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Immobilization of Gold Nanoparticles on
Living Cell Membranes upon Controlled Lipid

Binding
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ABSTRACT We present a versatile and controlled route to immobilize gold nanoparticles (NPs) on the surface of living cells, while
preserving the sensing and optothermal capabilities of the original colloid. Our approach is based on the controlled and selective
binding of Au NPs to phospholipids prior to cell incubation. We show that in the presence of the cells the lipid-bound Au NPs are
delivered to the cellular membrane and that their diffusion is rather slow and spatially limited, as a result of lipid binding. Avoiding
nonspecific membrane labeling, this approach is of general application to several types of colloids and cells and thereby provides a
platform for controlled plasmonic and optothermal investigations of living cell membranes.
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large number of vital processes, such as photosyn-

thesis, nutrient recognition, and signaling, occur

across or at the membranes of biological cells.'
Mapping, sensing, and manipulation of cellular membranes
and their related processes have focused a great deal of
attention, and the applicability of several nanomaterials,
such as quantum dots,*” magnetic nanoparticles,* or carbon
nanotubes,” is being actively explored. Gold nanoparticles
have emerged as appealing optical markers for living cells
due to their chemical stability and unique optical properties.®
Sensing cell membrane processes with gold colloids may
benefit not only from the high sensitivity of their localized
surface plasmon resonance’® but also from their potential
as ultrasensitive surface enhanced Raman scattering (SERS)
reporters.” Moreover, the spatially confined thermal ma-
nipulation of the plasma membrane can become feasible by
irradiating the gold cores with an external laser source.'®'"
Undoubtedly, the controlled labeling of living plasma mem-
branes with Au nanoparticles opens up a powerful optical
toolbox for the investigation and manipulation of cell mem-
brane processes.

To date, a number of approaches have been exploited for
cell surface labeling with Au colloids. Several methods rely
on the unspecific and rather uncontrolled electrostatic at-
tachment of weakly stabilized nanoparticles to the cellular
surface,'®'? which usually results on particle aggregation
under physiological conditions. Others deal with the direct
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adsorption or surface functionalization of the nanoparticles
with ligands/antibodies that specifically bind to membrane
receptors/antigens.''® The latter approaches are useful for
membrane protein studies but do not provide the freedom
for general cell membrane investigations and may be dis-
advantageous for some applications. For example, plas-
monic heating investigations may be limited because ther-
mal changes can easily induce protein denaturation and
subsequent loss of biological function. Furthermore, the
plasmon sensing capability can be reduced as a result of the
large coating thickness imposed by the size of the proteins.
Clearly, in order to exploit the full capabilities of Au nano-
particles as active nanotools on cellular membranes, ways
to attach them controllably and directly to membrane lipids
are needed.

Here, we present a general, versatile, and controlled
strategy to immobilize gold nanoparticles on cellular mem-
branes, while retaining their full capabilities for sensing and
optothermal manipulation in living cells. Our approach is
based on Au nanoparticle (NP)/lipid binding prior to cell
incubation and therefore avoids the nonspecific, uncon-
trolled anchoring of the NPs to random cell membrane
components. CTAB (cetyltrimethylammonium bromide) is
a surfactant extensively used in the synthesis of noble metal,
as well as magnetic, nanoparticles of varying sizes and
shapes.'®™*° Hence, for the general applicability of our
labeling approach we have selected CTAB-stabilized Au
nanospheres as a model colloid. We first modify the surface
chemistry of CTAB-capped gold nanospheres. Our surface
modification strategy involves poly(ethylene glycol) (PEG)
grafting and maleimide derivatization. Second, the nano-
particles are chemically anchored to phospholipids in lipo-
somes via maleimide—thiol reactivity. Finally, liposome—cell
membrane fusogenesis enables the delivery of the lipid-
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FIGURE 1. Sketch depicting the general strategy for surface modification, lipid binding, and final cell membrane incorporation of Au
nanoparticles. (a) PEGylation and subsequent maleimide functionalization of CTAB-capped Au nanospheres. (b) Conjugation of the maleimide-
functionalized nanoparticles to liposomes containing a thiolated lipid (PTE—SH). (c) Fusion of the Au@mal-tagged liposomes with the cell
membrane of Jurkat cells. The numbers refer to Au@CTAB (1), Au@mPEG—SH/HS—PEG—NH, (2), and Au@mal (3) nanoparticles, respectively;
small liposomes containing PTE—SH (4), Au@mal bound to PTE—SH in liposomes (5), living (Jurkat) cell (6), and Au@mal tagged to PTE—SH

in the cell membrane, after liposome/membrane fusogenesis (7).

bound Au NPs to the cellular surface. We show that as a
result of lipid tagging the diffusion of the Au NPs on the cell
membrane is limited. Our strategy may be generally applied
to incorporate CTAB-capped nanoparticles of varying com-
position, size, or morphology on the membrane of different
cells, enabling the realization of controlled mapping, prob-
ing, and manipulation experiments.

Figure 1 schematically depicts the general strategy that
we have used. The first step (Figure 1a) consists of the
exchange of CTAB molecules from the Au nanoparticle
surface (Au@CTAB, 1) with a mixture of mono-(mPEG—SH)
and heterobifunctional (HS—PEG—NH,) poly(ethylene glycol)
(PEGylation). Thereafter the terminal amino groups of the
PEGylated particles (Au@MPEG—SH/HS—PEG—NH,, 2) are
reacted with an amino-reactive, heterobifunctional, cross-
linker (4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid
3-sulfo-N-hydroxysuccinimide ester sodium salt or sulfo-
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SMCC) bearing a terminal maleimide functionality. In such
a way, maleimide-functionalized gold nanoparticles (Au@mal,
3) stable in biological media are obtained. The second step
(Figure 1b) consists of the specific binding of the Au@mal
nanoparticles (3) to a thiol-ended lipid (1,2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (sodium salt) or PTE—SH) (4)
forming part of small fusogenic liposomes, via maleimide-
sulfhydryl chemistry. Finally (Figure 1c¢), fusogenesis of the
Au@mal-labeled liposomes (5) with the cellular membrane
(of Jurkat cells in our case) (6) leads to the controlled delivery
of the Au nanoparticles to the cellular membrane (7).

The initial PEGylation step has a 2-fold function. First, it
increases the colloidal stability of the nanoparticles in
the high ionic strength cellular medium, where the interpar-
ticle repulsion potential (in our case determined by the
positive CTAB bilayer) can be fully screened leading to
irreversible particle aggregation. Second, it makes them
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FIGURE 2. Representative transmission electron micrographs of the Au nanoparticles before (CTAB-capped) (a) and after (b) PEGylation/
maleimide functionalization. Scale bars, 100 nm. (c) vis—NIR spectra of the Au@CTAB colloid after surface modification with mPEG—SH/
HS—PEG—NH; and maleimide. The Au@CTAB nanoparticles are dispersed in water and Au@mPEG—SH/HS—PEG—NH, and Au@mal in
PBS buffer (pH 7.6 and 6.9, respectively). The plasmon band is centered at 537 nm in all cases. The mode peaking at 820 nm is due to
the nonspherical particles (~25%) present in the sample.'® (d) FTIR spectra of Au@mPEG—SH/HS—PEG—NH, and Au@mal nanoparticles
(black and red curves, respectively) in the range of 2000—1200 cm™! (left panel). The right panel is an enlargement in the 1500—1300

cm™! range.

biocompatible by reducing their cytotoxicity®' and resistant
against protein adsorption.”* In addition, using a binary
mixture of thiolated PEGs (prone to Au binding) bearing
reactive and nonreactive terminal groups, serves as a plat-
form for further surface modification,® where the number
of reactive terminal groups (—NH, in our case) can be simply
adjusted by modifying the ratio of both polymers.?> As an
additional advantage, the PEG-based coating allows for a
direct control over the coating thickness by just changing the
polymer molecular weight.

As a proof of principle, we have utilized CTAB-stabilized
Au nanospheres (64 nm diameter, Figure 2a), synthesized
as described elsewhere.'® Surface grafting was performed
with a mixture of mPEG—SH and HS—PEG—NH, (5000 Da
in both cases, see Supporting Information) and resulted in
a zeta potential (§) change from +40 to 0 mV, in agreement
with previous reports.”' No observable size or morphological
changes occurred upon PEGylation. As further confirmed in
the optical spectra shown in Figure 2c, the Au@mPEG—SH/
HS—PEG—NH; nanoparticles remained stable after washing
and final redispersion in PBS buffer (pH 7.6). No plasmon
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shift, just a slight decrease in extinction intensity was
observed, suggesting that minor particle destabilization
occurred.

In the next step the PEGylated particles were further
functionalized using the available amino groups. For that
purpose, we used an amino-reactive, water-soluble, and
membrane impermeable heterobifunctional cross-linker
(sulfo-SMCC, Figure 1a) bearing a terminal maleimide func-
tionality. Sulfo-SMCC and analogous cross-linkers, containing
succinimidyl ester and maleimide groups at respective ends,
have been traditionally exploited for maleimide derivatiza-
tion of amino-functionalized self-assembled monolayers on
gold films.?*2> Here, we have extended the usage of this
cross-linker for maleimide-functionalization of our Au@
MPEG—SH/HS—PEG—NH; nanoparticles. The reaction of the
N-hydroxysulfosuccinimide ester of sulfo-SMCC is usually
performed first in order to minimize hydrolysis, and under
controlled pH conditions, to prevent reaction of the male-
imide group with amines.?®*” Typically, sulfo-SMCC is first
coupled to molecules containing primary amines via amide
bond formation buffered at pH 6.5—8.5 (Figure 1a), elimi-

DOI: 10.1021/n1101454a | Nano Lett. 2010, 10, 3006--3012



1.50

1.25 4
1.00 +
0.75 4

0.50 4

Norm. scattering

0.25 -

0.00 .
450

T i T . T L T Y T
500 550 600 650 700
Wavelength (nm)

750

FIGURE 3. DFM images of a DPPC giant unilamellar vesicle (containing PTE—SH) after incubation with Au@mal (a) and Au@mPEG—SH/
HS—PEG—NH, (b) nanospheres. Scale bars, 1 um. The left panel shows the scattering spectra of the areas highlighted in (a): vesicle’s lipid
bilayer (square) and Au@mal nanoparticle bound to it (circle). For comparison, the spectra are normalized at 600 and 550 nm, respectively.
The samples are suspended in a 0.13 M glucose solution for dark-field microspectroscopy characterization.

nating N-hydroxysulfosuccinimide as the leaving group.
Thereafter it can be coupled to molecules containing free
sulthydryl groups via thioether linkage buffered at pH 6.5—7.0
(Figure 1b).”° Compared to aromatic spacers, the cyclohex-
ane bridge of sulfo-SMCC stabilizes the maleimide group
prior to coupling.

The primary amines from the Au@mPEG—SH/HS—
PEG—NH; nanoparticles were reacted with a 2-fold excess
of sulfo-SMCC in PBS (pH 7.6) for 15 min. After washing the
unreacted linker, the Au@mal nanoparticles were finally
redispersed in PBS (pH 6.9). Maleimide derivatization was
confirmed by Fourier transform infrared (FTIR) spectroscopy
(Figure 2d). The FTIR spectrum of the Au@mal nanoparticles
showed the characteristic asymmetric stretching mode of
the imidyl group (O=C—N—C=O0, 1712 cm™'), the sym-
metric maleimide C—N—C stretching (1399 cm™') and the
maleimide C—N stretching (1374 cm™!), in agreement with
the literature data.>**® The characteristic amide I or amide
I bands of the newly formed amide linkage did not appear
in the FTIR spectra, probably because the concentration is
too low to be detected.*® The zeta potential remained
unchanged (§ = 0 mV) after maleimide functionalization. As
shown in the TEM micrographs in Figure 2a and b, no
observable changes occurred to the nanoparticles after
PEGylation and maleimide derivatization. They remain stable,
unaggregated, as further confirmed from the spectrum
displayed in Figure 2c, where only a minor decrease in the
plasmon intensity is observed.

In the next step we produced large liposomes (2—5 um)
consisting of SOPC (1-octadecanoyl-2-(9Z-octadecenoyl)-sn-
glycero-3-phosphocholine), DOPE (1,2-di-(9-Z-octadecenoyl)-
sn-glycero-3-phosphoethanolamine), and a small amount of
a thiolated lipid (PTE—SH). We selected that lipid composi-
tion since it favors liposome fusogenesis with the plasma
membrane of living cells,>**° as will be shown below. The
role of PTE—SH is to provide a few thiol anchor points for
the selective binding of the Au@mal nanoparticles, as
sketched in Figure 1b. The ratio of maleimide groups on the

v © 2010 American Chemical Society

3009

nanoparticles to PTE—SH lipids in the liposomes was fixed
to 1:5 and the reaction was performed in PBS (pH 6.9). The
process effectively yielded Au@mal-labeled vesicles. How-
ever, the Au nanoparticles diffused fast on the liposomes
since the latter are in fluid phase at room temperature. This
issue hampered the realization of single particle spectros-
copy (DFM) measurements on the Au nanoparticles. We
overcomed this drawback by using large unilamellar (3—5
um) DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)/
PTE—SH liposomes instead. The higher gel-to-fluid transition
temperature of DPPC (41 °C) ensures low nanoparticle
diffusion at room temperature, enabling DFM characteriza-
tion. Figure 3a contains a representative DFM image from
an Au@mal-labeled DPPC/PTE—SH vesicle. A relatively low
particle loading (ca. 2—3 Au@mal nanoparticles/vesicle) was
typically achieved under our experimental conditions. Nev-
ertheless, by increasing the number of PTE—SH lipids in the
vesicles and the concentration of Au@mal nanoparticles
added, higher particle loadings could also be obtained.
Importantly, most of the particles were bound to the vesicles
in a single-particle fashion, effectively scattering green light
under dark-field illumination and showing a clear localized
surface plasmon resonance characteristic of individual Au
nanospheres (see spectrum in Figure 3a). Compared to the
spectrum of the ensemble in water (Figure 2¢), the plasmon
band of the single particles investigated was typically red-
shifted (centered at 550 nm for the particular particle shown
in Figure 3a). This is mainly ascribed to the refractive index
increase from water (n = 1.33) to the aqueous glucose
solution (0.13 M, n = 1.34,”"%? see Supporting Information
for details) where the Au@mal-labeled vesicles are sus-
pended for DFM characterization, as well as to slight devia-
tions from the sphericity of the particles measured.
Incubation of DPPC/PTE—SH vesicles with Au@mPEG—
SH/HS—PEG—NH, nanoparticles under identical conditions
typically yielded a lower particle loading, with many particles
attaching as aggregates (Figure 3b), rather than as individual
particles. The lack of preferential binding sites at the par-
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FIGURE 4. (a) Representative DFM image of a Jurkat cell after incubation with the Au@mal-labeled fusogenic liposomes. Scale bar, 2 um. The
Au@mal nanoparticles can be distinguished as green scattering spots on the cellular membrane. (b) Scattering spectra of the cell membrane
and of a gold nanoparticle on it, yellow and red squares in (a), respectively. The spectra are normalized at 600 nm to facilitate comparison.

The cells are suspended in PBS buffer (pH 6.9) during spectra collection.

ticles” surface toward PTE—SH results in unspecific adsorp-
tion. In contrast, the binding of the Au@mal nanoparticles
is a chemically driven process directed by the high affinity
of the maleimide terminal groups at the particles’ surface
toward the sulfhydryl-ended lipids at the vesicles. Note that
the number of thiol groups per liposome was kept low so as
to minimize particle aggregation and favor single particle
binding upon maleimide—sulfhydryl reaction. An additional
highlight on the versatility of our approach is that it could
be possible to tune the experimental conditions so as to
achieve monovalent PTE—SH binding, by simply minimizing
the number of maleimide reactive groups at the Au nano-
particles surface (given by the number of —NH, functional-
ities introduced as HS—PEG—NH,).

For the delivery of Au nanospheres to the plasma mem-
brane ofliving cells, we have used small fusogenic vesicles®”>°
(120—620 nm, hydrodynamic diameter) consisting of SOPC
and DOPE ina 3:1 ratio, and PTE—SH. The ratio of PTE—SH
lipids in the liposomes to maleimide groups on the particles
was set to 5:1 (see Supporting Information for experimental
details), in order to minimize the number of unbound
Au@mal nanoparticles after the maleimide—thiol reaction,
since they could potentially bind to other thiolated molecules
on the cellular membrane.

We selected a Jurkat (T-lymphocyte, nonadherent) cell
line typically used to investigate transfection, as well as
signaling events.’>>* We incubated the Au@mal-labeled
small liposomes with Jurkat cells so as to induce the fuso-
genesis (and lipid exchange) with the plasma membrane and
thereby promote the incorporation of the Au@mal-tagged
PTE—SH lipids (Figure 1c¢). As a result, single gold nano-
spheres (typically ca. three to five nanoparticles per cell) are
effectively delivered to the cellular membrane and identified
under the DFM as green scattering spots (Figure 4a). By
following the approximation of Au@mal labeled fusogenic
liposomes filled with fluorescein toward the cells in a DFM
setup adjusted to detect scattering and fluorescence, we
have observed that from ca. 10 events of contact liposome-
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cell ca. 2 lead to the successful delivery of gold nanoparticles
to the cell membrane. Figure 4b contains representative
scattering spectra of the plasma membrane and of an
Au@mal nanoparticle bound to it. The membrane shows a
rather featureless scattering spectrum characterized by a
large scattering throughout the visible, particularly pro-
nounced at the particle’s plasmon resonance and lower
wavelengths. While the scattering contribution from the
membrane cannot be fully overcome in the background-
corrected spectrum of the Au nanoparticle, its plasmon
mode is clearly distinguishable at 538 nm.

In order to elucidate whether the as-delivered Au@mal
nanoparticles are on the cell surface, we performed a control
experiment based on the L/KI etching method recently
reported by Xia and co-workers.'? They have shown that Au
nanoparticles attached to the cellular surface are readily
oxidized upon addition of an I,/KI mixture. This permits
differentiating them easily from those being internalized into
the cells. Prior to that control experiment, we first confirmed
by vis—NIR spectroscopy that the Au@mal colloid in PBS is
rapidly oxidized in the presence of I,/KI (see Figure St in
the Supporting Information). Our oxidation results for the
Au@mal nanoparticles on the cell membrane are clearly
illustrated in Figure 5. The scattering from the single gold
nanoparticle shown dramatically decreases just a few sec-
onds after the addition of the oxidizing mixture and fully
vanishes after 24 s of reaction. These results confirm that
our Au@mal nanoparticles are accessible to the [,/KI mix-
ture, and therefore we can conclude that they are effectively
located on the cell membrane.

We further characterized the Au NP binding on the cell
membrane with single nanoparticle tracking measurements.
Figure 6 summarizes the characteristic diffusion behavior
of many nanoparticles analyzed. The trajectories shown in
panels b—e of Figure 6 are (x—)) projections of the particle
diffusion on the cell surface, recorded at a constant focal
plane in the DFM, as schematically sketched in Figure 6a.
Visually, the Au@mal nanospheres bound to the PTE—SH

DOI: 10.1021/n1101454a | Nano Lett. 2010, 10, 3006--3012
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FIGURE 5. DFM images showing the oxidation of an Au@mal nanoparticle (highlighted) on the cell membrane of a Jurkat cell. The images are
taken before (a) and 10 s (b), 16 s (c), and 24 s (d) after the addition of an I,/KI aqueous solution. Scale bars, 2 um.
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FIGURE 6. (a) Representative sketch (not to scale) depicting the diffusion of an Au nanoparticle on the cell surface. The particle remains at
a constant focal plane during DFM observation and single particle tracking. (b—e) Optical DFM images showing representative two-dimensional
(x—y projection) diffusion trajectories of individual Au nanoparticles on the surface of Jurkat cells. In each case Au-labeling was achieved via
cell membrane fusogenesis with Au@mal-labeled liposomes (b) or after direct cell incubation with Au@mal (c, d) or Au@mPEG—SH (e)
nanospheres. Scale bars, 2 um. Right panels, enlargements (scale bars, 500 nm). A Semrock 532 nm single-edge dichroic beam splitter was

used for DFM imaging (c—e).

lipids and incorporated on the cell membrane via fusogen-
esis appear to be immobile on the cell surface. Single
nanoparticle tracking measurements revealed that all those
nanospheres perform a rather slow (in the order of 0.0033
um? s7') and spatially limited diffusion over small cell
membrane regions (Figure 6b). This behavior is consistent
with reported constrained lipid diffusion in cellular mem-
brane compartments.®>® For instance single particle track-
ing of 40 nm Au nanoparticles conjugated to DOPE lipids
(via antigen—antibody recognition) has shown that the
diffusion coefficient of DOPE in FRSK cells can be reduced
~10x (from 0.044 down to 0.0068 um? s ') after treatment
with Jasplakinolide.?® Jasplakinolide is a cyclic peptide that
creates a coarser but stronger actin meshwork in the plasma
membrane®” and therefore sharply reduces lipid mobility.
It is still unclear at this stage whether the immobilization of
our Au@mal nanoparticles on the cell membrane could be
due to an increase in the amount of picket proteins anchored
along the membrane skeleton or to a preferential PTE—SH
partitioning, among other factors.>® Nevertheless our results
support the mechanism according to which Au@mal-labeled
liposomes merge with the cell membrane, lipid exchange
occurs and the PTE—SH lipids to which the Au@mal nano-
particles are bound integrate within the membrane.

For reference experiments, we incubated the Jurkat cells
directly (i.e., in the absence of the carrier fusogenic lipo-

v © 2010 American Chemical Society

3011

somes) with Au@mal and Au@mPEG—SH nanospheres. In
both cases the yield of Au nanoparticle attachment to the
cell surface was lower than that obtained when using the
carrier Au@mal-labeled fusogenic liposomes. In contrast to
the above results, the unspecifically attached Au@mal and
Au@mPEG—SH nanoparticles presented different diffusion
behaviors. Most of the Au@mal nanoparticles diffused faster
on the cell membrane over larger distances (Figure 6¢, D =
0.050 um? s™1), while others performed a more limited, still
fast, diffusion (Figure 6d, D = 0.106 um? s™'). Upon direct
incubation with the cells, the Au@mal nanoparticles can
unspecifically react with any thiolated component of the
plasma membrane (e.g., cysteine residues from enzymes or
ion channels). Therefore, different diffusion lengths and
times (Figure 6, panels ¢ and d) occur depending on the
Au@mal-tagged membrane entity. In this context, the nano-
particles’ surface chemistry plays a major role on their
nonspecific binding and diffusion on the cellular membrane.

In the case of the Au@mPEG—SH nanoparticles, the lack
of functional reactive groups at the particles’ surface resulted
in weak particle adsorption at the cellular membrane, with
a consequent quick diffusion (D = 0.0815 um? s™') over
much larger distances (Figure 6€). In contrast to the above
cases, most of the adsorbed Au@mPEG—SH nanoparticles
detached from the cell surface.

DOI: 10.1021/n1101454a | Nano Lett. 2010, 10, 3006--3012



In conclusion, we have devised a general, versatile, and
controlled strategy to bind individual gold nanoparticles to
lipids in living cell membranes. Since our approach is based
on lipid tagging, it allows for the preservation of the sensing
and optothermal capabilities of the original Au colloid. We
have shown that upon PEGylation and maleimide derivati-
zation, CTAB-capped gold nanospheres can be conjugated
to thiol-ended lipids in liposomes in a single-particle fashion.
Fusogenesis of Au@mal-labeled fusogenic liposomes with
the plasma membrane of living (Jurkat) cells leads to the
controlled delivery of the gold nanoparticles to the cellular
membrane. As a result of lipid binding, the gold nanopar-
ticles perform a distinctively slow and spatially limited
diffusion at the cell surface, consistent with reported con-
strained lipid diffusion in cellular membranes. Our method
may be exploited as a general, versatile, and controlled way
to routinely incorporate CTAB-capped colloids of varying
composition, size, or shape onto cellular membranes and
provides a powerful toolbox for the mapping, local sensing
and (remote) manipulation of cell membrane processes.
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