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ABSTRACT: Using a combined experimental and computer
modeling approach, we demonstrate that graphene can self-
assemble with a discoidal lipid bicelle, forming a graphene
incorporated nanodisc structure (NANO2-graphene) over a wide
range of graphene-to-lipid ratios (from 1:2000 to 1:40 by weight).
Structural characterization via dynamic light scattering (DLS),
differential scanning calorimetry (DSC), and small-angle X-ray
scattering (SAXS) confirms the encapsulation of graphene in the
bicelles and suggests that the presence of graphene enhances the
stability of the discoidal structure and prevents the usual thermally
induced bicelle-to-vesicle transition. Both molecular dynamics
(MD) simulations and DSC results show that bicelles are capable
of encapsulating a significant graphene content and that the
graphene incorporation significantly suppresses the lipid ordered
phase and decreases lipid lateral diffusion. MD simulations also reveal that, in the presence of single or stacked graphene layers, lipid
tails bend and orient along the graphene surface to maintain the bilayer thickness with the lipid order parameter significantly reduced
and the area per lipid increased along with water contacts with lipid headgroups. These results provide important insights into the
interaction between lipid molecules and graphene that should be considered in the biomedical application of graphene-containing
nanomaterials and, more broadly, the effect of graphene on lipid-containing biointerfaces.
KEYWORDS: lipid nanodiscs, bicelle, molecular dynamics, graphene encapsulation, aggregation enhanced emission, SAXS, DSC

■ INTRODUCTION
Graphene is the thinnest known material, composed of only a
single 2D sheet of sp2 hybridized carbon atoms arranged in a
honeycomb lattice structure. It can be produced through the
exfoliation of bulk graphite by mechanical, thermal, electro-
chemical, and intercalative means. Since its isolation from
graphite in 2004, graphene has been intensely studied due to
its unique physicochemical properties1 including high
mechanical strength and excellent electrical and thermal
conductivity.2 It also has a large specific hydrophobic surface
area allowing it to efficiently load hydrophobic drugs and other
small molecules, suggesting significant potential as a drug
delivery agent.2,3 In biophysics, it is also of great interest to
understand how such a 2D hydrophobic object interacts with a
lipid bilayer. Furthermore, graphene oxide can serve as a
potential diagnostic agent owing to its fluorescence property
(also known as a “carbon dot”). While graphene has many
desirable unique properties, its hydrophobicity leads to
aggregation in aqueous and physiologically relevant environ-
ments, affecting its biomedical applications.4 Similarly,
graphene can also adhere nonspecifically to tissues long before
reaching a targeted site, limiting bioavailability and overall

therapeutic efficacy.5,6 Simulation studies have shown that
coating graphene with phospholipids reduced their ability to
penetrate lipid bilayers.7 This suggests that graphene
encapsulation in lipid carriers may lead to a reduction in
undesired cell membrane interactions, thereby reducing
toxicity and improving therapeutic efficacy.

One of the model biomembranes is the discoidal bicelle,
which is generally constructed by a long-chain (with 12
carbons or greater in acyl-chain length) lipid bilayer with the
rim belted by other amphiphilic species such as short-chain
lipids (with seven carbons or less in acyl length), detergents
(bile salts or acids), membrane scaffold protein (MSP), or
amphiphilic polymers (e.g., styrene-maleic acid).8−15 The
short-chain lipid mediated bicelles normally have a uniform
size with a radius of 10−20 nm and thickness of 5 nm. It has
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been reported that low-temperature discoidal bicelles at high
lipid concentration can be transformed into perforated lamellae
or bilayered ribbons upon elevated temperature,13−15 leading
to a magnetically alignable phase, facilitating the in situ
structural analysis of membrane-associated proteins via
pseudo-solid-state nuclear magnetic resonance (NMR) in
solution.8 More recently, bicelles have been demonstrated to
be effective carriers for the delivery of small molecular species,
such as diclofenac diethylamine, β-carotene, gold nanoclusters
(NANO2-Au nanoclusters), quantum dots (NANO2-QD),
nucleic acid, and doxorubicin, among others.16−26 They have
also been used for the delivery of monomeric fullerenes for
photodynamic therapy, the only reported bicellar delivery of a
carbon family material to date.27

Extensive simulation studies on the interaction between a
graphene nanosheet and lipid membrane have been reported.
Early molecular dynamics (MD) simulation suggested that
graphene can be stabilized by the hydrophobic environment of
lipid tails.28 Some simulation studies focus on the mechanism
of entry of a graphene nanosheet into a lipid bilayer,29−32

including the role of angle and orientation of graphene
insertion into a bilayer29−31 and how cholesterol in a bilayer32

affects the entry mechanism. Another study on the
morphological variation of lipid bilayers on graphene or
graphene oxide has found that the lipid order is greatly reduced
due to the lateral interactions between lipid tails and surfaces
and that the diffusion of lipids becomes slower in the presence
of graphene.33 Additionally, an experimental report on
graphene encapsulation in a lipid bilayer has demonstrated
phospholipid-assisted exfoliation of graphite in an aqueous
environment,34 in which the lipids rapidly desorbed from
graphene, resulting in lipid vesicles (liposomes) and the
aggregation of graphene.

As an investigation on the interactions between graphene
and lipid bilayers offers valuable insight into the cellular uptake
of graphene and rational design of graphene-derived lipid
nanoparticles, this report will demonstrate that stable size-
uniform graphene-encapsulating bicelles (nanographene in
nanodiscs, denoted herein as NANO2-graphene) are attainable.
We have used dynamic light scattering (DLS), small-angle X-
ray scattering (SAXS) data, and differential scanning
calorimetry (DSC) thermograms to investigate the structures
of NANO2-graphene and the conformation of lipids after
graphene encapsulation. MD simulations have been performed
to characterize the lipid order parameter in the presence of
graphene sheet(s) entrapped in the middle of the bilayer and
yield outcomes consistent with the experimental outcomes.

■ EXPERIMENTAL SECTION
Materials. 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC),

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-dipal-
mitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt) (DPPG)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). The
DPPC and DHPC stock solutions were prepared by dissolving each
lipid in chloroform, while the DPPG stock solution was prepared
using a 65% chloroform and 35% methanol solution. Nano24 graphite
was purchased from Asbury Graphite Mills (Kittanning, PA). 1-
Methyl-2-pyrrolidinone (NMP) was purchased from Sigma-Aldrich
(St. Louis, MO). Chloroform and methanol were purchased from
Fisher Scientific (Waltham, MA).
Sample Preparation. Preparation of Graphene Dispersion. A

graphene dispersion was prepared from the exfoliation of submicron
graphite in NMP using the procedure described by Khan et al.35

Graphite powder (1.65 g) was added to a flask containing 500 mL of

NMP. The flask was placed in a sonicator bath for 168 h to produce a
graphene dispersion. The dispersion was then centrifuged at 50,000g
for 30 min, and the precipitate was discarded. This step was repeated
four times to reduce the fraction of unencapsulated graphene. It
should be mentioned that nanosized graphene is also attainable
commercially, while we are able to make graphene or low-stacking
graphite in large quantities through this method.
Preparation of Pristine Bicelles. Bicelles were prepared according

to the standard published method in the literature.16,21,22,24,25 The
short-chain lipid DHPC, the long-chain lipid DPPC, and the charged
long-chain lipid DPPG were mixed with a molar ratio of long-chain to
short-chain lipids (Q, as defined below) = 3 and a molar ratio of
charged to total long-chain lipid (R, as defined below) = 0.01 or 0.05,
respectively, to a final lipid mass of 10 mg. Charged DPPG was added
in the mixture to inhibit possible fusion between bicelles.36

= [ ] + [ ]
[ ]

= [ ]
[ ] + [ ]

Q RDPPC DPPG
DHPC

;
DPPG

DPPC DPPG

The lipid mixture was then placed on a hot plate at 50 °C under
nitrogen to remove the chloroform and methanol. The resultant lipid
film was vacuumed at 80 °C for 5 days to completely remove solvent.
The dry mixture was hydrated with 100 μL of filtered water and
temperature-cycled above (>60 °C) and below (<5 °C) the lipid
melting transition temperature (Tm) eight times with vortex to yield a
10 w/v% bicelle stock solution.
Preparation of Graphene-Loaded Bicelles (GB). Lipid mixtures

were prepared with Q = 3 and R = 0.01 or 0.05, respectively, at a final
lipid mass of 10 mg. Then, aliquots of the graphene dispersion were
added to each lipid mixture with various graphene/lipid mass ratios
(i.e., 1:2000, 1:1000, 1:667, 1:500, 1:200, and 1:40). The resultant
mixtures were then vortexed and placed directly into a vacuum oven
at 80 °C for 5 days to remove the NMP solvent. The weight of the
dried samples was continuously monitored to ensure the complete
removal of NMP (i.e., no further reduction of the weight with a longer
drying process). In general, 4 days of the drying process is sufficient.
The mixtures were rehydrated in water to form a lipid concentration
of 10 w/v% aqueous solutions and then temperature cycled as
described above. The final GB solutions were then centrifuged at
21,000 relative centrifugal force for 30 min to remove unencapsulated
graphene or large aggregates. The supernatants were the final GB
samples for further characterization. This procedure can be applied to
manufacturing solid GB or highly concentrated GB solutions and
further diluted to low-concentration GB solutions on demand for
large-scale, high-stability production, defraying the cost for long-
distance transportation.
Simulation. Coarse-Grained Molecular Dynamics Simulation.

The coarse-grained molecular dynamics (CGMD) simulations were
performed with the MARTINI 2 force field.37 The MARTINI is a
coarse-grained (CG) force field successfully used for molecular
dynamics simulations of biomolecular systems and, in particular, lipid
bilayers.37,38 The MARTINI CG model is able to reproduce the self-
assembly process of lipid bilayers and structural properties such as the
area per lipid headgroup and bilayer thickness that are in a good
agreement with the experimentally measured values.37,39 However, the
temperature at which the lipid (gel-to-liquid) phase transition occurs
in MARTINI coarse-grained simulations is somewhat lower than the
experimental phase transition temperature,36,38,40−42 which is believed
to be due to the coarse-grained nature of molecular dynamics
simulations.37,38,43 Although the direct numerical comparison
between the experiment and simulation of the lipid gel−liquid
transition temperature may not be feasible, the relative change in the
transition temperature upon modification of bilayer, e.g., by graphene
presence, can be readily assessed and compared with experimental
results. The force field for graphene is adapted from the literature.44

We created a new type of bead named GR to follow the 4:1 mapping
for carbon atoms of a graphene sheet, and the GR-type bead has the
same size and mass as the the MARTINI C1-type bead.37 The bonds,
angles, dihedrals, and nonbonded self-interaction parameters are
taken from the model, and the nonbonded interaction parameters
with all other types of beads are the same as for C1-type bead, which
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has been proven to be valid in previous research.44,45 The main
improvement of this improved graphene model is that it also correctly
reproduces the experimental spacing of 0.335 nm between adjacent
layers of graphene sheets.46

The models consisted of 960 DPPC and 320 DHPC molecules
with one, two, or four 10 × 10 nm2 graphene sheets. The graphene
sheet(s) was(were) placed in the middle of the simulation box with
half of the mixed phospholipids placed below the graphene sheet
while the other half was above. Then, the simulation box was filled
with CG water (each CG water bead representing four water
molecules) with about 8% of the total water beads being larger
antifreeze water beads to prevent the system from freezing at lower
temperature.37 The system was first equilibrated for 2 ns, and then the
NPT simulations were performed at four different temperatures, i.e.,
288, 293, 298, and 308 K, for 1000 ns with a time step of 0.002 ps.
The simulations were coupled to a Berendsen thermostat (lipids,
graphene, water, and antifreeze water were coupled separately to
Berendsen heat baths with a coupling time constant of 1 ps). Pressure
coupling was carried out with a time constant of 2 ps and
compressibility of 3 × 10−5 bar−1 using a Berendsen barostat at 1
atm pressure. A cutoff distance of 1.2 nm was used for the van der
Waals interactions with the Lennard−Jones potential and electrostatic
interactions with a Coulombic potential. All simulations were
performed using the 2016.3 GPU version of GROMACS for
consistency with previous work.47 All visualizations of systems were
produced by the Visual Molecular Dynamics (VMD) software
package.48

Experimental Methods. Dynamic Light Scattering (DLS)
Experiments. DLS experiments were performed at an ALV Compact
Goniometer System with multidetectors (CGS-3MD, Germany)
equipped with a 22 mW 632.8 nm He−Ne laser. The autocorrelation
function is collected with an ALV-7004 digital multiple tau real-time
correlator. Samples were prepared from the bicelle and GB stock
solutions at a lipid concentration of 0.1 w/v%. All data were collected
at θ = 90°. From the characteristic relaxation time, the diffusion
coefficients of the particles can be obtained. The hydrodynamic radius
RH can be further derived using the Stokes−Einstein relationship.
UV/Visible (UV/Vis) Spectroscopy. UV/vis absorption spectra were

conducted using a PerkinElmer Lambda 1050 instrument with a
tungsten halogen light source and a three-detector module for
photomultiplier tube, InGaAs, and PbS detection. The samples were
loaded into standard borosilicate glass cuvettes with a 10 mm path
length. Data were collected over a wavelength range from 200 to 800
nm. Samples were measured at a lipid concentration of 0.1 w/v%.

Fluorescence Spectroscopy. The 1D and 2D fluorescence
experiments were performed on a steady-state Horiba Fluorolog III
with a 450 W short arc xenon lamp. The samples were loaded into
standard borosilicate glass cuvettes with a 10 mm path length. For the
1D experiments, samples were excited at 380 nm, and emission data
were collected from 400 to 660 nm with a 5 nm slit size. For the 2D
experiments, the samples were excited from 310 to 500 nm, and
emission data were collected from 300 to 650 nm with a 1 nm slit size.
First- and second-order Rayleigh masking was enabled for the 2D
experiments. Samples were measured at a lipid concentration of 0.1
w/v%.
Differential Scanning Calorimetry (DSC). DSC experiments were

performed using a NanoDSC instrument from TA Instruments (New
Castle, DE). Samples were analyzed at a lipid concentration of 0.1 and
1 w/v%. The temperature range was set from 5 to 60 °C with a scan
rate of either 1 or 2 °C/min. The equilibration time between the
heating and cooling scans was 10 min. Peaks were analyzed for
enthalpy calculations by using Origin Pro 8.5.
Small-Angle X-ray Scattering (SAXS) Experiments. SAXS experi-

ments were conducted at the Brookhaven National Laboratory
National Synchrotron Light Source-II (NSLS-II) using the Life
Science X-ray (16ID-LiX) beamline with an X-ray energy of 13.5 keV.
Scattering data were collected on three individual pixel array detectors
with overlapping scattering angles to cover a continuous range of

scattering vector q (q = sin4
2
, where θ is the scattering angle and λ is

the wavelength of the X-ray) from 0.005 to 2.665 Å−1. The useful q
range for data fitting was 0.005 to 0.6 Å−1 due to the influence of the
sharp water peak. The samples were diluted to a lipid concentration of
1.0 w/v% and loaded into a 14-cell sample holder wedged between
two mica sheets with a cell thickness of 1.0 mm. The sample holder
was placed on a temperature control stage, and data were collected at
25 and 60 °C. The 2D intensity data were reduced to 1D data as a
function of q. Solvent scattering (of water) was rescaled and
subtracted from the sample by minimizing the water peak that
appears in both the background and the sample at q ∼ 2 Å−1. The
reduced data were then further fit by the five-layer core−shell disc
(5LCSD, Section 1 in the Supporting Information) or core three-shell
sphere (C3SS, Section 2 in the Supporting Information) model
provided by SASView 4.2.1 with an invariant ρwater = 9.47 × 10−6 Å−2,
where ρ is the scattering length density (SLD); a fixed rim thickness
(trim) of 10 Å; and a fixed ρrim = 9.70 × 10−6 Å−2.49

Figure 1. Hydrodynamic radius (volume-weighted) of 0.1 w/v% pristine bicelles (dark yellow) and GB 1:1000 and GB 1:40 (blue and pink,
respectively) with (a) low charge (Q = 3, R = 0.01) and (b) high charge (Q = 3, R = 0.05). The physical appearance of (c) R = 0.01: pristine
bicelles, GB = 1/1000, GB = 1/40 and (d) R = 0.05: pristine bicelles, GB = 1/1000, GB = 1/40 at 25 and 60 °C, respectively.
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■ RESULTS AND DISCUSSION
Structural Analysis. Graphene was prepared by the

sonication of graphite in the organic solvent NMP. The
resultant graphene dispersion was then centrifuged to remove
any unexfoliated graphite and larger graphene flakes as
previously demonstrated by Cunning et al.50 Two populations
of hydrodynamic radius (RH) of the exfoliated graphene were
observed by DLS (Figure S2a), suggesting that centrifugation
did not remove all larger graphite aggregates. This study
focuses on particles with a RH ∼ 10 nm, which is similar to the
size of bicelles,14,15,22,24,35,36,51 which are more promising for
efficient encapsulation. UV−visible absorbance spectroscopy
was performed to obtain the concentration of the graphene
dispersion (Figure S2b). Using the previously reported
absorbance coefficient of 2460 mL mg−1 m−1 at 660 nm, the
concentration is estimated to be 0.05 mg/mL based on the
assumption that majority of the dispersed material is
graphene.52

Bicelles can robustly self-assemble by simple hydration of
the dried lipids in the presence and absence of a hydrophobic
payload.13−16,20−22,24−26,53−56 GB was prepared in the same
manner, where dried samples were made by direct addition of
aliquots of the graphene dispersion into the lipid mixture
followed by removal of the NMP solvent (see Sample
Preparation in the Experimental Methods section). The GB
mixture was then rehydrated in aqueous solution and
thermocycled above and below the melting transition temper-
ature of DPPC (Tm, DPPC = 41 °C) several times to produce
GB.

Figure 1a,b shows the RH distribution functions of 0.1 w/v%
bicelles and GB obtained via DLS measurements. The
histograms represent volume-weighted distributions, which
are derived from the intensity-weighted distributions based on
the approximate scattering intensity from spheres of the
corresponding RH. The peaks of RH of all samples are in the
range between 4 and 20 nm with little or no population of
large particles (>100 nm). This outcome agrees well with the
distribution function of RH of the discoidal bicelles reported in
the literature.51 Both low-charge (R = 0.01) and high-charge
(R = 0.05) systems form bicelles with slightly increased RH
values upon the incorporation of graphene.

Figure 1c,d shows the physical appearances of Clp = 1.0 w/v
% pristine bicelles and GB solutions at two temperatures:
above (60 °C) and below (room temperature) Tm,DPPC. The R
= 0.01 pristine bicelles and GB 1:1000 become translucent
upon heating, indicative of multiple scattering from large
particles (presumably large multilamellar vesicles as reported
previously43,57,58). The high graphene content sample, GB
1:40, has a brownish color due to solubilized graphene and
does not show the same degree of opaqueness at either room
temperature or 60 °C, suggesting that graphene loading
inhibits the coalescence of the GB, consistent with MD
simulations and the observed DSC outcomes discussed below.
Similarly, all R = 0.05 GB samples also do not exhibit obvious
opaqueness at the two examined temperatures, suggesting that
enhanced charge density inhibits the coalescence between
particles in good agreement with previous reports51,56,59 and
consistent with the DSC outcomes outlined below.

Figure 2. SAXS 5LCSD model fitting results of 1 w/v% (a) low-charge pristine bicelles and GBs (R = 0.01) and (b) high-charge pristine bicelles
and GBs (R = 0.05). Red arrows indicate the characteristic MLV peaks. (c) Schematics (cross-sectional view) of the bicelle and (d) 5LCSD model
used to fit the SAXS data. The bicelle shows that majority of the long- (blue headgroup) and short- (green headgroup) chain lipids form a planar
portion and rim of the disc, respectively. The 5LCSD model indicates the individual regions with distinct electron densities by color and their
dimensions.
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To further characterize the morphology and internal
structure of the nanoparticles, SAXS measurements and
analyses were applied to 1.0 w/v% samples. Figure 2a,b
showd the SAXS data of both low- (R = 0.01) and high- (R =
0.05) charge mixtures with various graphene contents. Figure
2c describes the possible arrangement of long- and short- chain
lipids forming the planar portion and rim of the bicelle. A five-
layer core−shell disc (5LCSD) model as shown in Figure 2d
was used to obtain the best fit of the data.49 The five layers
include two outer layers of hydrophilic phosphate shells next to
two interior layers of an all-trans hydrocarbon regime and an
innermost layer of low-density hydrophobic regime (with both
trans- and cis- configurations). The fact that all best fits are in
good agreement with the SAXS data indicates that the majority
of the morphology remains discs. However, in one case (GB

1:667), two weak but observable pseudo-Bragg peaks that
appear at q = 0.1 and 0.2 (representing a d-spacing of 62.8 Å),
corresponding to a multilamellar vesicle (MLV), are observed
as indicated by the red arrows in Figure 2a. It is presumed that
the high polydispersity of the graphene size (presumably due
to larger graphene fragments) in the initial aliquot may cause
vesiculation, and low-charge systems at room temperature
generally prefer the formation of MLVs for the lower Clp
pristine bicellar mixtures.59 Another possibility is that some of
the graphene reaggregates during the hydration step with
lipids, leading to the destabilization of a small portion of the
bicelles, which transform into MLVs. A similar phenomenon
was observed by Raju et al. as graphene was exfoliated in the
presence of phospholipids in an aqueous environment.34 It
should be noted that the GBs are stable for at least a week. The

Table 1. SAXS 5LCSD Best Fitting Results of 1% w/v Pristine Bicelles and GBs with R = 0.01

pristine bicelles GB 1:2000 GB 1:1000 GB 1:667 GB 1:500 GB 1:200 GB 1:40

rd(Å) 139 ± 1 176 ± 1 159 ± 1 174 ± 2 182 ± 1 144 ± 1 328 ± 3
tshell(Å) 10.6 ± 0.3 11.0 ± 0.2 10.7 ± 0.2 10.5 ± 0.3 10.8 ± 0.2 9.6 ± 0.1 9.3 ± 0.2
ttrans(Å) 13.0 ± 0.7 12.9 ± 0.6 12.4 ± 0.4 13.8 ± 0.8 14.0 ± 0.3 15.2 ± 0.1 16.4 ± 0.2
tmid(Å) 6.7 ± 1.7 6.3 ± 1.5 8.9 ± 1.1 6.7 ± 2.1 4.6 ± 0.6 4.0 ± 0.1 1.4 ± 0.3
ttotal (Å) 53.9 ± 3.7 54.1 ± 3.1 55.1 ± 2.3 55.3 ± 4.3 54.2 ± 1.6 52.6 ± 0.5 52.8 ± 1.1

Table 2. SAXS 5LCSD Best Fitting Results of 1 w/v% Pristine Bicelles and GBs with R = 0.05

pristine bicelles GB 1:2000 GB 1:1000 GB 1:667 GB 1:500 GB 1:200 GB 1:40

rd(Å) 125 ± 1 155 ± 1 160 ± 2 199 ± 1 208 ± 1 207 ± 1 172 ± 1
tshell(Å) 10.4 ± 0.3 11.1 ± 0.2 10.7 ± 0.2 11.1 ± 0.2 10.7 ± 0.3 10.6 ± 0.2 11.0 ± 0.1
ttrans(Å) 12.7 ± 0.6 14.3 ± 0.5 14.3 ± 0.5 13.9 ± 0.6 14.2 ± 0.3 15.5 ± 0.3 14.0 ± 0.8
tmid(Å) 6.6 ± 1.5 3.9 ± 1.0 4.4 ± 1.0 4.9 ± 1.4 6.3 ± 0.7 4.4 ± 0.8 5.4 ± 1.7
ttotal(Å) 52.8 ± 3.3 54.7 ± 2.4 54.4 ± 2.4 54.9 ± 3.0 56.1 ± 1.9 56.6 ± 1.8 55.4 ± 3.5

Figure 3. Computer simulation snapshots showing (a) the top view and (c) cross-sectional side view with a zoom-in of the lipids in the vicinity of
graphene of a GB equilibrated for 1000 ns at 15 °C and 35 °C (b and d), respectively. DPPC lipids are shown in cyan, DHPC in magenta, and
graphene in yellow. Water is not shown for the sake of clarity. (e) Illustration of segment bonds of the coarse-grained DPPC lipid. Segmental order
parameter calculated using eq 2 for different segments of DPPC lipids in pristine bicelles and in the vicinity of the graphene in GB at (f) 15 °C and
(g) 35 °C.
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outlier (containing MLVs) can also be rationalized that the
centrifugation step might not completely remove all MLVs in
the GB 1:667 sample.

The structural parameters of the 5LCSD model include the
discoidal radius (rd), the individual thicknesses of the five
layers (accounting for two hydrophilic shells, two all-trans
hydrophobic regions, and one trans−cis middle layer denoted
by tshell, ttrans, and tmid, respectively, as shown in Figure 2d), and
the radial thickness of the rim (trim). The total bilayer thickness
(ttotal) can be described by eq 1.

= + +t t t t2 2total shell trans mid (1)

Each region is further defined by a corresponding contrast or
scattering length density. The 5LCSD model is further
described in Section 1 of the Supporting Information. The
best fitting procedure allows us to obtain the bicellar
dimensions as reported in Tables 1 (R = 0.01) and 2 (R =
0.05). The best-fit rd increases upon encapsulating graphene,
consistent with the DLS outcomes and reports in the
literature.16,22,24,26 However, rd does not strongly correlate
with graphene content. The largest best-fitting rd is found in
the low-charge sample with the highest graphene content, GB
1:40, reflected by the increasing intensity at low q. Despite the
changes observed in individual layer thicknesses (i.e., tshell, ttrans,
and tmid), ttotal is conserved for all samples with different
graphene contents, in agreement with computer simulation
findings discussed next. The bilayer thickness in the range of
53 and 56 Å is within statistical errors (Table 1) and in good
agreement with a literature report for pristine bicelles.49 The
decreased tmid value with increased graphene content observed
in the low-charge series has the implication that either the large
graphene content reduces the gap (the middle layer of trans-/
cis- mixing configuration) or it reduces the contrast between
the all-trans layers and the midlayer. The latter may be the case
as computer simulations discussed below indicate significant
lipid reorganization in the presence of graphene. For R = 0.05
GBs, no significant changes are found in any bicellar
dimensions.
Molecular Dynamics Simulations. To further under-

stand the interaction between graphene and lipids and assess
lipid properties in the vicinity of graphene, CGMD simulations
were performed to evaluate the bilayer thickness, lipid order,
and lipid mobility. In the CGMD simulations, the bicelle
readily formed around a graphene sheet as expected due to the
hydrophobicity of lipid tails and hydrophilicity of lipid heads
(Figure 3a−d), in good agreement with the previous
literature60 and our experimental outcomes. Computer
simulation snapshots of the GB at low (15 °C) temperature
(Figure 3a) reveal an oval disc-like shape of the bicelle in
contrast to a circular disc shape observed for the pristine
bicelle (see Figure S3) at the same temperature or GB at high
(35 °C) temperature (Figure 3b). The observed difference in
the self-assembled structure originates from the different lipid
packing in the presence of graphene at a low temperature and
the decreasing lipid order with a temperature increase. To test
this hypothesis, we calculated the orientational (second) order
parameter using eq 2:

= < >P
3
2

cos
1
22

2
(2)

where φ is the angle between the bond vectors C4−C3, C3−
C2, C2−C1, C1−GL of DPPC lipids (Figure 3 e−g) and the
normal to the bicelle. The orientational order parameter can

vary from 1 to −0.5, where a value of 1 corresponds to perfect
order and a value close to 0 means no order. For a given bond
vector, we averaged over the two lipid tails, between different
lipids, and also performed a time average using the last 25 ns of
the simulation trajectory data. For the pristine bicelle, for the
calculation, we used all DPPC lipids except for the bicelle edge,
while for GB, we performed averaging over the lipids in the
vicinity of graphene, also excluding graphene edges.

As is seen from Figure 3f, at low temperature (15 °C), the
pristine bicelle maintains a high lipid order ∼0.65−0.80 for all
bond vectors of the DPPC lipid tails. In contrast, DPPC lipids
in GB exhibit less order in the vicinity of graphene: P2 ∼0.45
for GL−C1 and C1−C2 bonds, ∼0.2 for C2−C3, and only
about ∼−0.3 for C3−C4 bond at the same temperature (15
°C). The low bond order parameter for the lipid tails is due to
the bending of the C3−C4 bond, as seen in the computer
simulation snapshot shown in Figure 3c. Indeed, as seen in
Figure 3c,d, the thickness of the bicelle is lower in the vicinity
of graphene than at other regions, which is due to the bending
and orientation along the graphene plane of the DPPC tails
located near the graphene. Since lipids tend to maintain a
uniform headgroup-to-headgroup bilayer distance throughout
the entire bicelle, lipids in the graphene-containing region
bend to accommodate the graphene sheet and avoid an
increase in the headgroup-to-headgroup bilayer distance, as
will be discussed below. Otherwise, there might be raft
formation between the graphene-containing area of the bicelle
and the graphene-free regions. Consistent with this hypothesis,
shorter-tail DHPC lipids do not bend (Figure 3c). Since
DHPC has a much shorter length compared to DPPC, it does
not need to bend to maintain an unchanged headgroup-to-
headgroup bilayer thickness. At high temperature (35 °C), the
lipid order decreases for both pristine and GB bicelles (Figure
3g), with the central segments (GL-C1 and C1−C2)
maintaining P2 ∼0.6 for pristine bicelle and ∼0.4 for GB,
while the tails (C3−C4) are more disordered at P2 ∼0.35 for
pristine bicelles and P2 ∼−0.2 for GB where C3−C4 segments
orient along the graphene surface (Figure 3d).

To characterize the temperature effect on the DPPC lipid
order, we calculated the overall lipid order by averaging the
order parameters calculated for all lipid segments (C4−C3,
C3−C2, C2−C1, C1−GL), among different lipids, and
performing a time average. The results for the DPPC lipid
order in pristine and GB bicelles are shown in Figure 4a as a
function of temperature. As is seen, in pristine bicelles, the
orientational order parameter for DPPC lipids remains about
0.72 until the temperature reaches around 32 °C, when it
suddenly declines to below 0.5. This indicates the loss of liquid
crystalline order of the lipids and a transition from the gel to a
disordered lipid state. This temperature is consistent with
previous CGMD studies (using the MARTINI force field) for
pure DPPC lipids bilayers41,42 but smaller than observed
experimentally, 41 °C,36,40 due to the coarse-grained
representation of the system in simulations, as discussed
above. In contrast, for GB, the DPPC lipid order in the vicinity
of graphene remains rather low, around 0.2, at all temperatures
studied. This lower lipid order originates from the bending of
the lipid tails near the graphene surface, as discussed above
(Figure 3). As a result, the temperature is generally found to
have a minimal influence on the order of lipids around
graphene. It should be noted that, on average, lipids in the
vicinity of graphene maintain the initial 3:1 ratio of DPPC/
DHPC (Table S1) likely due to slow lipid diffusion in this
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region, as discussed below. We have also analyzed the lipid
order in the graphene-free regions of GB (Table 3) and found

that it is higher than that in the graphene vicinity but lower
than that in pristine bicelles. Furthermore, a decrease in lipid
order was observed with increasing temperature in the
graphene-free regions, similar to that in pristine bicelles, unlike
the nearly invariant lipid order in the vicinity of graphene.

Lower lipid order parameters typically indicate that lipids are
more likely to be in a disordered phase with a concomitant
increased mobility. Since the presence of graphene decreases
the lipid order, this could suggest that the lipid mobility might
be greater in GB than in pristine bicelles. Lipid mobility is

related to the lateral diffusion coefficient, with a higher
diffusion coefficient indicating that lipids have more freedom
to move within the bicelle. Therefore, lipid mobility was
assessed by calculating the lateral diffusion coefficients for the
DPPC lipids in pristine and GB bicelles in the vicinity of
graphene (Figure 4b). To this end, we first analyzed (using
gmx msd of GROMACS47) the lateral mean square displace-
ment of DPPC lipids using the last 25 ns of the simulation
trajectory. The diffusion coefficient D was then calculated from
the least-squares fitting of the mean square displacement
(Figure S4) using the equation =r t r Dtlim ( ) (0) 4

t
i i

2 .

The calculated diffusion coefficients are plotted in Figure 4b as
functions of temperature. The diffusion coefficient of DPPC in
pristine bicelle systematically increases with temperature and
then undergoes a sudden increase around 32 °C when the lipid
order decreases and the transition from an ordered (gel) to a
disordered (fluid) lipid state occurs. The lateral diffusion
coefficient of DPPC is consistent with that previously reported
experimentally and in computer simulations: in the gel phase,
the diffusion coefficient is in the range of 0.005−0.1× 10−7 cm2

s−1 as reported in computer simulations38,41 and 0.0004−0.16
× 10−7 cm2 s−1 measured experimentally,61 which overlaps
with our calculated values of 0.075−0.188 × 10−7 cm2 s−1

(Figure 4(b); in the liquid phase, the DPPC diffusion
coefficient is in the range of 1−4 × 10−7 cm2 s−1 as reported
in computer simulations38,41,62 and 0.6−2 × 10−7 cm2 s−1

measured experimentally,63,64 with our results of ∼2.3 × 10−7

cm2 s−1 being within the range of reported values. At lower
temperatures (in the gel state), the lipids are tightly packed
and their mobility is limited, while at a higher temperature
(fluid phase), they move with more freedom. In contrast, the
diffusion coefficient of DPPC lipids remains practically
unchanged in the vicinity of graphene in GB, indicating that
the presence of graphene significantly slows the lipid mobility.
This is not surprising considering that, in the vicinity of
graphene, DPPC C3−C4 tail segments bend and orient along
the graphene (Figure 3), as discussed above. Having such tight
contact with graphene anchors the lipids, slowing their
diffusion despite their disordered state. Similar observations
have been previously reported in the computer simulation
literature33 and experimentally measured for lipid diffusion
coefficients on graphene sheets.65

We also analyzed the radial distribution function (rdf) for
the DPPC and DHPC lipid headgroups (NC3, a coarse-
grained atom), which allows us to estimate the bilayer
thickness (Figure S5). The first peak of the rdf plot is related
to the presence of the nearest neighbors, while the location of
the shallow peak at a larger distance gives the thickness of the
lipid bilayer in a pristine or graphene-containing bicelle. For a
pristine bicelle, we obtained 5.04 ± 0.18 nm thickness at 15 °C
(Table 4), in excellent agreement with the experimental data in
Table 1 and literature data.66 For GB, the rdf for the NC3
headgroups was calculated for the lipids located in the vicinity
of graphene. We found that the thickness of the bilayer
containing a graphene sheet was somewhat smaller, 4.24 ±
0.71 nm, than that in a pristine bicelle (but the statistical error
increased due to a smaller statistical sample). This is consistent
with the visual observations in Figure 3f, where the tails of
DPPC lipids bend in the presence of graphene, leading to a
decrease in the bilayer thickness. Figure 3 shows that the C3−
C4 bond is frequently bent (especially in the longer tail) and
oriented along the graphene surface. The CG length of the

Figure 4. (a) Average orientational order parameter calculated using
eq 2 for DPPC lipids in a pristine bicelle (red circles) and in GB in
the vicinity of the graphene (black squares) as a function of
temperature. (b) Average diffusion coefficient of DPPC lipids in
pristine bicelles (red circles) and in GB in the vicinity of the graphene
(black squares) as a function of temperature. Lines are guides for the
eye only.

Table 3. Orientational Order Parameter Calculated Using
Eq 2 for DPPC Lipid in Pristine Bicelle and in GB in the
Graphene Vicinity and Away from It

temp
(°C)

pure lipids in
pristine bicelle

graphene-vicinity
region of GB

graphene-free
region of GB

15 0.82 ± 0.020 0.22 ± 0.016 0.59 ± 0.010
20 0.78 ± 0.015 0.22 ± 0.015 0.53 ± 0.022
25 0.78 ± 0.013 0.22 ± 0.017 0.55 ± 0.014
35 0.50 ± 0.041 0.18 ± 0.028 0.39 ± 0.033
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C3−C4 (as well as C1−C2 and C2−C3) bond of the DPPC
lipid is about 0.47 nm.37 Thus, if we account for bending of the
C3−C4 bond as well as C1−C2 and C2−C3 bonds in the
presence of graphene, then one can expect a reduction of 0.95
nm in the bilayer thickness by summing the change of the
projections of bond segments onto the normal. The presence
of graphene contributes an additional 0.4 nm to the bilayer

thickness. Therefore, we would expect a reduction of 0.56 nm
in the bilayer thickness, consistent with results obtained from
the rdf (Table 4), which however was not detected in the
SAXS best fitting results (Table 1) possibly due to the
presence of the layered graphene increasing the gap between
two leaflets, resulting in thickening the bilayer as will be
discussed below. Bending of the lipid tails causes an increased
area per lipid from 0.55 to 0.59 nm2, i.e., a less packed lipid
layer and hence a lower lipid ordering, as discussed above. For
a pristine bicelle, a large area per lipid (>0.67 nm2) is found in
the disordered state above the melting transition (Table S2).
An increase in the area per headgroup implies also a less tight
packing of lipids (with possible reduction of contrast between
the all-trans layers and the midlayer in the SAXS model
discussed above) and an increased number of contacts between
headgroups and water. Thus, in GB in the vicinity of graphene,
a lipid headgroup is on average in contact with 3.3 CG water
molecules, while in pristine bicelle, there are about 3 CG water

Table 4. Bilayer Thickness, Area per Lipid, and Average
Number of Water Molecules per Lipid within 0.6 nm of
DPPC Headgroups in Pristine Bicelle and GB, G2B, and
G4B at 15 °C

thickness
(nm)

area per lipid
(nm2)

water molecules per
DPPC

pristine
bicelle

5.04 ± 0.18 0.55 ± 0.09 2.74 ± 0.09

GB 4.24 ± 0.71 0.59 ± 0.07 3.34 ± 0.09
G2B 4.49 ± 1.20 0.68 ± 0.15 3.84 ± 0.09
G4B 5.27 ± 1.16 0.69 ± 0.11 3.94 ± 0.10

Figure 5. Computer simulation snapshots showing the cross-sectional side view with a zoom-in of the lipids in the vicinity of graphene showing
bending of C3−C4 and C2−C3 segments of lipid tails of (a) G2B and (b) G4B equilibrated for 1000 ns at 15 °C. (c) Segmental order parameter
for DPPC lipids for pristine bicelles (red squares) and GB containing one graphene (GB black squares), two graphene (G2B green triangles), and
four graphene sheets (G4B blue diamonds) at 15 °C. Lines are guides for the eye only.
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molecules per lipid headgroup, a result that agrees with 10−12
tightly bound water molecules reported in the literature.57

To investigate the effect of layered graphene sheets
entrapped in bicelles, we modeled in MD simulations GBs
containing a stack of two graphene sheets (G2B) or four
graphene sheets (G4B), as shown in Figure 5. Similar to what
is seen for a single graphene sheet (Figure 3), bending of lipid
tails is observed in the vicinity of graphene stacks with an
overall lipid order decrease compared to that of pristine
bicelles. Furthermore, analysis of the rdf plot for lipid
headgroups (NC3, a coarse-grained atom, see Figure S6)
shows that the bilayer thickness changes in a nonmonotonic
manner (Table 4). Indeed, for G2B, the bilayer thickness is
about 4.49 ± 1.20 nm, which is slightly larger than that for GB,
as now the bilayer has to accumulate two graphene sheets
inside, which would contribute an extra 0.4 nm consistent with
the reported 0.335 nm separation distance between the
graphene sheets.46 A close inspection of lipid organization in
the vicinity of the graphene stack shows that the last C3−C4
segment not only of the longer tail but also of the shorter tail
and the preceding C2−C3 (and C1−C2) bonds are more bent,
which reduce the bilayer thickness in G2B compared to GB by
0.135 nm including 0.084 nm due to the extra bending of C2−
C3 bonds and 0.05 nm due to the further bending of C1−C2
bonds. Counting the additional 0.4 nm in the thickness
contributed by an extra layer of graphene, the total increase in
the bicelle thickness is expected to be 0.4−0.135 = 0.265 nm,
which is in an agreement with the 0.25 nm increase according
to Table 4. Furthermore, the area per headgroup and contacts
with water also increase for G2B compared to GB, indicating
that additional changes in the lipid structure to accommodate
the second graphene were noticeable. For the stack of four
graphene sheets, the thickness of the lipid bilayer increased to
5.27 nm, exceeding that for the pristine bilayer (Table 4). This
is not surprising as four graphene sheets added an estimated
1.6 nm to the pristine bilayer or extra 0.8 nm compared to G2B
based on two extra separation distances of 0.4 nm between
graphene sheets. To compensate for this thick graphene layer
(Figure 5b), not only the C3−C4 segment of the longer tail of
DPPC but also that of the shorter lipid tail starts to orient
more along the graphene surface (Figure 5c), which reduces
the bilayer thickness by 0.063 nm that in turn results in an
overall increase in the bilayer thickness in G4B compared to
G2B by 0.8−0.063 = 0.74 nm, in agreement with the 0.78 nm
increase in Table 4 and consistent with experimental data
(Table 1). This suggests that the entrapment of graphene
sheets may not always change the total bilayer thickness
depending on stacking of the entrapped graphene. We also
calculated the average area per lipid and number of water
molecules per lipid within 0.6 nm of lipid heads for lipids in the
vicinity of graphene. On average, for G4B, the area per
headgroup increases to 0.69 nm2, and the number of water
molecules per headgroup is about four CG water molecules
(Table 4). An increase in the area per lipid and water contact
in the presence of graphene may imply a more open lipid layer
structure and higher susceptibility to penetration.
Thermal Analysis. DSC thermograms allow us to

understand the interior configuration of the hydrocarbon
chains better. Figure 6a reveals the thermograms (at a scan rate
of 2 °C/min) of the low-charge (R = 0.01) pristine bicelles
having an asymmetric peak with its maxima located at 42 °C.
This asymmetric peak was convoluted by two thermal events,
namely, the main transition of DPPC at roughly Tm,DPPC (∼42

°C) and a structural transformation from bicelle to vesicle (B-
to-V) taking place at a slightly higher T (43−45 °C).53 The
encapsulation of graphene in the R = 0.01 series effectively
broadens the DPPC main transition. The two peaks are
simulated with the sum of two Gaussian peaks, as shown in
Figure S7. The first peak (T1, corresponding to the DPPC
main melting/order-to-disorder transition) does not show any
dependence of the graphene content (Table 5), while the

second peak (T2, corresponding to the structural trans-
formation) increases with the graphene content of the GB.
We have also analyzed the enthalpy of the individual peaks,
yielding 6.94 and 20.39 kJ/mol for the first peak (ΔH1) and
the second peak (ΔH2), respectively, in the case of pristine
bicelle, while the GB samples show increased ΔH1 and
decreased ΔH2 with increased graphene content. The
broadened transition peak and enhanced ΔH1 indicate that
the encapsulation of graphene, despite increasing the
disordered state of DPPC, elevates the required energy to
transform the DPPC from a “restricted liquid-ordered” to a
“mobile liquid-disordered” phase. The reduced ΔH2 with
graphene content suggests less energy required to complete the
B-to-V transformation. Unexpectedly, the highest graphene
content, GB 1:40, where both ΔH1 and ΔH2 are negligible,
indicates that most DPPC molecules are already in the liquid-

Figure 6. DSC heat scan thermograms of 0.1 w/v% pristine bicelles
and GBs at (a) R = 0.01 and (b) R = 0.05 at a heat scan rate of 2 °C/
min.

Table 5. Enthalpy Values Were Obtained from DSC Heat
Thermograms at a 2 °C/min Scan Ratea

sample charge ΔH1 (kJ/mol) ΔH2 (kJ/mol)
ΔHtotal

(kJ/mol)

pristine
bicelles

R = 0.01 6.94
(42.2 ± 0.2 °C)

20.39
(43.1 ± 0.2 °C)

27.33

GB
1:1000

14.82
(41.9 ± 0.3 °C)

8.19
(44.9 ± 0.5 °C)

23.01

GB 1:500 22.86 (42.1 ± 0.2
°C)

6.33 (45.3 ± 0.3
°C)

29.18

GB 1:200 21.94 (42.4 ± 0.5
°C)

2.92 (45.2 ± 0.4
°C)

24.86

GB 1:40 N/A N/A 2.55
pristine

bicelles
R = 0.05 10.79 (42.4 ± 0.3

°C)
5.76 (44.8 ± 0.4

°C)
16.56

GB
1:1000

11.01 (42.6 ± 0.3
°C)

6.67 (46.1 ± 0.3
°C)

17.67

GB 1:500 20.22 (42.6 ± 0.3
°C)

8.05 (47.0 ± 0.2
°C)

28.27

GB 1:200 19.29 (43.2 ± 0.4
°C)

10.37 (47.8 ± 0.3
°C)

29.67

GB 1:40 N/A N/A 8.65
aPeak positions highlighted in bold font.
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disordered phase, as well as a lower energy barrier for the B-to-
V transformation.

The outcome for highly charged (R = 0.05) samples as
shown in Figure 6b indicates that the transition of highly
charged (R = 0.05) pristine bicelles seems to span a wider
temperature range than that of the lower charged (R = 0.01)
one, presumably attributed to delay of the B-to-V trans-
formation peak taking place at a higher T (∼44.8 °C). This is
expected as the higher Coulombic repulsion of the R = 0.05
system delays the coalescence of the bicelles.51,56

For the R = 0.05 series (except for GB 1:40), a mild increase
in ΔH1 is observed with increased graphene content (10.79 to
∼20 kJ/mol), which plateaus beyond GB 1:500 (∼20 kJ/mol)
for the same reason as described in the R = 0.01 series.
Contrary to the R = 0.01 system, the R = 0.05 bicelles show
increases in ΔH2 from 5.76 kJ/mol (pristine bicelle) to 10.37
kJ/mol in GB 1:200, implying a synergistic effect between
charge and graphene content. As a result, ΔHtotal (=ΔH1 +
ΔH2) increases with increased graphene content (from 16.56
to 29.67 kJ/mol) except for the highest graphene content (GB
1:40), where a rather flat thermogram of the R = 0.05, GB 1:40
samples similar to that of R = 0.01, GB 1:40 is observed. A
zoom-in thermogram of the R = 0.05, GB 1:40 sample reveals a
few insignificant peaks sitting on a broad background (Figure
S8). The drastic decrease of ΔHtotal (2.55 and 8.65 kJ/mol for
R = 0.01 and 0.05, respectively) indicates that overwhelming
loading of graphene could induce the DPPC liquid-disordered
phase and reduce the barrier of B-to-V structural trans-
formation independent of the charge density of the host
bicelles. It has been reported that the formation of stable
discoidal bicelles requires sufficient segregation between long-
and short-chain lipids, which is normally achieved through
temperature control rendering liquid-ordered long-chain and
liquid-disordered short-chain lipids, respectively.36,54−56,59

Apparently, graphene in GB 1:40 samples promotes the
disordering of DPPC, consistent with computer simulation

results leading to lower barriers for both melting of DPPC and
B-to-V transformation.

The enhanced ΔH1 in GBs (in both R = 0.01 and 0.05 series
other than GB 1:40) seems to contradict the diminished
segment order parameter, P2, obtained from MD simulations
(Figure 5(c), suggesting more disordered lipid tails in the
presence of graphene. This can be rationalized by the fact that
the interaction of lipid tails with graphene and the lower
mobility of tails due to the inserted graphene (Figure 4b)
require higher thermal energy to achieve the true disorder,
including increased lipid mobility. It is also reported that
polymers entrapped in the bicelle preferably locate at the rim,
imposing a strong lateral compression on the planar long-chain
lipids.58 This lends to another explanation that the entrapped
smaller graphene may also be located at the fluid rim, leading
to greater lateral compression to enhance ΔH1.

DSC measurements were also performed on the (R = 0.01
and 0.05) GB samples at a higher Clp (1.0 w/v%). Qualitatively
similar outcomes (Figure S9) to those of the pristine bicelles
are observed. The thermo-induced structural transformation of
B-to-V is reversible (i.e., peak corresponding to V-to-B
transformation upon cooling) as previously reported in the
absence of graphene.36,53 A sharper order-to-disorder tran-
sition peak is found after the first-time thermocycle for R =
0.01 GB series for low GB ratio bicelles as reported in a
previous study.53 However, the R = 0.05 series and R = 0.01,
GB 1:40 sample do not show a sharper peak after the first
heating process, suggesting that the coalescence of bicelles is
suppressed by charge and increased graphene content. The
values of ΔH1 (order-to-disorder transition), ΔH2 (structural
transformation), and ΔHtot (total change of enthalpy) as
shown in Table S3 are also independent of graphene content.

SAXS measurements were also conducted on the 1% w/v
samples following the thermal pathway: 25 °C → 60 °C → 25
°C. The SAXS data (Figure S10) show the SAXS data of all GB
mixtures examined. The scattering models used to best fit the
SAXS data are 5LCSD (Section 1 in the Supporting

Figure 7. Fluorescence emission spectra of (a) graphene dispersions in NMP (0.05, 0.025, and 0.0125 mg/mL); (b) GBs 1:40, 1:200, 1:500,
1:1000, and 1:2000 and as-prepared graphene dispersion in NMP (0.05 mg/mL); and (c) graphene dispersion 0.025 mg/mL and GB with the
same graphene concentration.
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Information) and the core three-shell sphere (C3SS, Section 2
in the Supporting Information) to describe discoidal and
vesicular morphologies at 25 and 60 °C, respectively (Table
S4). The best fitting outcomes agree with the corresponding
SAXS data well, confirming the DSC results and sample
appearance: (1) B-to-V transformation by heating and (2) the
structural reversibility (i.e., V-to-B transformation upon
cooling). Moreover, the radius of discs grows after the first
thermal cycle, consistent with our interpretation on DSC
thermograms and a previous report on a dimyristoyl
phosphatidylcholine (DMPC)/DHPC/dimyristoyl phosphati-
dylglycerol (DMPG) bicellar mixture.62 The analysis of the
SAXS data also shows stabilization of the discoidal size in good
agreement with the appearance of R = 0.05 GB series (Figure
2b).
Fluorescence Analysis. As pristine graphene does not

fluoresce, the fluorescence spectra of the graphene dispersion
(in NMP) in Figure 7a shows an unexpected emission peak at
∼460 nm, suggesting that the exfoliation process might cause
oxidization of the graphene after the long-time sonication in
NMP, but it is also known that sonication of NMP can result
in the formation of fluorescent quantum dots.67 The fact that
the fluorescence intensity of the graphene dispersion increases
with dilution is a common quenching behavior of fluorophores
through either Dexter electron transfer or Förster resonance
energy transfer. However, an opposite trend of enhanced
emission with graphene concentration was observed in GB
samples, where instead of fluorescence quenching, the peak
intensity in fact increases with the graphene concentration as
shown in Figure 7b. The aggregation-enhanced emission in
bicelle-entrapping fluorophores, although unexpected, has been
observed for NANO2-Au nanoclusters16 and NANO2-QD
(ZnS/ZnSe quantum dots),26 presumably due to the release of
the excitation energy via the emission pathway rather than
thermal dissipation as the mobility of the surface ligand of the
entrapped nanoparticles is restricted by confinement in the
bicelle. The emission was even found to be much higher (>2.5
times) in the case of GB compared to that of free graphene
dispersion at the same concentration of graphene. The origin
of the emission enhancement is not clear at present but
presumably is related to solvatochromism68 found in carbon
nanotubes69 surrounded by different solvents or restricted
mobility of the entrapped graphene sheets.70 This outcome
suggests that bicelles are potential candidates for carrying
hydrophobic fluorophores and enhancing their emission
efficiency.

■ CONCLUSIONS
We have successfully demonstrated the formation of stable
graphene-loaded bicelles for the first time. Both lipid hosts
with lower (R = 0.01) and higher (R = 0.05) charge densities
are capable of entrapping graphene without disturbing their
discoidal morphology. Our experimental outcomes show that a
highly charged GB stabilizes the discoidal morphology through
reduced coalescence. The fluorescence of GB shows
aggregation-enhanced emission with increased graphene
concentration, which is an opposite trend of fluorescence
quenching observed in a graphene dispersion in NMP. The
radius of bicelles slightly increases upon encapsulation but only
weakly depends on the graphene content. A higher graphene
content (e.g., GB 1:40) significantly reduces both the “order-
to-disorder” and B-to-V enthalpies, suggesting that a good
portion of DPPC is already in the disordered phase and thus

requires less energy for structural transformation. The detailed
analysis of graphene-containing lipid nanodiscs by MD
simulations indicates that the presence of graphene signifi-
cantly disturbs the lipid order as the carbon−carbon bonds of
DPPC tails bend to accommodate the entrapped graphene,
leading to a significant decrease in the lipid order parameter of
the entire bilayer but more so in the vicinity of graphene, in
agreement with the proposed premelting of DPPC in the
presence of encapsulated graphene based on the DSC data.
Despite the fact that segregation of ordered DPPC from
disordered DHPC in pristine bicelles plays a crucial role in
discoidal stability, the GB disc remains stable even with both
DPPC and DHPC being in the disordered phase. MD
simulations have also predicted that graphene significantly
reduces the lipid mobility in the bicelle, consistent with the
broadening and higher enthalpy of the DSC peak for the order-
to-disorder transition. In addition to the case of an entrapped
single graphene sheet, the bilayer thickness variation is also
evaluated by our MD simulations for the cases of multiple
graphene sheets (two or four) entrapped in bicelles. These
results demonstrate that the bending of lipid tails can in part
compensate for the presence of graphene but also results in an
increase in the area per lipid and can make the bilayer more
susceptible to penetration as the contacts of headgroups with
water increase. These research outcomes provide important
insights into graphene/lipid interactions as well as structural
and dynamic perturbation of the hydrophobic tails of the
bilayer. These results suggest that the presence of graphene can
significantly impact lipid organization in the bilayer, an effect
that must be taken into account in designing graphene-
containing nanomaterials intended for biomedical applications
or for use in contact with biointerfaces.
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