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ABSTRACT: This paper describes the functionalization of
solid supported phospholipid bilayer with decellularized
extracellular matrix (dECM) components, toward the develop-
ment of biomimetic platforms that more closely mimic the cell
surface environment. The dECM was obtained through a
combination of chemical and enzymatic treatments of mouse
adipose tissue that contains collagen, fibronectin, and
glycosaminoglycans (GAGs). Using amine coupling chemistry,
the dECM components were attached covalently to the surface
of a supported lipid bilayer containing phospholipids with
reactive carboxylic acid headgroups. The bilayer formation and the kinetics of subsequent dECM conjugation were monitored by
quartz crystal microbalance with dissipation (QCM-D). Fluorescence recovery after photobleaching (FRAP) confirmed the
fluidity of the membrane after functionalization with dECM. The resulting hybrid biomimetic interface supports the attachment
and survival of the human hepatocyte Huh 7.5 and maintains the representative hepatocellular function. Importantly, the
platform is suitable for monitoring the lateral organization and clustering of cell-binding ligands and growth factor receptors in
the presence of the rich biochemical profile of tissue-derived ECM components.

1. INTRODUCTION

In response to the high complexity of native biological
membranes and their microenvironments, various lipid-based
model systems have been developed. The physical and chemical
characteristics of these model systems are comparable to those
of natural membranes.1 The lipid-based platforms, such as
small2 and giant lipid vesicles,3,4 bilayer nanodiscs,5 and
supported lipid bilayers (SLBs),6−8 when functionalized with
biological ligands, allow the studying of membrane-associated
cellular processes in simplified and controlled conditions.
Among these lipid-based platforms, the SLB comprising a

single planar lipid bilayer associated with a solid substrate is
particularly effective owing to its excellent mechanical stability
while preserving the fundamental characteristics of natural
membranes such as two-dimensional fluidity and electrical
sealing properties.9 In addition, the chemical composition of
SLBs can be easily tuned to manipulate their biophysical
properties such as surface charge10 and lipid diffusivity,11 and
their membrane organization such as phase separation12 and
formation of lipid rafts.13

Importantly, SLBs can be functionalized with biological
receptors and signaling ligands by introducing synthetic
headgroup modified lipids into the bilayer for direct covalent
or noncovalent coupling of biomolecules.14 Functionalized
SLBs have been used to examine range of essential biological

processes that occur at the membrane interfaces including viral
fusion,15 ligand−receptor interactions,16 enzymatic activities,17

cellular signaling, and cell−cell recognition.18 Owing to their
inherent antifouling properties, SLBs are resistant to non-
specific adsorption of cells19 and proteins.20 This feature makes
them a suitable interface for detection of specific biomolecular
interactions. In particular, they are effective tools for studying
receptor dynamics during cell−cell interactions as well as
triggering various intercellular reactions when interfaced with
live cells.14,18,21 Moreover, a wide range of ultrasensitive
surface-based analytical techniques such as atomic force
microscopy (AFM),22 quartz crystal microbalance with
dissipation (QCM-D),23 total internal fluorescence (TIRF)
microscopy,24 and electrochemical measurements25 can be used
to characterize the SLBs in terms of their structure and the
biochemical interactions that occur at their interface.
While simplified models have been proven to be useful for

many biological applications, development of models with
greater compositional complexities would be the next step
toward platforms that more closely mimic the cell surface
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environment. In this regard, functionalization of SLBs with the
extracellular matrix (ECM) components holds great promise.
The ECM is a tissue-specific network of extracellular

bioactive molecules,26,27 that provides support and anchorage
for cells and plays a key role in numerous cellular processes
including cell growth and differentiation as well as intercellular
communications.28 The ECM is mainly composed of fibrous
proteins such as collagens,29 fibronectin,30 and laminin,31 as
well as proteoglycans with glycosaminoglycans (GAGs) side-
chains.32 These molecules provide biomimetic adhesion sites
for cell attachment, and their structural and biochemical
properties make them ideal for cell and tissue engineering
applications. Previously, ECM-derived molecules have been
used to coat implants, functionalize surfaces, direct cell growth
and differentiation, and engineer cell phenotype and behavior.33

Numerous protocols have been developed to obtain natural
ECM through decellularization of tissue via a series of physical,
chemical, and enzymatic treatments.34−36 Decellularized ECM
(dECM) has been shown to retain its natural 3D-ultrastructure
and support the attachment and survival of cells while
maintaining their phenotypic and functional characteristics.
Thus, these biomaterials have attracted much attention as
natural 3D-scaffolds for tissue engineering and regenerative
medicine applications.37−45

Previously, SLBs functionalized with individual ECM
components such as collagen,46 and fibronectin,47 or peptides
derived from these proteins (e.g., RGD, IKVAV),48−53 have
been reported. Herein, for the first time, we demonstrate
functionalization of SLBs with solubilized adipose tissue dECM
and characterize their formation with QCM-D and immuno-
fluorescence microscopy. We demonstrate that dECM
functionalized bilayers sustain cell growth and maintain cell
function.

2. MATERIALS AND METHODS
All chemicals used were purchased from Sigma unless otherwise stated.
2.1. Decellularization of White Adipose Tissue. The white

adipose tissue samples were extracted from cadavers of mouse
(C57BL/6) and were decellularized with an in-house method using
chloroform/methanol treatment. Briefly, the dissected tissue was cut
into small pieces and washed several times with 1× PBS to remove all
the blood and hair. During the first 3 days, the samples were treated
with chloroform/methanol mixture at room temperature using
different volumetric ratios: 2/1 (day 1), 1/1 (day 2) and 1/2 (day
3). Subsequently, the tissue samples were washed with 1× PBS several
times and treated with trypsin (0.25%) for 24 h on a shaker at 37 °C.
Finally, the samples were washed with PBS and then treated with
isopropanol for 48 h on a shaker at room temperature. The samples
were stored in 1× PBS and supplemented with 1% antibiotic-
antimitotic (Gibco) at 4 °C until further use.
2.2. Solubilization of Decellularized Adipose Tissue. Lyophi-

lized dECM was crushed into powder form using a mortar and pestle.
The powder (10 mg) was dissolved in 0.1 M HCl (1 mL) and mixed
with 1 mg of pepsin (Sigma, Aldrich) as previously reported54−57 for
48 h on a stirrer at 4 °C. After that, the solubilized sample was
centrifuged and the supernatant was neutralized using 1 M NaOH
solution. This dECM solution was then filtered through 0.2 μm
syringe filter and used for integration into the lipid bilayer.
2.3. Adipose-Drived ECM Characterization. 2.3.1. DNA Con-

tent. The amount of DNA before and after decellularization was
quantified using a Quant-iT PicoGreen dsDNA Assay Kit (Life
Technologies) as per previously published protocols.58 Briefly,
lyophilized adipose tissues were treated with 1 mL 1× TE buffer
(from the kit) and 0.1% Triton X-100. The samples were freeze−
thawed three times (−80 to 37 °C). 100 μL of the aqueous working
solution of the Quant-iT PicoGreen reagent was mixed with 100 μL of

the sample and was incubated for 5 min at room temperature. The
fluorescence of the sample was measured at 480 and 520 nm using a
plate reader (TECAN, Switzerland) and the DNA concentration was
obtained from the standard curve.

2.3.2. Morphology. Scanning Electron Microscopy (SEM) was
utilized to study the morphology of adipose tissue sample before and
after decellularization. Samples were prepared for SEM by fixing with
2.5% glutaraldehyde overnight at 4 °C. Fixed samples were
subsequently dehydrated using ethanol series (20%, 40%, 50%, 70%,
90%, and 100%) for 5 min per grade. Further, the samples were
immersed in 100% ethanol and then Hexamethyldisilazane for 1 h
each. The samples were loaded on a sample holder covered with
carbon and copper tape, followed by coating with gold using a sputter
coater (JEOL JFC-1600, Japan). The SEM (JSM-7600F-JEOL, Japan)
was used to image the sample with an acceleration voltage of 5 kV at
various magnifications.

2.3.3. Total Protein Content. The total protein content of the tissue
samples before and after decellularization was determined by the
bicinchoninic acid (BCA) assay using the Pierce BCA protein assay kit
(Thermo Scientific) according to the manufacturer’s manual. Briefly,
lyophilized tissue was immersed in radioimmunoprecipitation (RIPA)
buffer supplemented with protease and phosphatase inhibitor at 4 °C
for 30 min. The samples then were homogenized using a probe-
sonicator (Qsonica). After homogenization, the samples were
centrifuged at 10 000g for 20 min at 4 °C and the supernatant was
transferred to a new Eppendorf for measuring the protein content.
Volumes of 25 μL of the protein samples were added in a 96-well
microplate and mixed with 200 μL of BCA working reagent. The plate
was shaken for 30 s and subsequently incubated at 37 °C for 30 min.
After cooling the plate, the light absorbance of the samples was
measured at 562 nm using a plate reader (TECAN, Switzerland) and
the protein concentration was calculated against the standard curve.
The amount of proteins was normalized to dry-weight tissue mass.

2.3.4. Collagen Content. The collagen content of intact and
decellularized samples was quantified by measuring the hydroxylpro-
line content of the samples, using hydroxylproline assay, according to
the manufacturer’s manual. The hydroxylproline contents of the
samples were converted to the amount of collagen. Briefly, the samples
were hydrolyzed in 12 M HCl at 120 °C for 3 h. The samples were
dried under vacuum and mixed with equal volume of chloramine T/
Oxidation buffer and incubated for 5 min. Finally, dimethylamino-
benzaldehyde (p-DMBA) colorimetric solution was added to each
sample and incubated for 90 min at 60 °C. The absorbance of the
colorimetric product was measured at 560 nm using a microplate
reader (TECAN, Switzerland). The concentration of hydroxyproline
was calculated based on the standard curve and converted to collagen
content based on the assumption that hydroxyproline constitutes
13.5% of collagen dry mass.59

2.3.5. GAG Content. The Blyscan GAG assay (Biocolor, UK) was
used to measure the amount of total sulfated glycosaminoglycans
(sGAG) in adipose tissue sample before and after decellularization
according to the manufacturer’s manual. Briefly, the lyophilized tissue
sample was incubated with 1 mL papain extraction reagent at 65 °C
overnight. The sample was centrifuged at 10 000g for 10 min and the
supernatant was separated. A volume of 100 μL of the sample was
mixed with 1 mL of Blyscan dye reagent and mixed thoroughly on a
plate shaker for 30 min at room temperature and subsequently was
centrifuged at 10 000g for 10 min. The colored pellet was separated
from the supernatant and was dried completely. The pellet was
dissociated using 0.5 mL of dissociation reagent and was vortexed. The
solution was centrifuged at 10 000g for 5 min. 200 μL of the solution
was transferred inside a 96-well microplate and light absorbance was
measured at 656 nm using a plate reader (TECAN, Switzerland). The
amount of GAG was calculated based on the standard curve.

2.4. Lipid Bilayer Formation. The supported lipid bilayer was
prepared using solvent-assisted lipid bilayer (SALB) formation
method.60 Zwitterionic lipid, 1,2-dioleoyl-sn-glycero-3-phosphatidyl-
choline (DOPC), and a headgroup modified lipid, 2-dipalmitoyl-sn-
glycero-3 phosphoethanolamine-N-(glutaryl) (DP-NGPE), were
obtained in powder from Avanti Polar Lipids. Immediately before
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the experiment, 10 mg DOPC and 5 mg DP-NGE were dissolved in 1
mL isopropanol and ethanol, respectively. To aid dissolution of DP-
NGPE in ethanol, the solution was heated up to 60 °C for 30 s and
vortexed gently. This process was repeated several times until a
transparent solution was obtained. The stock solutions were diluted
using isopropanol to prepare 0.5 mg/mL lipid mixture containing 80%
DOPC and 20% DP-NGPE. 200 μL of the lipid mixture was injected
into a microfluidic channel (sticky-slide I 0.4 Luer-ibidi) which has a
clean hydrophilic glass (glass coverslip, ibidi) (25 mm × 75 mm × 170
μm) at the bottom. The lipid solution was incubated in the channel for
10 min and was gradually replaced by Tris buffer (10 mM Tris, 100
mM NaCl, pH 7.5). After complete replacement of the lipid solution
with buffer, an SLB was formed on the glass surface.
2.5. Activation of DP-NGPE Lipids and SLB Functionalization

with dECM. The carboxylic acid group of functionalized lipid
incorporated in SLBs was activated using N-hydroxysulfosuccinimide
sodium (sNHS) (Alfa Aesar) and 1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride (EDC) (Alfa Aesar) for amine
coupling. A mixture of 60 mg of EDC/NHS in 3 mL HEPES buffer
(10 mM HEPES, 100 mM NaCl, pH 5.5) was freshly prepared and
introduced into the sample and incubated for 1 h at room temperature
followed by injection of HEPES buffer. Solubilized dECM solution was
prepared in pH 7.5 PBS (10 mM Phosphate buffer, 2.7 mM KCL, and
150 mM NaCl) at a concentration of 1 mg/mL. dECM solution was
introduced to the activated SLB and incubated for about 2 h to form
dECM functionalized SLB. Finally the substrate was washed with PBS
to remove unbounded dECM.
2.6. Quartz Crystal Microbalance with Dissipation Monitor-

ing. Quartz crystal microbalance with dissipation (QCM-D)
technique was used as a surface sensitive technique to measure and
monitor the change of resonance frequency (ΔF) and energy
dissipation (ΔD) caused by the adsorption of lipid and proteins on
silicon oxide-coated quartz crystals. Before the experiment, the quartz
crystals were immersed in 1% sodium dodecyl sulfate (SDS) (Sigma)
for 2 h and subsequently washed with Milli-Q water (Millipore). After
drying the crystals with nitrogen gas, they were placed in an oxygen
plasma (March Plasmod Plasma Etcher, March Instruments, Concord,
CA) at 180 W for 1 min. This step was done to clean the surface of the
crystal from residual organic molecules and also to make the surface
hydrophilic. All measurements were done using a Q-Sense E4
instrument (Q-sense AB, Gothenburg, Sweden) under continuous
flow condition with a flow rate of 50 μL/min. The flow condition was
conducted and controlled using a peristaltic pump (Ismatec Reglo
Digital). QCM-D measurements were taken at the 3, 5, 7, and 11
overtones, and the presented data was measured and normalized at the
third overtone [15 MHz (ΔFn = 3/3)].
2.7. Fluorescence Recovery after Photobleaching (FRAP).

Estimation of the diffusion coefficient of the lipid molecules in the
presence and absence of proteins and cells was carried out by the
flourescence recovery after photobleaching (FRAP), as per previously
established.61 Briefly, 0.5 wt % of 1, 2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamineB sulfonyl) (ammo-
nium salt) (Rh-PE) (Avanti Polar Lipid) was added to the lipid
mixture of 80% DOPC and 20% DP-NGPE. After formation of the
bilayer on the glass surface, a 532 nm, 100 mW laser beam (Klastech
Laser Technologies, Germany) was used to bleach a defined area of
the SLB for 5 s that resulted in the formation of a ∼20 μm bleached
spot. The flourescence recovery was monitored and measured using an
epifluorescence Eclipse TE 2000 microscope (Nikon, Japan)
combined with an Andor iXon+ EMCCD camera (Andor Technology,
Northern Ireland). All images were collected at a rate of 1 image per
two-second intervals. Images were analyzed using ImageJ software and
diffusion coefficients were calculated using the Hankel transform
method.

2.8. Cell Culture and Cell Seeding on SLB Platform. Human
hepatocarcinoma cells (Huh 7.5), purchased from Apath were cultured
in a humidified atmosphere with 5% CO2 at 37 °C and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supple-
mented with 10% fetal bovine serum (FBS) (Gibco), 100 U/mL
penicillin, and 100 μg/mL streptomycin (Gibco). The media was
changed every 3 days. Cells were detached using 0.25% trypsin
(Gibco) and suspended in media. The total cell number was counted
by a hemocytometer. Here, 20 000 cells were seeded onto each of the
supported bilayers and cultured for 3 days, with media changes every
24 h.

2.9. Cell Surface Area. The cell surface area of Huh 7.5 cells was
quantified after 24 h. An inverted optical microscope (Nikon, Japan)
with a 10× objective was utilized to capture the Huh 7.5 images on the
bare and dECM-functionalized SLBs. All images were analyzed, and
the average cell area was measured using ImageJ software.

2.10. Cell Viability. Viability of Huh 7.5 cells was examined
qualitatively using LIVE/DEAD assay (Life Technologies) as per
previously established protocols.62 Briefly, cells cultured on dECM-
functionalized SLBs were washed with PBS and treated with 2 μM
clacein AM and 4 μM EthD-1 in DMEM media at 24 and 72 h time
points. Cells were incubated with the assay solution for 20 min at 37
°C and subsequently washed with 1× PBS before visualization under
an epifluorescence Eclipse TE 2000 microscope (Nikon, Japan)
combined with an Andor iXon+ EMCCD camera (Andor Technology,
Northern Ireland). The live cells were stained with calcein and emitted
a strong green fluorescence that was visualized by a 494−517 nm
emission filter. In contrast, the dead cells were stained with EthD-1
and emitted a red fluorescent that was imaged using a 517−617 nm
emission filter.

2.11. Cell Proliferation. Cell numbers were measured for Huh 7.5
cells cultured on ECM-functionalized SLB at day 1 and day 3 using cell
counting kit-8 (CCK-8) (Dojindo Molecular Technologies, Japan)
using previously established protocols.63 In brief, the cells were
incubated with the CCK-8 solution for 1 h at 37 °C. The absorbance
was measured at 450 nm and converted to cell number according to a
CCK-8 standard curve for Huh 7.5. The experiment was performed in

Figure 1. Schematic illustration of various steps involved in the preparation of supported bilayer functionalized with adipose tissue dECM
components for cell study applications. Adipose tissue was decellularized using a combination of chemical and enzymatic treatment. The
decellularized ECM was then solubilized in acidic condition and was covalently attached via amine coupling to the surface of a supported bilayer
containing lipids with headgroups bearing free carboxylic acid. Subsequently, cells were seeded and their attachment, spreading, growth, and function
were studied.
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triplicates and the cell proliferation was determined by normalizing the
cell number at day 3 to the cell number at day 1.
2.12. Albumin Production. The amount of human albumin

secreted into the cell culture media by the Huh 7.5 cells cultured on
SLB platforms was determined using an enzyme-linked immunosorb-
ent assay (ELISA) kit (Abcam), 24 h after seeding. The amount of
albumin produced was normalized to the number of viable cells on the
platforms at respective time points.
2.13. Visualization of ECM Proteins. In order to visualize the

presence of collagen type I and fibronectin in the SLBs functionalized
with dECM (dECM-SLB), the samples were stained with mouse
monoclonal anticollagen type I (Abcam) and mouse monoclonal IgG1
antifibronectin (Santa Cruz), for ∼1 h at room temperature. The
samples were washed with PBS properly and subsequently the
secondary antibodies Alexa Fluor 488 Goat Antimouse IgG (H+L)
(green-fluorescent dye, LifeTechnology) and Alexa Fluor 555 Rabbit
Anti-Mouse IgG (H+L) (red-fluorescent dye, LifeTechnology) were
added to them to fluorescently stain the collagen type I and fibronectin
antibodies, respectively. Fluorescence images were captured with an
inverted epifluorescence Eclipse TE 2000 microscope (Nikon, Japan)
equipped with a 60× oil immersion objectives (NA 1.49) in
combination with an Andor iXon+ EMCCD camera (Andor
Technology, Northern Ireland).
2.14. Statistical Analysis. All experiments were carried out in

triplicates unless otherwise stated. The one-way analysis of variance
(ANOVA) was used to determine whether there are any statistically
significant differences between the means of independent groups. The
one-way ANOVA was performed using PRISM software. All data are
represented as means ± SD, **p < 0.01; ****p < 0.0001.

3. RESULTS AND DISCUSSION
Multiple steps involved in the preparation of the dECM based
supported lipid bilayer platform as a cell surface mimetic are
summarized in Figure 1. The first step is to decellularize the
collagen-rich ECM of adipose tissue.64 Adipose tissue has been
extensively used as a bioactive coating material for cell
studies.65−67 The ECM components of adipose tissue has
been comprehensively reviewed;68 notably, adipose tissue is
enriched in collagen proteins. An effective decellularization
process allows us to achieve the maximum removal of cellular

components with minimum ECM loss and damage. We used a
combination of organic solvent extraction and enzymatic
digestion processes. Briefly the whole-tissue biopsy from
mouse adipose tissue was subjected to a sequential treatment
with organic solvent for fat removal and trypsin to assist cell
detachment (refer to Materials and Methods for detailed
protocol).
Next, we examined the effectiveness of the decellularization

process by visualizing the ultrastructure of the matrix and
determining its chemical composition. The matrix visualization
was done by scanning electron microscopy (SEM). Figure 2a
and b shows the micrographs of adipose tissue before and after
the decellularization process, respectively. Figure 2b shows that
no cell or cell fragments were present after decellularization,
indicating efficient cell removal. In addition, the discrete
organized microfiber structure of the collagen matrix (Figure
2c), indicates that the overall ultrastructure of the dECM was
preserved. The efficiency of the cell removal from the adipose
tissue was also evaluated via quantification of the residual DNA.
Only 7.7 ± 2.2 ng of DNA was retained in each milligram of
dry tissue (Figure 2d) corresponding to about 98% reduction in
the DNA level of the sample. Additionally, the dECM
components; collagen and GAGs was quantified (Figure 2e
and f) as the amount per content of total protein in each
sample. The normalized collagen content for dECM was higher
than that of the native tissue (Figure 2e), indicating that
collagen was enriched during the decellularization process. This
phenomenon is expected as the removal of cellular and lipid
material results in the concentration of the collagenous ECM
after decellularization (Figure 2c). The normalized value for
GAGs was almost unaltered indicating that they were preserved
during the decellularization process.
After decellularization, the remaining ECM matrix was

solubilized completely by acid treatment.69 The solubilized
dECM then were used for functionalization of the SLB. The
dECM proteins were attached to the SLB via covalent bonding
between free amine present in the protein components of the

Figure 2. Characterization of decellularized mouse-derived adipose tissue. (a) Representative SEM image of native adipose tissue. (b) Low
magnification SEM image of decellularized adipose tissue indicates a three-dimensional scaffold composed of fibrous ECM material that is devoid of
cells and lipids. (c) High magnification SEM image of decellularized tissue demonstrates a three-dimensional architecture of the collagen fibers.
Biochemical evaluation of the content of (d) DNA, (e) collagen, and (f) GAGs present in the native and decellularized adipose tissue (n = 3, mean ±
SD; **P < 0.01 and ****P < 0.0001).
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dECM matrix and free carboxylic acid present in the headgroup
of a functional lipid (DP-NGPE) incorporated in the bilayer. A
similar approach was previously used to functionalize the SLB
with purified collagen and fibronectin.46,47 Application of lipids
with reactive headgroups such as amine, carboxylic acid, thiol,
or maleimide are an efficient approach for ligation of lipid
bilayers and have been used successfully for surface
functionalization of supported bilayers and lipidic nanoparticles
such as liposomes.70

We used the solvent assisted lipid bilayer (SALB) formation
method to fabricate lipid bilayer.60 The method involves the
adsorption of lipid molecules onto a solid surface in the
presence of alcohol (e.g., isopropanol) followed by gradual
replacement of the lipid−alcohol mixture with an aqueous
buffer solution which leads to lipid phase transition in bulk and
finally formation of lipid bilayer membrane on solid support
surface.71 The SALB method enables fabrication of SLBs on
various hydrophilic solid surfaces, including those which are not
suitable for vesicle fusion method.72 In addition, the method
allows the formation of SLBs with lipid compositions which
cannot be formed using the vesicle fusion method (e.g.,
containing a high fraction of cholesterol).11

QCM-D was used to monitor SLB formation and the kinetics
of adsorption of solubilized adipose dECM to the bilayer.
QCM-D is a real-time surface sensitive technique commonly
used to monitor the kinetics of thin film formation and
characterization of its thickness and viscoelastic properties. The
method measures changes in the resonance frequency (ΔF)
and energy dissipation (ΔD) of an oscillating piezoelectric
quartz crystal coated with desired material. The ΔF and ΔD are
related to the mass and the viscoelastic properties (rigidity and

softness) of the add layer, respectively. It is widely used in soft
matter research and interfacial science applications,73,74

particularly for studying lipid bilayer formation and its in situ
modification.75 The method has also been used for studying cell
attachment and spreading on solid supports.76,77 Figure 3a,
shows the QCM-D frequency and energy dissipation responses
corresponding to different steps involved in the formation of a
DOPC bilayer containing 20% functional lipid (DP-NGPE) via
the SALB method (arrows (i)−(iii)), activation of the free
carboxylic acid via incubation EDC/NHS (arrow (iv)), and the
subsequent addition of protein to the bilayer surface (arrow
(v)). After complete solvent exchange (arrow (iii)), ΔF and
ΔD shifts of −25 ± 2 Hz and 0.5 ± 0.3 × 10−6, respectively,
were obtained, which correspond to the formation of a planar
bilayer.75 The close to zero energy dissipation indicates very
low friction loss because water molecules rest on the bilayer
surface.
Figure 3b shows an enlarged view of the QCM-D curve

corresponding to the protein adsorption step (arrow (v) in
Figure 3a). The addition of dECM to the bilayer led to a
negative frequency shift of ∼−60 Hz. The negative frequency
shift indicates an increase in the mass of the adlayer due to the
protein adsorption. As a control, the adipose dECM was added
to a bilayer containing no functional lipid (marked with blue
triangles), showing almost no change in the frequency shift
indicating no adsorption. Thus, adsorption of proteins to the
bilayer containing functional lipids was due to the formation of
covalent bond between proteins and the lipids with reactive
headgroups. The relatively high energy dissipation of the
protein adlayer is related to the frictional losses due to
conformation changes in the protein structure.20 These changes

Figure 3. Modification of SLBs using adipose dECM. (a) The QCM-D signal exhibited different steps of bilayer fabrication and functionalization.
Frequency shift (ΔF, blue) and energy dissipation shift (ΔD, red) for the third overtone (n = 3) were measured as a function of time during the
formation of 20% DP-NGPE SLB on SiO2 using the SALB method. After establishing the baseline in a buffer solution, pure isopropanol was injected
(arrow (i)). Since, the viscosity and density of isopropanol differ from those of buffer, dramatic changes in the frequency and dissipation were
observed after injection. Then, 0.5 mg/mL lipid solution [DOPC:DP-NGPE (4:1)] (arrow (ii)) was introduced which caused a small change in
resonance frequency and no change in the energy dissipation. Subsequently, the buffer was injected (arrow (iii)) leading to a final ΔF and ΔD of ∼−
25 ± 2 Hz and 0.5 ± 0.3 × 10−6, respectively, which corresponds to a planar bilayer. In order to functionalize SLBs with ECM proteins, EDC/NHS
was introduced into the chamber (arrow (iv)) to activate free carboxylic acid of DP-NGPE. In the last step, the dECM was injected (arrow (v)). The
significant change in ΔF and ΔD indicates the adsorption of dECM to the SLB. (b) QCM-D characterization of the dECM binding to bilayers
containing no (triangles) or 20% DP-NGPE (rectangles). Fluorescence immunostaining micrographs of stained (c) collagen type I and (d)
fibronectin present in dECM functionalized bilayer. The proteins were stained using fluorescently labeled anticollagen type I and antifibronectin
antibodies. (e) False-color images of fluorescence recovery after photobleaching analysis of dECM functionalized bilayer. A ∼20 μm wide circular
spot was photobleached, followed by a time-lapse recording. Fluorescence was recovered nearly completely after 60 s suggesting bilayer retains its
mobility.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b03265
Langmuir 2018, 34, 3507−3516

3511

http://dx.doi.org/10.1021/acs.langmuir.7b03265


are reversible and are caused by the periodic shear motion of
the QCM crystal surface.78 Since protein layers are not
perfectly rigid, the relationship between frequency shift and
adsorbed mass may not obey the Sauerbrey equation.79 Thus,
we used the QCM-D experimental data collected at the third,
fifth, seventh, and ninth overtones and analyzed them by using
the Voigt−Voinova model,80 as previously reported.81 Using
this approach, a surface mass density of 2120 ± 40 (ng/cm2)
for dECM was obtained. It should be noted that the calculated
mass density corresponds to both attached proteins and the
associated water mplecules couples to the protein layer.
This observation indicates that the protein layer on

supported bilayer is soft and relatively high amount of water
molecules are coupled to its structure. The softness and
structural flexibility of protein layer are expected as they
attached to the underlying bilayer surface through a limited
number of anchoring points. The anchoring points are limited
free amine-bearing lysine residues which are dispersed along the
protein structure. Thus, while the attachment of proteins to the
underlying bilayer is firm, the protein molecules retain their
flexibility. It is noteworthy that the DOPC bilayer is
zwitterionic and has an antifouling property and thus is
resistant to nonspecific protein adsorption.20

Additional confirmation of the attachment of dECM
components to the bilayer was achieved by immunofluor-
escence microscopy. Figure 3c and d presents background-
corrected fluorescence microscopy images for an ECM-coated
bilayer incubated with fluorescently labeled anticollagen type I
and antifibronectin antibody, respectively. The results show
that both collagen type I and fibronectin are present in the
decellularized ECM matrix. In addition to the uniformly
distributed fluorescent signal, there are randomly distributed
brighter spots indicative of the presence of antibody clusters.
The presence of antibody clusters suggests the presence of
protein aggregates on the SLB surface. The protein aggregates
might be due to the presence of nonsolubilized proteins or
defects in the underlying bilayer.
The membrane fluidity is a crucial property of biological

membranes. Importantly, despite the strong association of the
supported bilayer with the solid surface, individual lipid
molecules are highly mobile in the plane of the membrane.82

To check if the underlying lipid bilayer after functionalization
with adipose-dECM retained its fluidity, FRAP experiment was
carried out. Representative fluorescence micrographs, (Figure
3e), confirm the retention of the long-range lateral fluidity of
lipids with a lipid diffusivity of 2.0 ± 0.1 μm2/s after
functionalization with adipose-dECM proteins.
Next, we studied the attachment and growth behavior of Huh

7.5 cells on the dECM functionalized bilayer platform. Huh 7.5
cells are a subclone of Huh 7 cells derived from hepatocyte cells
in the liver tissue which shows liver specific functions such as
albumin production.83

Cell adhesion to the ECM is mediated mainly by integrins
present at the cell surface. Different ECM component such as
collagen and fibronectin possess specific integrin binding
domains which facilitate cell attachment and subsequent
intracellular signaling responsible for cell survival,84 prolifer-
ation,85 differentiation,86 and migration.87

Figure 4a represents typical bright field image of Huh 7.5
cells seeded on bare SLB, dECM functionalized bilayer
(dECM-SLB) and dECM-coated glass substrates (dECM-
Glass) after 24 h. On bare supported bilayer with no dECM,
only a limited number of cells attached and remained rounded

and did not appreciably spread over 24 h. This is expected and
consistent with previous reports showing that the antifouling
properties of the zwitterionic bilayer prevent the adsorption of
proteins,20 as well as cells.19 In contrast, cells attached and
spread well on dECM-SLB, indicating that the functionalization
of the bilayer with dECM resulted in the specific adhesion of
the cells presumably due to the interaction between cells and
ECM molecules. On the glass, cells attached and spread on
ECM-coated surface.
Quantification of images (Figure 4b and c), shows that the

number of cells attached to the dECM-SLB (131 ± 27 cells/
mm2) as well as their projected area (1120 ± 521 μm2/cell)
was more than twice of that of bare SLB. For cells plated on
dECM-Glass, the cell number was not significantly different
from that of dECM-SLB. However, consistent with our
previous observations,88 the projected area of cells adhered to
glass substrate (1501 ± 602 μm2/cell) was slightly higher than
that of its SLB counterpart (dECM-SLB). This is because
dECM molecules on SLBs which are covalently linked to the
lipid molecules in the fluid lipid bilayer, are less resistant to
displacement when experience force from the cell.88

We have previously reported functionalization of SLBs and
glass substrates with individual ECM proteins (e.g., colla-

Figure 4. Huh 7.5 Cells behavior on bare and dECM-functionalized
SLBs. (a) Bright field images of Huh 7.5 growth on bare SLB, dECM-
functionalized SLB (dECM-SLB) and dECM-coated glass substrates
(dECM-Glass) after 24 h, respectively. The morphology of Huh 7.5
cells cultured on bare SLB is rounded, while those cultured on dECM-
functionalized SLBs and dECM-coated glass substrate show increase in
spread area. (b) Quantification of cell number plated on bare SLB,
dECM-SLB, and dECM-Glass. dECM-SLB promotes higher cell
attachment (∼2 times) compared to bare SLB after 24 h. (c)
Measurement of Huh 7.5 cell spreading size on bare SLB, dECM-SLB,
and dECM-Glass after 24 h. The average area of a cell was measured
based on the average value of at least 200 cells. The images were taken
by an using optical microscope and analyzing with ImageJ. The
observation field was 0.5 mm2. (d) False-color images of fluorescence
recovery after photobleaching analysis of ECM-functionalized SLBs
after cell adhesion. A 20 μm wide circular spot was photobleached
under the cell, followed by a time-lapse recording. Fluorescence was
recovered nearly completely after 80 s, suggesting the bilayer retains its
mobility under ECM material and cells. The cell culture studies as well
as FRAP experiments were done inside microfluidic channels (n = 3,
mean ± SD; ****P < 0.0001).
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gen).88,89 Noticeably, the cell number and the projected area of
the cells on dECM-SLB were similar to that of SLB
functionalized with collagen fibers (see Supporting Information
Figure S1). Consistent with our previous observations, in all
studies the cell surface area was higher on glass substrates in
comparison to their SLB counterparts.88,89 Taken together, the
dECM components support the growth and adhesion of Huh
7.5 cells on the lipid bilayer platform.
We further checked if the bilayer retained its mobility after

the cell seeding, by performing FRAP on membrane area
underneath the cell. Figure 4d shows that the bilayer retained
its mobility underneath the cell. However, the lipid diffusivity of
the bilayer underneath the cell (1.4 ± 0.05 μm2/s) was lower
than that of areas with no cells (2 ± 0.1 μm2/s). Such decrease
in the lipid diffusivity is expected as the adsorption of
macromolecules to lipids hinders the lateral mobility of the
interacting lipids in the underlying bilayer.90,91

To further investigate the biological activity of dECM on
SLB, we examined the viability, proliferation, and function of
the cells plated on this platform. The cell viability was
quantified using live/dead assay combined with fluorescence
microscopy. Over 90% of Huh 7.5 cells were viable within 3
days, as shown in Figure 5a. The cell proliferation measured

using CCK-8 assay showed that the number of cells after 72 h
was about 1.5 times the number of the cells after 24 h (Figure
5b). We further compared the cell proliferation on dECM-SLB
and bare glass as well as glass substrate coated with dECM
(dECM-Glass). Overall, there was no significant difference
between Huh 7.5 proliferation on these platforms (see
Supporting Information Figure S2).
The interactions between cells and ECM components

control many cellular activities including tissue-specific
expressions.92 Albumin production by hepatocyte is one such
cellular function which is affected by cell−ECM interaction.93

To check the activity of Huh 7.5 cells, we measured the amount
of albumin secreted by cells grown on dECM coated bilayer.
The average amount of albumin produced by the cells after 24
h was 3.1 ± 0.2 μg per 106 cells, which is in the range of our
results obtained in culture dishes (Figure 5b).

4. CONCLUSION
In summary, a cell-surface mimetic substrate consisting of a
solid-supported lipid bilayer functionalized with decellularized
adipose tissue ECM components was fabricated. We demon-
strated that our previously developed protocol for functional-
ization of SLBs with pure synthetic ECM molecules (Col I and
FN)88,89 works equally as well with natural dECM.
The adipose tissue was successfully decellularized using a

combination of chemical and enzymatic processes. The
remaining ECM components were attached to the surface of
a supported lipid bilayer via covalent bonding using amine
coupling methodology. The attachment process and the final
surfaces, were characterized by QCM-D and immunofluor-
escence microscopy. The ECM components attached to the
bilayer retained their biochemical functionality and promoted
cell adhesion and proliferation to the otherwise nonfouling cell
resistant phospholipid bilayer. The cell binding activity is
known to be mainly mediated via RGD which is the principal
integrin-binding domain present within ECM proteins such as
fibronection and collagen type I. Therefore, our results suggest
that at least RGD ligands were preserved after resolubilized in
acidic conditions. FRAP analysis revealed that the underlying
bilayer retained its fluidity after ECM conjugation as well as cell
anchorage and spreading.
SLBs functionalized with proteins have been shown to be an

enabling platform for studying cell−cell interactions, thanks to
the fluidity of the underlying supported bilayers. For instance,
the membrane fluidity has been exploited to examine the spatial
reorganization of immune recognition receptors and cluster
formation that occur during the immune signaling pro-
cesses.18,21 In this context, the fact that lipids in the system
developed in this work are laterally mobile, enables studying
such process in a platform that more closely mimics the in vivo
extracellular environment.
In comparison to standard plastic and glass culture plates that

only support physical attachment of adhering cells, ECM-
functionalized surfaces not only provide mechanical support
but can also transmit biological signals to cells through
biological recognition between protein and proteoglycan
receptors on cell surfaces with ECM molecules. For instance,
the ECM is an important component of the stem cell niche that
regulates cell differentiation and function. Therefore, while
basic performance features such as cell attachment and
proliferation were comparable on dECM-SLB platforms to
that of other examined platforms, we envisage that the dECM-
SLB platform will outperform bioinert platforms in more
biologically demanding cases where ECM-mediated responses
are essential.
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muir.7b03265.

Quantification of cell number and spreading size of Huh
7.5 cells plated on bare SLB, dECM-SLB, SLB

Figure 5. Evaluation of Huh 7.5 cells growth and functions on ECM-
functionalized SLB. (a) Fluorescence image of calcein AM-stained
Huh 7.5 cells with live cells fluorescing green and dead cells fluorescing
red after 24 and 72 h plated on ECM-functionalized SLB. The viability
of the cells was over than 90% within 3 days. (b) Quantification of cell
viability, cell proliferation and albumin production of Huh 7.5 on
ECM-functionalized SLB. Cell viability was analyzed using ImageJ.
Cell proliferation amount was calculated by normalization of cell
number at day 3 to the cell number at day one. The amount of
albumin was obtained by normalization of albumin secretion at day 1
to 106 cells.
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functionalized with Col I-SLB, bare glass, dECM-glass,
and glass coated with Col I; quantification of Huh 7.5
proliferation on dECM-SLB, dECM-glass, and bare glass
substrates (PDF)
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