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The cell membrane is an organized and fluid structure that modulates cellular activities

in response to specific extracellular signals, and maintains the critical communication,

integration, and homeostasis between the cytosol and the extracellular matrix (ECM). In

recent years, tissue engineering and cell biology research has been rapidly progressed

by a remarkable understanding of cell and ECM interfaces. In this review, the design

of new biomimetic platforms based on the conjugation of ECM proteins on solid

supported lipid bilayers (SLBs) will be summarized. The platforms provide a better

system to evaluate cellular responses to specific recognition events, gradient, mechanical

property, nanostructures, and inter- and intra-molecular interactions of ECM proteins on

a non-fouling and fluid membrane. Moreover, the findings from the molecular interactions

and cellular activities will be highlighted to look into the cell-materials mechanisms.

Keywords: supported lipid bilayer, extracellular matrix, cell-materials interactions, biomimetic culture platform,

bioconjugation

EXTRACELLULAR MATRIX

The interactions between extracellular matrix (ECM) proteins and cells play an important role in
cytoskeletal organization, cell growth, cell migration, and tissue development (Zhong et al., 1998;
Sternlicht and Werb, 2001; Stevens and George, 2005). The ECM contains secreted molecules that
constitute the cell microenvironment. Main constituents of the ECM are a network of hydrophilic,
extended gels of glycosaminoglycans (GAGs) and fibrous proteins, including elastin, collagens,
laminin, and fibronectin, which connect through inter- and intra-molecularly specific binding
domains. GAGs, such as heparan sulfate, chondroitin sulfate, and keratan sulfate are highly swollen
carbohydrate polymers attached to ECM proteins to form proteoglycans. The GAGs can hold water
via osmosis to keep the growth factors, ECM, and cells hydrated and active. GAG molecules can
regulate a wide range of biological activities, including angiogenesis, developmental processes,
tumor metastasis, and blood coagulation (Kim et al., 2011). For example, collagens, the most
abundant protein in the ECM, comprise 90% of bone matrix protein content. Collagens are present
in the ECM as fibrillar proteins and provide a structural scaffold for accommodation of cells.
Structurally, collagen is assembled from procollagen, which composes of three left-handed helices.
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Fibrous procollagen is arranged to form an extended superhelix
structure with roughly 1.5 nm in diameter and 300 nm in length.
The procollagens can self-assemble spontaneously in vivo and
in vitro into fibrils with up to several microns long and ranging
from 10 to 500 nm wide and a periodicity of 67 nm. The
aggregation states and spatial distribution of collagens have been
found to modulate cellular development, and signaling through
integrins recognition (Hui et al., 2008; Huang et al., 2010a).

Fibronectins are glycoproteins that attach cells with collagen
scaffolds in the ECM, allowing cells to migrate through the
ECM. Therefore, in the organization of the basal structure of the
ECM network and the control of cell behaviors, the attachment
of fibronectins on collagens is particularly crucial (roekelmann
et al., 1991; Dalton et al., 1995). In healing wounds, for
example, fibroblasts express high levels of smooth muscle actin,
procollagen, and fibronectin. It has been shown that fibronectin is
a mediator for cell attachment to collagen. Thus, cell adhesion to
the ECM is important for subsequent behaviors of differentiation
and proliferation (Ingber, 2003). In the in vitro environment,
cells are seeded on culture surfaces and soon can adapt to fit
their environment by secreting suitable ECM proteins, such as
fibronectin, to remodel the surfaces for better spreading and
adhesion. The intermolecular interactions in ECM dynamically
change with the cellular activities. The complex process is related
to the culture environment including culture medium, adsorbed
proteins, underlying substrate, and cell types. It has been
found that sufficient levels of fibronectin are required for cell
adhesion and spreading on collagen-deposited surfaces (Grinnell
and Minter, 1978; Dewez et al., 1999). Moreover, the surface
properties of the underlying substrates dominate the adhesion of
the proteins, leading to various surface contents, conformation,
and concentration of the deposited proteins. It should be noted
that tradition culture systems, such as glass, and tissue culture
polystyrene, facilitating non-specific protein adsorption, are
unable to investigate definitely the interactions between cells and
a correspondent component/protein in the ECM.

Most mammalian cells can just grow in vitro when they are
attached to surfaces with deposition of the ECM proteins. The
ECM provides more than structural and mechanical support,
implications in stem cell niches, developmental patterning, and
cancer progress. The physical properties of the ECM may
also serve a critical position in the signaling process. ECM
structures can be extendable and flexible, and the various
mechanical tension can impose on cryptic sites, which could
further react with their receptors or growth factors. In regard
to mechanical properties, the ECM can possess varying degrees
of elasticity, and stiffness, from hard bone tissues to soft brain,
according to their constitutions, concentrations, and crosslinking
structures. The elasticity of the ECM can span over several
orders of magnitude, which has been shown to play an important
role in controlling numerous cell functions, such as cellular
contraction, cell proliferation, migration, differentiation, and cell
death (Discher et al., 2005; Engler et al., 2006). In addition, it was
found that the nanostructures of ECM proteins can considerably
affect a cell’s activities (Koyama et al., 1996; Jones et al., 1997;
Huang et al., 2010a). Type I collagen in nature spontaneously
forms a helix structure. After the treatment of heat and acid,

the regular three-dimensional structure of collagen is destroyed
(denatured collagen or gelatin). Surprisingly, the denatured
collagen promotes smooth muscle cell (SMC) cellular better
spreading and proliferation with respect to wild type collagen
(native collagen). A mechanistic study proposed that native
collagen suppresses phosphorylation of cyclin-dependent kinase
2 (Cdk2) and cyclin E-associated kinase while increasing levels of
the Cdk2 inhibitors p21Cip1/waf1, and p27Kip1 (Koyama et al.,
1996). The effect appeared to control the growth of pulmonary
stem cells in the primary culture system (Huang et al., 2010a).
The system included stroma cells, pulmonary stem cells, and
type I collagen. When the fibrillar size of collagen increases,
the proliferation and spreading of mesenchymal stromal cells
decrease, which leads to inhibition of the growth of primary
neonatal pulmonary cells (Huang et al., 2010a). Therefore,
mesenchymal stromal cells serve as niche cells to directly regulate
the renewal ability of pulmonary epithelial stem cells.

DYNAMIC FUNCTIONAL BIOINTERFACES

To better understand the recognition and regulationmechanisms
between the ECM and cells, several model systems have
been established based on functional self-assembled monolayers
(SAMs) (Roberts et al., 1998; Xiao et al., 1998; Rezania
et al., 1999). The SAMs of alkanethiolates on gold surfaces
can present mixtures of arginine-glycine-aspartate (RGD), and
oligo(ethylene glycol) (OEG)moieties. RGD is a tripeptide, found
to promote cell adhesion by binding to cell surface integrin
receptors, and OEG is typically used to resist non-specific
adsorption of proteins and cells. The fraction and structures of
the RGD tripeptide moieties permitted the manipulation of cell
adhesion behaviors. The systems allowed for the elucidation of
the complex biological activities to a certain extent. However,
as mentioned above, the mechanical properties and molecular
interactions among ECM components (i.e., fibronectin-collagen
and GAG-collagen) in the microenvironments can substantially
determine the cellular activities. Moreover, the relatively static
ligands on the surfaces cannot reflect the dynamics at cell-
ECM contacts.

Because of the fact that protein deposition on the surface
in a random manner will fail to define its interaction with
cells, a well-characterized platform is required. In order to
scrutinize the cellular activities in tissues, such a platform
should exhibit multiple functions, such as capabilities to
immobilize specific ligands, to prevent misleading cellular
activities induced from adsorbed non-target proteins, and to
present extended and hydrated ECM-like structure. Thus, the
functionalizable and non-fouling properties of substrates become
substantial as a platform for cell growth. Among the many
non-biofouling materials that can strongly resist protein non-
specific adsorption (Ishihara et al., 1998; Chen et al., 2010;
Jiang and Cao, 2010), lipid-based materials are thought to
be the best to biological systems because they create a cell
membrane-like microenvironment for investigating cell-cell and
cell-biomaterial interactions. Particularly, the complex cell-cell
and cell-biomaterial interactions are highly dynamic with a wide
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range of biomolecules in a spatiotemporal controlled fashion,
such as complex intracellular signaling processes and structural
reorganization. They are not able to be conducted by static
SAM systems. In order to monitor the complexity of the
cellular membrane and associated processes in vitro, dynamic
synthetic materials are developed where control over ligand
characteristics such as mobility, density, and presentation are
possible. The model cell membranes, supported lipid bilayers
(SLBs), offer a bottom-up approach to construct dynamic
functional biointerfaces to enable self-assembly and ligand
mobility, presentation and distribution at given locations (Kocer
and Jonkheijm, 2018). Therefore, the focus of this article lies
on developing cell-ECM contacts using functional SLBs to
elucidate the complex dynamic behaviors to exploit the key
characteristics of the cell membranes and their interactions with
ECMs. Based on SLBs, studies have constructed a functionalized
SLB modified with small molecules, such as RGD peptide
(Svedhem et al., 2003; Jensen et al., 2004; Ochsenhirt et al.,
2006) and epidermal growth factor (Nam et al., 2006) for
controls over cellular responses. However, to broaden the
scope and complexity of the microenvironment, a biomimetic
system constructed by conjugation of ECM proteins to a
functionalized SLB can be more applicable to illustrate the
interactions between ECM components and cells. The fluidity,
gradient, mechanical properties, nanostructures, inter-molecular
(e.g., collagen-fibronectin) and intra-molecular (e.g., collagen
fibrillogenesis) interactions of ECM components on SLBs can be
defined and evaluated to explore the actual cellular responses
in the microenvironment, thus distinguishing this type of cell
culture platform from other ones on solids, such as plastics,
metals, oxides, and SAMs. Therefore, SLB offers a robust
platform with unique properties similar to the cell membrane,
such as non-fouling, hydration, lateral diffusion, and the ability
to control the spatial location and density of ligands for great
potential in medical science and engineering (Sackmann, 1996;
Groves et al., 2001).

EXTRACELLULAR MATRIX-SUPPORTED
LIPID BILAYER SYSTEMS

The pioneering work of the biomimetic cell culture system
based on an ECM-conjugated SLB were conducted by Chang’s
group (Huang et al., 2010b). They constructed a biomimetic
platform by functionalizing type I collagen on SLBs to serve as a
substrate to verify cell culture and to investigate cell behaviors.,
The functionalizable lipid vesicles composed of 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(glutaryl) (DP-NGPE)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
were deposited onto an SiO2 substrate to form SLBs (Figure 1).
Themolar fraction of DP-NGPE, a carboxylic acid-functionalized
phospholipid, in the SLBs was varied from 0 to 40%. To create
the type I collagen-functionalized lipid bilayer assembly,
native type I collagen molecules were brought into the
chamber to react activated DP-NGPE lipids and to form
stable collagen-lipid conjugates with amide linkages through
amine coupling chemistry. The binding kinetics of the protein

immobilization and the film characteristics of film thickness,
viscoelasticity, conformation, and fluidity were monitored
using a quartz crystal microbalance with dissipation (QCM-D),
atomic force microscopy (AFM), and fluorescence recovery
after photobleaching (FRAP). The results showed that the
collagen that adsorbed onto functionalized SLBs that had a
high percentage of DP-NGPE increased their surface mass,
viscoelasticity, and self-assembly into fibrillar structures. The
data from FRAP indicated that lateral lipid mobility was
reduced by up to 20% after the coupling of type I collagen to
the SLBs. Smooth muscle cells (A10) spread and grew on the
collagen-functionalized platform in a regular fashion, unlike
the POPC/DG-NGPE bilayer without collagen and the bare
POPC lipid bilayer. The simple bottoms-up biomimetic system,
containing key constituents of the plasma membrane and the
ECM, offer the opportunity to reveal cellular recognition and
response to ECM elements and physical clues.

In addition to the point-resolved study, evolutionary cellular
responses on the ECM-SLB system were investigated by the
same group (Huang et al., 2010c). In the study, the biomimetic
ECM microenvironments were fabricated by conjugating
type I collagen and/or fibronectin on the functionalizable
SLBs containing activated DP-NGPE (Figure 2). The protein-
conjugated systems were quantitatively characterized by QCM-D
in terms of surface mass, viscoelasticity, and collagen-fibronectin
interactions. The retardation of mobility of the SLB after protein
conjugation and cell culture were revealed by FRAP. NIH 3T3
fibroblasts were cultured on the ECM-SLB constructs and on
oxygen plasma treated polystyrene (PSo) for parallel comparison.
On the ECM-SLB cultures, the largest cell number counts and
spreading size of fibroblasts were found on the fibronectin
deposited SLBs. Nevertheless, no such distinguishable differences
on the ECM-coated PSo can be observed among all the
protein contents. In addition, immunofluorescent staining data
indicated that the adsorption level of fibronectin, endogenously
produced by 3T3 cells, on PSo-based surfaces was obviously
more than that on SLB-based platforms. The findings highlight
the important role of the anti-fouling nature of the underlying
SLBs in preventing 3T3 cells from remodeling effectively their
microenvironment. On the contrary, cells can easily remodel
by the nonspecific adsorption of ECM proteins on the PSo-
based platforms. Consequently, the ECM-SLB platform can be
utilized for monitoring and regulating cellular specific responses
to ECM compositions and subsequent signaling events with
extracellular environments.

Cho’s group examined the behavior of cells on low rigidity SLB
functionalized with either fibronectin or type I collagen via amine
coupling chemistry (Vafaei et al., 2017a). Traditionally, plastic
cell culture plates exhibit an extremely stiff substrate, which
could not reflect the real mechanical stiffness experienced by cells
in physiological microenvironments. Recently, elastomers, such
as polydimethyl siloxane (PDMS), have been used to modulate
wide stiffness regimes to provide many important insights
into the role of mechanical properties of the ECM in cellular
responses (Engler et al., 2006). Nevertheless, the SLB systems
offer opportunities to access the softest and most fluid interfaces
to monitor cell activities may in a physiological environment.
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FIGURE 1 | Schematic illustration of mimetic collagen modification strategy based on integrins in mammalian cells. (A) In the in vivo microenvironment of cells, they

attach collagen fibers via integrins. (B) To mimic the microenvironment of the cells, collagen fibers are chemically modified onto the model SLB. The blue spheres

symbolize POPC headgroups and the olive pentagons represent the NHS-ester groups of DP-NGPE. Reprinted with permission from Huang et al. (2010b). Copyright

2010 American Chemical Society.

The lipid vesicles composed of a zwitterionic 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC) and DP-NGPE, which
then were deposited on SiO2 coverslips by the solvent assisted
lipid bilayer (SALB) formation method (Tabaei et al., 2014;
Vafaei et al., 2017b). Different from conventional vesicle fusion
method, which involves the spontaneous adsorption and rupture
of phospholipid vesicles, and is limited to only a subset of
lipid compositions and solid supports (Huang et al., 2010a,b,c),
the SALB formation method is based on the reverse-phase
evaporation phenomenon and involves lipid deposition onto a
hydrophilic solid surface in an alcohol (Tabaei et al., 2014).
The SALB method has been applied successfully to a wide
variety of substrates, such as Au, Al2O3, and graphene, which
are intractable to the conventional method (Tabaei et al., 2014;
Jackman et al., 2015). The ECM proteins of type I collagen and
fibronectin were chemical conjugated on SALB-assisted SLBs.
The QCM-D studies were conducted and found that ECMs on
SLB are less dense and have higher structural flexibility thanwhen
adsorbed onto SiO2 (Vafaei et al., 2017b).

Furthermore, the SLB-based low rigidity substrate was
functionalized with type I collagen or fibronectin for cell
adhesion studies (Vafaei et al., 2017a). The lateral fluidity of

the SLB was finely tuned by controlling the molar fraction of
DP-NGPE and cholesterol in the SLB. Specific adhesion of cells
on the bilayer, from the fluorescence images, was indicated by
an enrichment of the ECM proteins and the appearance of a
zone of depletion around the cells. On the high cholesterol-
containing bilayers, >10% of cells showed a depletion of either
fibronectin or collagen. This is ascribed by the reduced lateral
movement of ECM proteins, which is controlled by the viscosity
of the underlying bilayer. Therefore, the ECM-SLB platform with
addition of cholesterol provides a range of substrate rigidity for
potential biomedical applications that require cell adhesion to
extremely low-rigidity surfaces such as neuronal tissues.

For the development of a platform that is more closely
mimic the cell microenvironment, an SLB was functionalized
with natural decellularized extracellular matrix (dECM), which
retain 3D-ultrastructure and support the survival and attachment
of human hepatocyte Huh 7.5 (Figure 3) (Vafaei et al., 2018).
The dECM was extracted from cadavers of mouse and were
decellularized using mixture of chloroform/methanol solution.
The dECM contains GAGs, collagen, and fibronectin. The dECM
components were chemically attached to the SLB containing DP-
NGPE and DOPC by amine coupling chemistry. QCM-D was
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FIGURE 2 | Fabrication processes of functionalized PSo- (A,C,E) and SLB-based (B,D,F) protein adsorbed films for investigating responses of NIH-3T3 fibroblasts. In

serum-free culture medium, cells were incubated on six types of surfaces for 6 h. Reprinted with permission from Huang et al. (2010c) Copyright 2010 Elsevier Ltd.

FIGURE 3 | Scheme of the various steps involved in the preparation of SLB functionalized with adipose tissue dECM components for cell culture. The decellularized

ECM derived from adipose tissue was solubilized in an acidic condition and was chemically attached via amine coupling chemistry to the surface of a supported

bilayer containing lipids with a head group bearing a free carboxylic acid group. Subsequently, cells were cultured and their attachment, spreading, growth, and

function were studied. Reprinted with permission from Vafaei et al. (2018). Copyright 2018 American Chemical Society.

used to monitor the bilayer formation and the kinetics of the
subsequent dECM deposition. Results from FRAP confirmed
the fluidity of the membrane after functionalization with dECM.

The platform supports the survival and attachment of the
cells, and maintains the representative hepatocellular function.
Strikingly, the lateral clustering and organization of growth factor
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receptors and cell-binding ligands in the presence of tissue-
derived dECM components with the rich biochemical profile
were observed on the platform.

Hao et al. reported the effect of the mechanical properties
of an ECM-SLB on the differentiation of neural stem cells
(NSCs) (Hao et al., 2018). SLBs were used to as a culture
platform to mimic the dynamic characteristics of the
fluid ECM. The fluidity of SLBs was finely varied by the
surface properties of the substrates. The SLBs contain 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,
3-benzoxadiazol-4-yl) (NBD-PE), 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC), and 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(succinyl) (Succinyl-PE). From the
FRAP measurements, the SLB on piranha-treated glass (P-SLB)
exhibits greater fluidity compared with that on cholesteryl
chloroformate tether-modified glass (CC-SLB) or chitosan-
modified glass (Cs-SLB). Moreover, the fluidity of CC-SLB
was slightly lower than Cs-SLB. Fibronectin was subsequently
physically adsorbed on the SLBs on different substrates. The
results indicated that the behavior of the NSCs was highly related
to the fluidity of the SLBs. Enhanced focal adhesion, a stretched
and elongated cellular morphology, a dense network of stress
fibers, and increased neuronal differentiation were observed on
the SLB with low fluidity. On the contrary, less focal adhesion
formation, a round cellular morphology, immature stress fibers,
and more astrocyte differentiation were found on the SLB with
high fluidity. In mechanistic studies, they showed that activation
of FAK-MEK/ERK signaling pathways is a key route to the
enhanced focal adhesion formation and ultimately promoted
neuronal differentiation of NSCs on the SLB with low fluidity.
The work provided insight into the effect of the dynamic ECM
on stem cell behavior as well as improves the efficacy of stem
cell applications.

Tethered liposomes on SLBs have been established for DNA
hybridization (Benkoski and Hook, 2005; Yoshina-Ishii et al.,
2005), biotin-streptavidin binding (Patel et al., 2009), and
drug delivery (Tseng and Chang, 2012). The tethered liposome
systems were applied for the reconstitution of membrane
proteins to study protein-lipid and protein-protein interactions,
as well as the encapsulation of proteins for single biomolecule
detection. A biomimetic construct containing ECM-SLBs
was formed with polyethylene glycol (PEG), fibronectin,
and cholesterol-containing liposomes (Tseng and Chang,
2012). The SLBs were made of functional 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-cap-biotinyl (b-PE) and
zwitterionic POPC. The drug-encapsulated liposomes were
immobilized by the biotin-streptavidin interaction (Figure 4).
The liposome-SLB construct serves as a multifunctional platform
for drug release and cell attachment. The formation of the
fibronectin-liposome-SLB model platform was monitored
in situ with QCM-D. The excellent stability of the surface-
tethered liposomes on SLBs was accessed via an encapsulated
fluorescent probe. It shows that < 20% of the fluorescent
probe content was released in 8 days. HeLa cells were cultured
on the fibronectin-liposome-SLB platform to investigate the
cellular interactions. The fibronectin was found to be critical
to enhance HeLa cell adhesion on the platforms. Therefore,

FIGURE 4 | Fibronectin-liposome functionalized surfaces based on a

biotinylated lipid bilayer (FN-liposome-SLB). Construction of the model surface

involves five steps: (I) formation of SLB, (II) first layer of streptavidin binding, (III)

immobilization of b-PEG liposomes, which may contain dye-labeled lipids, or

encapsulate DOX/fluorescent dye, (IV) the second layer of streptavidin binding,

and (V) immobilization of biotinylated-fibronectin (bFN). Reprinted with

permission from Tseng and Chang (2012). Copyright 2012 American Chemical

Society.

upon cell adhesion, the liposomes were spatially reorganized
and engulfed by the cells. The surface density of doxorubicin-
loaded liposomes determines apoptosis of HeLa cell, confirming
effectiveness of drug delivery by the liposomes. Therefore,
the multifunctional model platform could be beneficial as
pre-administered, controlled-release system for cell- and
tissue-based assays.

In addition to the ECM proteins, GAGs exhibit multiple
functions in tissues including providing support, mediating
cell differentiation and division, and taking part in important
interactions with proteins. Understanding GAG-related
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interactions is inherently difficult and requires proper and
defined platforms. Svedhem et al. showed two immobilization
strategies to chemically couple the GAG chondroitin sulfate (CS)
to fluid SLBs: 1. by activating carboxyl groups on CS prior to
the addition of an amino-functionalized lipid, i.e., 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(lauroylamine) (DOPE-
NH2); 2. by activating carboxy-functionalized phospholipids,
such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(lauroyl) (DOPE-COOH), followed by the addition of
hydrazide-functionalized CS (Altgarde et al., 2013). The
formation of SLBs and subsequent conjugation was followed
in situ using QCM-D. The results show that the two strategies
yielded thin CS films with similar viscoelastic properties. The
fluidity of the lipid bilayer was not affected by the conjugation
of CS. Thus, the application of the developed CS platform on
SLBs was exemplified for the bone inducing growth factor bone
morphogenetic protein-2.

SUMMARY AND OUTLOOK

The establishment of the microenvironments for growth
and regulations of cells in vitro remains challenging. The
complexity of ECMs was absent in the regular cell culture
systems, which includes the fluidity, gradient, mechanical
property, nanostructures, and inter- and intra-molecular
interactions. The biomimetic SLB system conjugated with ECM
components shed some light on the actual cellular responses
in the microenvironment in vivo. The SLB provides unique
characteristics of fluidity, fouling resistance, versatility, and
biocompatibility. Up to now, we have not found any alternative
to be used for the same purpose. The physical properties of

SLB-ECM platforms can be clearly defined by applying advanced
instruments, such as QCM-D, AFM, and FRAP, to correlate
the cellular responses. Moreover, the dynamic behaviors of
the cells on the SLB-ECM platforms should be worthwhile to
follow because the ECM compositions and structures sustainably
change with the growth of cells. On the SLB-ECM platform,
researchers are allowed to observe the specific recognition
interactions between cells and their microenvironment for
direct translation of biological activities on the artificial
culture system. Beyond the fundamental studies, the SLB-ECM
platform is believed to be useful for various applications, such
as drug screening, rare cell capture, regeneration medicine,
and biosensing.
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