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A mechanistic understanding of the interaction of graphene oxide (GO) with cell membranes is critical for
predicting the biological effects of GO following accidental exposure and biomedical applications. We herein
used a quartz crystal microbalance with dissipation monitoring (QCM-D) to probe the interaction of GO with
model cell membranes modified with anionic lipids or cholesterol under biologically relevant conditions. The
attachment efficiency of GO on supported lipid bilayers (SLBs) decreased with increasing anionic lipid content
and was unchanged with varying cholesterol content. In addition, the incorporation of anionic lipids to the SLBs
rendered the attachment of GO partially reversible upon a decrease in solution ionic strength. These results
demonstrate the critical role of lipid bilayer surface charge in controlling GO attachment and release. We also
employed the fluorescent dye leakage technique to quantify the role of anionic lipids and cholesterol in vesicle
disruption caused by GO. Notably, we observed a linear correlation between the amount of dye leakage from the
vesicles and the attachment efficiencies of GO on the SLBs, confirming that membrane disruption is preceded by
GO attachment. This study highlights the non-negligible role of lipid bilayer composition in controlling the
physicochemical interactions between cell membranes and GO.

1. Introduction
The unique physiochemical properties of graphene oxide (GO) have
enabled its diverse applications including energy storage, water purifi
cation, and drug delivery [1–5]. The release of GO into the environment
during the production and use of GO-containing consumer products can
lead to potential negative effects on biological systems [6]. GO has been
shown to exhibit cytotoxicity to mammalian cells by causing damage to
cell membranes [7–9]. Recently, studies have shown that the direct
contact between GO and cell membranes is a critical process that initi
ates the various cytotoxicity pathways [7,10–12]. Therefore, an inves
tigation into the nonspecific interactions of GO with cell membranes will
help better understand its cytotoxicity mechanisms and potential risks to

human health.
Artificial phospholipid membranes including supported lipid bi
layers (SLBs) and lipid vesicles (liposomes) are useful models to study
the interactions of engineered nanomaterials (ENMs) with cell mem
branes [13–15]. Artificial membranes allow for identifying the key
components of membranes in controlling ENM-membrane interactions
via systematically changing their composition, which is difficult to
achieve using living cells [13,16]. SLBs are useful platforms to study the
attachment of ENMs onto lipid membranes [17–21], and lipid vesicles
can be used to investigate the disruption of the membranes by ENMs [14,
19,22–24]. Our previous study demonstrated that the deposition of GO
on 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) SLBs strongly
depends on solution chemistry [18]. Ip et al. [25] employed a dye
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leakage assay and showed that the disruption of zwitterionic vesicles by
graphene-based materials depends on the oxidation level of the mate
rials. Zucker et al. [26] demonstrated that GO and chemically reduced
GO disrupt DOPC vesicles through a lipid-extraction mechanism.
Most of the existing studies employed model membranes that are
composed of homogeneous, single-component phospholipid bilayers
[18,19,24,26], which lack the complexity of actual cell membranes.
Eukaryotic cell membranes contain a mixture of phospholipids, sphin
golipids, membrane proteins, and sterols [27–29]. These components
play important biological roles and control the physicochemical prop
erties of the membranes. Melby and co-workers showed that the pres
ence of peripheral membrane proteins strongly impacts ENM interaction
with model membranes [30]. Currently, we still have very limited un
derstanding of how anionic phospholipids and cholesterol influence
ENM-membrane interactions, specifically the propensity and revers
ibility of ENM attachment as well as the severity of membrane disrup
tion. As an essential component of eukaryotic cell membranes, anionic
lipids impart negative charge to the membranes [31]. The negative
charge on cell membranes is required for various biological activities
such as binding and activation of peripheral and transmembrane pro
teins [31]. Cholesterol also plays important biological functions: it
modulates membrane fluidity, maintains membrane mechanical
strength, and regulates cation adsorption to membrane [32–35].
The main objective of the current work is to investigate the inter
action of GO with model biological membranes with a variation of
phospholipid types and the contents of cholesterol. We used a quartz
crystal microbalance with dissipation monitoring (QCM-D) to study the
kinetics and reversibility of GO deposition on zwitterionic DOPC SLBs as
well as SLBs modified with anionic lipids or cholesterol. Compared with
AFM imaging which is semi-quantitative [36], QCM-D experiments al
lows for ultrasensitive detection (ng/cm2) of GO mass deposition and
release from the SLBs. Using the fluorescent dye leakage method, we
quantified the impacts of anionic lipids and cholesterol on the disruption
of lipid vesicles by GO. This study will pave the way for an improved
understanding of the biological impacts of GO on eukaryotic cells.

DOPS provided in chloroform were directly used as the stock solution.
Cholesterol powder was dissolved in chloroform to prepare a stock so
lution. DOPC, DOPS, and cholesterol stock solutions were kept at − 20 ◦ C
for further use. We prepared three types of vesicles: pure DOPC, DOPSmodified DOPC (denoted as DOPS-DOPC; DOPS molar contents of 5.7 %,
10.8 %, and 19.5 %), and cholesterol-modified DOPC (denoted as
cholesterol-DOPC; cholesterol molar contents of 0%, 10 %, 20 %, and 30
%). It should be noted that these molar contents are not meant to mimic
the actual composition of cell membranes but rather are used to explore
the fundamental roles of anionic lipids and cholesterol on the in
teractions between nanoparticles and lipid membranes. To prepare these
vesicles, desired amounts of lipids and cholesterol were dissolved in
chloroform in an Erlenmeyer flask. A thin lipid film at the bottom of the
flask was obtained by drying the solution with a gentle nitrogen stream
followed by vacuum desiccation for at least 4 h. The dried film was then
re-suspended in N-(2-hydroxyethyl)-piperazine-N’-(2-ethanesulfonic
acid) (HEPES) buffer (10 mM HEPES, 150 mM NaCl, pH 7.4) to the
desired concentration via magnetic stirring for 30 min. The obtained
lipid solution was extruded using a mini-extruder (Avanti Polar Lipids)
through a polycarbonate membrane (Whatman) with a pore size of 50
nm for 15 times to produce unilamellar DOPS-DOPC vesicles [19].
Cholesterol-DOPC vesicles were prepared via extrusion through a
100-nm pore size polycarbonate membrane for 21 times [39]. To pre
pare vesicles for electrophoretic mobilities (EPMs) measurements, the
lipid film was hydrated in a 0.2 mM NaHCO3 solution in lieu of HEPES
buffers [19]. The prepared vesicles were stored in a nitrogen atmosphere
at 4 ◦ C. All vesicles were used within 4 days after preparation. The EPMs
of GO and vesicles were measured with a ZetaPALS (Brookhaven In
struments Corp., Holtsville, NY, USA) under physiologically relevant
solution chemistries in 100 mM NaCl or 1 mM CaCl2 at pH 7.2 [40,41].
Three samples were measured at each condition and ten measurements
were conducted for each sample.
2.3. Deposition and release study using QCM-D
The interactions of GO with the modified SLBs were monitored using
a QCM-D system (Q-Sense E4, Västra Frölunda, Sweden) with a 4-sensor
chamber. Silica-coated 5 MHz AT-cut quartz crystal sensors (QSX303, QSense) were used for QCM-D measurements. Before use, the silica-coated
sensors and QCM-D flow modules were thoroughly cleaned using pro
cedures described in the supplementary material. For all QCM-D ex
periments, the flow rate was maintained at 0.1 mL min− 1 using a highprecision multichannel dispenser (ISM935C, Ismatec SA, Zürich,
Switzerland) and the temperature was maintained at 25 ± 0.2 ◦ C. Before
being introduced into the chamber of QCM-D, the electrolyte solutions
were degassed through ultrasonication (Branson 5510R-DTH, output
power 135 W, frequency 40 kHz) for 10 min.
For all deposition and release experiments, the normalized frequency
and dissipation signals at the third overtone (f(3) and D(3), respectively)
were monitored. A baseline was obtained by introducing DI water until
the change of normalized frequency was less than 0.2 Hz in a period of
10 min [42]. Next, vesicles were deposited on the surface of the
silica-coated crystal sensor to form a continuous SLB [19]. The back
ground electrolyte of interest was then introduced. Once a stable base
line was obtained, a GO suspension (2.5 mg L− 1) prepared in the same
electrolyte solution was introduced into the chamber to initiate GO
deposition. To investigate the release of GO from the SLBs, electrolyte
solutions with lower ionic strength (i.e., 0.5 mM NaCl) were sequentially
introduced to flush the deposited GO.
We use the rate of frequency shift to represent the deposition rate
[42]. The deposition kinetics of GO on SLBs was quantified using the
attachment efficiency, α, which was calculated from the deposition rates
in the initial 10 min [42,43]:

2. Materials and methods
2.1. Preparation of graphene oxide
Commercially available single-layered GO (SKU-GO-005) was pur
chased from Graphene Supermarket (Reading, MA, USA). The compo
sition of GO is 79 % carbon and 20 % oxygen. According to the
manufacturer specification, at least 80 % of the GO nanosheets are
single-layered. The GO stock suspension was prepared by dispersing 8
mg of GO powder in 200 mL deionized (DI) water (18 MΩ cm, Milli-Q
system, Millipore, MA) through ultrasonication (Branson B1510, 40
kHz). The obtained suspension was then passed through a 0.2 μm cel
lulose acetate filter, and the filtrate was collected as the GO stock sus
pension. The total organic carbon content of the GO stock suspension
was determined through combustion catalytic oxidation at 680 ◦ C (TOCL, Shimadzu, Japan). Tapping mode atomic force microscopy (AFM)
imaging was conducted using a Multimode NanoScope (Bruker) to
measure the thickness of the GO nanosheets. The hydrodynamic diam
eter of the prepared GO, which is the diameter of a hypothetical sphere
that diffuses at the same rate as the GO nanosheets, was determined to
be 165 − 180 nm through dynamic light scattering (DLS, BI-200SM and
BI-9000AT, Brookhaven, NY) based on Stokes-Einstein relation [37,38].
GO stock suspension was stored in the dark at 4 ◦ C until use.
2.2. Vesicles preparation
Zwitterionic 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,
2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and cholesterol were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). The chemical
structures of lipids and cholesterol are listed in TableS1. DOPC and

α=

2

dΔf(3) ∕dt
(dΔf(3) ∕dt)fav

(1)
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the size distribution analysis showed most GO sheets had lateral
dimension of 50–650 nm (Fig.S1b). The transmission electron micro
scopy (TEM) image of the GO is presented in Fig.S1c. The TEM image
shows that GO has flake-like shape. EPM measurements (Fig.S2) shows
that GO was negatively charged under different ionic strengths at pH 7.2
owing to the abundant carboxylic groups on the surface [47]. GO
became less negatively charged with increasing NaCl concentration
from 0.5 mM to 100 mM due to the screening of surface charge [38].
Moreover, the less negative EPMs of GO at higher CaCl2 concentration (1
mM CaCl2) was attributed to charge screening effect as well as the
charge neutralization through binding of Ca2+ ions to the carboxyl
groups on GO [19,37,38,48].
Fig. 1 shows the EPMs of the three types of vesicles. The DOPC
vesicles were slightly negatively charged (–0.30 × 10− 8 m2/Vs) at pH
7.2 and 100 mM NaCl. At 1 mM CaCl2, the vesicles were slightly posi
tively charged (0.24 × 10− 8 m2/Vs) due to adsorption of Ca2+ to the
phosphate groups in the lipids [19]. With an increase in the content of
anionic phospholipid DOPS, the EPMs of DOPS-DOPC vesicles became
more negative (Fig. 1a). At a DOPS content of 19.5 %, the EPMs of the
vesicles were –2.33 × 10-8 m2/Vs and –1.4 × 10-8 m2/Vs in 100 mM
NaCl and 1 mM CaCl2, respectively. The increase in negative charge with
increasing DOPS content is attributed to the negatively charged head
group in DOPS (Table S1). Fig. 1b shows that the addition of cholesterol
did not significantly change the charge of DOPC vesicles at 100 mM NaCl
or 1 mM CaCl2 at pH 7.2 (p > 0.05, one way ANOVA test), consistent
with a previous study [39].

where dΔf(3) ∕dt represents the deposition rate on SLB, and (dΔf(3) ∕dt)fav

represents the deposition rate under favorable condition which was
achieved by modifying a silica-coated sensor with a positively charged
poly-L-lysine (PLL) layer [19,42,43].
2.4. Dye leakage experiment
Vesicles encapsulated with fluorescent dye were prepared according
to previous studies [18,24,26]. Briefly, a dried lipid film was hydrated in
HEPES buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) containing 50 mM
5(6)-carboxyfluorescein (CF, J&K, China). After being stirred for 30
min, the re-suspended lipids were extruded through a polycarbonate
membrane (Whatman) with a pore size of 100 nm for 21 times to enable
the formation of unilamellar vesicles. Next, the untrapped CF was
removed via dialysis (100–500 Da molecular weight cutoff) in 20 mM
HEPES buffer for 12 h. Using the malachite green method [44], the lipid
concentration in the prepared vesicles was determined to be 0.6 mM.
The average hydrodynamic diameter of the prepared vesicles was
determined as 123–132 nm via DLS experiments. The vesicles were used
within 4 days after preparation.
Dye-leakage experiments were performed by mixing dyeencapsulated vesicles with GO in 4-mL cuvettes. The vesicle stock so
lution was diluted with 20 mM HEPES buffer to obtain a phospholipid
concentration of 20 μM. The initial vesicle solution showed a low
background fluorescence intensity due to the self-quenching effect of the
encapsulated CF dye at high concentration (> 10 mM) [26]. After GO
was added into the cuvette at a final concentration of 0–40 mg/L,
dye-leakage was monitored by measuring the fluorescence intensity of
the solutions over time using a Horiba FlouroMax-4 fluorescence spec
trophotometer at excitation and emission wavelengths of 490 and 517
nm, respectively. The time-dependent CF dye leakage was normalized
by Eq. (2):
L(t) =

It − I0
Imax − I0

3.2. Deposition kinetics of GO on modified supported lipid bilayers (SLBs)
The DOPS-DOPC and cholesterol-DOPC vesicles were flowed over
silica-coated sensors to form modified SLBs. Fig.S3 displays the real-time
frequency and dissipation changes (Δf and ΔD) during the formation of
the modified SLBs. Generally, Δƒfinal value of ca. –25 Hz and a ΔD value
of ca. 0.2 × 10− 6 indicated the formation of a complete and continuous
SLBs on a silica-coated crystal surface [49,50]. We hence calculated
Δƒfinal and ΔDfinal values inFig.S3 and found that the Δƒfinal and ΔDfinal
values for various DOPS-DOPC (Fig.S4a and c) or cholesterol-DOPC
(Fig. S4band d) SLBs were similar to the values reported in previous
studies for the formation of complete SLBs [49,51]. To further confirm
the formation of SLBs on silica, we conducted SEM imaging of pure,
DOPS-modified, or cholesterol-modified DOPC vesicles on a glass sub
strate. The images show the formation of continuous SLBs on glass for all
three vesicles in the field of view (Fig. S5), consistent with our QCM-D
results. For the cholesterol-DOPC SLBs formed on silica-coated crys
tals, we also measured the contents of cholesterol in SLBs using the total
cholesterol assay kit (Nanjing Jincheng, China). The results in Fig.

(2)

where L(t) is CF leakage ratio, It is the time-dependent fluorescence
intensity, I0 is the fluorescence intensity before the addition of GO, and
Imax is the maximum fluorescence intensity upon complete vesicle
rupture induced by the addition of 32 mM Triton X-100 after 120 min.
3. Results and discussion
3.1. Electrokinetic characterization of GO and vesicles
Atomic force microscopy (AFM) imaging (Fig.S1a) indicates that the
GO was single layered with thicknesses of ca. 1.0–1.5 nm [45,46], and

Fig. 1. EPMs of (a) DOPS-DOPC vesicles with DOPS molar percentage ranging from 0 to 19.5 %, and (b) cholesterol-DOPC vesicles with cholesterol molar percentage
ranging from 0 to 30 %, at 100 mM NaCl or 1 mM CaCl2, pH 7.2. Error bars represent standard deviations (n = 3). Data points with same letter in same color are not
significantly different from one another based on ANOVA test, p > 0.05.
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S6indicate that cholesterol has been successfully incorporated into the
SLBs.
The attachment efficiencies for the deposition of GO on modified
SLBs are presented in Fig. 2. An increase in DOPS content from 0 to 19.5
mol% resulted in a decrease in GO deposition in both NaCl and CaCl2
due to the increase in the electrostatic repulsion between DOPS-DOPC
SLBs and GO (Fig. 2a). The decrease of attachment efficiency of GO
deposition at 1 mM CaCl2 was less significant than at 100 mM NaCl. This
can be attributed to that the decrease in EPMs of vesicles with increasing
DOPS content was less significant in CaCl2 than in NaCl (Fig. 1a) and
that Ca2+ ions can bridge the functional groups of GO (e.g., carboxyl
groups) and DOPS (e.g., phosphate groups) [43,52].
Different from DOPS, the incorporation of cholesterol in the DOPC
SLBs did not significantly change (p > 0.05, one-way ANOVA test) the
attachment efficiencies of GO deposition under the employed solution
chemistries (Fig. 2b). It is well recognized that electrical double layer
(EDL), hydrophobic, and van der Waals (vdW) interactions play
important roles in nanoparticle interactions with membranes [13,29,53,
54]. Fig. 1b indicates that the electrostatic interaction between GO and
cholesterol-DOPC SLBs did not change appreciably with increasing
cholesterol contents. The Hamaker constant for phospholipid/choles
terol mixtures is lower than that for sole phospholipid [55]. The zwit
terionic heads of DOPC SLBs facing the aqueous solution are
hydrophilic; because cholesterol is more hydrophobic (logKow esti
mated as 8.86 [56]), the addition of cholesterol is expected to increase
the hydrophobicity of the SLBs [57]. Additionally, a computational
study revealed that graphene nanosheets preferentially absorbed onto
cholesterol in cell membranes via hydrophobic interactions [58]. As
such, the inclusion of cholesterol is expected to decrease the vdW
attraction between GO and lipid bilayers but increase the hydrophobic
attraction. These two opposing effects likely cancel out and result in
unchanged attachment efficiency.

Fig. 3. Frequency shifts during the deposition of GO on DOPC, DOPS-DOPC
(with DOPS molar content of 10.8 %), and cholesterol-DOPC (with choles
terol molar content of 30 %) SLBs at 100 mM NaCl and release of GO from SLBs
at 100 mM NaCl, 0.5 mM NaCl and 0.2 mM NaHCO3 buffer, all at pH 7.2.

buffer effect of 2.89 Hz, GO was not released from pure DOPC and
cholesterol-DOPC SLBs. In comparison, the frequency shift resulting
from rinsing deposited GO on the DOPS-DOPC SLBs (3.69 Hz) was
greater than the buffer effect (2.89 Hz) but less than that corresponding
to complete release (4.53 Hz), indicating that GO was released partially
from the DOPS-DOPC SLBs.
Since the geometry of our QCM-D system does not allow for depo
sition in the secondary energy minimum [59], GO is expected to deposit
in the primary energy minimum prior to release. Ruckenstein and Prieve
[60] showed that the remobilization of colloids from the primary energy
minimum can be modeled by accounting for EDL interaction, vdW
interaction, and Born repulsion. Using this framework, Yi and Chen [59]
showed that the energy barrier for release of deposited colloids is
reduced with increasing EDL repulsion. As such, the partial GO release
from DOPS-DOPC SLBs is likely attributed to the additional negative
charge imparted by DOPS and an associated decrease in the magnitude
of energy barrier to colloidal release. Our results imply that the depo
sition of GO on mixed-phospholipid bilayers can be partially reversible
upon a change in solution chemistry (e.g., after ingestion of water),
which can be an important mechanism for the transport of GO between
different biological compartments.

3.3. Irreversibility of GO deposition
We investigated the release of GO from pure DOPC, DOPS-DOPC, and
cholesterol-DOPC SLBs upon changing solution chemistry. Fig. 3 pre
sents the frequency response when GO deposited on the SLBs at 100 mM
NaCl was subsequently rinsed with electrolyte solutions with decreasing
ionic strength (i.e. 0.5 mM NaCl and DI water). The pH was maintained
at 7.2 throughout the deposition and release experiments. We also
monitored the frequency shifts associated with a change in electrolyte
concentration by flowing the same electrolyte solutions without GO in
separate QCM-D modules (labeled as Buffer Control). The frequency
changes associated with rinsing deposited GO with 0.5 mM NaCl were
2.84 and 2.89 Hz on pure DOPC and cholesterol-DOPC SLBs, respec
tively. Since these frequency shifts are similar to that associated with the

Fig. 2. Attachment efficiencies of GO on (a) DOPS-DOPC SLBs with DOPS molar percentage ranging from 0 to 19.5 %, and (b) cholesterol-DOPC SLBs with
cholesterol molar percentage ranging from 0 to 30 %, at 100 mM NaCl or 1 mM CaCl2, pH 7.2. Error bars represent standard deviations (n = 2). Data points with same
letter in same color are not significantly different from each other based on ANOVA test, p > 0.05.
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3.4. Disruption of modified vesicles by GO deposition

accommodates vesicle deformation [63,64]. Future studies, particularly
molecular simulations, on the role of cholesterol in vesicle disruption
will help elucidate these mechanisms.

The disruption of vesicles induced by GO was examined through dye
leakage assay. Fig. S7 presents the time-dependent CF dye leakage ratio
from DOPC vesicles, L(t), upon the exposure of GO at various concen
trations (0–40 mg/L). The blank sample (only DOPC vesicles in HEPES
buffer) showed a minimal increase (7.9 %) in CF dye leakage within 2 h,
indicating that CF dye-encapsulated vesicles were stable under the
experimental conditions. When GO was introduced into the DOPC
vesicle suspension, a rapid and significant increase in CF dye leakage
was observed. For example, the addition of GO at 2 and 40 mg/L resulted
in 13.6 % and 79.0 % dye leakage, respectively, after 2 h incubation.
After subtracting the background/blank sample (Fig. S8a), we found
that the CF dye leakage at 120 min (L120 min) from DOPC vesicles was
positively correlated to GO concentration (Fig. S8b), indicating that GO
deposition induced transient vesicle disruption instead of continuous
release [26].
Next, we investigated the disruption of DOPS-DOPC and cholesterolDOPC vesicles by GO. In the absence of GO, the DOPS and cholesterol
modified vesicles were stable with < 10 % dye release (Fig. S9). After
subtracting this background, we calculated the time-dependent dye
leakage from DOPS-DOPC (Fig. 4) and cholesterol-DOPC (Fig. 5) vesicles
caused by GO. Fig. 4a showed the CF dye leakage from DOPS-DOPC
vesicles over a range of DOPS molar content from 0 to 19.5 % as a
function of time. As DOPS content was increased, L120 min was gradually
decreased, which follows the same trend as the deposition of GO on
DOPS-DOPC SLBs (Fig. 2a). We further plotted the dye leakage with
attachment efficiencies of GO on DOPS-DOPC SLBs (Fig. 4b). Remark
ably, CF dye leakage at 120 min (L120 min) from DOPS-DOPC vesicles was
linearly correlated to attachment efficiencies of GO on the SLBs (R2 =
0.99997). This observation is in accordance with the prevalent view that
deposition of GO onto SLBs is a critical and necessary step to initiate
membrane damage [13].
Fig. 5 presents CF dye leakage kinetics from cholesterol-DOPC vesi
cles and the L120 min values over a range of cholesterol molar content
from 0 to 30 %. The L120 min values were not significantly different be
tween vesicles with varying cholesterol contents (one-way ANOVA test,
p > 0.05) (Fig. 5a). Accordingly, no linear correlation between L120 min
and the attachment efficiencies of GO deposition was observed on
cholesterol-DOPC SLBs (R2 = 0.004, Fig. 5b). These results highlight the
complex roles that cholesterol might play in modulating GO-SLB in
teractions. For example, cholesterol in SLBs can interact with GO
through hydrophobic interactions, resulting in the extraction of
cholesterol and disruption of lipid bilayer [58,61,62]. Additionally,
cholesterol can also enhance lipid membrane fluidity, which

4. Conclusions
In this study, we prepared multi-component model membranes
containing zwitterionic lipids, anionic lipids, and cholesterol to mimic
eukaryotic cell membranes. Increasing anionic lipids contents in the
model membranes decreased the attachment efficiency of GO, high
lighting the important role of electrostatics in controlling GO deposition.
In comparison, the incorporation of cholesterol results in a negligible
change in membrane surface charge and GO attachment. While the
attachment of GO was largely irreversible on zwitterionic lipid bilayers
with and without cholesterol, the inclusion of anionic lipids in the bi
layers results in partial GO release upon elusion with DI water. Using the
dye leakage test, we show that disruption of vesicles induced by GO
decreased with increasing anionic lipids content, and the extent of
disruption was linearly correlated with the attachment efficiency of GO
on the lipid bilayers. We also show that the extent of membrane
disruption by GO was not correlated with cholesterol content, likely due
to the ability of cholesterol to impact both hydrophobicity and fluidity of
the lipid membranes. Overall, our results demonstrate the nonnegligible role of anionic lipids and cholesterol in controlling the
physicochemical interaction of GO with cell membranes. Our findings
also highlight the need for further development of model membranes
that are more representative of biological membranes.
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Fig. 4. (a) CF dye leakage kinetics from DOPS-DOPC vesicles with DOPS molar percentage ranging from 0 to 19.5 %, (b) the correlation between CF dye leakage at
120 min (L120 min) from DOPS-DOPC vesicles and attachment efficiencies of GO on DOPS-DOPC SLBs. Experiments were performed with GO at 20 mg/L, 150 mM
NaCl, pH 7.4 (20 mM HEPES buffer). Error bars represent standard deviations (n = 3). Data with different letters indicate significant difference, p < 0.05.
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Fig. 5. (a) CF dye leakage kinetics from cholesterol-DOPC vesicles, (b) the correlation between L120 min from various cholesterol-DOPC vesicles and attachment
efficiencies of GO on cholesterol-DOPC SLBs. Experiments were performed with GO at 20 mg/L, 150 mM NaCl, pH 7.4 (20 mM HEPES buffer). Error bars represent
standard deviations (n = 3). Data with same letter indicates no significant difference, p > 0.05.
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