Direct Investigation of Intracellular
Presence of Gold Nanoparticles via
Photothermal Heterodyne Imaging

8,

Cécile Leduc, ™" Jin-Mi Jung,** Randy R. Carney,** Francesco Stellacci,*5* and Brahim Lounis™*

TLP2N Institut d'Optique, Université de Bordeaux, CNRS & 10GS-Bordeaux, Talence F-33405, France, *Department of Materials Science and Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States , and SInstitute of Materials, Ecole polytechnique fédérale de Lausanne,
Lausanne, 1015, Switzerland.  These authors contributed equally to this work.

here is a rapidly growing interest in
Tusing nanoparticles (NPs) as key tools

in medicine either for drug delivery or
as novel imaging contrast agent, or local
probes/sensors.' > Among the nanoscale
synthetic materials “striped” nanoparticles
are an interesting class of particles able to
penetrate cell membranes without porating
them.? These are gold nanoparticles coated
with a self-assembled monolayer composed
of a mixture of dislike thiolated molecules
(ligands); it has been established that stripe-
like domains of alternating composition
only a few molecules thick (see also cartoon
in Figure 1)*~7 spontaneously form due to
the interplay between the enthalpy of
phase-separation and the conformational
entropy gain of longer ligands surrounded
by shorter ones.2 When these stripes consist
of alternating hydrophobic/hydrophilic do-
mains unique properties arise;>’ for exam-
ple, a structural component to the interfacial
energy can be experimentally observed.’ In
arecent study, we have shown that MUS/OT
AuNPs, particles coated with a mixture of
11-mercapto-undecane sulfonic acid (MUS)
and T-octanethiol (OT), show stripe-like do-
mains (Figure 1) and pass cell membranes
without porating them in an energy inde-
pendent manner besides being endoc-
ytosed.” On the contrary, particles coated
solely with MUS (all-MUS AuNPs) with no
structure on their ligand shells penetrate
the cell only via endocytotic process.

The original studies were based on either
transmission electron microscopy (TEM) or
fluorescence labeling. However, TEM stud-
ies are extremely time-consuming, invasive,
and do not allow dynamics measurements.
Therefore it is unreasonable to base future
large systematic studies on such a techni-
que. Fluorescence studies suffer from limita-
tions related first to luminescence quenching
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ABSTRACT Nanotechnology as well as advanced microscopy can play a fundamental role in
understanding biological mechanisms. Here we present a study that combines a new type of
nanomaterial with a new type of microscopy and highlights the potential for gathering novel
information about cell membrane penetration and cytosol local viscosity. On the material side, we
used gold nanoparticles that have an ordered stripe-like arrangement of domains. These “striped”
nanoparticles are able to penetrate cell membranes directly without porating them. On the
microscopy side, we used photothermal heterodyne imaging which allows detection of individual
nanometer-sized gold particles in complex media. We showed that we can probe cytosolic presence
as well as dynamics of these nanoparticles even at very low concentrations. We used the fluctuations
of the photothermal signal from particles diffusing in the detection volume to estimate local cytosol
viscosity which is about 20 times larger than that of water. This work opens new perspectives for

mapping local diffusion properties of nano-objects inside living cells.

KEYWORDS: gold nanoparticle - cell penetration - photothermal imaging - cytosol
viscosity - self-assembled monolayer

by the metal particles and photobleaching.
This makes it difficult to extract any quanti-
tative information on the particle con-
centration and dispersion from the fluo-
rescence intensity. Second, because of the
fluorescent label detachment, the access to
the long time scale (days) behavior of the
particles is limited if not impossible." Third,
the influence of the fluorophore in cell
penetration although weak cannot be com-
pletely neglected and needs to be ruled out
through laborious TEM studies. Finally, in
order to have measurable fluorescence sig-
nals, high incubation particle concentra-
tions (~100 nM) and times (~3 h at 37 °C)
are necessary. Since endocytic pathways of
uptake take around 1 h,'® previous studies
at 37 °C could not distinguish between
particles that had directly penetrated cell
membranes and particles that had escaped
endosomes.*

To overcome these limitations, we used
the extremely sensitive photothermal het-
erodyne imaging technique (PHI) which
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Figure 1. Bright field images (far left) and z-stack of photothermal images (right) of (a) typical nonincubated cell used as
control, (b) all-MUS AuNPs incubated cell, and (c) MUS/OT AuNPs incubated cell. Cells were incubated with 10 nM AuNPs for
1 hat 37 °C.Bar, 10 um. Insets in panels b and c represent cartoons of a uniformly coated all-MUS AuNP and a striped MUS/OT

AuNP, respectively.

allows direct detection of individual nanometer-sized
gold NPs."" We studied the internalization of MUS/OT
NPs without any fluorescence labeling in live cells in a
quantitative manner and were able to probe their
dynamics during arbitrary long time scales. Contrary
to unstructured particles (all-MUS AuNPs), “striped”
MUS/OT NPs incubated both at 37 °C and at 4 °C were
detected even at extremely low incubation concentra-
tions (concentrations well below those used in fluor-
escence microscopy”?) and shorter incubation times.
Thus, PHI allowed us to substantially better elucidate
the cellular behavior of cell-penetrating nanoparticles.
Finally, using the PHI signal fluctuations due to the NPs
movement through the detection volume we could
estimate the local viscosity of the cytosol.

RESULT AND DISCUSSION

The PHI technique has been developed for the
detection of small absorbing NPs such as gold nano-
spheres when excited close to their plasmon reso-
nance. The experimental setup is described else-
where.”® In brief, a time-modulated green heating
beam (CW, wavelength 532 nm, modulation frequency
of 10 kHz) is superimposed with a nonresonant probe
beam. When an absorbing nano-object is in the detec-
tion volume of the two highly focused beam:s, all the
absorbed green laser energy is converted to heat that
induces a time-modulated variation of the refractive
index around this nano-object. The interaction of the
probe beam with this index profile produces a scat-
tered field with sidebands at the modulation fre-
quency. The scattered field is then detected in the
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forward direction through its beatnote with the trans-
mitted probe field.

Because the plasmon resonance of extremely small
Au NPs (diameter of NPs used in these experiments
<5 nm) is broad and not well pronounced, we modified
our PHI setup and used a CW Nd:Yag laser (wavelength
1064 nm) as well as a InGaS photodiode to probe the
photothermal effect. The detection volume is defined
by the spatial resolution of the PHI method and is
simply given by the product of the probe and heating
beam profiles at the objective focus.'® In our setup, the
detection volume can be approximated by the green-
beam intensity profile because the probe beam profile
is significantly larger than the green one. Using a
heating beam power of ~2 mW and a probe power
of ~10 mW, single 4 nm nanoparticles can be imaged
with a reasonable signal-to-noise ratio (~10) with an
integration time of 5 ms. For quantitative comparison
between the results obtained in this work, these
experimental parameters were kept the same during
all the experiments.

Owing to its unsurpassed sensitivity in detecting
absorbing objects, PHI technique images unlabeled
mitochondria in live cells,’ a well-known light absorb-
ing cellular organelle. Figure 1a shows a typical PHlimages
z-stack of mouse dendritic cells (DC 2.4) which display
such a weak background generated from mitochondria
(the z = 0 plane corresponds to the glass surface).

When incubated with all-MUS AuNPs for 1 h at 37 °C,
photothermal images of the DC 2.4 cells (Figure 1b)
showed an overall relatively low intensity signal which
is comparable to that of mitochondria (Figure 1a). A
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Figure 2. Bright field images (far left) and z-stack of photothermal images (right) of (a) typical nonincubated cell used as
control, (b) all-MUS AuNPs incubated cell, and (c) MUS/OT AuNPs incubated cell. Cells were incubated with 10 nM AuNPs for
3 h at 4 °C. Bar, 10 um. Note that PHI signal bar is the same as in Figure 1. Insets in panels b and c represent cartoons of a
uniformly coated all-MUS AuNP and a striped MUS/OT AuNP, respectively.

few bright spots localized in the cytosol, are also
observed and could be attributed to either particles
trapped in endosomal aggregates or local particle
precipitations in the cytosol. PHI images of cells in-
cubated with MUS/OT AuNPs in the same conditions
showed a higher continuous signal that we attribute to
NPs with fast diffusion in the cytosol, together with a
larger number of bright spots (Figure 1¢). In the middle
plane of the z-stack, the dark region corresponds
to the cell nucleus indicating that the Au NPs do
not go through the nucleus membrane as previously
observed.* When incubated with MUS/OT AuNPs for 1
h at 37° cells displayed an average photothermal
signal three time higher than when incubated with
all-MUS NPs (averaged signal per cell of 0.09 & 0.03 au,
mean £SD over 6 cells, compared to 0.026 £ 0.013 au,
over 6 cells, respectively). Because internalization via
endocytosis is expected to be similar for all-MUS and
MUS/OT AuNPs and in any case happens at longer time
scales (3 h compared to the 1 h incubation time used
here), the observation of a larger number of bright
spots with MUS/OT NPs suggests that these spots
rather stem from local cytosolic particle aggregates.
These observations indicate direct cell membrane
penetration of MUS/OT AuNPs. Note that the incuba-
tion concentration of NPs used for these images was 10
nM already 10 times lower than the minimal concen-
tration that could be used in fluorescence studies.* We
also checked the cell integrity after PHI imaging with
bright field illumination; no morphological changes
were observed (see Supporting Information).
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To exclude any internalization process involving
endocytosis and further confirm direct cell membrane
penetration, we performed experiments on cells incu-
bated with a dilute particle solutions (10 nM) at 4 °C for
3 h. Indeed, there is no ATP/ADP conversion at this
temperature and therefore no energy driven process
such as endocytosis. As shown in Figure 2, PHI images
of a control cell (in the absence of any Au NPs) and an
all-MUS Au NPs-incubated cell present similar signal
levels indicating that internalization is limited. On the
contrary cells incubated with MUS/OT NPs display
large PHI signals (see also Supporting Information,
Figures S5 and S6). These results confirm that striped
particles can pass cell membrane and also are present
in the cytosol. Because they were obtained with non-
fluorescently labeled particles, these results also point
out a minimal effect of fluorophores on cell membrane
penetration as pointed outin reference 4. One can note
that the bright regions are not found on the boundary
of the cell, they are only in its central parts excluding
the nucleus. Therefore, our observation suggests that
most particles converge into free cytosol space (far
from the actin-rich edges'® after penetrating). These
results are in agreement with the TEM images pre-
viously published, where particles in the cytosol were
found to be inhomogeneously distributed.*

To further substantiate this finding, we investigated
the minimum incubation concentrations that could be
used to detect cytosolic particles in a cell, a relevant
parameter for many studies where it is most desirable
to minimize the perturbation to a biological system. To
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Figure 3. (a) PHI image of a DC cell incubated for 3 h at 4 °C with 1 nM MUS/OT AuNP particle solution. (b) PHI image of a
control cell. The scale bar is 10 um. The PHI signal bar is the same as in Figure 1.
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Figure 4. PHlimages of a (a) control cell (no particles), (b) all-MUS AuNP (100 nM) incubated cell, and (c) MUS/OT AuNP (50 nM)
incubated cell for 1 h at 37 °C. Bars, 10 um. (d) Time traces at different positions of the cells and the surface: the green curve
was recorded on the cell in panel a, the blue curve on the cell in panel b, the gray curve was recorded outside of the cell in
panel b. (e) Time trace records of the cell in panel c: the sky blue curve inside the cell nucleus and the purple curve in the bright
region of the cell in panel c. (f) Correlation function of the purple signal time trace. For the sake of comparison, the PHI signal

bar in panels a—c is the same as in Figure 1.

avoid endocytosis, the incubations were performed at
4 °C. Cells were incubated for 3 h with particle solutions
of 100, 50, 10, 1, and 0.1 nM concentration. For
relatively high concentrations of MUS/OT particles
(from 100 to 10 nM) very bright signals were observed.
The lowest incubation concentration at which we
could still detect MUS/OT NPs inside cells was 1 nM.
Figure 3 shows a PHI image of a cell incubated at this
concentration together with a control cell. In this case,
the average PHI intensity per incubated cell was two
times larger than that of control cells (6 cells analyzed).
Below such concentration, only photothermal signal
from mitochondria is observed (see Supporting
Information). We clearly show here that by using the
PHI method we improved the sensitivity of internalized
NPs detection by 2 orders of magnitude in the incuba-
tion concentration in comparison with previous mea-
surements based on fluorescence (see Supporting
Information, Figure 54).*

A remaining question concerns the dynamics of
penetrating particles inside the cell cytosol. To address
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this point, we used the time fluctuations of the
photothermal signal recorded with laser-beams fo-
cused at fixed positions inside the cell. Figure 4d
shows examples of signal time traces acquired on a
control cell (not-incubated with AuNPs, imaged in
Figure 4a) and cells incubated with the two different
particle types, all-MUS AuNPs (figure 4b) and MUS/
OT AuNPs (figure 4c). In the control and all-MUS
conditions, the PHI traces present a typical time
decay coming from the bleaching of the mitochon-
dria signal.’® The absence of signal bursts in the all-
MUS AuNPs-incubated confirms the fact that the NPs
do not penetrate the cell membranes. When we
traced the signal at a bright region of a PHI image
of MUS/OT AuNPs-incubated cell, we observed
bursts, signal fluctuations which are larger than the
noise and no signal bleaching. We consistently ob-
served the same signal fluctuations in many images
from MUS/OT incubated cells independently of the
incubation concentrations (12 cells incubated at
37 °Q).
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Using the time fluctuations of the signal one can set an
upper limit for the cytosolic viscosity. We used the photo-
thermal absorption correlation spectroscopy'” to measure
the average transit time of the particles in the fixed
detection volume which is here given by the focal volume
of the heating beam.? Figure 4f displays the photothermal
intensity correlation curve of the time trace recorded in the
bright region of Figure 4c. The lack of a plateau at short
times in the curve is an indication that the average particle
diffusion time is shorter than the signal integration time (5
ms). Assuming a free diffusion of particles in the cytosol,
one can obtain a maximum value of ~2 x 1072 Pa-s for
the cytosolic viscosity, about 20 times larger than that of
water. This value falls in the range of previous global or
local viscosity measurements based on various fluores-
cence techniques (from 2 x 10 3t02 x 10" Pa-s).'®" %3

MATERIALS AND METHODS

Nanoparticle Synthesis. The nanoparticles were prepared by a
modified one-phase synthesis'? in which a gold salt, HAuCl,,
was dissolved in ethanol followed by the addition of a solution
of thiolated ligands (1:1 ligand/gold molar ratio). A strong
reducing agent, sodium borohydride, was added dropwise,
and the solution was stirred for 2 h, refrigerated overnight to
precipitate, and washed over filter paper with ethanol, metha-
nol, and acetone. For this system, the thiolated ligands were a
2:1 molar mixture of 11-mercapto-1-undecanesulfonate (MUS)
and 1-octanethiol (OT), respectively, as determined via decom-
position NMR studies of the type described previously. The
nanoparticles were then dissolved in PBS buffer (pH 7.4) in order
to make a stock solution with a concentration of 4 mg/mL. The
all-MUS AuNPs were coated with a homogeneous (and hence
unstructured) monolayer of MUS. The MUS/OT AuNPs were
coated with a mixed (and striped*®) monolayer composed of a
2:1 molar mixture of MUS and OT.

Cell Culture and Sample Preparation for PHI. Mouse dendritic cells
(DQ) clone, DC 2.4 were grown in RPMI 1640 medium supple-
mented with L-glutamin and 10% fetal bovine serum at 37 °C.
The cells were plated on round glass coversilps (diameter 16
mm) at 0.5 x 10° cells per cm? that were previously placed in a
12 well cell culture microplate. After a 15—17 h incubation time
with RPMI serum-containing medium, the medium was chan-
ged with fresh warm RPMI serum-free medium and the stock
particle solution was added at a target concentration of 100 nM,
50 nM, 10 nM, 1 nM or 0.1 M. Cells were incubated with
nanoparticles for 1 h at 37 °C (or 3 h for 4 °C experiment) and
then washed with serum-free medium five times. Thereafter,
the cell-coated coverslips were mounted onto a sample holder
for PHI. A drop of colorless Ringer's buffer (155 mM NacCl, 5 mM
KCl, 2 mM CaCl,, 1 mM MgCl,-6H,0, 2 mM NaH,PO,-H,0, 10
mM HEPES, and 10 mM glucose) was added on the cell surface
and another clean glass coverslip was placed and fixed onto the
first one. We made sure the mounted sample was leak-free and
that cells survived for several hours even after imaging per-
formed at room temperature.
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CONCLUSION

We have shown that PHI is a powerful technique to
visualize gold particles inside living cell, especially at
very low concentrations. This has been used to prove
that striped nanoparticles are present in the cytosol
and can directly penetrate cell-membranes. The com-
bination of PHI and striped nanoparticles was used to
estimate the local cell viscosity.

We believe that the use of cell-penetrating nanop-
robes with absorption resonances tailored in the near-
infrared (gold rods, core/shell particles) will substan-
tially improve the quality of the data acquired by
reducing the background signal of mitochondria. This
could be the start of a series of studies that elucidate
cell/nanomaterials interactions as well as local cell
viscosity properties.

This material is available free of charge via the Internet at http://
pubs.acs.org.
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