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The supported phospholipid bilayer serves as an important biomimetic model for the cell membrane in both basic
and applied scientific research. We have constructed a biomimetic platform based on a supported phospholipid
bilayer that is functionalized with type I collagen to serve as a substrate for cell culture. To create the type I
collagen-functionalized lipid bilayer assembly, a simple chemical approach was employed: lipid vesicles composed
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethano-
lamine-N-(glutaryl) (DP-NGPE), a carboxylic acid-functionalized phospholipid, were prepared and then fused
onto an SiO2 substrate to form a supported lipid bilayer. Subsequently, type I collagen molecules were introduced
to form stable collagen-lipid conjugates via amide linkages with activated DP-NGPE lipids. The binding kinetics
of the conjugation process and the resultant changes in film thickness and viscoelasticity were followed using the
quartz crystal microbalance with dissipation (QCM-D) monitoring. The morphology of the conjugated collagen
adlayer was investigated with atomic force microscopy (AFM). We observed that the adsorbed collagen molecules
tended to self-assemble into fibrillar structures. Fluorescence recovery after photobleaching (FRAP) was utilized
to estimate lateral lipid mobility, which was reduced by up to 20% after the coupling of type I collagen to the
underlying lipid bilayer. As a cell culture platform, the collagen-conjugated supported lipid bilayer showed promising
results. Smooth muscle cells (A10) retained normal growth behavior on the collagen-functionalized platform,
unlike the bare POPC lipid bilayer and the POPC/DG-NGPE bilayer without collagen. The biomimetic
functionalized lipid system presented here is a simple, yet effective approach for constructing a cell culture platform
to explore the interactions between extracellular matrix components and cells.

Introduction

The cell membrane is a highly organized structure that
mediates cellular activities in response to specific and nonspe-
cific extracellular signals and that maintains the critical con-
centration gradients between the cytosol and extracellular
spaces.1–3 These extracellular signals, transmitted by membrane
receptors and integrated by intracellular pathways, regulate gene
expression and control the behavior of individual cells.1–3 Cell
biology and tissue engineering research has been rapidly
advanced by greater understanding of cell and extracellular
matrix (ECM) interfaces,4–6 which have led to the design of
new biomimetic platforms.7–9

Type I collagen is the most abundant ECM protein, consisting
of triple helical collagen molecules.10 The fibrillogenesis of type
I collagen occurs via self-assembly that is guided by interactions
between collagen molecules, followed by organization of the
fibrils into fibers capable of supporting different types of tensile
stresses.11,12 Amino acid domains of type I collagen selectively
regulate the binding of cell membrane receptors and promote
cell adhesion, proliferation, and differentiation. These charac-

teristics have been utilized to manipulate cell culture micro-
environments4,13,14 and to study the molecular dynamics and
binding mechanisms of particular integrin receptors.15

An examination of the dynamics and structure of ECM
proteins in artificial cell membranes would extend our knowl-
edge of the recognition mechanisms between matrix proteins
and their specific membrane receptors and would further our
understanding of the interfaces between lipid molecules and
complex biomacromolecules. A supported lipid bilayer func-
tionalized with biospecific ligands is valuable for studying
cell-macromolecule interactions and cell-cell interactions.16–20

Besides its biological implications, such a functionalized lipid
bilayer may also serve as a sensing platform, since it effectively
reduces nonspecific binding. Earlier efforts defined peptide-lipid
interfacesassimplifiedversionsofcomplexbiologicalsystems.21–24

For example, chemical modification of a small fraction of
amphiphiles with the tripeptide Arg-Gly-Asp (RGD) in
Langmuir-Blodgett supported films permitted the manipulation
of the cell adhesion pattern.25–28 RGD is a minimal cell
recognition peptide sequence that specifically binds to receptors
(e.g., Rv�3) on cell surfaces. Beyond ligand-receptor interac-
tions, it is believed that the intrinsic physical properties of ECM
proteins play a key role in the regulation of cell behavior.

In this article, we have constructed a particular ECM protein-lipid
assembly, specifically a type I collagen-functionalized supported
lipid bilayer on an SiO2 substrate. As compared to past efforts to
mimic the ECM by directly conjugating type I collagen molecules
to amine-functionalized inorganic substrates,29,30 the model system
presented here considers the interactions between type I collagen
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molecules and the underlying bilayer, which better mimics the
cellular environment where such lipid-collagen interactions are
necessary for many biological activities. Our platform employs
simple chemistry to attach type I collagen directly to the bilayer,
as inspired by real biological systems where membrane proteins
such as integrins serve as the chemical linker. Previously, the
ε-amino group side chains of lysine residues on type I collagen
have been targeted as sites for chemical modification.31–34 In
the present study, we prepared various compositions of binary
lipid mixtures using chemically inert 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphoethanolamine-N-(glutaryl) (DP-NGPE), which
carries a free carboxylic acid for chemical modification. We
were able to control the quantity of adsorbed type I collagen
by systematically changing the percentage of functionalized DP-
NGPE in the bilayer, thereby modulating its molecular orienta-
tion, conformation, and surface coverage.

To investigate the binding kinetics, molecular orientation, and
thickness of conjugated type I collagen, as well as the lateral
lipid mobility of the underlying model lipid bilayer, we
employed three different analytical techniques: quartz crystal
microbalance with dissipation (QCM-D) monitoring, atomic
force microscopy (AFM), and fluorescence recovery after
photobleaching (FRAP). Following platform characterization,
we measured the attachment and growth of smooth muscle cells
(A10). The collagen-functionalized bilayer platform supported
normal cell growth, while two control platforms, a bare lipid
bilayer (POPC) and a functionalized lipid bilayer (POPC/DP-
NGPE) without collagen, did not support regular cell growth.
Thus, the type I collagen-functionalized lipid bilayer offers an
improved environment for cell growth. Further, this novel
platform can be used to study ligand-cell interactions in an
environment that better represents the extracellular interface of
the cell membrane.

Materials and Methods

Materials. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hy-
drochloride (EDC) and sulfo-N-hydroxysuccinimide (sNHS) were
purchased from Pierce (Rockford, IL). 1,2-Dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(glutaryl) (DP-NGPE), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), and the vesicle extrusion acces-
sories were obtained from Avanti Polar Lipids (Alabaster, AL). N-(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (Texas Red- DHPE), and
type I collagen (rat tail) were purchased from Molecular Probes
(Eugene, OR) and BD Bioscience (Franklin Lakes, NJ), respectively.
Deionized and filtered water (resistivity > 18.2 MΩ · cm) was used
throughout the work (Milli-Q, Millipore, Billerica, MA). For each
coupling reaction, we utilized a different buffer: Tris buffer at pH 5.5
for activating the NHS ester-functionalized lipid and Tris buffer at pH
7.2 for conjugation and washing. All buffers were filtered and degassed
before use. The Willco-dish (glass bottom dish) for the FRAP
experiments was from Leica (Wetzlar, Germany).

Small Unilamellar Vesicle Preparation. Small unilamellar vesicles
consisting of POPC mixed with DP-NGPE, whose weight percentage
varied from 0 to 40%, were prepared by the extrusion method. For
FRAP measurements, a weight ratio of 99.5:0.5 for a single lipid or
mixture of lipids with Texas Red-DHPE was prepared. Extruded
unilamellar vesicles (referred to simply as vesicles) were prepared in
the following manner. Lipid films were prepared by drying the lipids,
initially dissolved in chloroform, under a gentle stream of nitrogen gas
at room temperature. The resulting lipid film was then placed under
vacuum overnight to evaporate any residual chloroform. Multilamellar
vesicles were prepared by first swelling the lipid film in aqueous
solution, then vortexing periodically for five minutes. EDC (50 µL of

a 60 mg/mL solution in pH 5.5 Tris buffer) and sNHS (50 µL of a 60
mg/mL solution in pH 5.5 Tris buffer) were mixed with 200 µL of
vesicle solution for 2 h to convert the carboxyl groups of DP-NGPE to
chemically active O-acylisourea esters (referred to as NHS-ester
groups).35 The resulting multilamellar vesicles were subsequently sized
by a mini-extruder (Avanti Polar Lipids) through 100, 50, and 30 nm
track-etched polycarbonate membranes, resulting in small unilamellar
vesicles. Vesicles were generally prepared at a nominal lipid concentra-
tion of 5 mg/mL and then diluted before experiment.

Conjugation of Collagen Molecules with Supported Lipid
Bilayer. The collagen solution (0.2 mg/mL) was prepared by diluting
the stock 4 mg/mL collagen solution with pH 7.2 Tris buffer. For the
QCM-D measurements, 1.0 mL of the temperature-stabilized diluted
collagen solution was introduced into the QCM-D chamber containing
predeposited supported lipid bilayers. The chamber was then rinsed
with pH 7.2 Tris buffer to remove the loosely bound collagen molecules.
For the FRAP and TM-AFM measurements, the supported bilayers were
incubated in 1.0 mL of the 0.2 mg/mL collagen solution for 1 h.
Unbound collagen molecules were washed away with pH 7.2 Tris
buffer.

A10 Smooth Muscle Cell Culture. The A10 smooth muscle cell
line was purchased from the American Type Culture Collection
(Rockville, MD). The cells were maintained in a humidified incubator
with 5% CO2 at 37 °C and grown on 25 cm2 cell culture flasks (Corning
Incorporated, Corning, NY) for regular culture or a WillCo-dish for
bilayer experiments in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose (Invitrogen, Carlsbad, CA), which was supplemented
with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT), 2
mM of L-glutamine, 100 units/mL penicillin, and 100 g/mL strepto-
mycin (Invitrogen). A10 cells were treated with 1X 0.25% trypsin
(Invitrogen) at 37 °C for 3 min to detach the cells from the culture
dish surfaces. Functionalized lipid bilayers containing POPC and 20%
DP-NGPE, with and without conjugated collagen, were prepared on
hydrophilic glass WillCo-dishes. In each trial, 800000 cells were added
to each WillCo-dish containing 2 mL of DMEM. After incubating the
cells on the bilayer overnight, the dishes were then rinsed with 1X
PBS (Hyclone) three times to remove unbound cells and then observed
using a Leica DMIRE2 inverted microscope (Wetzlar, Germany). The
statistics of cell adherent area and cell number were calculated with
Metamorph software (Molecular Devices, Downingtown, PA).

QCM-D Measurement and Modeling. QCM-D was used to
monitor the resonance frequency shift (∆f) and energy dissipation shift
(∆D) caused by deposition of the adlayer on the quartz crystal. The
experimental measurements were obtained with a Q-sense D300
instrument (Q-sense AB, Gothenburg, Sweden). The D300 allows
simultaneous measurements of ∆f and ∆D at multiple overtones (n )
1, 3, ..., i.e., f ) 5 MHz, 15 MHz, ...) up to n ) 7, to obtain the resonant
frequencies, fn)1, fn)3, and so on, and the corresponding dissipation
values, Dn)1, Dn)3, and so on, with a repetition rate of ∼1 Hz. A small
mass (∆m) adsorbed on the quartz sensor induces a decrease in
resonance frequency (∆f), which is proportional to ∆m:

where CQCM is the mass-sensitivity constant () 17.7 ng cm-2 Hz-1 at
f ) 5 MHz), and n is the overtone number () 1, 3, 5, and 7). Equation
1 is the ideal case only for a rigid adlayer with low energy dissipation.
Because the linear relationship between the adsorbed mass and the
change in frequency (eq 1) is not necessarily valid for viscoelastic films,
which exhibit additional energy dissipations as well as overtone-
dependent frequency and dissipation responses, it is necessary to use
a modeling approach to understand viscoelastic systems.36–38

The Voigt-Voinova model includes these viscoelastic effects and
assumes uniform thickness, uniform film density, a Newtonian liquid,
and no slip. Further, it is assumed that the film viscosity is independent
of overtone frequencies. Then, ∆f and ∆D can be related to the film

∆mSauerbrey ) -
CQCM∆f

n
(1)
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density, viscoelastic properties, and thickness in terms of a Taylor
expansion:38–40

where Fq and Ff are the densities of the quartz and film, respectively;
tq and tf are the thicknesses of the quartz and film, respectively; and �
is the inverse of the mechanical loss tangent (tan δ) and is equal to the
ratio of the storage modulus (µf) to the loss modulus (ηf). Using four
different overtones and eqs 2 and 3, we fit changes in the frequency
and dissipation to the film viscosity (ηf), shear modulus (µf), thickness
(tf), and density (Ff). Overtones were fitted to this model using the
commercial program Q-tools software (Q-sense AB).38,41

Atomic Force Microscopy (AFM) Imaging. AFM experiments
were carried out on a MFP-3D-BIO Atomic Force Microscope (Asylum
Research, Santa Barbara, CA) operated in tapping mode. Microcanti-
levers from Biolever (Olympus, Tokyo, Japan) were used for all
measurements; they have a force constant of k ) 0.32 N ·m-1 or k )
0.06 N ·m-1 and a nominal tip radius of 10 nm. All measurements were
performed in Tris buffer (150 mM NaCl, 10 mM Tris, 1 mM EDTA,
pH 7.5. Samples were maintained in a closed fluidic cell. Igor Pro
software (Wave Metrics, Lake Oswego, OR) was used for image
flattening and data analysis of the TM-AFM images.

Fluorescence Recovery after Photobleaching (FRAP)
Measurements. All fluorescence measurements were performed with
a Leica Spectral Confocal and Multiphoton microscope (Wetzlar,
Germany) using the 561 nm line as the source for both bleaching and
monitoring fluorescence recovery. To obtain the fluorescence images,
Texas Red- DHPE (0.5%, w/w) was incorporated as a tracer into the
POPC/DP-NGPE vesicles. The diameter of the bleached spot was 15
µm and the bleaching time was ∼30 s. The data were analyzed by
Metamorph software. The theoretical data analysis was performed as
described by Axelrod et al.42 For convenience, fluorescence recovery
curves are displayed in fractional form, fk(t), and defined as follows:

where Fk(t) is the integrated fluorescent intensity observed at time t g
0. In addition, the diffusion coefficient, D, was related to the half-life
of this recovery:

where r is the radius of the bleached spot and τ is the time for half
recovery of the fractional integrated fluorescent intensity. Mobility data
are reported as the mean of at least five separate experiments.

Results

Adsorption Kinetics of Type I Collagen Conjugation on
a Supported Lipid Bilayer as Monitored by QCM-D.
Collagen is a key component of the extracellular matrix (ECM)
and is linked to cell membranes via integrins,43 as shown in
Scheme 1a. To mimic the natural ECM environment to
encourage cell growth, we constructed a collagen matrix via
chemical synthesis on a supported lipid bilayer. Triple helical
type I collagen (∼300 kD) consists of 35% glycine, 11% alanine,
21% proline, and hydroxyproline.44 Of the remaining amino

acids, primary amine groups on the lysine residues can be
utilized for chemical coupling. We converted the carboxylic acid
groups on the DP-NGPE lipids to NHS-ester groups by EDC/
sNHS treatment.31–34 After the DP-NGPE lipids were function-
alized (abbreviated as NHS-DP-NGPE), POPC/NHS-DP-NGPE
vesicles formed a functionalized supported lipid bilayer on SiO2,
and type I collagen was subsequently coupled to the function-
alized lipid bilayers.

To fabricate the collagen-conjugated supported lipid bilayer
system, we first created the functionalized bilayer platform, as
shown in Scheme 1b. Our system demonstrated typical vesicle
fusion kinetics in terms of QCM-D frequency and dissipation
responses as shown in Figure 1a, which are in good agreement
with past results.21,36–38,45,46 Following initial stabilization of
the frequency and dissipation responses in buffer solution for 5
min, a 90% POPC/10% NHS-DP-NGPE lipid vesicle solution
was added (point V). Two-step kinetics was observed, and the
final frequency and dissipation values after buffer washes (B1

and B2) were in good agreement with previous observations on
complete planar bilayers (∆f ∼ 26 Hz and ∆D ∼ 0 × 10-6,
respectively).21,47 To ensure the consistency of the cell culture
platform, we only studied supported lipid bilayers with up to
40% NHS-DP-NGPE (see Supporting Information for further
vesicle fusion QCM-D kinetics of different lipid compositions).
For vesicles whose NHS-DP-NGPE lipid composition was
greater than 40%, the final frequency and dissipation values
suggested that the bilayers were incomplete planar bilayers
(Supporting Information, Figure S1).

After forming the supported lipid bilayer, the type I collagen
solution was introduced (Figures 1b and 2, symbol C). Of note,
as depicted in Figure 2, the frequency and dissipation changes
associated with type I collagen binding onto lipid platforms
functionalized with different concentrations of NHS-DP-NGPE
demonstrated that collagen binding is strongly dependent on
the concentration of NHS-DP-NGPE functionalized lipid (see
the plotted time from 35 to 130 min in Figure 2). The significant
frequency response decrease indicates collagen adsorption onto

∆f = 1
2πFqtq

tfFfω(1 + 2t2�
3δ2(1 + �2)) (2)

∆D =
2t3Fff

3πfroFqtq

1

δ2(1 + �2)
(3)

fk(t) )
Fk(t) - Fk(0)

Fk(∞) - Fk(0)
(4)

D ) r2/4τ (5)

Scheme 1. Pictorial Representation of Mimetic Collagen Binding
Strategy Based on Integrins in Biologic Cells: (a) Cells Bind
Collagen Fibers via Integrins; (b) Collagen Fibers are Chemically
Conjugated onto the Model Lipid Membrane. The Olive Pentagons
Represent the NHS-Ester Groups of DP-NGPE and the Blue
Spheres Symbolize POPC Headgroups
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the functionalized supported bilayer. After a period of rapid
initial binding, collagen adsorption took place slowly over the
course of 100 min, with the dissipation response increase
revealing the adsorbed collagen’s high degree of viscoelasticity.
Both ∆f and ∆D values changed after subsequent Tris buffer
washes at points B3 and B4, which suggests the removal of
loosely bound collagen that could in turn affect the orientation
of remaining bound collagen molecules.

The collagen binding capacity was modulated by changing
the percentage of NHS-DP-NGPE in the vesicles from 0 to 40%,
as shown in Figure 2. As a control experiment, we examined
collagen adsorption onto a supported POPC lipid bilayer (POPC
square with black line). As expected, we did not observe any
collagen adsorption onto the control. This result agrees well
with previous studies, which indicate that nonfunctionalized
supported lipid bilayers are “non-stick” to collagen adsorption.48,49

Furthermore, bilayers consisting of up to 5% of DP-NGPE
without EDC/sNHS activation (data not shown) showed no
evidence of collagen binding. We then increased the NHS-DP-
NGPE concentrations from 2.5 to 40%. As we increased the
NHS-DP-NGPE concentration in the bilayer platform, we were
able to observe corresponding decreases in frequency and
increases in dissipation. These responses demonstrate that type
I collagen binding can occur due to EDC/sNHS activation and
is a function of the percentage of functionalized lipids in the
supported bilayer.

The most striking result for binding stability was observed
after the collagen-functionalized bilayers were washed twice
with buffer. We were able to identify two different kinetic
processes after Tris buffer washing: (A) For bilayers containing
10% of NHS-DP-NGPE or less, desorption (i.e., removal of
unbounded collagen) was observed, as indicated by the corre-

sponding increase in ∆f, although the changes were relatively
minor in magnitude; (B) By contrast, for bilayers containing at
least 20% NHS-DP-NGPE, the increase in ∆f and decrease in
∆D were larger and occurred over a 10 min period. This longer
period of stabilization may be due to not only the removal of
unbounded collagen but also an effect on the remaining bound
collagen’s molecular organization.

Morphology and Molecular Organization of Collagen
Structure Imaged by TM-AFM. TM-AFM measurements were
performed to examine the morphological structure of the
adsorbed collagen molecules as well as the supported lipid
bilayer underneath. We recorded TM-AFM height images of
adsorbed collagen on mica-supported functionalized bilayers to
understand the structural configuration of the conjugated col-
lagen molecules and to verify the height of the underlying
bilayer (Figure 3a,b).

Similar to the QCM-D experiments, we first constructed a
functionalized supported lipid bilayer by the vesicle fusion
process, whereby vesicles spontaneously adsorb onto a hydro-
philic mica surface and eventually rupture after reaching a
critical coverage. A defect of the lipid bilayer on the mica
surface was imaged, permitting us to check the thickness of
the lipid bilayer, which was about 4.5 nm (Supporting Informa-
tion, Figure S2). As a control experiment, Figure 3a shows that
the morphology of an inactivated functionalized lipid bilayer,
after immersion in a collagen solution, has a similar surface
roughness to that of a bare lipid bilayer (Supporting Information,
Table S1), demonstrating that collagen does not adsorb on a
chemically inactivated DG-NGPE surface. Further, no phase
separated lipid domains were found although the dipalmitoyl
(DP) form of NGPE lipids contains two saturated long-carbon

Figure 1. Typical QCM-D experiment in which collagen-conjugated
lipid bilayers are constructed by vesicle fusion. The open blue squares
indicate frequency changes (n ) 3), and the open red circles indicate
the changes in energy dissipation. (a) The formation of a POPC/NHS-
DP-NGPE 10% supported lipid bilayer on SiO2 by vesicle fusion (V)
is followed by Tris buffer washes (B1, B2); (b) Collagen is injected
(C) into the chamber using the same platform as in Figure 1 (a).
Subsequently, the collagen is rinsed by Tris buffer (B3, B4) to
eliminate unbound collagen molecules and stabilize the signals.

Figure 2. QCM-D kinetics for the conjugation of collagen on func-
tionalized lipid bilayers. (a) Changes in frequency for functional lipid
bilayers of varied NHS-DP-NGPE concentration after addition of
collagen solution at point C. We washed with Tris buffer twice to
remove the unbound collagen and monitor the stabilization of the
signals. (b) The corresponding changes of dissipation for functional
lipid bilayers of varied NHS-DP-NGPE concentration.
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chains (both 16:0) and POPC lipids have a more disordered
chain structure (16:0 and 18:1). When the NHS-DP-NGPE lipid
percentage was increased to 20%, as shown in Figure 3b, large
collagen fibrils formed on top of the lipid bilayer surface; the
length of these fibrils reached the order of 1 µm. These results
suggest that the aggregated state of collagen changes with the
surface binding density. The TM-AFM study proved to be
complementary to the QCM-D study because it provided both
quantitative analysis of collagen adsorption and revealed insight
into adsorbed collagen morphology as a function of the amine-
NHS lipid density within the bilayer.

Influence of Adsorbed Collagen on the Lateral Mobility
of Functionalized Lipid Bilayers. Because of the introduction
of the fluid mosaic model,50 which envisioned the cell membrane
as a two-dimensional fluid matrix, the fluidity of cell membranes
has become well-recognized, and thus, lipid mobility is an
important parameter for model membrane systems.51 Therefore,
we explored the ability of lipids in the functionalized bilayer
with and without adsorbed collagen to laterally diffuse by using
the FRAP technique. Figure 4 demonstrates typical fluorescence
recovery images with quantitative line scans acquired from
bilayers consisting of 90% POPC and 10% NHS-DP-NGPE with
and without collagen. Fluorescence recovery occurred, as
indicated by the redistribution of red dye to the central bleached
spot over a period of 30 min. The fluorescent profiles were
normalized with respect to each bleached spot. For bilayers
without bound collagen (Figure 4a), recovery was fast and
relatively complete. Bound collagen acted as an obstacle to
diffusion and the lateral lipid mobility of the bilayers became
dramatically hindered, resulting in substantial recovery of the
bleached area for collagen-conjugated bilayers taking up to 30
min (Figure 4b).

Based on the FRAP experiments, the lateral lipid mobility
of the POPC/ NHS-DP-NGPE lipid bilayers could be quanti-
tatively estimated by the diffusion coefficient, D, according to

eq 5. To account for changing bilayer mobility upon collagen
binding only, we used relative diffusivity, D* (dimensionless)
such that D* ) Dc/D0, where Dc and D0 are the diffusion
coefficients of individual lipid bilayers of specific lipid com-
position, measured in the presence (Dc) and absence (D0) of
bound collagen. The values of Dc, D0, and D* of the samples
are plotted versus the initial percentages of NHS-DP-NGPE in
Figure 5. As a control experiment, we calculated the relative
diffusion coefficient D* of pure POPC without DP-NGPE (i.e.,
99.5% POPC mixed with 0.5% Texas Red PE) in the presence
of collagen. The calculated value of approximately one dem-
onstrated that collagen has no effect on lipid mobility in the
absence of functionalized lipids.

To assess the quality of the functionalized lipid bilayers, we first
checked the mobility of lipid bilayers without bound collagen as a
function of DP-NGPE concentration, as shown in Figure 5. As
the bilayer contained an increasing amount of DP-NGPE, there
was a decrease in lipid lateral mobility. These significant decreases
were expected because the dipalmitoyl (DP) form of the NGPE
lipid, which contains two saturated long-carbon chains, has a higher
gel-liquid chain melting (phase transition) temperature (Tc) than
POPC lipids (Tc ∼ 41 °C vs -10 °C), which have one unsaturated
chain. Although we did not detect the presence of microscopic
phase-separated lipid domains with AFM, there is the possibility
that the likely immiscibility of these two lipids could result in the
formation of nanoscopic domains that act as diffusion barriers.52

Accordingly, lateral lipid diffusivity in the POPC/NHS-DP-NGPE
bilayer was lower than the diffusivity in the pure POPC bilayer.
The relative diffusion coefficient decreased from 1.0 to 0.2 as the
concentration of NHS-DP-NGPE in the bilayer increased from 0
to 40%. This may explain why lateral lipid mobility is often an
order of magnitude slower in cell membranes than in model
membrane systems.

Figure 3. TM-AFM height images of adsorbed collagen adlayers on lipid bilayers with (a) unactivated DP-NGPE and (b) 20% NHS-DP-NGPE. Bar
size: 100 nm. Z-scale: 10 nm. The image size is 800 × 800 nm. In addition, we also present two different cross-sectional profiles for each image.
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A10 Vascular Smooth Muscle Cells (SMCs) Spreading
on Collagen-Functionalized Lipid Bilayers. Our goal is to
apply this platform to study cell-ECM interactions in the
presence of an underlying lipid bilayer. Previous studies have
demonstrated that a type I collagen-enriched extracellular matrix
is highly regulated by integrin engagement, which further
maintains the proliferation of vascular smooth muscle cells in
the differentiated state.53,51 Therefore, we investigated the
growth behavior of vascular smooth muscle cells (A10) on
functionalized lipid bilayers in both the presence and absence
of type I collagen in DMEM medium with 10% serum. The
resulting bright field images demonstrated that fewer A10 cells
can survive and locally spread on lipid bilayers without collagen
(Figure 6a) as compared to collagen-conjugated bilayers (Figure
6b), which supported higher cell growth levels that are in good
agreement with results obtained on culture dishes. Quantitative
analysis based on the image results show that a 2.5 times higher
average cell population (∼1000 cell counts/mm2) and a 6 times

larger spreading area of smooth muscle cells (∼800 µm2) are
present on the type I collagen-modified bilayer than those on
the bare bilayer surface. Thus, conjugated type I collagen
maintains the growth and adhesion of smooth muscle cells on
the lipid bilayer platform.

Discussion

Collagen Molecular Organization as Analyzed by
QCM-D and TM-AFM. The phospholipid bilayer is a common
molecular architecture that mimics the cell membrane for
potential biosensor and biochip applications.2,3,54 However, a
bare lipid bilayer is considered a nonbiofouling surface that is
resistant to both protein adsorption and cell adhesion.46,47,53 This
phenomenon has been explained by several models based on
hydrophilicity,56–59 surface polarizability,46,47,53 and the thick-
ness of the separating water layer.55 There is growing attention
to develop a biomimetic platform that provides specific regions
to bind cells for tissue engineering applications.53–55

Herein, we designed a biomimetic assembly by a bottom-up
approach that incorporated functionalized molecular building
blocks based on EDC/NHS-chemistry onto a supported bilayer
platform to chemically tether type I collagen. Type I collagen
is a complex macromolecule consisting of multiple binding
domains for self-polymerization, resulting in the formation of
aggregates ranging from small filaments to large fibrils with
dimensions ranging from 100 nm to a few µm.56 The polym-
erization of type I collagen on a substrate is often controlled
by physical parameters such as concentration, pH, and temper-
ature, and in some cases, it depends on the presence of
fibronectin and integrins as well.30

To analyze the assembly behavior of the type I collagen
molecules upon binding to the functionalized lipid bilayer, we
characterized the viscoelastic changes caused by surface-bound
collagen by plotting ∆D as a function of ∆f (Figure 7). These
data, recorded upon exposure of collagen to functionalized lipid
bilayers, demonstrate the viscoelastic changes caused by ad-
sorbed collagen layers. The slopes of the lines defining collagen

Figure 4. (a) Microscopic images showing the recovery of a bleached spot on 10% NHS-DP-NGPE lipid bilayers with and without collagen. (b)
Quantitative traces of normalized fluorescence intensity across the bleached spot at 0 and 30 min.

Figure 5. Influence of NHS-DP-NGPE lipid percentage on the relative
diffusion coefficient, D* (red stars, right axis), and diffusion coefficients,
Dc (black circles, left axis) and D0 (black squares, left axis), measured
in the presence and absence of collagen, respectively, by FRAP.
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adsorption kinetics on the lipid bilayers with higher percentages
of NHS-DP-NGPE are less than for the bilayers with lower
percentages. This type of analysis has proven useful when
comparing vesicle and bilayer adsorption kinetics because time
becomes an implicit parameter.57 By characterizing the slope
of ∆D as a function of ∆f, we are able to monitor the changes
in viscoelastic properties for adlayers such as collagen. The slope
difference represents the change in the molecular conformation,
as indicated by the different viscoelastic states, of the collagen
adsorbed onto functionalized lipid bilayers with various percent-
ages of NHS-DP-NGPE. We also compared the ratio of change
in energy dissipation to the change in frequency as a function
of the change in NHS-DP-NGPE percentage. The change in
dissipation is related to the morphological behavior of collagen
and the change in frequency is proportional to the increase of
adsorbed collagen mass on the functionalized lipid bilayer. The

ratio of these changes serves as an indicator of the viscoelastic
nature of the adlayer on functionalized lipid bilayers. When
comparing the free equilibrium state (before buffer washing)
of the collagen adlayers, we found that with increasing
concentration of NHS-DP-NGPE, the ratio ∆D/∆f (10-6 Hz1-)
decreased from 0.4 to 0.23 (Figure 8). This decrease is attributed
to the attractive forces exerted by NHS-DP-NGPE. After buffer
washing, we observed that on lipid bilayers containing between
10% and 20% NHS-DP-NGPE, the collagen undergoes a
conformational transition. Up to 10% NHS-DP-NGPE, the

Figure 6. Cell growth on collagen-conjugated lipid bilayer culture
platforms. Microscopic images of smooth muscle cells A10 cultured
on lipid bilayers containing 20% NHS-DP-NGPE that were either (a)
without collagen or (b) functionalized with collagen in DMEM medium
with 10% serum overnight. The scale bars are 100 µm. (c) The cell
number (red bars, left panel) and cell spreading area (black bars,
right panel) were estimated by Metamorph software based on the
image collection.

Figure 7. ∆f-∆D curves for different concentrations (w/w %) of NHS-
DP-NHPE in functionalized lipid bilayers. Data is replotted from Figure 2
so that time is an implicit variable. Open symbols labeled C represent
values after the addition of collagen solution. Solid symbols labeled B
depict the values after subsequent washing steps with Tris buffer. (a)
Collagen adsorption kinetics for NHS-DP-NGPE concentration range
from 2.5-40%. (b) Magnified view of red box in part (a). The ellipses
( · · · ) show a linear fit to the 2.5% NHS-DP-NHPE curve before buffer
wash, and the dashes (---) show a linear fit to the 2.5% NHS-DP-NGPE
curve after two washing steps. Adsorption was measured for 75 min,
and the absolute ∆f at n ) 3 was normalized to 25 Hz.

Figure 8. Ratio of energy dissipation changes to frequency changes
for collagen adlayers on functionalized lipid bilayers containing various
percentages of NHS-DP-NGPE.
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repulsive forces may play a role that promotes collagen
molecules to assume a more viscoelastic state. At 20% NHS-
DP-NGPE, the attractive forces (chemical force exerted by NHS-
DP-NGPE) are dominant so the adsorbed collagen collapses.
The buffer washes effectively removed nonspecifically bound
collagen molecules and seem to further enhance the molecular
assembly process. Interestingly, when compared with the
experimental data of collagen on polystyrene (PS) plates, which
is generally considered to be a surface dominated by attractive
forces, the viscoelastic nature of the adsorbed collagen adlayer
(∆f ) 188.17 Hz and ∆D ) 19.99 × 10-6) was similar to that
on the functionalized lipid bilayers with 40% NHS-DP-NGPE.
This observation supports our conclusion that, at high percent-
ages of NHS-DP-NGPE in the lipid bilayer, the repulsive force
is negligible.

We further examined the changes in thickness of the adsorbed
collagen adlayers obtained by the QCM-D measurements (Figure
9) by employing both the Sauerbrey equation (eq 1) and the
Voigt-based model.58 Throughout our calculations, we assumed
a homogeneous film thickness and the density of the adlayer to
be 1200 kg ·m-3. Although the fundamental assumption of the
Sauerbrey equation is that the adlayer is a homogeneous foreign
mass with a spatially uniform density and rigid solid state, our
experiments showed that the adlayer displayed relatively large
energy dissipation. For this reason, we also employed the Voigt-
based viscoelastic model, which is a better fit for collagen-lipid
bilayer systems. We utilized the fifth, seventh, and ninth
overtones to calculate the Voigt thickness as shown in Figure
9. For a detailed discussion of the Voigt model calculations,
the reader is referred to ref 38 and references therein.

Our Voigt-based simulation demonstrated that the thickness of
the adsorbed collagen adlayer increased with the amount of
adsorbed collagen, similar to the results from the Sauerbrey
equation. The huge thickness discrepancy (more than ∼20 nm)
between the Sauerbrey and Voigt-based model occurred from 10%
NHS-DP-NGPE onward and was mainly caused by energy
dissipation changes due to the viscoelasticity of the collagen
adlayer. Specifically, after two buffer washes, the Sauerbrey and
Voigt collagen thicknesses decreased over 50% for those samples
containing at least 20% NHS-DP-NGPE. With 10% NHS-DP-
NGPE or less, we did not see any deviation after two buffer washes.
The thickness transition between 10 to 20% NHS-DP-NGPE
coincides with the previous prediction.

In order to further analyze the molecular organization of the
collagen upon adsorption onto the functionalized lipid bilayer,

TM-AFM images provided insight into the topography of the
collagen adlayer on the functionalized lipid bilayer. The size
and morphology of collagen aggregates on functionalized lipid
bilayers with NHS-DP-NGPE percentages less than 20% were
not in agreement with those on PS,14,67 68, poly(ethylene
terephthalate) (PET),59 and CH3-terminated self-assembled
monolayers (SAM),60 on which collagen molecules have entire
adhesion sites for coverage and develop fibrillar structures during
adsorption. By increasing the percentage of NHS-DP-NGPE to
20%, however, long collagen fibrils were formed on top of the
lipid bilayer.

For the 80% POPC/20% NHS-DP-NGPE bilayer, the TM-
AFM images show that the collagen fibrils are ∼8 nm thick.
From the QCM-D modeling estimate of this composition, the
average thickness of the collagen adlayer ranged from 35 to 56
nm (see Figure 9, after two buffer washes). The much smaller
thickness measured by TM-AFM is possibly due to tip
effects.58,59 In addition, the TM-AFM images showed that the
collagen fibrils form a heterogeneous adlayer. Thus, there could
also be some variation between the thicknesses obtained from
the QCM-D models, which assume a homogeneous and uniform
adlayer, and the nonuniform sample thickness. Nonetheless, the
results obtained from both QCM-D modeling (Figure 9) and
TM-AFM imaging (Figure 3, Figure S3) provide consistent
trends in terms of the relationship between collagen thickness
and surface binding density.

Taken together, the QCM-D and TM-AFM images indicate that
material properties such as viscoelasticity and the thickness of the
collagen adlayer are related to the formation of collagen fibrillar
structures and to the propensity to bind to functionalized lipid
bilayers. In this study, we verified the feasibility of cell culture on
this protein-conjugated lipid bilayer surface and showed that cells
can grow on a collagen-functionalized supported lipid bilayer
platform. Cell spreading area and adherent number illustrate the
fact that cell growth is tightly associated with the communication
between cellular receptors and ECM materials. By adjusting the
percentage of NHS-DP-NGPE, which acts as a mimic for receptors
such as integrins on cell membranes, we may modulate the
biological activity between the cell membrane and ECM compo-
nents in a targeted way.

Restriction on Mobility of Supported Lipid Bilayers by
Adsorbed Collagen. The relationship between molecular
composition in solid-supported lipid bilayers and lateral diffusion
of targeted lipids or proteins has been extensively investigated
by FRAP.24,61-64 After photobleaching, the fluorescent images
showed a substantial fluorescence recovery of Texas Red-PE
lipids embedded into binary lipid bilayers coupled with and
without collagen (Figure 4a). The fluorescence recovery con-
firms the lateral diffusion mobility of the lipid molecules and
is also used to verify bilayer formation.

The quantitative analysis of normalized fluorescence across
the photobleached spot (Figure 4b) revealed that the conjugation
of collagen molecules on lipid bilayers slowed the lipid mobility.
The reduction in diffusion mobility associated with macromol-
ecules being bound on the lipid bilayer was in good agreement
with other reports showing supported bilayer architectures
associated with macromolecular adsorption including tethered
vesicles,61 annexin-phospholipid complexes,62,63 CTB-GM1 bind-
ing,64 and membrane protein insertion,24 which displayed
similarly significant reduction in diffusivity when coupling
occurred. In addition, the polymer-supported bilayers using
covalent binding to solid65 and polymer-adsorbed bilayers by
polyelectrolytes52,66 hindered diffusion in both outer and inner
membrane leaflets.

Figure 9. Adlayer thicknesses determined by the Sauerbrey and Voigt
models. The Sauerbrey thicknesses before buffer wash and after two
buffer washes are indicated by black squares and red circles,
respectively. The Voigt thicknesses before buffer wash and after two
buffer washes are represented by green and blue triangles, respectively.
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In biological systems, multiple factors, including membrane
folding, lipid composition, cytoskeleton activity, and membrane
protein ratio,67 can cause an order of magnitude slower lateral
lipid diffusion rate in biomembranes. In Figure 5, on a diluted
collagen-conjugated lipid bilayer (2.5% NHS-DP-NGPE), the
lateral lipid mobility dropped by 20% (D* ) 0.78). This
phenomenon demonstrated that a small amount of collagen
binding could cause a reduction in lipid diffusion mobility.
Further, the mobility of the collagen-conjugated lipid bilayers
with 40% NHS-DP-NGPE was reduced by almost 50%,
supporting the view that decreased mobility is caused by
conjugated collagen molecules.

Another point to consider in the case of the 40% DP-NGPE
bilayer is the effects of the vesicle rupturing kinetics to form
the supported bilayer. The presence of some adsorbed vesicles
on the substrates might also play a role in the significant
retardation of lateral diffusion. Nonetheless, there is clear
evidence that the physical hindrance65 caused by collagen
binding significantly reduces bilayer mobility. Based on our
findings, including the characterization of a novel, collagen-
functionalized supported lipid bilayer platform and its success
as a cell culture platform, we present this biomimetic platform
as an ECM-mimic for promoting cell growth and for studying
ECM-cell interactions.

Conclusions

In this paper, we have successfully fabricated a novel
molecular assembly based on a solid-supported lipid bilayer
conjugated with an ECM protein by a bottom-up approach.
EDC/NHS chemistry was used to covalently bind an ECM
protein, type I collagen, onto a supported lipid bilayer. QCM-D
was employed to determine the binding kinetics and resultant
changes in thickness and viscoelasticity of the adsorbed collagen
adlayer. AFM was applied to obtain morphological evidence
that adsorbed collagen fibers form fibrillar structures under
certain conditions. Further, FRAP experiments were performed
to monitor the bilayer fluidity before and after collagen
adsorption. Finally, A10 vascular smooth muscle cells were
successfully cultured on functionalized lipid bilayers in the
presence of type I collagen.

The current proposed system is a simple bottom-up biomi-
metic strategy, which contains key constituents of the plasma
membrane and the extracellular matrix (ECM) of cellular
systems. One can easily expand this platform and create more
complex biomimetic systems by assembling more biologically
specific components or introducing a set of multifaceted
molecules such as fibronectin and integrins. This strategy
potentially facilitates the study of how cells recognize and
respond to specific extracellular matrix elements and can provide
valuable information about cell-membrane interactions.
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