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Abstract

Improvements in the physiological relevance of cell-based assays have been enabled by
the development of various interdisciplinary methods. However, due to their complexity,
in vivo structures such as basement membranes (BMs), which regulate the phenotype of
adherent cells, are still difficult to mimic in vitro. The reconstruction of a physiologically
relevant BM is crucially important to develop cell-based assays with the capacity for drug
screening and disease modelling. Here, we review the biophysical and biochemical
properties of BMs in vivo and their interactions with neighbouring cells. We discuss the
current methods used to mimic BM functions in cell-based assays according to the type of
targeted applications. In doing so, we examine the advantages and limitations of each
method as well as exploring approaches to improve the physiological relevance of

engineered or cell-derived BMs in vitro.



[. Introduction

Since the invention of the petri dish in 1887 by Julius Richard Petril, there have been many
improvements in cell culture approaches in order to reconstruct biologically and
physiologically relevant cell-based assays, using interdisciplinary methods. These
improvements have been achieved by the development of new technologies such as: (i)
stem cells with both mesenchymal stem cells (MSCs)? and induced pluripotent stem cells
(iPSCs)3 (ii) microfluidics to control the cellular phenotype with chemical gradients*> or
shear stresses®’ and (iii) biomaterials, which regulate the microenvironmental cues.8?
However, these cell-based assays often lack relevant cell-extracellular matrix (ECM)
interactions. This 1is particularly critical with assays aiming to recapitulate
endothelial /epithelial tissues where cell phenotypes are regulated by the ECM from

adjacent basement membranes (BMs).10

BMs are thin layers of specialized ECM proteins, which have various fundamental
functions: (i) to provide a structural scaffold to support endothelial or epithelial cells, (ii)
to act as a barrier between tissue compartments and (iii) to maintain neighbouring cell
phenotypes.11-13 These functions depend on the biophysical/biochemical properties of
BMs, which change according to the localisation within the body.1# In this review, we
discuss the properties of in vivo BMs induced by the core BM components (type IV
collagen, laminins, nidogens and heparan sulphate proteoglycans).1>-17 We highlight the
impact of these properties on cellular phenotypes as well their modification due to
disease.18-20 We, subsequently, describe the different methods used to mimic the BM,
mainly in coculture systems, according to their properties from polymer membranes to

cell-derived ECM.21-25 Finally, we conclude by comparing these methods according to the



targeted applications for cell-based assays, namely drug screening and disease

modelling.26:27

[1. In vivo basement membranes

In vivo BMs are very complex supramolecular assemblies formed by the interactions
between two predominant networks of ECM proteins, type IV collagen (formed by three
a chains) and laminin (formed by a, 8 and y chains).1112 These networks are cross-linked
by nidogens and interact with the heparan sulphate proteoglycans (e.g. agrin and
perlecan).?8 Moreover, BMs are connected to cell surface receptors such as integrins or
dystroglycans. 29-32 The BM molecular assembly is illustrated in Figure 1.12.13.33 Besides
the major components shown in Figure 1, various other molecules from the ECM are also
present within the BM but in lower amounts, which makes it difficult to isolate and
identify them. However, much recent progress has been made in this regard thanks to
new “omics” technologies (genomics and proteomics) allowing for the characterisation of
the matrisome.34-36 Proteomic studies have now reported the complexity of: (i) the renal
glomerular ECM composition, where the presence of 144 structural and regulatory
proteins has been revealed 37, (ii) the ECM secreted by bone marrow-derived and adipose-
derived MSCs 38, (iii) the ECM from decellularised rat liver 3° and others tissues.*® This
complexity also applies to BMs.#1
a) Biophysical properties

An important biophysical characteristic of BMs is their thickness, which varies from 50
to 100nm according to their localisation, as well as their composition.1213 The mechanical
stability of BMs is thought to be regulated by the type IV collagen network due to its
unique structure and its abundance within BMs. This network is formed from a trimer of

three a chains that bind together to form a triple helix and the trimers then assemble into



a network. The collagenous domains in the triple helix have hydrogen bonds and
electrostatic interactions between the key residues (mainly glycine, proline and
hydroxyproline) and these are likely to stabilize the molecule.#2-44 The two terminal
domains, 7S domain at the N-terminus and the non-collagenous NC1 domain at the C-
terminus also stabilize the network. This is achieved by the presence of cysteine and
lysine residues, which crosslink the chains through disulphide bonds and
lysine/hydroxylysine interactions at the N-terminus* and by non-covalent bonds
mediated by various ions#647 and cross-linking formed via post-translational modification
and sulphilimine bonds at the C-terminus.*84° Moreover, these cross-links also contribute
to the mechanical properties of BMs. A recent publication by Bhave et al. demonstrated
that type IV collagen sulphilimine cross-links in NC1 domain contribute to these nonlinear
properties.5? Moveover, these nonlinear properties are modified in peroxidasin knockout
mice due to the reduction of sulphilimine cross-links. It is important to note that the
stability of the type IV collagen network can be modified according to type IV collagen
isoforms, particularly in the glomerular BM.5>! The independent laminin network also
contributes to the BM stability because of its interactions with the neighbouring cells and
its cross-linkage to the type IV collagen network with nidogen. Besides these two
networks, the flexibility of the BM is also due the presence of perlecan, a heparan sulphate
proteoglycan. This flexibility has been demonstrated to help the organ shaping in the

drosophila.52

BM biophysical properties regulate the cell phenotype through various cues: the BM
topography and the BM mechanical properties (e.g. stiffness, shear-strain response)>3,
which depend on the BM structure. The BM topography is induced by the BM protein self-

assembly, which generates a fibrous scaffold from type IV collagen and laminin networks.



This scaffold exhibits specific patterns in term of size and geometry at the nanometre
scale.>*55 As the previously described biophysical cues, these topographic features also
depend on their localisation in the body and on the species as shown by ex vivo
measurements.>3 Inspired by the topographic features found in native vascular
endothelial BMs, Liliensiek and co-workers generated substrates with: (i) anisotropically
ordered ridge and grove structures and (ii) isotropically ordered pores from 0.2um to
2um in size.>¢ Using different human endothelial cell lines, they demonstrated that all cell
lines exhibit a highly pronounced orientation and alignment on anisotropically ridges
equal or above 0.8 um in size. Moreover, one cell line (human umbilical vein endothelial
cells) showed a decreased proliferation on the smallest topographic features. Along with
this work, various reports have demonstrated that BM topographic features (size,
geometry and isotropy) have a strong influence on the phenotypes of the overlying

cells.>7-59

Besides the BM topography, the BM stiffness or, in other terms, its elastic modulus (i.e.
Young’s modulus), plays an important role by regulating gene expression in response to
mechanical cues by virtue of the links between the cytoskeleton and the ECM components
via adhesion receptors.”.60 It has been demonstrated in vitro that cell fate is influenced by
the elastic modulus of the substrate on to which the cells adhere.86! For this reason, cell
behaviour is likely to be modulated by the Young’s modulus of a BM, which varies from
1kPa to 2.57MPa according to the BM localisation.5362 Furthermore, the ECM components
forming BMs exhibit nonlinear mechanical properties and a shear modulus ~100Pa.63
Two particular properties have been described in the literature: (i) a nonlinear stress-
stiffening observed on biological gels®4%> and (ii) a nonlinear shear stress-softening

observed on decellularised normal and fibrotic rat liver.6¢ These examples of nonlinear



behaviour are typical of biological gels and cannot be reproduced using artificial polymers
such as polyacrylamide. Furthermore, it also has been demonstrated that the BM
mechanical properties strongly influence not only cell migrationé’ but also BM breaching
through mechanical processes.t869 Significantly, diseases targeting BM components can

destabilize the BM structure (Table 1) and thus alter BM biophysical properties.



Type 1V collagen network

NSNS

NN LN LN LNGN LN NN NN N

Heparan
& sulphate chain
\ Laminin network
- 4 Yx.
o e
Agrin :
<ot
1 8 2
{ { ‘ k. Cell membrane
3k | ‘ )
ﬂ Integrin

Dystroglycan Integrin



Figure 1: Structure of the in vivo basement membrane composed of two predominant
networks of type IV collagen and laminin, respectively. These networks are cross-linked
by nidogen and interact directly or through agrin and perlecan, with the cell receptors
(e.g. integrins and dytroglycan).

b) Biochemical properties
Along with these biophysical features, the biochemical properties of the BM are essential
for cellular regulation due to the BM components. These properties are involved not only
in various functions regulating neighbouring cells, such as cell adhesion and cell
phenotype, but also in the diffusion of macromolecules or ions from the external
environment and BM remodelling. As illustrated in Figure 1, cell adhesion on BMs is
controlled by different types of biochemical interactions between the major cell surface
adhesion receptors (e.g. integrins, dystroglycans) and matrix ligands. These adhesion
interactions can activate intra-cellular signalling pathways leading to altered cell motility
or cell differentiation.”’? Furthermore, it has been shown that laminin-integrin and
laminin-dystroglycan binding are required to polarize the epiblast epithelium during
early embryogenesis.3? These interactions between the cell adhesion receptors and the
laminin network explain the important role of laminin in numerous signalling pathways
(modulation of growth factors, migration and inflammation of immune cells) that change
cell phenotype.2? The role of the laminin a subunits was studied during C. elegans
development, showing that mutated a subunits disrupt BMs and lead to ectopic adhesion
complex formation with downstream effects on cell-cell adhesion and cell signaling.”?
Furthermore, cell phenotype is also affected by various endogenous factors as BMs act as
areservoir for growth factors and release them according to biochemical stresses.1” These
factors include fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF) and Von Willebrand factor.1” If laminin

exhibits endothelial growth factor (EGF)-like domains, these growth factors are mainly



sequestered by the heparan sulphate proteoglycans (HSPGs). For example, perlecan is
composed of 5 major domains with their own biochemical activities such as angiogenesis,
growth factor and morphogen sequestration, lipid retention and cell surface binding.”2
Agrin is the dominant HSPG of the glomerular BM and plays an important role in
neuromuscular junctions. Moreover, it contains domains that interact strongly with
various growth factors.37.7374 Besides these GF-like domains, the HSPGs have also another
function in the biochemical properties of BM due to their sulphated lateral chains. As a
result of their negatively charged groups, they control the interaction with cationic
proteins and positively charged ions (diffusion of molecules and ions through the BM).
The loss of these lateral chains can impair various biochemical functions of the HSPGs, the

filtration properties of the BM and be linked to diseases.”>76

Another important biochemical property arises from localized remodelling of the BM,
which occurs during development, via controlled degradation to allow immune cells
trafficking from the endothelium to the epithelium, and also during extravasation of
metastatic cancer cells.2877.78 This disruption and remodelling are triggered by two
families of metalloproteinases, which cleave the ECM components: (i) matrix
metalloproteinase (MMP) and (ii) a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS).”® Some fragments resulting from this degradation
have been shown to have specific biochemical activities within the BM such as being anti-
angiogenic (e.g. endorepellin)17.72 or with other organs through the blood flow.80-82
Furthermore, these biochemical properties depend strongly on the BM protein isoforms
present within a particular tissue. The presence of the incorrect isoform or defects in the

isoform structure can alter the BM properties as detailed in the Table 1.
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Nidogen-18° Disruption of the binding Loss of cell phenotype
between type IV collagen and (decrease glucose uptake,

laminin networks hypometabolism)

Table 1: Effects of the mutations in the basement membrane core proteins due to
diseases, on the basement membrane biophysical and biochemical properties.
Although the conditions mentioned in Table 1 are all rare diseases a range of therapies
are currently in clinical use. In the case of Alport syndrome (mutations affecting type IV
collagen a3, a4, a5 chains), angiotensin-converting-enzyme inhibitors are indicated from
the point at which patients have persistent leakage of protein into the urine. 44 However,
these drugs only slow the progression of the disease. In a recent review, Nystrom et al.
proposed the development of cell therapy to restore permanently the damaged BM
proteins in order to move forward to clinical applications.?® The efficiency of such

treatments could be tested within in vitro models before being translated to in vivo.

[11. In vitro basement membranes

As described above, in vivo BMs are highly complex. Initial attempts to mimic these
structures, were based on the use of simple polymer membranes but the complexity of in
vitro membranes has been increasing over recent years.?1-94
a) Polymer membranes

Due to their simplicity to fabricate by virtue of injection or soft-lithography, polymer
membranes are widely used to mimic the in vivo BM within cell-based assays, particularly
to test the BM permeability of the blood-brain barrier?>%¢ or the glomerulus to drugs.®?
Different polymers: (i) polycarbonate, (ii) polyester, (iii) polyethylene terephthalate
(PET) or (iv) polytetrafluoroethylene (PTFE) are used to generate these membranes and

different porosities are commercially available to suit the targeted applications. These



membranes are attached to an insert in order to be compatible with cell culture well
plates and to be used for permeability assay for drug screening as shown in Figure 2a.
For example, Li et al. used a type IV collagen-coated PET microporous membrane to
reproduce the glomerular filtration barrier by culturing podocytes and endothelial cells
on each side of the membrane (Figure 2a D). They demonstrated that type IV collagen
coating improved cell proliferation and phenotype compared to type I collagen coating.?”
However, this model does not fully reproduce the cellular microenvironment due to the

lack of shear stress applied to the cells.

The integration of microfluidic functions within such polymer membrane-based assays
led to the development of advanced cell-based assays, termed Organ-on-a-Chip, which
show some promise for improving in vitro culture systems to mimic physiological
functions. Furthermore, these assays use polydimethylsiloxane (PDMS), which is widely
used due to its applications for rapid prototyping and microfluidics (Figure 2b). These
devices have been widely developed and used by research groups at the Wyss
Institute.21.98-100 Musah et al. recently generated a glomerulus-on-chip using podocytes
derived from differentiated induced pluripotent stem cells (iPSCs) and microvascular
endothelial cells separated by a PDMS membrane.190 This coculture, assembled in a
bespoke microfluidic chamber, was then used to study the permeability of the barrier in
response to drug treatment. Despite the clear advantages of using an intervening
membrane with fabrication and integration, there may not be a faithful mimic of the
glomerular filtration barrier in vivo. Moreover, these porous polymer membranes may
not mimic the biophysical properties of in vivo BMs. The thickness of these membranes
(1-10um)101 needs to be great enough to be handled easily during the

fabrication/integration steps. However, the thickness used is considerably higher than



the thickness of in vivo BMs, and this may inhibit communications between the cells
cultured on either side of the membrane. Cell-cell communication is also affected by the
polymer membrane topography, which is limited by the pores generated during the
polymer membrane fabrication. The porosity limits the use of this device in migration
assays, as the polymer membrane cannot be degraded by the trafficking cells such as
lymphocytes. Concerning the stiffness of the porous membrane systems, they generally
present a Young’s modulus (2.3GPa) three orders of magnitude higher than the highest in

vivo BM Young’s modulus (~2.57MPa).6? This is also likely to influence cell phenotype.

To overcome some of these biophysical issues (BM thickness and integration), Pensabene
et al. recently demonstrated a new method to generate an ultrathin polymer membrane
(~100nm) in poly-L-lactic acid with pattern micropores (@~2um) within a microfluidic
device.?5 They cultured human umbilical vein endothelial cells for two days, which
attached onto the polymer membrane and displayed a good viability and spreading.
Nevertheless, this ultrathin membrane does not exhibit in vivo-like topography and the
Young’s modulus was not investigated. However, polymer membranes can display
topographic patterns generated at the micro/nanoscale using hot-embossing or soft-
lithography to mimic in vivo ones.5¢102 One way to generate membranes with
physiologically relevant Young’s modulus is to use a different PDMS monomer and curing
agent composition. Using this approach, it is possible to decrease the PDMS membrane
Young’s modulus from 1kPa to 3MPal03104 which is similar to in vivo BM Young’s
modulus. Although PDMS does not exhibit the same nonlinear strain-stress behaviour
than in vivo BMs103105 the strain applied to the membranes within Organ-on-Chip
improves to cell phenotype compared to those without.21.100 This result suggest that the

cultured cells might be mainly affected by the mechanical properties of the BM coating



and not those of PDMS. The biochemical properties of these polymer membranes are often
linked to the ECM components (type I or type IV collagen, BM extract such as Matrigel)
used to functionalise them. Hong et al. recently proposed a novel method to control the
coating on the membrane within a microfluidic device.19¢ Firstly, they cultured NIH/3T3
flibroblasts on the polymer membrane in order to generate fibroblast-derived ECM
coating before removing the fibroblasts. However, the decellularisation process seems to
damage the secreted laminin network and so alters the biochemical properties of the

coating.
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Figure 2: Different methods to use porous polymer membrane to mimic basement

membrane. a) ECM-coated membrane insert to reproduce the glomerular filtration



barrier. Reproduced from Ref. 97 with the permission from Elsevier. b) Integration of
porous polymer membrane (PDMS here) within a microfluidic device to generate a Gut-
on-a-Chip. Reproduced from Ref. 98 with the permission from the Royal Society of

Chemistry.

b) Electrospun scaffolds
Another method to generate BM-mimicking membranes is based on polymer extrusion
due to an applied electric field between a needle and a metallic foil. This fabrication
method has been used to create a different kind of membrane, electrospun scaffold with
different materials. The main interest of this method is in the generation of a network of
polymer microfibers (@=1um), which results in a higher porosity and higher surface area
compared to the polymer membranes described in the previous section. The polymer
mainly used in this application is polycaprolactone (PCL), due to its biocompatibility and
its chemical and physical properties, and different kinds of biomolecules are employed in
order to improve cell adhesion. All these methods showed a good cell adhesion and an
improved cell phenotype due to the functionalisation with peptides or proteins. Slater et
al. generated a PCL scaffold on a Ni mesh with cross-linked type I collagen nanofibers in
order to create a physiologically relevant in vitro model of the glomerulus to study its
filtration properties in presence of drugs or disease modifiers.22 They cultured human
conditional immortalized glomerular cells (podocytes and glomerular endothelial cells
(GEnCs)) on each side of their scaffold. Although they did not investigate the mechanical
and biochemical properties of their coated scaffold, the scanning electron microscope
(SEM) images (Figure 3a) show a microfiber network on which the glomerular cells are

lying and displaying their particular morphology and phenotype by expressing the



specific markers, podocin and PECAM-1 for podocytes and GEnCs respectively. Lv et al.107
generated various scaffolds using PCL, silk fibroin and PCL/silk fibroin. The topography
of these scaffolds with nanofibers are close to in vivo BMs as are the Young's modulus of
these scaffolds. To coat their scaffold, they chemically extracted some BM proteins from
porcine mucosal tissue and coated their PCL/silk fibroin scaffold with this extract in order
to enhance epithelial regeneration. Although they showed that the BM protein coated
scaffold had the best results in term of cell adhesion, proliferation and phenotype, they
did not investigate in detail the contents of this extract. Recently, Ravikrishnan et al.
developed an electrospun PCL scaffold on which they covalently cross-linked an RGD
peptide to study the epithelial-to-mesenchymal transition of Madin-Darby canine kidney
cells. The scaffold they generated, exhibited a good topography to reproduce the BM.
However, they did not characterize the biophysical properties of the scaffold and its
biochemical properties were just defined by the cross-linked RGD peptide. Rossi et al.?*
developed a novel method to reconstruct a skin culture model that could be used to study
drug penetration through the dermis. They engineered: (i) a star-shaped polyether
prepolymer with ethylene glycol and propylene glycol which was statically
copolymerized with reactive isocynate groups NCO-sP(EO-stat-PO), and added to
poly(D,L-lactide-co-glycolide) (PLGA) before the electrospinning and (ii) different
peptide sequences from fibronectin, type IV collagen, a1-chain of laminin and 1-chain of
laminin. As shown in Figure 3b), the addition of the star-shaped polyether prepolymer
helped to stabilize the electrospun scaffold compared to PLGA scaffold. Moreover, due to
the reactive isocynate groups and the cysteine group present at the beginning of each
peptide sequence, the peptide can be efficiently immobilised on the scaffold. The
combination of these four peptides displayed the best performance in terms of cell

proliferation, phenotype and secretion of ECM proteins. Compared to polymer



membranes, electrospun scaffolds are more physiologically relevant due to their fibrous
aspects and their porosity. They also display a Young’s modulus (10-35MPa)24107 gone
order of magnitude higher than the stiffness of in vivo BMs.62 However, the investigation
of the strain-stress properties of electrospun scaffold shows that they do not display
nonlinear stress-strain properties such as in vivo BMs and exhibit a higher shear modulus
(~1MPa).107-109 Although they do not display specific biochemical properties, they can be
easily coated by BM proteins such as the polymer membrane. Nevertheless, the presence
of polymer in electrospun scaffolds limits their application because of polymer

degradation.
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Figure 3: SEM images of: a) glomerular endothelial cells (A-B) and podocytes (C-D) cocultured on

opposite sides of the collagen/PCL electrospun scaffold, scale bars=100pm (A-C), 20pm (B-D).



Reproduced from Ref. 22 under Creative Commons Attribution Licence. b) PLGA and
functionalized PLGA electrospun scaffolds after 1 to 28 days in physiological buffer at 37°C, scale

bars=5um. Reproduced from Ref. 24 with the permission from Wiley.

c) Peptide/polysaccharide matrices
Different peptide/polysaccharide matrices were developed by the team led by
Nomizu,110.111 jn order to reproduce BMs. They focused on laminin as it plays a major role
in cell maintenance. They firstly screened various peptides from 12 amino-acids
sequences of laminin-111, which promote cell adhesion and identified the other biological
activities of these peptides already reported in the literature. To reconstruct the physical
properties of the BM, they used two natural polysaccharides: chitosan and alginate, which
do not initiate immune responses. The polysaccharides are chemically activated to
covalently bind the peptides thanks to their cysteine residue at the N-terminus. The active
peptide sequence is separated from the N-terminus by two glycine residues. They
demonstrated that the amount of polysaccharides influences the biological activities of
the immobilized peptides. They then altered the concentration of two peptides
(AG73/EF1), to identify which promoted the best cell adhesion independently of the
polysaccharides amount. They showed that a particular ratio of these two peptides is
critical to get a synergistic effect to improve cell attachment and spreading. Compared to
previous methods, this approach allowed a reconstruction of a BM without any polymer
but with polysaccharides and laminin-based peptides. Although this method is interesting
in that it avoids the use of polymers and is easily engineered, it does not accurately reflect
the in vivo BM because of its biochemical properties, due to the lack of other BM

components. Even if the biophysical properties of these alginate/chitosan matrices were



not characterized, the literature shows the possibility of engineering a wide Young’s
modulus range (1kPa-6MPa) and a highly porous structure, which is not fibre-like.112.113
These matrices are useful to promote cell adhesion and phenotype in tissue engineering
for transplantation.

A polysaccharide matrix was also recently used by Tibbe et al. to generate a self-standing
chitosan membrane within a microfluidic device in order to reproduce the basement
membrane.114 Here, they formed a chitosan membrane by playing on the pH according to
the method developed by Luo et al., who studied the permeability of their membrane with
fluorescein, labelled antibodies and labelled nanospheres.11> Tibbe et al. then coated the
membrane with Matrigel and seeded astrocytes on one side of the membrane. After 18h,
they removed the chitosan membrane using a solution of acetic acid and seeded brain
microvascular endothelial cells on the side of the membrane without cells. They showed
that the astrocyte morphology is not altered by the membrane removal. The main
advantage of this method is its direct integration within a microfluidic device, which can
help to maintain the sterility of the device. To conclude on these polysaccharide matrices,
they present various interesting properties such as their tuneable Young’s modulus, their

natural origin and their ability to be functionalised.

d) Extracellular matrix protein gel
This method is widely used in cell-based assays, as it is the one of simplest ways to mimic
the BM in vitro. It consists of a layer of extracellular matrix protein between the two cell
types cultured in the well plate. It was introduced in 1989 by Dunn et al, who cultured
primary rat hepatocytes between two thick layers from a type I collagen gel in order to
reproduce the hepatic basement membrane and enhance hepatocytes polarization.116

They were able to culture the primary cells for 42 days with a good normalized albumin



secretion but the total amount of DNA decreases by two times between the beginning and
the end of the culture. This pioneering work suffers from several limitations such as the
collagen gel thickness restricting the nutrient diffusion to the cells and the gel
composition consisting of only type I collagen, which is not a major component of the in
vivo BM. In parallel to this work, at the end of the 1980s, a number of groups, led by Timpl
and Martin, attempted to understand the biochemical effects of the BM components and
their interactions with the neighbouring cells.15117-120 This work led to a better
understanding of the complex composition and structure of the BM and Kleinman et al.118
developed a gel made of BM proteins from Engelbreth-Holm-Swarm murine sarcoma,
which was studied by Orkin et al.11° This gel, now known as Matrigel, is composed of type
IV collagen (alala2 isoform), laminin (alf1yl isoform), nidogens, heparan sulphate
proteoglycans and a number of growth factors such as FGF, EGF, TGFf3, IGF and PDGF (it
also exists with reduced growth factors).121 Matrigel has been used to reconstruct the BM
and to increase the relevance of hepatocyte culturel22123, mammary cells124125 prostate
cells126 or cancer cells.1?! Arends et al. used different commercially available BM protein
gels and investigated the effects of their biochemical properties on their biophysical
properties.1?’” They demonstrated not only that the composition of these gels especially
the nidogen concentration, is very different in each gel according to the manufacturer
process but also that the gel composition affects its topography and its Young’s modulus.
Furthermore, they showed that the cell migration (human promyelocytic leukemia cell
line HL-60) in the gel depends on its composition. BM protein gels like Matrigel are
actually one of the best in reproducing the BM in cell-based assays as it is composed of
only biomolecules but like the other methods described above it suffers from a couple of
disadvantages. Firstly, due to its tumorigenic origin, its components and their

concentration cannot reproduce accurately the desired BM and they display batch-to-



batch variation. Secondly due to its physical state, it is difficult to integrate them in
advanced cell-based assays such as organs-on-chip without polymer membranes.10 To
overcome this integration issue, Takezawa and co-authors proposed a novel scaffold of
type I collagen vitrigel, which is maintained by a silk fibre network or a nylon membrane
ring128, in order to reconstruct the BM of various organs such as the kidney129, the liver130
and the eyes.131 Toh et al. reconstructed a collagen barrier to mimic the basement
membrane within a microfluidic device.132 They studied the migration of breast cancer

cells (MX-1) through collagen barrier although without further characterisation.
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Figure 4 : Different methods to generate an extracellular matrix gel-based basement
membrane: a) Reproduction of the Descemet’s membrane with a thin type IV

collagen/laminin membrane and a thick type I collagen membrane. Reproduced from Ref.



133 with permission from Wiley. b) Generation and integration of an extracellular matrix
membrane within a microfluidic device for Organ-on-Chip applications. Reproduced from

Ref. 27 with permission from the Royal Society of Chemistry.

More recently, Palchesko et al. proposed a novel engineered BM composed of type I
collagen, type IV collagen and laminin to replace the Descemet’s membrane in the corneal
endothelium regeneration.133 This membrane whose fabrication process is described in
Figure 4a), exhibits a fibrous aspect according to the atomic force microscopy analysis.
They showed that this membrane promotes cell adhesion, cell density and cell-cell tight
junctions. Interestingly, they demonstrated that the cells cultured on this membrane
secrete a laminin isoform, which does not match with the isoform initially present in the
membrane. Despite its thickness and its unknown Young’s modulus, this membrane
provides a good material to reproduce a few of the properties of in vivo BMs (topography,

cell phenotype).

Mondrinos et al. were the first to design a membrane made of only ECM proteins, which
can be integrated within a microfluidic device (Figure 4b).27 They studied the physical
properties of the membrane and its effects on the cellular phenotypes using different
mixtures of ECM components: (i) type I collagen, (ii) type I collagen and Matrigel or (iii)
type I collagen and alginate by using a PDMS stab. They found with scanning electron
microscopy that the membranes look like randomly oriented fibres forming a dense 3-D
scaffold. They measured the thickness of their membrane (~20um) and the Young’s
modulus of their membrane to compare with in vivo BMs. The Young’s modulus of these
membranes can be tuned according to type I collagen/Matrigel ratio from 429 to 660kPa.
However, they did not investigate if this ECM blend exhibit a stress-stiffening property as

type I collagen display one but not Matrigel.®3 To generate an Organ-on-Chip device, they



peeled off their membrane from the PDMS stab to insert it within a microfluidic chamber.
They showed, using a permeability assay that the main difference between the ECM-made
membranes is due to the presence of alginate creating larger pores. The permeability of
20kDa FITC-dextran of the collagen/alginate membrane is similar to a transwell
membrane and higher than the collagen and collagen/Matrigel membranes. To assess the
phenotype of cells cultured on the ECM membrane, they analysed the phosphorylation of
focal adhesion kinase (pFAK) in human umbilical vein endothelial cells (HUVECs). The
pFAKlevels in the case of collagen/Matrigel membrane were more than nine times higher
than the levels seen for the transwell membrane. Furthermore, they were able to culture
different cell types, exhibiting a good viability, within the microfluidic device to mimic a
lung-on-chip device. More recently, Humayun et al. proposed a novel method to generate
an in vitro BM within a microfluidic device using a suspended hydrogel based on type I
collagen and Matrigel mixture.134 Interestingly, they demonstrated that the mixture with

the highest Matrigel concentration give the best results in term of cell adhesion.

These latest works pave the way for further integration of a constructed representative
BM within a microfluidic organs-on-chip by reproducing a good model of the BM without
any polymer. However, there are still several drawbacks:

(i) Even though this membrane is only made of ECM components, it still does not
accurately reflect the composition of in vivo BMs as type I collagen is a major
component of this in vitro BM and Matrigel contains only some isoforms as previously
mentioned.

(ii) The membrane thickness (~20um) is higher than those in vivo.

(iii) Due its thickness, the membrane needs to be very carefully peeled off from the PDMS

stub and inserted within the microfluidic device.



e) Layer-by-layer coculture
The easiest method to reproduce the relevant BMs relies on the secretion of ECM
components by the layer-by-layer cocultured cells. As the different cell types secrete
different components of the BM135, various combinations of cells have been cultured such
as keratinocytes/fibroblasts3¢, Sertoli cells/Testis peritubular cells137, Caco-2 /intestinal
mesenchymal cells138, hepatocytes/liver endothelial?® and podocytes/glomerular
endothelial cells13° without any layer between the two cell layer. The beneficial effect of
coculture on the BM formation has been also proved when hepatocytes are cultured with
liver endothelial cells (Figure 5a), especially when the cell oxygenation is well
perfomed.23 This coculture enhances cell phenotype through the expression of specific
markers and the formation of bile canaliculi and keeps a proper cell viability over two
weeks. Although it is possible to assess BM formation using histochemistry, it has also
been demonstrated using immunofluorescence staining to show the different

components of the BM (mainly type IV collagen or laminin isoforms).138139
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Figure 5: Characterisation of the coculture effect on cell phenotype and viability. a)
Viability and ECM staining of primary rat hepatocytes cultured with liver endothelial cells
(TMNK-1) in low oxygenated (Oz- culture) and well-oxygenated culture system (O2+
culture). Adapted from Ref. 23 with permission from the Royal Society of Chemistry. b)
Immunohistochemistry images of the BM components present in keratinocyte culture
onto fibroblast-free collagen matrices (1) and onto matrices containing 1 x 105
fibroblasts/mL collagen (2). Adapted from Ref. 136 with permission from Elsevier. The
original figurel3¢ was published in Journal of Investigative Dermatology, Vol. 124,

Abdoelwaheb El Ghalbzouri, Marcel F. Honkman, Remco Dijkman, Maria Ponec, Basement



Membrane Reconstriction in Human Skin Equivalents is Regulated by Fibroblasts and/or
Exogenously Activated Keratinocytes, 79-86, Copyright the Society for Investigative

Dermatology, 2005.

The layer-by-layer coculture reproduces the BM biochemical properties in a
physiologically relevant manner as it helps to better maintain the cellular phenotype than
a simple overlay of ECM gel due to the secretion of not only BM components but also
signalling molecules by the cells. To improve this technique, several research groups have
included a layer of ECM protein gell40141 or used polyelectrolyte layers
(chitosan/hyaluronic acid).142-144 For example, El Ghalbzouri et al. demonstrated that
fibroblast/keratinocyte coculture enhances the secretion of BM components compared to
single culture of keratinocytes as illustrated in Figure 5b (1: keratinocytes culture, 2:
coculture).13¢ The expression of various BM components clearly shows the importance of
cross talk between cells for BM formation. However, the addition of this layer can change
the BM biophysical properties and to date there is no proof of BM remodelling. The layer-
by-layer coculture has two major advantages: (i) its compatibility with bioprinting, which
increases the complexity of the culture system by generating a specific pattern with
various cell types145-148 and (ii) the possibility to use cell sheet engineering to generate a
complex sheet of cells thanks to a thermo-sensible polymer.149.150 This cell sheet method
can be used to integrate the cocultured cells in an advanced cell-based assay.
Nevertheless, its integration within a microfluidic device can be quite challenging in order

to keep the structure of the cell layer and its sterility.

IV. Applications of in vitro basement membranes



As we described in the section II, in vivo BMs are generated by a complex self-assembly of
various biomolecules, creating a dynamic 3-D matrix. Due to the difficulty in mimicking
this dynamic in vivo behaviour in in vitro systems, the current models only simulate some
of the specific functions of the BM. The limitations of these in vitro BMs are mainly due to
material issues.l® In order to perform a given function related to the BM within an
advanced coculture cell-based assay, a trade-off has to be made between the material
needed for the function and the ease of integrating the material into the required system.
This trade-off will be discussed in this section, particular for coculture cell-based assays
applied to drug screening and disease modelling. Table 2 summarizes the capacity of
each of the materials (described in the previous section) in terms of properties,

integration and applications.
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Table 2: Capability of the different in vitro methods to reproduce in vivo BM features
(biophysical and biochemical), to be engineered for complex functions and used for drug
screening and disease modelling (v'v': very convenient, v': convenient ¥: limited, % :
very limited)

a) Drug screening



The development of a new drug requires not only validation of drug efficiency but also
measurements of its pharmacokinetic and pharmacodynamics properties including entry
and elimination from target cells. Coculture cell-based assays for drug screening should
enable the permeability of the BM-mimicking material and cells to biomolecules to be
quantified as well as cell viability. A simple model with a BM extract-coated porous
polymer membrane can be sufficient to reproduce the BM within permeability assays. Li
et al. studied the permeability of their coculture system to albumin.?” They demonstrated
that without cells the uncoated membrane is more permeable than a collagen-coated
membrane and that GEnCs seems to provide the largest contribution to albumin
retention. This is probably due to the fenestrae and glycocalyx formed by the endothelial
cell.151 They also investigated the effect of drugs targeting the podocytes or the GEnCs on
albumin permeability. However, their system was restricted to a static analysis, as it did
not integrate a microfluidic circuit. To improve the capability of these assays, two
different research groups, one in the USA and the other in China developed microfluidic
devices based on porous polymer membrane-mimicking BM.26100 Musah et al
demonstrated that their iPSC-derived podocytes cocultured with GEnCs enhanced the
albumin retention compared to a culture of GEnCs only.190 This result contradicts the
findings in the static culture discussed above. The reason for this difference might be due
to differences in the distribution of type IV collagen, which is mainly generated by GEnCs

in static conditions and by podocytes when mechanical strain is applied.100

Zhou et al. cultured rodent GEnCs and podocytes within a microfluidic device. They
confirmed that the coculture improves the permeability resistance as assessed using
labelled inulin, bovine serum albumin and IgG. Their data showed that the contribution of

GEnCs to the permeability resistance is more important than of podocytes but in this



system, there is no information concerning the BM components secreted by the cultured

cells.

An explanation of these discrepancies in the literature might be due the stiffness of the
polymer membrane mimicking the BM and show the importance of the choice of material.
For drug screening, in particular permeability assays, the model requires the generation
of two different compartments separated by the BM-mimicking material. This separation
depends on a material that can be easily handled and has a high mechanical strength. For
these reasons, porous polymer membranes are widely employed in permeability assays.
Although yet to be used, electrospun scaffolds might be a good candidate for this type of
assay due to their topography and the possibility of engineering their biochemical
properties. Although their integration was quite limited, the best candidate is probably an

ECM protein gel-based membrane due to their biochemical properties and composition.

b) Disease modelling
Various disease processes result in the modification of BM biophysical and/or
biochemical properties. These modifications can be due to BM thickening, the
modification of the BM microenvironment (e.g. hypertension, diabetes), BM invasion by
cancer cells or the mutation of a BM component gene (see table 1). All these parameters
make in vitro disease models strongly dependent not only on the materials used to mimic
the BM but also on the coculture cell-based assay design. Diseases that are due to changes
in the BM microenvironment are the easier to model, particularly in coculture cell-based
assays integrating microfluidics. Zhou et al. developed a device to mimic hypertensive
nephropathy, assuming that higher blood pressure induces higher blood flow rate.2¢ They

demonstrated that high flow rate (15uL/min) increases the protein permeability and



damages the cell phenotype of both podocytes and GEnCs. Although these interesting
results were confirmed by in vivo measurements, their device is limited by the non-
physiologically relevant properties of their BM-mimicking polycarbonate membrane.
Indeed, polycarbonate displays a Young’s modulus of 2.5GPa’>2, which is three order of
magnitude higher than that seen in vivo. Furthermore, they did not calculate the value of
the shear stress applied to the cells. The BM extract used to coat the polycarbonate

membrane, is from EHS tumour, which can contain irrelevant biochemical cues.

To study cancer progression from endothelial-mesenchymal transition (EMT) to the
cancer cell adhesion, invasion and vascularisation, various in vitro cancer models have
been developed. 7778140153154 Nevertheless, the generation of a good advanced cell-based
assay to model cancer still remains challenging as it depends on both biophysical and
biochemical properties of BMs. Kamm’s group at the Massachusetts Institute of
Technology, has been developing advanced cell-based assays to study cancer progression.
They demonstrated that cancer progression is affected by various biophysical and
biochemical cues.155-158 However, the relevance of their device is limited because of the
use of type I collagen to reproduce the BM instead of type IV collagen and laminin.

To study the effect of BM components, Walter et al. demonstrated using a type IV collagen-
coated polyacrylamide gel that physical defects within the type IV collagen network
triggers EMT, causes MMP-9 inhibition and changes BM stiffness due to the lack of type
IV collagen degradation suggesting the beginning of a fibrosis like behaviour.1>° They also
generated a type IV collagen-coated type I collagen gel and showed that cells were able to
invade the type I collagen gel after undergoing through EMT due to the defects within the
type IV collagen network. This work shows the importance of the BM biophysical

properties in mechanotransduction/mechanoactivation for cancer research. The authors



acknowledge the limitations of their model due to the lack of BM biochemical cues,
especially those from the laminin network. However, they showed the importance of MMP

inhibition/activation in such cancer models.

The major role of the proteinases suggests that models using polymer membranes or
electrospun scaffolds are not a good choice, as they generally cannot be degraded by
proteinases. Furthermore, another important consequence of the proteinase activity is
the generation of peptidic fragments called matricryptins, which can exhibit various
bioactivities either physiological or pathological.160-163 To study these effects, the use of
only ECM components is required to mimic the BM behaviour. For example, Horejs et al.
developed a electrospun scaffold containing a fragment of the laminin $1-chain.1¢4 They
demonstrated the potential of this fragment to modulate MMP expression and activity. In
using only BM components, Mondrinos et al. integrate a performed spheroid of human
lung adenocarcinoma cells within their microfluidic device. Although they demonstrated
the spheroid adhesion on their membrane, they did not investigate BM invasion and show
that their type [ collagen membrane is resistant to cell-mediated proteolytic

degradation.?”

Commercially available ECM components from BM extracts have their own limitations
because they are specific isoforms of BM components. They can have different
biochemical activities due to the generation of different fragments and the remodelling
also depends on the surface properties of the material, which support the ECM
components.165166 For this reason, the rational for the used ECM components mainly
depends on the targeted objectives. In the case of in vitro model to mimic diseases due to

BM component mutation, its generation is still very difficult because of the limited



availability of these mutated components. The development of iPSC technology using cells
from patients in order to generate specific BM components is a promising new method to

model disease within cell-based assays.

V. Conclusions and future prospects

In vivo basement membranes are complex biological structures, which performs various
functions by virtue of their specific components. Furthermore, they display a dynamic
behaviour, which is not yet fully understood. For this reason, all the BM functions are not
only difficult to recapitulate from both a biophysical and biochemical perspective, but are
challenging to integrate in cell-based assays. These assays are generally limited by the low
functionalities of the BM-mimicking materials that are used. Currently, the best BM
mimics seem to be the functionalized electrospun scaffold and the extracellular matrix
membrane, such as those introduced by Rossi et al.24 and Mondrinos et al.?’, respectively.
These both reproduce the biophysical properties of in vivo BMs, except the nonlinear
mechanical properties. On the electrospun scaffold developed by Rossi and co-workers?24,
the biochemical properties could be tuned by changing the nature of the peptide used.
Furthermore, the relative robustness of the scaffolds make them easier to integrate within
microfluidic assays. In contrast, extracellular matrix membranes are more difficult to
integrate into devices due to their fragile nature, but their offer advantageous in

applications such as BM invasion studies.

Future improvements of engineered BMs for coculture cell-based assays will mainly
depend on the targeted applications. Applications, in which BM composition is important,
such as genetic disorders of BM, will require the development of recombinant BM

components and/or the generation of differentiated relevant cells from patient-derived



iPSCs. Applications related to the blood pressure will need a BM-mimicking material,
which exhibits nonlinear mechanical properties. For this purpose, the integration of
hydrogels, which display stress-stiffening effect167.168, can be a good solution. However,
their biochemical properties will have to be improved by integrating specific BM peptides,
for example. Further models integrating both biophysical and biochemical BM properties
will not only help to study the contributions of each BM components and their correlation
but also to get a better understanding of the drug diffusion through BMs and BM-related
diseases. This will enable the development of new drugs and/or the identification of new

biomarkers.

Conflicts of interest

There are no conflicts of interest to declare.

References

R.]. Petri, Cent. fiir Bakteriol. und Parasitenkd., 1887, 1, 279-280.

A. Caplan, J. Orthop. Res., 1991, 9, 641-650.

K. Okita, T. Ichisaka and S. Yamanaka, Nature, 2007, 448, 313-317.

K. W. Rogers and A. F. Schier, Annu. Rev. Cell Dev. Biol., 2011, 27, 377-407.

G. G. Giobbe, F. Michielin, C. Luni, S. Giulitti, S. Martewicz, S. Dupont, A. Floreani

and N. Elvassore, Nat. Methods, 2015, 12, 1-7.

W.]. Polacheck, R. Lj, S. G. M. Uzel and R. D. Kamm, Lab Chip, 2013, 13, 2252-2267.

T. Mammoto, A. Mammoto and D. E. Ingber, Annu. Rev. Cell Dev. Biol., 2013, 29, 27-

61.

8 A.]. Engler, S. Sen, H. L. Sweeney and D. E. Discher, Cell, 2006, 126, 677-689.

9 A. Khademhosseini and R. Langer, Biomaterials, 2007, 28, 5087-5092.

10 S. N. Bhatia and D. E. Ingber, Nat. Biotechnol., 2014, 32, 760-772.

11 A. Pozzi, P. D. Yurchenco and R. V. lozzo, Matrix Biol.,, 2017, 57-58, 1-11.

12 P. D. Yurchenco, Cold Spring Harb. Perspect. Biol., 2011, 3,a004911.

13 R. Timpl and ]. C. Brown, BioEssays, 1996, 18, 123-132.

14 R. Kalluri, Nat. Rev. Cancer, 2003, 3, 422-433.

15 R. Timpl, Eur. J. Biochem., 1989, 180, 487-502.

16  ]. H. Miner, C. Lj, J. L. Mudd, G. Go and A. E. Sutherland, Development, 2004, 131,
2247-2256.

17 R. lozzo, Nat. Rev. Mol. Cell Biol., 2005, 6, 646-656.

18 D. Cosgrove and S. Liu, Matrix Biol., 2017, 57-58, 45-54.

19 C. M. Borza, X. Chen, R. Zent and A. Pozzi, Curr. Top. Membr., 2015, 76, 231-253.

20 M. H. Foster, Matrix Biol., 2016, 57-58, 149-168.

Ul s W N

N O



21

22

23
24

25
26
27
28
29

30
31

32
33
34
35
36

37

38
39
40
41
42

43
44

45

46

47

48

D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala, H. Y. Hsin and D. E.
Ingber, Science, 2010, 328, 1662-1668.

S. C. Slater, V. Beachley, T. Hayes, D. Zhang, G. . Welsh, M. A. Saleem, P. W.
Mathieson, X. Wen, B. Su and S. C. Satchell, PLoS One, 2011, 6, e20802.

W. Xiao, G. Perry, K. Komori and Y. Sakai, Integr. Biol., 2015, 7, 1412-1422.

A. Rossi, L. Wistlich, K.-H. Heffels, H. Walles and J. Groll, Adv. Healthc. Mater., 2016,
5,1939-1948.

V. Pensabene, L. Costa, A. Y. Terekhov, J. S. Gnecco, ]. P. Wikwo and W. H.
Hofmeister, ACS Appl. Mater. Interfaces, 2016, 8, 22629-22636.

M. Zhou, X. Zhang, X. Wen, T. Wu, W. Wang, M. Yang, ]. Wang, M. Fang, B. Lin and H.
Lin, Sci. Rep., 2016, 6, 31771.

M. ]. Mondrinos, Y. Yi, N. Wy, X. Ding and D. Huh, Lab Chip, 2017, 17, 3146-3158.
A. Glentis, V. Gurchenkov and D. M. Vignjevic, Cell Adhes. Migr., 2014, 8, 236-245.
A. Domogatskaya, S. Rodin and K. Tryggvason, Annu. Rev. Cell Dev. Biol., 2012, 28,
523-553.

V. Ramovs, L. Te Molder and A. Sonnenberg, Matrix Biol., 2017, 57-58, 213-243.

[. D. Campbell and M. J. Humphries, Cold Spring Harb. Perspect. Biol,, 2011, 3,
a004994.

S.Li, Y. Qi, K. McKee, J. Liu, ]. Hsu and P. D. Yurchenco, Matrix Biol., 2017, 57-58,
272-284.

P. D. Yurchenco and J. C. Schittny, FASEB J., 1990, 4, 1577-1590.

R. O. Hynes and A. Naba, Cold Spring Harb. Perspect. Biol., 2012, 4, a004903.

A. Naba, K. R. Clauser, S. Hoersch, H. Liu, S. A. Carr and R. O. Hynes, Mol. Cell.
Proteomics, 2012, 11.4, M111.014647.

A. Naba, K. R. Clauser, H. Ding, C. A. Whittaker, S. A. Carr and R. O. Hynes, Matrix
Biol., 2016, 49, 10-24.

R. Lennon, A. Byron, J. D. Humphries, M. . Randles, A. Carisey, S. Murphy, D.
Knight, P. E. Brenchley, R. Zent and M. ]. Humphries, J. Am. Soc. Nephrol.,, 2014, 25,
939-951.

H. Ragelle, A. Naba, B. L. Larson, F. Zhou, M. Prijic, C. A. Whittaker, A. Del Rosario,
R. Langer, R. 0. Hynes and D. G. Anderson, Biomaterials, 2017, 128, 147-159.

Q. Li, B. E. Uygun, S. Geerts, S. Ozer, M. Scalf, S. E. Gilpin, H. C. Ott, M. L. Yarmush, L.
M. Smith, N. V. Welham and B. L. Frey, Biomaterials, 2016, 75, 37-46.

A. Byron, J. D. Humphries and M. J. Humphries, Int. J. Exp. Pathol., 2013, 94, 75-92.
M. Randles, M. ]. Humphries and R. Lennon, Matrix Biol., 2017, 57-58, 12-28.

A.V Persikov, J. A. M. Ramshaw, A. Kirkpatrick and B. Brodsky, Biochemistry, 2005,
44,1414-1422.

S. Ricard-Blum, Cold Spring Harb. Perspect. Biol., 2011, 3, a004978.

B. G. Hudson, K. Tryggvason, M. Sundaramoorthy and E. G. Neilson, N. Engl. . Med.,
2003, 348, 2543-2556.

J. Khoshnoodi, V. Pedchenko and B. G. Hudson, Microsc. Res. Tech., 2008, 71, 357-
370.

C. F. Cummings, V. Pedchenko, K. L. Brown, S. Colon, M. Rafi, C. Jones-Paris, E.
Pokydeshava, M. Liu, ]. C. Pastor-Pareja, C. Stothers, I. A. Ero-Tolliver, A. S. McCall,
R. Vanacore, G. Bhave, S. Santoro, T. S. Blackwell, R. Zent, A. Pozzi and B. G.
Hudson, J. Cell Biol., 2016, 213, 479-494.

R. M. Vanacore, S. Shanmugasundararaj, D. B. Friedman, O. Bondar, B. G. Hudson
and M. Sundaramoorthy, J. Biol. Chem., 2004, 279, 44723-44730.

R. M. Vanacore, D. B. Friedman, A.-]. L. Ham, M. Sundaramoorthy and B. G. Hudson,



49

50

51
52
53

54
55

56

57

58

59
60
61
62

63
64

65
66

67
68

69
70
71
72
73
74
75

76
77
78

79

J. Biol. Chem., 2005, 280, 29300-29310.

R. Vanacore, A.-]. L. Ham, M. Voehler, C. R. Sanders, T. P. Conrads, T. D. Veenstra, K.
B. Sharpless, P. E. Dawson and B. G. Hudson, Science (80-. )., 2009, 325, 1230-
1235.

G. Bhave, S. Colon and N. Ferrell, Am. J. Physiol. - Ren. Physiol., 2017, 313, F596-
F602.

J. H. Miner, Exp. Cell Res., 2012, 318, 973-978.

J. C. Pastor-Pareja and T. Xu, Dev. Cell, 2011, 21, 245-256.

E.]. Tocce, S.]. Liliensiek, M. J. Wilson, B. Yanez-Soto, P. F. Nealey and C. ]. Murphy,
in Comprehensive Biomaterials, eds. P. Ducheyne, K. E. Healy, D. W. Hutmacher, D.
W. Grainger and C. ]. Kirkpatrick, Elsevier Ltd., 2011, pp. 527-546.

S.]. Liliensiek, P. Nealey and C. J. Murphy, Tissue Eng. Part A, 2009, 15, 2643-2651.
S. Brody, T. Anilkumar, S. Liliensiek, J. A. Last, C. ]. Murphy and A. Pandit, Tissue
Eng., 2006, 12, 413-421.

S.]. Liliensiek, J. A. Wood, ]. Yong, R. Auerbach, P. F. Nealey and C. ]. Murphy,
Biomaterials, 2010, 31, 5418-5426.

K. Von Der Mark, J. Park, S. Bauer and P. Schmuki, Cell Tissue Res., 2010, 339, 131-
153.

V. Raghunathan, C. McKee, W. Cheung, R. Naik, P. F. Nealey, P. Russell and C. .
Murphy, Tissue Eng. Part A,2013,19, 1713-1722.

Y. Yang, K. Wang, X. Gu and K. W. Leong, Engineering, 2017, 3, 36-54.

R. T. Miller, Matrix Biol., 2017, 57-58, 366-373.

D. E. Discher, D. J. Mooney and P. W. Zandstra, Science, 2009, 324, 1673-1677.

J. Candiello, M. Balasubramani, E. M. Schreiber, G. . Cole, U. Mayer, W. Halfter and
H. Lin, FEBS J., 2007, 274, 2897-2908.

Q. Wen and P. A. Janmey, Exp. Cell Res., 2013, 319, 2481-2489.

C. Storm, ].]. Pastore, F. C. MacKintosh, T. C. Lubensky and P. A. Janmey, Nature,
2005, 435, 191-194.

J. P. Winer, S. Oake and P. A. Janmey, PLoS One, 2009, 4, e6382.

M. Perepelyuk, L. Chin, X. Cao, A. Van Oosten, V. B. Shenoy, P. A. Janmey and R. G.
Wells, PLoS One, 2016, 11, e0146588.

G. Charras and E. Sahai, Nat. Rev. Mol. Cell Biol., 2014, 15, 813-824.

A. Rabodzey, P. Alcaide, F. W. Luscinskas and B. Ladoux, Biophys. J., 2008, 95,
1428-1438.

R. G. Rowe and S. . Weiss, Trends Cell Biol., 2008, 18, 560-574.

M. A. Schwartz, Cold Spring Harb. Perspect. Biol., 2010, 2, a005066.

C. -c. Huang, Development, 2003, 130, 3343-3358.

M. A. Gubbiotti, T. Neill and R. V. lozzo, Matrix Biol., 2017, 57-58, 285-298.

D.-B. Borza, Matrix Biol., 2017, 57-58, 299-310.

G. Bezakova and M. A. Ruegg, Nat. Rev. Mol. Cell Biol., 2003, 4, 295-309.

[. Vlodavsky, Y. Friedmann, M. Elkin, H. Aingorn, R. Atzmon, R. Ishai-Michaeli, M.
Bitan, O. Pappo, T. Peretz, I. Michal, L. Spector, L. Pecker, R. S. Park, 1. Vlodavsky, Y.
Friedmann, M. Elkin, H. Aingorn, R. Atzmon, R. Ishai-Michaeli, M. Bitan, O. Pappo,
T. Peretz, 1. Michal, L. Spector and I. Pecker, Nat. Med., 1999, 5, 793-802.

C.]. 1. Raats, ]. Van Den Born and ]. H. M. Berden, Kidney Int., 2000, 57, 385-400.
L. A. Liotta, C. N. Rao and U. M. Wewer, Annu. Rev. Biochem., 1986, 55, 1037-1057.
L. L. Lohmer, L. C. Kelley, E. ]. Hagedorn and D. R. Sherwood, Cell Adhes. Migr.,
2014, 8, 246-255.

P. Ly, K. Takai, V. M. Weaver and Z. Werb, Cold Spring Harb. Perspect. Biol., 2011,



80
81

82

83

84

85

86

87

88

89

90

91

92
93

94

95

96

97

98
99

a005058.

A. Sudhakar and C. S. Boosani, Pharm. Res., 2008, 25, 2731-2739.

M. Mongiat, S. M. Sweeney, . D. San Antonio, ]. Fu and R. V. lozzo, J. Biol. Chem.,
2003, 278, 4238-4249.

J. C. Monboisse, . B. Oudart, L. Ramont, S. Brassart-Pasco and F. X. Maquart, BBA -
Gen. Subj., 2014, 1840, 2589-2598.

T. Van Agtmael, U. Schlotzer-Schrehardt, L. McKie, D. G. Brownstein, A. W. Lee, S.
H. Cross, Y. Sado, |. J. Mullins, E. Péschl and . J. Jackson, Hum. Mol. Genet., 2005, 14,
3161-3168.

G.Jarad, J. Cunningham, A. S. Shaw and ]. H. Miner, J. Clin. Invest., 2006, 116, 2272~
2279.

M. Zenker, T. Aigner, O. Wendler, T. Tralau, H. Miintefering, R. Fenski, S. Pitz, V.
Schumacher, B. Royer-Pokora, E. Wiihl, P. Cochat, R. Bouvier, C. Kraus, K. Mark, H.
Madlon, J. Détsch, W. Rascher, I. Maruniak-Chudek, T. Lennert, L. M. Neumann and
A. Reis, Hum. Mol. Genet., 2004, 13, 2625-2632.

B. W. Darbro, V. B. Mahajan, L. Gakhar, ]. M. Skeie, E. Campbell, S. Wuy, X. Bing, K. J.
Millen, W. B. Dobyns, |. A. Kessler, A. Jalalj, ]. Cremer, A. Segre, ]. R. Manak, K. A.
Aldinger, S. Suzuki, N. Natsume, M. Ono, H. D. Hai, L. T. Viet, S. Loddo, E. M. Valente,
L. Bernardini, N. Ghonge, P. ]. Ferguson and A. G. Bassuk, Hum. Mutat., 2013, 34,
1075-1079.

M. Costell, E. Gustafsson, A. Aszédi, M. Morgelin, W. Bloch, E. Hunziker, K. Addicks,
R. Timpl and R. Fassler, J. Cell Biol., 1999, 147, 1109-1122.

C. Huzé, S. Bauché, P. Richard, F. Chevessier, E. Goillot, K. Gaudon, A. Ben Ammar,
A. Chaboud, I. Grosjean, H. A. Lecuyer, V. Bernard, A. Rouche, N. Alexandri, T.
Kuntzer, M. Fardeau, E. Fournier, A. Brancaccio, M. A. Riiegg, ]. Koenig, B. Eymard,
L. Schaeffer and D. Hantai, Am. J. Hum. Genet., 2009, 85, 155-167.

L. Dong, Y. Chen, M. Lewis, J. C. Hsieh, ]J. Reing, J. R. Chaillet, C. Y. Howell, M.
Melhem, S. Inoue, J. R. Kuszak, K. DeGeest and A. E. Chung, Lab. Investig., 2002, 82,
1617-1630.

A. Nystrom, O. Bornert and T. Kuhl, Matrix Biol., 2016, 57-58, 124-139.

H. H. Chung, M. Mireles, B. ]. Kwarta and T. R. Gaborski, Lab Chip, 2018, 18, 531-
540.

J. A. Beamish, E. Chen and A. ]. Putnam, PLoS One, 2017,12, e0181085.

C. Ringuette Goulet, G. Bernard, S. Chabaud, A. Couture, A. Langlois, B. Neveu, F.
Pouliot and S. Bolduc, Biomaterials, 2017, 145, 233-241.

T. Nakamura, S. Yokoo, A. J. Bentley, M. Nagata, N. |. Fullwood, T. Inatomi, C.
Sotozono, S. Yamagami and S. Kinoshita, Sci. Rep., 2016, 6, 37173.

J. A. Brown, V. Pensabene, D. A. Markov, V. Allwardt, M. D. Neely, M. Shi, C. M. Britt,
0. S. Hoilett, Q. Yang, B. M. Brewer, P. C. Samson, L. ]. McCawley, ]. M. May, D. J.
Webb, D. Li, A. B. Bowman, R. S. Reiserer and ]. P. Wikswo, Biomicrofluidics, 2015,
9,054124.

J. Aparicio-Blanco, C. Martin-Sabroso and A. Torres-Suarez, Biomaterials, 2016,
103, 229-255.

M. Li, A. Corbellj, S. Watanabe, S. Armelloni, M. Ikehata, V. Parazzi, C. Pignatari, L.
Giardino, D. Mattinzoli, L. Lazzari, A. Puliti, F. Cellesi, C. Zennaro, P. Messa and M.
P. Rastaldi, Eur. J. Pharm. Sci., 2016, 86, 1-12.

H.]. Kim, D. Huh, G. Hamilton and D. E. Ingber, Lab Chip, 2012, 12, 2165-2174.
K.-J. Jang, A. P. Mehr, G. A. Hamilton, L. A. McPartlin, S. Chung, K.-Y. Suh and D. E.
Ingber, Integr. Biol., 2013, 5,1119-1129.



100
101
102
103
104
105
106
107
108
109

110
111

112
113

114

115

116

117
118

119

120

121

122

123
124

125
126

127

128

S. Musah, A. Mammoto, T. C. Ferrante, S. S. F. Jeanty, M. Hirano-Kobayashi, T.
Mammoto, K. Roberts, S. Chung, R. Novak, M. Ingram, T. Fatanat-Didar, S. Koshy, ].
C. Weaver, G. M. Church and D. E. Ingber, Nat. Biomed. Eng., 2017, 1, 0069.

D. Huh, G. A. Hamilton and D. E. Ingber, Trends Cell Biol., 2011, 21, 745-754.

E. M. Frohlich, J. L. Alonso, J. T. Borenstein, X. Zhang, M. A. Arnaout and J. L.
Charest, Lab Chip, 2013, 13,2311-2319.

K. Khanafer, A. Duprey, M. Schlicht and R. Berguer, Biomed. Microdevices, 2009, 11,
503-508.

R. N. Palchesko, L. Zhang, Y. Sun and A. W. Feinberg, PLoS One, 2012, 7, e51499.

T. K. Kim, J. K. Kim and O. C. Jeong, Microelectron. Eng., 2011, 88, 1982-1985.

Y. Hong, 1. Koh, K. Park and P. Kim, ACS Biomater. Sci. Eng., 2017, 3, 3546-3552.

J. Lv, L. Chen, Y. Zhu, L. Hou and Y. Liu, ACS Appl. Mater. Interfaces, 2014, 6, 4954~
4964,

G. Limbert, R. Omar, H. Krynauw, D. Bezuidenhout and T. Franz, . Mech. Behav.
Biomed. Mater., 2016, 53, 21-39.

F. Croisier, A. S. Duwez, C. Jérome, A. F. Léonard, K. O. Van Der Werf, P. ]. Dijkstra
and M. L. Bennink, Acta Biomater., 2012, 8, 218-224.

Y. Yamada, K. Hozumi and M. Nomizu, Chem. - A Eur. J., 2011, 17, 10500-10508.

K. Hozumi, ]. Kumai, Y. Yamada and M. Nomizu, Polymers (Basel)., 2015, 7, 281-
297.

J. Han, Z. Zhou, R. Yin, D. Yang and J. Nie, Int. J. Biol. Macromol., 2010, 46, 199-205.
Y. Feng, G. Kopplin, K. Sato, K. . Draget and K. M. Varum, Carbohydr. Polym., 2017,
156, 490-497.

M. P. Tibbe, A. M. Leferink, A. van den Berg, J. C. T. Eijkel and L. I. Segerink, Adv.
Mater. Technol., 2018, 3, 1700200.

X. Luo, D. L. Berlin, ]. Betz, G. F. Payne, W. E. Bentley and G. W. Rubloff, Lab Chip,
2010, 10, 59-65.

J. C. Dunn, M. L. Yarmush, H. G. Koebe and R. G. Tompkins, FASEBJ., 1989, 3, 174-
177.

E. Hahn, G. Wick, D. Pencev and R. Timpl, Gut, 1980, 21, 63-71.

H. K. Kleinman, M. L. McGarvey, . R. Hassell, V. L. Star, F. B. Cannon, G. W. Laurie
and G. R. Martin, Biochemistry, 1986, 25, 312-318.

R. W. Orkin, P. Gehron, E. B. McGoodwin, G. R. Martin, T. Valentine and R. Swarm, J.
Exp. Med., 1977, 145, 204-220.

V. P. Terranova, E. S. Hujanen, D. M. Loeb, G. R. Martin, L. Thornburg and V.
Glushko, Proc. Natl. Acad. Sci., 1986, 83, 465-469.

G. Benton, I. Arnaoutova, ]. George, H. K. Kleinman and J. Koblinski, Adv. Drug Deliv.
Rev., 2014, 79, 3-18.

D. M. Bissell, D. M. Arenson, |. ]. Maher and F. ]. Roll, J. Clin. Invest., 1987, 79, 801-
812.

W. Xiao, M. Kodama, K. Komori and Y. Sakai, Biochem. Eng. J., 2014, 91, 99-1009.

M. H. Barcellos-Hoff, ]. Aggeler, T. G. Ram and M. ]. Bissell, Development, 1989, 105,
223-235.

N. Boudreau, Z. Werb and M. J. Bissell, Proc. Natl. Acad. Sci., 1996, 93, 3509-3513.
M. E. Dolega, F. Abeille, N. Picollet-D’hahan and X. Gidrol, Biomaterials, 2015, 52,
347-357.

F. Arends, C. Nowald, K. Pflieger, K. Boettcher, S. Zahler and O. Lieleg, PLoS One,
2015,10,e0118090.

T. Takezawa, K. Ozaki, A. Nitani, C. Takabayashi and T. Shimo-OKka, Cell Transplant.,



129
130
131
132
133

134
135

136
137
138
139
140

141

142

143

144

145
146

147

148

149

150

151
152

153

154
155

156

157

2004, 13,463-473.

P.-C. Wang and T. Takezawa, J. Biosci. Bioeng., 2005, 99, 529-540.

A. Oshikata-Miyazaki and T. Takezawa, Cytotechnology, 2016, 68, 1801-1811.
H. Yamaguchi, H. Kojima and T. Takezawa, J. Appl. Toxicol,, 2016, 36, 1025-1037.
Y. Toh, A. Raja, H. Yu and D. Van Noort, Bioengineering, 2018, 5, 29.

R. N. Palchesko, J. L. Funderburgh and A. W. Feinberg, Adv. Healthc. Mater., 2016,
5, 2942-2950.

M. Humayun, C. W. Chow and E. W. K. Young, Lab Chip, 2018, 18, 1298-1309.

H. Suleiman, L. Zhang, R. Roth, ]. E. Heuser, ]. H. Miner, A. S. Shaw and A. Dani, Elife,
2013, 2,e01149.

A. El Ghalbzouri, M. F. Jonkman, R. Dijkman and M. Ponec, J. Invest. Dermatol.,
2005, 124, 79-86.

P.S. Tung and L. B. Fritz, Dev. Biol., 1987, 120, 139-153.

P. H. Vachon, ]. Durand and ]. Beaulieu, Anat. Rec., 1993, 576, 567-576.

M. J. Burke, PhD Thesis, University of Bristol, 2017.

M. Danoy, M. Shinohara, A. Rizki-safitri, D. Collard, V. Senez and Y. Sakai, Integr.
Biol., 2017, 9, 350-361.

K. Sasaki, T. Akagi, T. Asaoka, H. Eguchi, Y. Fukuda, Y. Iwagami, D. Yamada, T.
Noda, H. Wada, K. Gotoh, K. Kawamoto, Y. Doki, M. Mori and M. Akashi,
Biomaterials, 2017, 133, 263-274.

A. L. Larkin, R. R. Rodrigues, T. M. Murali and P. Rajagopalan, Tissue Eng. Part C
Methods, 2013, 19, 875-884.

P. Rajagopalan, C.]. Shen, A. W. Tilles, M. Toner and M. L. Yarmush, Tissue Eng.,
2006,12,1553-1563.

Y. Kim, A. L. Larkin, R. M. Davis and P. Rajagopalan, Tissue Eng. Part A, 2010, 16,
2731-2741.

C. Mandrycky, Z. Wang, K. Kim and D. H. Kim, Biotechnol. Adv., 2015, 34, 422-434.
K. A. Homan, D. B. Kolesky, M. A. Skylar-Scott, ]. Herrmann, H. Obuobi, A. Moisan
and J. A. Lewis, Sci. Rep., 2016, 6, 34845.

J. P. K. Armstrong, M. Burke, B. M. Carter, S. A. Davis and A. W. Perriman, Adyv.
Healthc. Mater., 2016, 5, 1724-1730.

A. D. Graham, S. N. Olof, M. ]. Burke, ]. P. K. Armstrong, E. A. Mikhailova, ]. G.
Nicholson, S. J. Box, F. G. Szele, A. W. Perriman and H. Bayley, Sci. Rep., 2017, 7,
7004.

M. Yamato and T. Okano, Mater. Today, 2004, 7, 42-47.

B. Derby, R. Lennon and R. Saunders, University of Manchester, EU Patent,
2016732728, 2016.

S. C. Satchell and F. Braet, Am. J. Physiol. Ren. Physiol., 2009, 296, F947-F956.
T.]. Young, M. A. Monclus, T. L. Burnett, W. R. Broughton, S. L. Ogin and P. A. Smith,
Meas. Sci. Technol., 2011, 22,125703.

L. A. Liotta, K. Tryggvason, S. Garbisa, I. Hart, C. M. Foltz and S. Shafie, Nature,
1980, 284, 67-68.

K. E. Sung and D. ]. Beebe, Adv. Drug Deliv. Rev., 2014, 79, 68-78.

M. B. Chen, J. A. Whisler, ]. S. Jeon and R. D. Kamm, Integr. Biol,, 2013, 5, 1262-
1271.

[. K. Zervantonakis, S. K. Hughes-Alford, |. L. Charest, |. S. Condeelis, F. B. Gertler
and R. D. Kamm, Proc. Natl. Acad. Sci., 2012, 109, 13515-13520.

K. Funamoto, I. K. Zervantonakis, Y. Liu, C. J. Ochs, C. Kim and R. D. Kamm, Lab
Chip, 2012, 12, 4855-4863.



158
159
160
161
162

163
164

165

166

167

168

A.R. Aref, R. Y.-]. Huang, W. Yu, K.-N. Chua, W. Sun, T.-Y. Ty, J. Bai, W.-]. Sim, I. K.
Zervantonakis, J. P. Thiery and R. D. Kamm, Integr. Biol.,, 2013, 5, 381-389.

C. Walter, J. T. Davis, ]. Mathur and A. Pathak, Integr. Biol., 2018, 10, 342-355.

S. Linder, C. Wiesner and M. Himmel, Annu. Rev. Cell Dev. Biol., 2011, 27, 185-211.
A. Didangelos, X. Yin, K. Mandal, A. Saje, A. Smith, Q. Xu, M. Jahangiri and M. Mayr,
Mol. Cell. Proteomics, 2011, 10.8, M111.008128.

L. Sorokin, Nat. Rev. Immunol., 2010, 10, 712-723.

S. Ricard-Blum and R. Salza, Exp. Dermatol., 2014, 23, 457-463.

C.-N. Horejs, ].-P. St-Pierre, J. R. M. Ojala, J. A. M. Steele, P. B. da Silva, A. Rynne-
Vidal, S. A. Maynard, C. S. Hansel, C. Rodriguez-Fernandez, M. M. Mazo, A. Y. F. You,
A.]. Wang, T. von Erlach, K. Tryggvason, M. Lopez-Cabrera and M. M. Stevens, Nat.
Commun., 2017, 8, 155009.

N. M. Coelho, M. Salmeron-Sanchez and G. Altankov, Biomater. Sci., 2013, 1, 494-
502.

E. Grigoriou, M. Cantini, M. |. Dalby, A. Petersen and M. Salmeron-Sanchez,
Biomater. Sci., 2017, 5, 1326-1333.

P. H.]. Kouwer, M. Koepf, V. A. A. Le Sage, M. Jaspers, A. M. Van Buul, Z. H. Eksteen-
Akeroyd, T. Woltinge, E. Schwartz, H. ]. Kitto, R. Hoogenboom, S. J. Picken, R. ]. M.
Nolte, E. Mendes and A. E. Rowan, Nature, 2013, 493, 651-655.

M. Fernandez-Castano Romera, R. P. M. Lafleur, C. Guibert, I. K. Voets, C. Storm and
R. P. Sijbesma, Angew. Chemie - Int. Ed., 2017, 56, 8771-8775.



