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Gold nanoparticles (AuNPs) encapsulated within reconstituted phospholipid bilayers have been utilized in various bioapplications
due to their improved cellular uptake without compromising their advantages. Studies have proved that clustering AuNPs can
enhance the efficacy of theranostic effects, but controllable aggregation or oligomerization of AuNPs within lipid membranes is still
challenging. Here, we successfully demonstrate the formation of gold nanoparticle clusters (AuCLs), supported by reconstituted
phospholipid bilayers with appropriate sizes for facilitating cellular uptake.Modulation of the lipidmembrane curvatures influences
not only the stability of the oligomeric state of the AuCLs, but also the rate of cellular uptake. Dynamic light scattering (DLS) data
showed that 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), with its relatively small head group, is crucial for
establishing an effective membrane curvature to encapsulate the AuCLs. The construction of phospholipid bilayers surrounding
AuCLs was confirmed by analyzing the secondary structure of M2 proteins incorporated in the lipid membrane surrounding the
AuCLs. When AuCLs were incubated with cells, accumulated clusters were found inside the cells without the lipids being removed
or exchanged with the cellular membrane. We expect that our approach of clustering gold nanoparticles within lipid membranes
can be further developed to design a versatile nanoplatform.

1. Introduction

Gold nanoparticles (AuNPs) have been widely studied in
the field of biomedicine for a number of years because of
their advantages in biocompatibility and distinguished pho-
tothermal properties [1–5]. Recent progress in the synthesis of
AuNPs has allowed for precise control of their optical proper-
ties, which hasmotivated the development ofmultifunctional
theranostic nanocomplexes [6–8]. Several studies have
shown that the plasmonic effect of nanoparticles is intensified
when the distance between particles is reduced, and thereby
the surface-enhanced Raman scattering (SERS) signal is sig-
nificantly amplified within the interparticle region [9–11].
However, the fine-tuning of surface association with func-
tionality and aggregation control of gold nanoparticles
toward developing the ultrasensitive biosensors or noninva-
sive bimodal detection of target diseases are still daunting

challenges [11, 12]. Inspired by biological membranes, solid-
supported lipid assembly has been widely investigated to pro-
vide artificial lipid layers for studying membrane-associated
biological phenomena [13, 14]. Unlike synthetic micelle or
liposomes, lipids reconstituted on solids possess structural
stability that enables prolonged experiments even for in vivo
studies [15]. Liposomes prepared from phospholipids and
phospholipid mimics have also been used to deposit vari-
ous nanoparticles, to enhance biocompatibility and delivery
efficiency [16, 17]. For instance, phospholipid-encapsulated
quantum dots were used for in vitro and in vivo imaging with
reduced toxicity [18], and mesoporous silica nanoparticles
within phospholipid envelope were used as drug cargo for
cancer treatment [19]. Phospholipid-encapsulated AuNPs
have been highlighted as theranostic agents because their
lipid coating can provide a platform to design the nanopar-
ticle to target certain molecules within cells while retaining
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the benefits of gold nanoparticles [20–22]. Several methods
have been proposed to cluster lipid-coatedAuNPs to enhance
their therapeutic effect, but the addition of aggregation
inducers or chemical modification of lipids was necessary to
achieve this aggregation.

In this work, we demonstrate the construction of gold
nanoparticle clusters (AuCLs) solely driven by the self-assem-
bly of a synthetic phospholipidmembrane,which can possibly
be used for multifunctional drug cargo through cellular
internalization. The synthesis of AuCLs was followed by two
steps: (1) three different kinds of synthetic phospholipids, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), were mixed in a molar ratio of 7 : 1 : 2, respectively,
to create uniformly sized small unilamellar vesicles (SUV);
and (2) incubating SUV with 20 nm AuNPs allowed the
reconstitution of phospholipids on the surface of the particles
that drive the formation of AuCLs. The presence of lipid
layers was confirmed with transmission electron microscopy
(TEM), UV-vis spectrometer, and dynamic light scattering
(DLS). We analyzed the secondary structure of the M2
protein, a membrane protein from the influenza A virus, to
verify the presence of the lipid layer, and this result confirmed
that the phospholipids are assembled in bilayers on the
surfaces of AuCLs. Furthermore, when cells were treatedwith
AuCLs, hundreds of particles found inside the cells proved
the ability of cellular uptake. Overall, this work demonstrates
a facile method to cluster nanoparticles without chemical
modification and the possibility of developing nanocarriers
of various sizes that can be used as nanobiomedicine.

2. Materials and Methods

2.1. Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine (sodium salt) (POPS), 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphoethanolamine (POPE), and L-𝛼-phosphati-
dylethanolamine-N-(lissamine rhodamine B sulfonyl) were
obtained fromAvanti Polar Lipids, Inc. (Alabaster, AL, USA).
A solution of 20 nm gold nanoparticles (6 × 1012 particles per
milliliter, stabilized suspension in citrate buffer)was purchased
fromSigma-Aldrich (Steinheim,Germany). All solutionswere
prepared using ultrapure water, obtained using a Millipore
Milli-Q water purification system (Darmstadt, Germany).

2.2. Synthesis of Phospholipid-Coated Gold Nanoparticles. For
the preparation of liposomes, lipids of POPC, POPS, and
POPE with the molar ratio of 7 : 1 : 2 were prepared in chlo-
roform and transferred into a small glass vial. Chloroform
was slowly evaporated with a gentle stream of nitrogen gas
in order to form a thin film of lipid multilayers on the bottom
of the glass vial. After lyophilizing for 2 days, distilled water
was slowly added until it reached the desired volume, and
the solution was sonicated in order to produce homogeneous
uniformly sized small unilamellar vesicles (SUV). The final
concentration of lipids was 5mM. The solution was cen-
trifuged at 9300 rcf for 10min, and the supernatant, kept in
ice, was used for further experiments.

Phospholipid-coated gold nanoparticles were prepared
by mixing a solution of gold nanoparticles and SUV in a
volume ratio of 1 : 9 and incubating the mixture at 4∘C for
12 hours. In order to thoroughly mix the two components,
an inverting motion was applied with a rotating mixer. To
isolate AuCLs from the mixture of single gold nanoparticles
and SUV, the sample solution was centrifuged at 12,000 rpm
for 10min, and the supernatant was removed.The precipitant
was resuspended in a 1x PBS solution. The concentration of
gold nanoparticles in AuCLs was measured by UV-vis spec-
trometer at an absorbance at 525 nm (UV-1800, Shimadzu,
Columbia, MD, USA).

2.3. Particle Characterization. Transmission electronmicros-
copy (TEM) (JEM ATM 200F, JEOL, 200 kV) and UV-
vis spectrometer was used to characterize the formation of
AuCLs. The size distribution of AuCLs, according to time,
was measured by dynamic light scattering (DLS) (ZEN3690,
Nano-ZS90, Malvern, UK).

2.4. Synthesis of M2 Protein by Solid-Phase Synthesis. Wild-
type M2 protein, spanning the transmembrane helical
motif, was synthesized by solid-phase synthesis adopt-
ing Fmoc chemistry on the H-Rink amide ChemMatrix�
resin (0.47mmol/g loading, PCAS BioMatrix Inc., Quebec,
Canada) [23]. The amino acid sequence was SSDPLVVAASI-
IGILHLILWILDRL. The product was cleaved from the resin
with a cleavage cocktail solution containing 95 : 2.5 : 2.5 of tri-
fluoroacetic acid (TFA) : triisopropylsilane (TIS) : deionized
water, in a volume ratio, for 2 hours. Resin was removed by
filtration, and the remaining solution was vaporized under
nitrogen gas. Purification by reverse phase high-performance
liquid chromatography (HPLC, Quaternary Gradient Mod-
ule 2545, Waters) using a Vydac C4 column employed a
linear gradient of buffer A (99.9% H

2
O and 0.1% TFA) and

buffer B (90% acetonitrile, 9.9% H
2
O, and 0.1% TFA). The

molecular mass of M2 was confirmed by matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF)
mass spectroscopy (Ultraflex III, Bruker, Massachusetts, MA,
USA).

2.5. Circular Dichroism (CD) Spectroscopy. To analyze the
secondary structure of the M2 proton channel, the stock
solution ofM2 protein was prepared in a 10% (w/v) methanol
solution. For lipid insertion, 200𝜇M of M2 protein stock
solution was added to 30 nM of AuCLs in 1x PBS and incu-
bated for 15min with an invertingmotion. ExcessM2 protein
was removed by centrifugation, and the precipitant was
resuspended in 1x PBS for analysis. The secondary structure
of theM2 proton channel was speculated byCD spectrometer
(J1500, Jasco Inc., Maryland, MD, USA). The CD spectra
measurement was performed in quartz cells with 1mm path-
lengths, with the far UV light ranged from 190 nm to 260 nm.

2.6. Cellular Uptake of AuCLs (Fluorescence). Fluorescent-
labeled AuCLs were prepared for optical microscopy. The
lipid layer was tagged with 2mol% of L-𝛼-phosphatidyletha-
nolamine-N-(lissamine rhodamine B sulfonyl), which
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Figure 1: Self-assembling gold nanoparticles with synthetic phospholipid membranes driving gold nanoparticle clustering. (a) Schematic
image of the formation of lipid-coated AuCLs. (b) Reconstituted lipid membrane enveloping the surface of AuCLs is visualized in a
transmission electron microscopy (TEM) image, which shows surface coverage of a phospholipid membrane surrounding the AuCL dimer
with a thickness of 4∼6 nm. Incubation of AuNPs with SUV allows encapsulation of AuCLs. (c) Types of phospholipids used in this study:
molecular structures of POPC, POPS, and POPE.

achieved excitation and emission at 560 nm and 579 nm,
respectively.

SH-SY5Y neuroblastoma cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum and incubated at 37∘C with 5% CO

2
. For

cellular uptake studies, 2 × 104 SH-SY5Y cells were seeded in
96-well plates, and 5 nM of fluorescence-tagged AuCLs were
added in 100 𝜇L cell media. After 1 hour of incubation, cells
were washed with fresh media and placed on the stand of
themicroscope (TCS SP8, LeicaMicrosystems, Germany) for
imaging.

3. Results and Discussion

3.1. Preparation and Characterization of AuCLs. The AuCLs,
illustrated in Figure 1, were prepared by reconstituting phos-
pholipids on the surface of gold nanoparticles. Phospholipids

are the most abundant components in cellular membranes
and consist of two parts: a hydrophilic head group and
hydrophobic alkyl chains [24]. The amphiphilic property
of phospholipids leads the molecules to self-assemble into
organized structures and the size and shape of the vesicles
are highly dependent on the size of head groups and length of
side chains [25, 26]. We utilized three different phospholipid
components, including POPC, POPS, and POPE, in a molar
ratio of 7 : 1 : 2, for formulating uniformly sized SUV. Upon
the incubation of citrate-capped AuNPs with SUV, citrates
were exchanged with phospholipids and a thin layer of
phospholipid membrane was reconstructed on AuNPs.

To confirm the formation of clusters, TEM images of
AuCLs were taken (Figure 2(a)). The nanoparticles appeared
to be clustered as dimers, trimers, and tetramers, and a
few were aggregated in higher numbers. Some particles
were found to exist as monomers, but we assume that
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Figure 2: Characterization of synthesized AuCLs. (a) TEM image of AuCLs, in low resolution (left) and high resolution (right). Oligomeric
states of AuCLs were indicated by red circles. High-resolution TEM images provide direct evidence for the presence of lipid layers enveloping
nanoparticle clusters. (b) DLS data for AuCLs as a function of time. Hydrodynamic radius of AuCLs increases until the average size reaches
100 nm and is sustained for at least 24 hours. (c) UV-vis spectra of AuNPs (black) and AuCLs (red).

the individual particles would have clustered as well if more
incubation time had been allowed. High-resolution TEM
images at low accelerating voltage in an electron beam, to
increase the contrast of lipid compartments, provided direct
evidence of the presence of lipid layers surrounding nanopar-
ticle clusters. DLS was used to observe kinetic phenomena of
the clustering process and to examine the stability of AuCLs
(Figure 2(b)).The hydrodynamic radius of AuCLs was signif-
icantly increased for 4 hours and saturated when the average
size reached 100 nm.Theaverage size of clusterswas sustained
for 24 hours, indicating that the lipid layer inhibits uncon-
trolled aggregation of AuNPs. UV-vis spectra revealed that
phospholipid-supported AuCLs caused a slight red shift in a
maximum absorbance peak, because of plasmonic coupling
in the interparticular regions of AuCLs (Figure 2(c)) [27].

The stiffness and curvature of membranes are highly
dependent on their lipid compositions, because lipids having
different shapes or charges influence the interaction between

each component [26, 28]. To validate the effect of lipid com-
position on clustering nanoparticles, lipid vesicles compris-
ing two types of phospholipids, POPC and POPS, were pre-
pared and incubated with nanoparticles. As Figure 3 shows,
liposomes made up of POPC, POPS, and POPE clustered
nanoparticles well, while the liposomes prepared without
POPE failed to generate oligomeric states of nanoparticles. It
is assumed that the relatively small head group of POPE sta-
bilizes the stiff lipid curvature on the surfaces of AuCLs and
is thus likely to generate tighter membranes on the clusters.

3.2. Incorporation of M2 Proton Channel and Circular Dichro-
ism (CD) Spectroscopy for Its Secondary StructureAnalysis. To
verify the formation of lipid bilayers, M2 proteins were incor-
porated into the AuCLs and the secondary structure of the
protein was analyzed (Figure 4).M2 protein is one of the viral
proton channels in the membrane of the influenza A virus
[23]. It is known to have a tetrameric coiled-coil structure in
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Figure 3: Hydrodynamic radius of AuCLs with POPC, POPS, and
POPE in a molar ratio of 7 : 1 : 2 (red) or POPC and POPS in a molar
ratio of 9 : 1, respectively (black). The result indicates that POPE is
necessary to construct stable lipid curvature on nanoparticles.

natural lipid bilayer environments, while having randomcoil-
ing in nonmembrane environments [29, 30]. We anticipated
that M2 proteins would exhibit their inherent 𝛼-helical con-
formations when incorporated into the lipid layer of AuCLs
andwould ultimately prove that the phospholipids are assem-
bled into a bilayer (Figure 4(a)). The CD spectra of M2 pro-
teins incubatedwithAuCLs exhibited strong negative absorp-
tion atwavelengths of 208 nmand 222 nm, consistentwith the
spectrumof a typical𝛼-helical conformation (Figure 4(b)). In
order to eliminate the absorbance by the excess M2 protein
in solution, unbounded M2 proteins were separated from
the AuCLs by centrifugation with a PBS solution. Although
the intensity of the peaks decreased, the CD spectrum of
the resuspended AuCLs clearly showed the same 𝛼-helical
propensity of fully folded 𝛼-helices of M2 protein in the liter-
ature.The result confirmed that the reconstituted lipid mem-
brane on AuCLs provides a folding environment for M2 pro-
teins by acting as a mimetic of cellular membranes. For con-
trol experiments, M2 proteins were incubated with citrate-
capped monodispersed AuNPs as a negative control. The
mixture did not generate any appreciable absorbance peak
in the wavelength range from 190 nm to 260 nm after same
centrifugation process was applied. Overall, these results
provide the possibility of expanding the use of AuCLs into
therapeutic purposes by conjugating the lipid surface with
functional molecules, or targeting cell membrane proteins.

3.3. Cellular Uptake of AuCLs. We next investigated cellular
internalization of AuCLs. Fluorescence-tagged POPE was
used to visualize AuCLs, and their average size was not
changed by the fluorescence-tagging.When the fluorescence-
tagged AuCLs were incubated with cells, large amount of
nanoparticles was found to be internalized within a short
period (Figure 5). In spite of crossing biological membrane
environments, phospholipids surrounding AuCLs were not
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Figure 4: Secondary structure analysis of incorporated M2 proton
channels in the lipid layers of AuCLs. (a) Illustration of an M2
protein, having a folded structure, in a lipid bilayer environment.
The M2 protein has an inherent 𝛼-helical conformation in cellular
membrane environments. (b) Circular dichroism (CD) spectra of
M2 proteins with citrate-capped AuNPs (black), incubated with
AuCLs (blue), or after eliminating excess M2 protein in supernatant
(red). Strong negative peaks appear at wavelengths of 208 nm and
222 nm, which represent an 𝛼-helix conformation.

removed nor exchanged with cellular lipids, which would
result in fluorescence appearing on the peripheral cellular
membrane. The mechanism of internalization is unknown
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Figure 5: In vitro SH-SY5Y cellular uptake studies of AuCLs. (a) Dark field image and (b) confocal fluorescence image of SH-SY5Y
neuroblastoma cells incubated with fluorescence-tagged AuCLs. 5 nM of AuCLs was directly added to cell media and incubated for 1 hour.
Images were taken after washing cells with fresh cell media.

at this stage. AuCLs can enter cells either by direct internal-
ization [31] or through the mechanism of endocytosis [32].
If AuCLs entered the cell membrane through endocytosis,
it would have the sequential addition of a lipid layer [33].
Even though further study of the internalization process
is necessary, the microscopic data confirms the stability of
lipid assemblies on AuNPs and suggests the possibility of
developing AuCLs as a drug cargo.

4. Conclusions

We have demonstrated controlled clustering of AuNPs using
cellular membrane mimicking phospholipid bilayers. Three
different kinds of phospholipids, POPC, POPS, and POPE,
were used, and the modulation of their concentration ratio
successfully encapsulated AuNPs with an average size of
100 nm that were capable of self-assembling into dimers,
trimers, and tetramers. High-resolution TEM images also
showedAuNPs are enveloped by lipid layers in the oligomeric
state, and the stability of these states lasted at least for 24
hours. In addition, the helical folding of theM2 proton chan-
nel, when it was incubated with AuCLs, was examined by CD
spectrometer, and the results showed that M2 proteins form
their inherent 𝛼-helical structures in the presence of AuCLs.
The results confirmed the formation of lipid bilayers on the
nanoparticles and proved the possibility of functionalizing
the surface of gold clusterswith various, specific cell-targeting
membrane proteins. Fluorescence-tagged AuCLs were also
demonstrated to be capable of cellular entrance. In spite of
the exposure to the cellular membrane, AuCLs retained their
lipid layers while being internalized into cells. Our approach
of clustering nanoparticles can be further developed to
design nanoclusters with desired sizes. With the advantage
of enhanced biocompatibility due to enveloping the surface
of AuNPs with cell-like membranes, these AuCLs can also
be used as imaging agents with enhanced spectroscopic
sensitivity.
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