/science.1116995 (2005).

14. Nelson, C. M. & Bissell, M. J. Of extracellular matrix, scaffolds, and signaling: tissue architecture regulates development,
homeostasis, and cancer. Annual review of cell and developmental biology 22, 287-309, doi:10.1146/annurev.cellbio.22.010305.104315
(2006).

15. Wells, R. G. The role of matrix stiffness in regulating cell behavior. Hepatology (Baltimore, Md.) 47, 1394-1400, doi:10.1002/
hep.22193 (2008).

16. Crapo, P. M., Gilbert, T. W. & Badylak, S. F. An overview of tissue and whole organ decellularization processes. Biomaterials 32,
3233-3243, doi:10.1016/j.biomaterials.2011.01.057 (2011).

17. Mazza, G., De Coppi, P, Gissen, P. & Pinzani, M. Hepatic regenerative medicine. Journal of hepatology 63, 523524, doi:10.1016/j.
jhep.2015.05.001 (2015).

18. Guyette, J. P. et al. Perfusion decellularization of whole organs. Nature protocols 9, 1451-1468, doi:10.1038/nprot.2014.097 (2014).

19. Orlando, G. et al. Discarded human kidneys as a source of ECM scaffold for kidney regeneration technologies. Biomaterials 34,
5915-5925, doi:10.1016/j.biomaterials.2013.04.033 (2013).

20. Gilpin, S. E. et al. Perfusion decellularization of human and porcine lungs: bringing the matrix to clinical scale. The Journal of heart
and lung transplantation: the official publication of the International Society for Heart Transplantation 33, 298-308, d0i:10.1016/j.
healun.2013.10.030 (2014).

21. Maghsoudlou, P. et al. Optimization of Liver Decellularization Maintains Extracellular Matrix Micro-Architecture and Composition
Predisposing to Effective Cell Seeding. PloS one 11, e0155324, doi:10.1371/journal.pone.0155324 (2016).

22. Mazza, G. et al. Decellularized human liver as a natural 3D-scaffold for liver bioengineering and transplantation. Scientific reports 5,
13079, doi:10.1038/srep13079 (2015).

23. Meezan, E., Hjelle, ]. T., Brendel, K. & Carlson, E. C. A simple, versatile, nondisruptive method for the isolation of morphologically
and chemically pure basement membranes from several tissues. Life sciences 17, 1721-1732 (1975).

24. Lin, P, Chan, W. C,, Badylak, S. F. & Bhatia, S. N. Assessing porcine liver-derived biomatrix for hepatic tissue engineering. Tissue
engineering 10, 1046-1053, doi:10.1089/ten.2004.10.1046 (2004).

25. Loneker, A. E., Faulk, D. M., Hussey, G. S., D’Amore, A. & Badylak, S. E. Solubilized liver extracellular matrix maintains primary rat
hepatocyte phenotype in-vitro. Journal of biomedical materials research. Part A, doi:10.1002/jbm.a.35636 (2015).

SCIENTIFICREPORTS |7:5534 | DOI:10.1038/541598-017-05134-1 12


http://2
http://dx.doi.org/10.1038/nm.2170
http://dx.doi.org/10.1038/nm.3154
http://dx.doi.org/10.1002/hep.24012
http://dx.doi.org/10.1016/j.athoracsur.2012.01.011
http://dx.doi.org/10.1016/j.biomaterials.2013.01.028
http://dx.doi.org/10.1016/j.jhep.2015.02.039
http://dx.doi.org/10.3109/13506129.2015.1110518
http://dx.doi.org/10.1055/s-2001-17556
http://dx.doi.org/10.1080/03008200802143190
http://dx.doi.org/10.1016/j.cell.2006.06.044
http://dx.doi.org/10.1126/science.1116995
http://dx.doi.org/10.1146/annurev.cellbio.22.010305.104315
http://dx.doi.org/10.1002/hep.22193
http://dx.doi.org/10.1002/hep.22193
http://dx.doi.org/10.1016/j.biomaterials.2011.01.057
http://dx.doi.org/10.1016/j.jhep.2015.05.001
http://dx.doi.org/10.1016/j.jhep.2015.05.001
http://dx.doi.org/10.1038/nprot.2014.097
http://dx.doi.org/10.1016/j.biomaterials.2013.04.033
http://dx.doi.org/10.1016/j.healun.2013.10.030
http://dx.doi.org/10.1016/j.healun.2013.10.030
http://dx.doi.org/10.1371/journal.pone.0155324
http://dx.doi.org/10.1038/srep13079
http://dx.doi.org/10.1089/ten.2004.10.1046
http://dx.doi.org/10.1002/jbm.a.35636

www.nature.com/scientificreports/

26. Bader, A. et al. Tissue engineering of heart valves—human endothelial cell seeding of detergent acellularized porcine valves. European
journal of cardio-thoracic surgery: official journal of the European Association for Cardio-thoracic Surgery 14, 279-284 (1998).

27. Steinhoff, G. et al. Tissue engineering of pulmonary heart valves on allogenic acellular matrix conduits: in vivo restoration of valve
tissue. Circulation 102, 1ii50-55 (2000).

28. Elder, B. D, Eleswarapu, S. V. & Athanasiou, K. A. Extraction techniques for the decellularization of tissue engineered articular
cartilage constructs. Biomaterials 30, 3749-3756, doi:10.1016/j.biomaterials.2009.03.050 (2009).

29. Dahl, S. L., Koh, J., Prabhakar, V. & Niklason, L. E. Decellularized native and engineered arterial scaffolds for transplantation. Cell
transplantation 12, 659-666 (2003).

30. Schenke-Layland, K. et al. Impact of decellularization of xenogeneic tissue on extracellular matrix integrity for tissue engineering of

heart valves. Journal of structural biology 143, 201-208 (2003).
. Monici, M. Cell and tissue autofluorescence research and diagnostic applications. Biotechnology annual review 11, 227-256,
doi:10.1016/s1387-2656(05)11007-2 (2005).

32. Nguyen, T. T. et al. Characterization of Type I and IV Collagens by Raman Microspectroscopy: Identification of Spectral Markers of
the Dermo-Epidermal Junction. Spectroscopy: An International Journal 27, 7, doi:10.1155/2012/686183 (2012).

33. Notingher, I. & Hench, L. L. Raman microspectroscopy: a noninvasive tool for studies of individual living cells in vitro. Expert review
of medical devices 3, 215-234, doi:10.1586/17434440.3.2.215 (2006).

34. Goh, S. K. et al. Perfusion-decellularized pancreas as a natural 3D scaffold for pancreatic tissue and whole organ engineering.
Biomaterials 34, 6760-6772, doi:10.1016/j.biomaterials.2013.05.066 (2013).

35. Luo, X. et al. In vitro evaluation of decellularized ECM-derived surgical scaffold biomaterials. Journal of biomedical materials
research. Part B, Applied biomaterials, doi:10.1002/jbm.b.33572 (2015).

36. Totonelli, G. et al. A rat decellularized small bowel scaffold that preserves villus-crypt architecture for intestinal regeneration.
Biomaterials 33, 3401-3410, doi:10.1016/j.biomaterials.2012.01.012 (2012).

37. Fishman, J. M. et al. Inmunomodulatory effect of a decellularized skeletal muscle scaffold in a discordant xenotransplantation
model. Proceedings of the National Academy of Sciences of the United States of America 110, 14360-14365, doi:10.1073/
pnas.1213228110 (2013).

38. Piccoli, M. et al. Improvement of diaphragmatic performance through orthotopic application of decellularized extracellular matrix
patch. Biomaterials 74, 245-255, doi:10.1016/j.biomaterials.2015.10.005 (2016).

39. Pinzani, M. & Marra, E. Cytokine receptors and signaling in hepatic stellate cells. Seminars in liver disease 21, 397-416,
doi:10.1055/5-2001-17554 (2001).

40. Gissen, P. & Arias, I. M. Structural and functional hepatocyte polarity and liver disease. Journal of hepatology 63, 1023-1037,
doi:10.1016/j.jhep.2015.06.015 (2015).

41. Mavri-Damelin, D. et al. Cells for bioartificial liver devices: the human hepatoma-derived cell line C3A produces urea but does not
detoxify ammonia. Biotechnology and bioengineering 99, 644-651, doi:10.1002/bit.21599 (2008).

42. Dash, A. et al. Liver tissue engineering in the evaluation of drug safety. Expert Opin Drug Metab Toxicol 5, 1159-1174,
doi:10.1517/17425250903160664 (2009).

43. Vivares, A. et al. Morphological behaviour and metabolic capacity of cryopreserved human primary hepatocytes cultivated in a
perfused multiwell device. Xenobiotica; the fate of foreign compounds in biological systems 45, 29-44, doi:10.3109/00498254.2014.94
4612 (2015).

44. Baiguera, S., Macchiarini, P. & Ribatti, D. Chorioallantoic membrane for in vivo investigation of tissue-engineered construct
biocompatibility. Journal of biomedical materials research. Part B, Applied biomaterials 100, 1425-1434, doi:10.1002/jbm.b.32653
(2012).

45. Ahmadi, R., Burns, A. J. & de Bruijn, J. D. Chitosan-based hydrogels do not induce angiogenesis. Journal of tissue engineering and
regenerative medicine 4, 309-315, doi:10.1002/term.247 (2010).

46. Rodriguez, E J. et al. Immunoglobulin derived depositions in the nervous system: novel mass spectrometry application for protein
characterization in formalin-fixed tissues. Laboratory investigation; a journal of technical methods and pathology 88, 1024-1037,
doi:10.1038/labinvest.2008.72 (2008).

47. Perkins, D. N., Pappin, D. J. C., Creasy, D. M. & Cottrell, J. S. Probability-based protein identification by searching sequence
databases using mass spectrometry data. Electrophoresis 20, 3551-3567, doi:10.1002/(SICI)1522-2683
(19991201)20:18<3551:: AIDELPS3551>3.0.CO;2-2 (1999).

48. Mederacke, I., Dapito, D. H., Affo, S., Uchinami, H. & Schwabe, R. E High-yield and high-purity isolation of hepatic stellate cells
from normal and fibrotic mouse livers. Nature protocols 10, 305-315, doi:10.1038/nprot.2015.017 (2015).

49. Rombouts, K. & Carloni, V. Determination and Characterization of Tetraspanin-Associated Phosphoinositide-4 Kinases in Primary
and Neoplastic Liver Cells. Methods in molecular biology (Clifton, N.J.) 1376, 203-212, doi:10.1007/978-1-4939-3170-5_17 (2016).

50. Schmittgen, T. D. & Livak, K. J. Analyzing real-time PCR data by the comparative CT method. Nat. Protocols 3, 1101-1108 (2008).

3

—

Acknowledgements

This work was supported by Royal Free Charity, Biomedical Research Council and Royal Free Peter Samuel
Award. G.M.* is supported by the Biomedical Research Council. P.D.C. is an NIHR Professor and he is supported
by the Great Ormond Street Hospital Charity, MRC and Wellcome Trust. B.R. and A.D.R.H. were funded through
an ERC grant (Grant agreement 282051). A.T. and G.M. are supported by The European Association for the Study
of the Liver (EASL). Core support for the Wolfson Drug Discovery Unit is provided by the UK National Institute
for Health Research Biomedical Research Centre and Unit Funding Scheme. We thank Prof. Brian Davidson,
Prof. Barry Fuller and Dr. Amir Gander (Tissue Access for Patient Benefit) and the NHSBT, for providing tissue
samples for our research.

Author Contributions

G.M.*, W.A.A. and A.T., were involved in designing the decellularization procedure. G.M.*, W.A.A., A.T, L.E,
O.W., performed the decellularization. A.H., W.A.A,, A.T,, L.E, O.W,, performed histology. A.H. performed
immunohistochemical analysis. G.M.*, W.A.A. and A.T., performed the scaffold characterisation. L.U. and A.B.
contributed with SEM imaging and CAM assay. K.K. and I.N. performed Raman spectroscopy. B.R. conducted
SGH and AFM experiment supervised by A.D.R.H. ].G., N.R,, and G.T. performed proteomic analysis. K.R.
provided reagents and cells and performed cell biology analysis. L.L. performed gene expression analysis. L.L.
and A.T. performed protein expression analysis of reseeded samples. G.M.* and K.R. were involved in theoretical
cell seeding technique. G.M. and O.W. performed the analysis of reseeded samples with endothelial cells.
P.D.C. supervised the tissue engineering aspect of the study. G.M.*, M.S. and D.H. designed the chamber for
the dynamic perfusion plates. G.M.* performed the reseeding experiments under dynamic perfusion. G.M.*
designed and is the primary investigator of the study. G.M.* and W.A.A. collected and assembled the data. G.M.*,

SCIENTIFICREPORTS | 7:5534 | DOI:10.1038/541598-017-05134-1 13


http://dx.doi.org/10.1016/j.biomaterials.2009.03.050
http://dx.doi.org/10.1016/s1387-2656(05)11007-2
http://dx.doi.org/10.1155/2012/686183
http://dx.doi.org/10.1586/17434440.3.2.215
http://dx.doi.org/10.1016/j.biomaterials.2013.05.066
http://dx.doi.org/10.1002/jbm.b.33572
http://dx.doi.org/10.1016/j.biomaterials.2012.01.012
http://dx.doi.org/10.1073/pnas.1213228110
http://dx.doi.org/10.1073/pnas.1213228110
http://dx.doi.org/10.1016/j.biomaterials.2015.10.005
http://dx.doi.org/10.1055/s-2001-17554
http://dx.doi.org/10.1016/j.jhep.2015.06.015
http://dx.doi.org/10.1002/bit.21599
http://dx.doi.org/10.1517/17425250903160664
http://dx.doi.org/10.3109/00498254.2014.944612
http://dx.doi.org/10.3109/00498254.2014.944612
http://dx.doi.org/10.1002/jbm.b.32653
http://dx.doi.org/10.1002/term.247
http://dx.doi.org/10.1038/labinvest.2008.72
http://dx.doi.org/10.1002/(SICI)1522-2683
http://dx.doi.org/10.1038/nprot.2015.017
http://dx.doi.org/10.1007/978-1-4939-3170-5_17

www.nature.com/scientificreports/

W.A.A,, KR, and M.P, contributed to data analysis and interpretation. M.P. supervised the study. G.M.* and M.P
wrote the manuscript. G.M.*, W.A.A,, L.L,, L.U, B.R,, A.-H.,, KK, GJ.,, M.M.,, KM,, PD.C., K.R., M.P. reviewed
and commented on the manuscript. All authors approved the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-05134-1

Competing Interests: David Hughes and Mohsen Shaeri (employees of CN-Bio Innovations) declare that there
are no conflicts of interest. The other authors declare no competing financial interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7:5534 | DOI:10.1038/541598-017-05134-1 14


http://dx.doi.org/10.1038/s41598-017-05134-1
http://creativecommons.org/licenses/by/4.0/

	Rapid production of human liver scaffolds for functional tissue engineering by high shear stress oscillation-decellularizat ...
	Results

	Optimization of the agitation-decellularization procedure of human acellular liver tissue cubes. 
	Determining g- force. 
	Protocol optimization. 
	ECM protein distribution and composition. 
	3D architecture and ultrastructure. 
	Biochemical and biomechanical features of decellularized liver tissue. 
	Pro-angiogenic properties of acellular human liver scaffold. 
	Re-endothelization of acellular liver tissue cubes. 
	Bioengineering of human liver scaffolds with liver-specific pericytes. 
	Bioengineering of human liver scaffolds with parenchymal liver cells. 

	Discussion

	Methods

	Source of human livers. 
	Decellularization Protocols. 
	Histology and immunostaining analysis. 
	Haematoxylin and Eosin. 
	Pico-Sirius Red. 
	Elastic Van Gieson. 

	DNA quantification. 
	CAM assay. 
	Chicken chorioallantoic membrane (CAM) angiogenic assay. 

	Scanning Electron Microscopy (SEM). 
	Second Harmonic Generation (SHG) and imaging. 
	Atomic Force Microscopy (AFM). 
	AFM sample preparation. 
	AFM Measurements. 

	Raman Spectroscopy. 
	Proteomic. 
	Cell Culture. 
	Reseeding with human liver cells under static conditions. 
	3D dynamic culture of primary hepatocytes in the LiverChip™ system. 
	RNA extraction and qRT-PCR. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Decellularization of human liver cubes.
	Figure 2 Confirmation of preservation of the micro-anatomy, biochemical and biomechanical properties of the ALTCs.
	Figure 3 Neo-angiogenesis and re-endothelisation of ALTCs.
	Figure 4 Biocompatibility of ALTCs with various cell lines.
	Figure 5 Biocompatibility of ALTCs with primary hepatocytes in a dynamic perfusion culture system.
	Table 1 Identification of ECM proteins.




