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S
tudies related to diffusion and uptake
of nanoparticles in living cancer cells
are rapidly gaining interest because of

their potential to serve as intracellular sen-

sors,1 cancer therapy agents,2,3 and drug/

gene delivery vectors.4 Endocytic traffick-

ing of targeted nanoparticles involving

receptor-mediated internalization, trans-

port, and subsequent breakdown inside liv-

ing cells is a complex and dynamic pro-

cess. Understanding the diffusion dynamics

and receptor uptake mechanisms of nano-

particles and nanocarriers in cancer cells at

single particle level is crucial for effective

design of multifunctional nanostructures

for imaging, targeting, and therapy.

Recent advances in understanding en-

docytic mechanisms have used quantum

dots (QDs) and nanoparticle-based ap-

proaches to study localization, cellular up-

take, and intracellular fate;5�7 however, no

report has provided a quantitative assess-

ment of nanoparticle distribution and dy-

namics at the organelle level in live single

cells. Although QDs provide improved pho-

tostability, the greater challenge is the cyto-

toxicity due to the release of heavy metal

ions and the complexity in functionalizing,

which limits its application in single mol-

ecule experiments.8�10 Gold nanorods

(GNRs) have become an attractive alterna-

tive because of the ease in control of its size,

shape, composition, structure, optical tun-

ability, and nontoxicity to mammalian

cells.11�15 Boyd et al.16 reported that a high

level of photon luminescence could be ob-

served from roughened gold metals com-

pared to smooth surfaces by single photon

and two photon induced luminescence, and

the fluorescence emission of GNRs is mil-

lions of times higher than that of bulk
gold.17 Although enhanced single photon
and multiphoton luminescence of GNRs
was observed years ago, studies were lim-
ited to the use of gold nanoparticles as
probes for fluorescence imaging.18�20 We
explore for the first time the use of GNRs as
fluorescence probes to quantify organelle-
specific dynamics in mammalian cells.

In our work, Herceptin, an FDA approved
recombinant humanized antibody which
binds to the extracellular domain of ErbB2
receptor for the treatment of ErbB2-
overexpressing breast cancer,21 will be used
as a targeting ligand. Although several re-
cent advances have reported the use of
nanoparticle-conjugated Herceptin con-
structs as drug targeting and delivery
agents for cancer therapy,22�25 no informa-
tion is available on quantitative assessment
of intracellular diffusion dynamics.

Fluorescence correlation spectroscopy
(FCS) allows for the noninvasive in vivo
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ABSTRACT Understanding the diffusion dynamics and receptor uptake mechanism of nanoparticles in cancer

cells is crucial to the rational design of multifunctional nanoprobes for targeting and delivery. In this report, for the

first time, we quantify the localization and evaluate the diffusion times of Herceptin-conjugated gold nanorods (H-

GNRs) in different cell organelles by fluorescence correlation spectroscopy (FCS) and examine the endocytic

diffusion of H-GNRs in live ErbB2 overexpressing SK-BR-3 cells. First, by colocalizing H-GNRs in different cellular

organelles depicted by the respective markers, we demonstrate that H-GNRs colocalize with the endosome and

lysosome but not with the Golgi apparatus. Our study shows that Herceptin-conjugated GNRs have similar

intracellular localization characteristics as Herceptin�ErbB2 complex, with a higher concentration found in the

endosome (72 � 20.6 nM) than lysosome (9.4 � 4.2 nM) after internalization. The demonstrated approach and

findings not only lay the foundations for a quantitative understanding of the fate of nanoparticle-based targeting

but also provide new insights into the rational design of nanoparticle delivery systems for effective treatment.

KEYWORDS: endocytosis · Herceptin�gold nanorods · fluorescence correlation
spectroscopy · ErbB2 · quantification · compartmentalization
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monitoring of average residence time (�D)
and absolute quantification of fluorescing/
luminescing probes in a confocal volume at
single particle sensitivity. In this research, FCS
will be used to investigate the intracellular fate
of GNRs and determine its accumulation in dif-
ferent organelles by monitoring the localiza-
tion of nanoprobes after internalization. Func-
tionalized GNRs with Herceptin (H-GNRs) were
used as targeting probes for tracking ErbB2
endocytosis after binding and internalization
in live cells. Colocalization of H-GNRs in differ-
ent cellular organelles was ascertained using
appropriate subcellular markers, and the re-
spective diffusion times in the cell membrane,
endosome, lysosome, and cytoplasmic com-
partment were calculated using autocorrela-
tion functions. Our experiments indicate that H-GNRs
colocalize with endosome and lysosome but not with
the Golgi apparatus. Experiments further indicated that
H-GNRs localize in the endosome to a greater extent
than the lysosome, and a small amount of H-GNRs es-
cape from the endolysosomal pathway to the cytoplas-
mic compartments. These quantitative evaluations
were made by direct measurement of the absolute con-
centration of H-GNRs in living cells using live single
cell FCS.

RESULTS AND DISCUSSION
Fluorescence of GNRs. GNRs produced by seed-

mediated growth method have a cationic surfactant,
cetyltrimethylammonium bromide (CTAB), bound to
their surfaces in the form of a bilayer which is known
to be cytotoxic and not suitable for live cell studies. For
covalent attachment, surface modification of GNRs is
essential because the tightly packed CTAB bilayer at the
side faces is not easily replaceable for further
biofunctionalization.26,27 In our work, the CTAB bilayer
of GNRs was completely replaced with amine groups
following the procedure established in our lab22 and
further functionalized with Herceptin (Genentech, San
Francisco, CA) targeting the ErbB2 receptor. The amine-
modified GNRs have a weak transverse plasmon band
at 524 nm and a strong longitudinal plasmon (LP) band
at 748 nm, as determined from the UV�visible�NIR
spectra (Jasco, Inc., Easton, MD). After Herceptin (H-
GNRs) conjugation, the LP peak of the absorption spec-
tra was found to red shift to 758 nm to represent an in-
crease in the local refractive index due to antibody
attachment (see Supporting Information, Figure S1).
Amine modification of the CTAB capping (by replace-
ment) was confirmed by Fourier transform infrared
spectroscopy (FTIR) (Supporting Information, Figure
S3). The spectrum for CTAB in the as-prepared sub-
strates shows two intense bands, assigned to asymmet-
ric (2920 cm�1) and symmetric (2850 cm�1) stretching
vibrations of C�CH2 in the methylene chains. After

amine modification, the intense bands at 2920 and

2850 cm�1 become weak, indicating that the CTAB mol-

ecules surrounding the gold nanorods have been re-

placed with amine groups. In addition, quantitative as-

sessment of the amount of antibodies conjugated to a

GNR was assessed by collecting the supernatant after

centrifuging at 10 000 rpm for 10 min and determining

the concentration using the extinction coefficients of

Herceptin (protein absorbance maxima �280nm �

225 000 M�1 cm�1).28 The amount of antibody conju-

gated to GNR was calculated using the following for-

mula: protein bound to gold nanorods � total protein

added � protein in the supernatant solution. The con-

centration of GNR was estimated using a molar extinc-

tion coefficient of 4.4 � 109 M�1 cm�1 at the GNR plas-

mon resonance wavelength maximum of 730 nm.14 The

number of Herceptin attached to a single gold nano-

rod was estimated as 89 � 13 based on the measured

concentration of Herceptin and GNRs. The emission

maximum of GNRs (aspect ratio �3.2) as measured by

a fluorescence spectrophotometer (Cary Eclipse, Varian,

USA) when excited by a 636 nm source was 737 nm

(Figure 2a), consistent with the past work.29 The fluores-

cence intensity fluctuation count rate (CR) trace of GNRs

in real time using two different excitation laser wave-

lengths (Figure 2b) shows that GNRs with an aspect ra-

tio of 3.2 yield a relatively high fluorescence (14.6 kHz)

when excited by the red laser (636 nm) with a 650 nm

long pass emission filter and weak signal (0.9 kHz) when

excited by the blue laser (465 nm) with 500�540 nm

(band-pass) emission filter for similar laser power.

Hence, the near-IR emission and the intrinsic fluores-

cence and the non-photo-bleaching property make

GNRs an excellent contrast agent for live cell imaging,

interrogation of localization, and dynamics, in the spec-

tral window where biological tissue exhibits relatively

small extinction coefficients.

Typical autocorrelation curve of GNRs shown in Fig-

ure 5a fitted with two components (eq 2) shows a slow

component with a diffusion time of 2.9 ms and a faster

Figure 1. Schematic representation of single point FCS focus on an
organelle of interest to investigate the concentration and dynamics
of H-GNRs. DM: dichroic mirror. SPAD: single photon avalanche
photodiode.
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component with a diffusion time of 7 �s with the re-
spective average diffusion coefficients of 7.7 � 10�8

and 3.2 � 10�5 cm�2/s. The diffusion coefficient D is
given by D � 	2/4�D, where 	 is the radius of the laser
beam size and �D the diffusion time. Since the fast diffu-
sion component is even faster than pure fluorescence
dyes (e.g., Atto 655), the possibility of small molecule
diffusion in the focal volume could be ruled out. We at-
tribute the fast diffusers to the rotational motion of
GNRs and the slower component to the average dwell-
ing time as GNRs move in and out of the focal volume.
In addition to diffusion, the size of the particles can also
be back calculated to confirm the estimations accord-
ing to Stokes�Einstein equation D � kT/(6
��), where
k is the Boltzmann constant, T is the temperature, � is
the viscosity of liquid, and � the radius. From calcula-
tions, the average hydrodynamic diameter of diffusing
GNRs was estimated to be 62 nm, which is in good
agreement with the average size (longitudinal average
size is 60 � 4 nm) measured by transmission electron
microscopy (TEM) (see Supporting Information, Figure
S2). It should be noted that the Stokes�Einstein law is
only applicable to spherical particles, and our estimate
of the average hydrodynamic diameter of cylindrical
rods is only an approximation using the spherical
assumption.

Live Cell Imaging Using H-GNRs as Probes. The cytotoxic be-
havior of amine-modified H-GNRs on SK-BR-3 cells was
examined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. As expected, the
amine-modified GNRs were reasonably nontoxic and
biocompatible, while Herceptin-modified GNRs show a
dose-dependent toxicity since Herceptin induces apop-
tosis of breast cancer cells, as shown in Supporting In-
formation, Figure S4. Autofluorescence is often consid-
ered as a major problem in single photon excitation FCS
at wavelength ranges below 500 nm because flavopro-
teins, collagen, and elastin are intrinsically fluorescent,
and their fluorescence is detectable with the same fil-
ter set used for fluorescence imaging in this visible re-
gion.30 Therefore, by exciting GNRs at the red laser
wavelength (636 nm), one can minimize interference

by autofluorescence. Autocorrelation curve of autofluo-

rescence from bare SK-BR-3 excited by 636 nm laser fur-

ther confirms that the autofluorescence and conse-

quently the background noise is negligible (Figure S5

of Supporting Information). In addition, by choosing ap-

propriate fluorescence organelle markers, such as yel-

low fluorescence protein (YFP)-labeled endosome and

Golgi in our experiments, we expect to visualize colocal-

ization of H-GNRs in different cellular organelles to

quantitatively study their compartmentalized dynam-

ics and intracellular trafficking when internalized

through the ErbB2 receptor-mediated endocytosis (Fig-

ure 1).

The discrete bright spots (Figure 3b, top) in the cyto-

plasm of SK-BR-3 cells are indicative of the increased

uptake of H-GNRs compared to unmodified GNRs (Fig-

ure 3b, bottom) through ErbB2 receptor (overexpressed

in SK-BR-3)-mediated endocytosis. Only autofluores-

cence was observed when GNRs and H-GNR-treated

cells were excited by the 465 nm laser (Figure 3a). It is

worth noting that ErbB2 receptor-mediated endocyto-

Figure 2. (a) Fluorescence emission spectrum of GNRs with an aspect ratio of 3.2 excited by the 636 nm laser. (b) Fluores-
cence fluctuation traces of GNRs excited by 636 nm (top) and 465 nm (bottom).

Figure 3. Fluorescence images of H-GNRs (top) and GNRs
(down) uptaken by SK-BR-3 cells excited with a 465 nm (a)
and 636 nm (b) laser. Scale bars �15 �m.
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sis occurs very fast, even as early as 30 min post-

incubation.

Subcellular localization and dynamics of H-GNRs in

different cellular organelles such as Golgi, lysosome,

and endosome were monitored using the respective

markers. RhoB, which predominantly localizes in the

early endosome and recycling endosome,31 was uti-

lized as an endosomal marker. Since GNRs are excited

by the 636 nm laser, the yellow color in the image indi-

cates colocalization with the endosomal markers (Fig-

ure 4a). We expect a certain number of H-GNRs to un-

dergo exocytosis by the recycling endosome since

RhoB is also a recycling endosomal marker.32 From the

images in Figure 4b, accumulation of H-GNRs was also

noted in the lysosome. Internalized H-GNRs did not

colocalize with the Golgi marker, suggesting that

H-GNRs did not reach this apparatus (Figure 4c). Colo-

calizing nanoparticles with different fluorescence mark-

ers can only provide a qualitative evaluation of this ac-

cumulation because of the diffraction-limited optics of

confocal imaging. Since the yellow positions show colo-

calization of GNRs with different cell organelle mark-

ers, these locations will be interrogated through point

FCS for a quantitative assessment of H-GNR localization

in live cells.

Compartmentalized Dynamics of H-GNRs by Single Molecule

Spectroscopy. Using single point FCS, the stability of

H-GNRs inside living cells was evaluated at different

pH. At pH values between 5.0 and 7.4, the autocorrela-

tion curve did not show any significant change in ampli-

tude and the diffusion time was close to the diffusion

time of single GNRs, signifying that the GNRs were in a
nonaggregated state (data not shown). This informa-
tion suggests that the probes might be stable even
when residing in acidic compartments (with pH � 5.0)
such as the endosome and lysosome.33

FCS measurements on living membranes could be
an intricate procedure due to the low mobility of mem-
brane that could potentially result in photobleaching
of fluorescently tagged molecules.34 Although total in-
ternal reflection fluorescence microscopy has predomi-
nantly been used to examine cell membranes,35 in our
work, we show elegant autocorrelation curves demon-
strating H-GNR dynamics on the cell surface (Figure 5b)
fitted with two components using eq 4. The faster com-
ponent with a diffusion time of 3.5 � 0.8 ms repre-
sents freely diffusing H-GNRs that do not bind to ErbB2.
The slower components with a diffusion time of 52 �

11 ms represent H-GNRs bound to ErbB2 on the cell
membrane (Figure 5c). In a few instances, freely diffus-
ing H-GNRs with a diffusion time of 5 ms was found in-
side cells with an autocorrelation amplitude (G(0), at
time � � 0) in the cytoplasm greater than 1, showing
single GNRs mobility in the cytosolic space.

FCS measurement of H-GNR diffusing in different or-
ganelles was obtained to determine the accumulation
and diffusion dynamics, respectively, in the endosome
and lysosome using the respective markers as focus
points. Since GNRs do not photobleach, fluorescence
measurement was consistent. The autocorrelation
curve from the endosome and lysosome was fitted by
an anomalous model shown in eq 5 to understand the
diffusion characteristics in the cytoplasm,36,37 which is
often crowded by proteins, nucleic acids, and or-
ganelles among other constituents. From FCS measure-
ments, the diffusion time of H-GNRs in the endosome
and lysosome was calculated to be 12 � 5 and 20 � 7
ms, respectively (Figure 5c). On the basis of the diffusion
time calculations from FCS and the Stokes�Einstein
equation, the corresponding average hydrodynamic di-
ameter of the endosome and lysosome was estimated
to be 150 and 280 nm. In these calculations, the viscos-
ity of the fluid phase in the cytosol was approximated
to be 1.4 times the viscosity of water.38 Our calculations
of the size estimates of the two cellular organelles
matched well with the existing data.39,40 Although fluo-
rescence correlation spectroscopy (FCS) is a powerful
single molecule technique to realize single particle reso-
lution, FCS is effective only when the concentration is
kept low (nanomolar) to detect as few as one molecule
in a subfemtoliter confocal volume. Hence, in certain
cases, this can be a limitation because of the difficulty
in controlling the concentration of fluorescent mol-
ecules inside live cells and when probing genetically en-
coded fluorescence protein (e.g., CFP or YFP) expres-
sions or when fluorescently tagged ligands are
exogenously introduced into cells. This limitation must
be kept in mind when applying FCS for live cell studies.

Figure 4. Confocal images of subcellular localization of H-GNRs. SK-
BR-3 cells were (a) transfected with RhoB-YFP, (b) stained with
LysoTracker green (in green), and (c) transfected with Golgi-YFP and
then incubated with H-GNRs (in red). Overlapping signals in merged
images appear yellow, the point of focus for FCS data acquisition. Scale
bars � 13 �m.
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To study the diffusion rates of multiple species, a

multicomponent model using the maximum entropy

method called MEMFCS41 was employed to analyze the

FCS autocorrelation data (details of MEMFCS are pro-

vided in Methods). From MEMFCS, only one peak was

noted for the �D distribution when monitoring H-GNR

diffusion in the endosome and lysosome, as shown in

Figure 5d. Here, we observe two peaks corresponding

to the distribution of �D on the cell membrane to de-

note unbound components, which follow a faster diffu-

sion time (�D1 peak � 3.2 ms), closer to the diffusion

time in solution (2.5 ms) and bound H-GNRs, which cor-

responds to a slower diffusion time (�D2 peak � 94

ms), consistent with the data fitted to eq 4. In addition,

the slowly diffusing H-GNR complexes in the diffusion

time range between 50 and 150 ms (Figure 5d) in the

cell membrane can be grouped into one cluster, depict-

ing the local environment at the cell membrane or dif-

ferent orders of nanoparticle�receptor complexes at

the cell surface in the focal volume. H-GNRs localized

in the lysosome showed a slower diffusion time com-

pared to those in the other compartments, possibly due

to the organelle-specific confinement and viscosity.

Generally, the size of lysosome is bigger than the endo-

some because it is formed by the fusion of transport

vesicles rich in acid hydrolases. In addition, it is found

that endosome and lysosome have a more viscous en-

vironment than cytosol.42

By measuring the amplitude of autocorrelation

(G(0), at time � � 0), the average number of mol-

ecules in the detection volume was determined from

G(0) � 1/N � 1/(CVeff). The concentration (C) of

H-GNRs at the focus point is estimated from N/Veff

by focusing on the cell membrane, endosome, lyso-

some, and cytosol. Measurements reported in Figure

6 at two different time points are the average from

25 different cells in each category using single point

FCS. A significant decrease in the concentration of

H-GNRs in the cell membrane (p  0.05) was ob-

served after 6 h, indicating that H-GNRs are effi-

ciently internalized by endocytosis. By contrast, the

small increase in the number of H-GNRs observed in

Figure 5. (a) Autocorrelation curve (black dots) of GNRs in solution with an aspect ratio of 3.2 and corresponding curve fit-
ting (red solid line). (b) Autocorrelations of H-GNRs at different measurement positions from cell membrane (9), endosome
(�), lysosome (Œ), and the corresponding fitted curves (black solid line). (c) Comparison of diffusion time of H-GNRs in solu-
tion, endosome, cell membrane, and lysosome by one or two component fitting. (d) Continuous distribution of the diffu-
sion time of H-GNRs in solution, cell membrane, endosome, and lysosome by MEMFCS analysis.

Figure 6. Distribution of H-GNRs in different organelles (cell
membrane, endosome, lysosome, and cytosol) at two differ-
ent time points (1 and 6 h).
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the lysosome after 6 h was not significant
(ANOVA, p � 0.05). In particular, the concen-
tration of H-GNRs in the endosome in-
creased significantly (p  0.05), suggesting
that most of the H-GNRs are first trapped in
the endosome. Its concentration in the cyto-
plasm was determined to be 1.4 nM after
6 h, indicating that only a small amount of
H-GNRs escaped the endolysosomal path-
way to enter the cytoplasm. In the absence
of GNRs, although the mechanism of Her-
ceptin intracellular localization is not com-
pletely understood, it has been observed
that Herceptin does not down-regulate sur-
face ErbB2 but instead efficiently colocalizes
in the recycling endosome.32 By decorating
gold nanorods with the Herceptin, our stud-
ies found that GNRs did not alter Herceptin
distribution characteristics and a predomi-
nant accumulation of H-GNRs in the endosome, not
the lysosome, which is similar to the past
Herceptin�ErbB2 studies.32 In contrast to previous
studies on EGFR trafficking, which showed that EGF
could accelerate EGFR internalization followed by ef-
ficient lysosome targeting of internalized receptors
to result in receptor down-regulation,43,44 our work
demonstrated that H-GNRs�ErbB2 complexes are
much less efficient in accumulating in the lysosome
and had the same fate as Herceptin�ErbB2.

The above experimental findings suggest a model
for ErbB2-mediated endocytosis of the drug-
conjugated GNR (H-GNRs), as depicted in Figure 7.
We hypothesize that, when H-GNRs are internalized
through ErbB2-mediated endocytosis by SK-BR-3
cells, they traffic through the vesicles along microtu-
bules to the sorting endosomal complex. At this
stage, an increased numbers of H-GNRs (72 � 20.6
nM) was found in the endosome, including the sort-
ing and recycling endosome while a lower amount
(9.4 � 4.2 nM) was found to accumulate in the
lysosome.

CONCLUSION
In conclusion, we have demonstrated that GNRs

could be effectively utilized as fluorescent probes for
imaging and more importantly for intracellular traffick-
ing and localization studies using FCS. By colocalizing
gold nanorods in different cellular compartments iden-
tified by the respective organelle markers, the diffusion
times and concentration in the membrane, endosome,
and lysosome were assessed. Results indicated that
H-GNRs colocalized with the endosome and lysosome
but not with the Golgi apparatus. Single molecule ex-
periments using point focus FCS revealed that the con-
centration of H-GNRs in the endosome was 7.5 times
higher than in lysosome. Only a small amount of
H-GNRs was found to escape from the endolysosomal
pathway to the cytosol, indicating that the therapeutic
efficacy of nanoprobes could be enhanced by improv-
ing the endosomal escape mechanism. We expect the
compartmentalized quantification and dynamics moni-
toring scheme proposed will help to better understand
the intracellular fate of nanoprobes used for therapy
and treatment.

METHODS
Cell Organelle Markers and Transient Gene Expression. LysoTracker

green (Invitrogen, Carlsbad, CA), YFP-RhoB, and YFP-Golgi were
used as lysosome, endosome, and Golgi cellular markers to stain
live cells.45 Cells were transfected using 1 �L Lipofectamine 2000
(Invitrogen, Carlsbad, CA), according to manufacturer’s specifica-
tions. The amount of DNA used per well in coverslips was 50 ng
of YFP-RhoB and YFP-Golgi (YFP-RhoB: YFP coupled to human
RhoB GTPase, an enzyme that is localized in early endosomes, re-
cycling endosomes; YFP-Golgi: YFP fusion to residues 1�81 of
the �1,4-galactosyltransferase).45 Five nanomolar LysoTracker
probes were added and incubated with cells for 30 min to stain
the lysosome in live cells.

Preparation of CTAB-Coated GNRs. Gold nanorods (GNRs) with an
aspect ratio of �3.2 were prepared in aqueous solution using a
seed-mediated surfactant-directed method and purified by cen-
trifugation and washing as previously described.12 Briefly, seed

solution was prepared by mixing cetyltrimethylammonium bro-
mide (CTAB) (0.2 M, 5 mL) and HAuCl4 (0.5 mM, 5 mL) with freshly
prepared ice-cold NaBH4 (10 mM, 0.6 mL). After 5 h, the seed so-
lution was used for the synthesis of gold nanorods. In a flask,
50.0 mL of 0.2 M CTAB was mixed with 0.3 mL of 4 mM silver ni-
trate aqueous solution and 50.0 mL of 1 mM HAuCl4. After gen-
tly mixing the solution, 700 �L of ascorbic acid (AA) was added.
Finally, the seed solution was then added to the growth solution
and gently mixed and left undisturbed at room temperature for
at least 6 h before use.

Preparation of Amine-Modified GNRs and Antibody Functionalization.
Briefly, after preparation of CTAB-stabilized gold nanorods, ex-
cess CTAB molecules from 10 mL of gold nanorod solution were
removed by centrifuging at 10 000 rpm, and the supernatant
was discarded and particles were dispersed in pure water. Then,
1 mL of 30 mM cystamine dihydrochloride was added, and the
solution was kept at 60 °C under constant sonication for 3 h. The

Figure 7. Proposed model of uptake, sorting, and trafficking of H-GNRs
through ErbB2 delivery in SK-BR-3 breast cancer cells.
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resulting GNRs were then collected by centrifuging twice at
7000 rpm for 15 min to remove excess cystamine and CTAB
and resuspended in a 0.005 M CTAB solution to yield a final con-
centration of 100 nM. Herceptin was immobilized to amine-
functionalized GNRs using the well-established glutaraldehyde
spacer method, and 10 mL of amine-functionalized GNRs was
dispersed into 0.01 M phosphate-buffered saline (PBS, NaCl 1.38
M, KCl, 0.0027 M, Tween-20 0.05%, pH 7.4) containing 5% glut-
araldehyde for about 1 h. The particles were then collected by
centrifugation, redispersed in PBS, and incubated with Hercep-
tin for 12 h at 4 °C. The Herceptin-modified GNRs (H-GNRs) were
washed with PBS to remove excess antibodies and kept at 4 °C
in pH 7.4 PBS.

Cell Culture and H-GNRs Uptake. SK-BR-3 cells were grown in RPMI-
1640 (ATCC) media supplemented with 10% fetal bovine se-
rum. Cells were maintained in an incubator at 37 °C with 5% CO2.
For living-cell fluorescence microscopy studies, cells were seeded
onto sterilized No. l coverslip (VWR International, Batavia, IL)
and placed inside a 6-well plate. After the cells reached 80% con-
fluence, they were incubated with GNRs or H-GNRs of the same
concentration (500 �L, 1 nM) at 37 °C for 1 h and washed with
PBS three times. The culture was kept active, and the cells were
taken out from the incubator for measurements at different time
points (1 and 6 h) when needed.

Confocal Fluorescence Imaging Instrumentation. Fluorescence con-
focal imaging was performed using scanning confocal time-
resolved microscopy (Microtime 200 from Picoquant GmbH, Ber-
lin, Germany); 465 and 636 nm picosecond pulse lasers were
employed to excite the cell organelle markers and H-GNRs, re-
spectively. The laser beam was delivered to the sample through
an apochromatic 60�, 1.2 NA water immersion objective, and
the emitted fluorescence was collected using the same objec-
tive and separated from the excitation beam by a dual band
dichroic (z467/638rpc, Chroma). A 50 �m pinhole was used to re-
ject the off-focus photons from the excitation volume, and the
overall fluorescence was collected and separated accordingly us-
ing a dichroic beam splitter (600 dcxr, AHF, Chroma) and fil-
tered by emission filters before being detected by two single
photon avalanche photodiodes (SPAD) (SPCM-AQR, PerkinElmer
Inc.), as shown in Figure 1. Fluorescence was measured using the
time-correlated single photon counting (TCSPC) time-tagged
time-resolved (TTTR) mode (Time Harp200, PicoQuant GmbH
Berlin, Germany).

Cytotoxicity Experiments. SK-BR-3 cells were seeded in a 96-well
plate at a density of 104 cells per well in a 100 �L volume. Cells
were maintained at 37 °C for 24 h after treatment with H-GNRs
and amine-modified GNRs of different concentrations. Cell viabil-
ity was then determined using an MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay (MTT Cell Growth As-
say Kit, Chemicon, USA). The nanoparticle-treated cells were
incubated with the MTT reagent for 4 h (viable cells are capable
of metabolizing the MTT reagent, while dead cells are not), and
100 �L of isopropanol with 0.04 N HCl was added to each well
and incubated for 30 min, and the absorbance at 570 nm was
read. Each concentration was repeated in triplicate, and the re-
sults are expressed as percentages.

Data Analysis for FCS. Fluorescence fluctuations of �F(t) around
the average fluorescence F� were recorded in real time, and
the normalized autocorrelation was calculated as in eq 1.

where �F(t) � F(t) � F(t)�. The autocorrelation curve of GNRs
diffusing in solution was fitted to a 3D diffusion model using one
or two components with the SymphoTime software (PicoQuant
GmbH Berlin, Germany) and Origin Lab using eq 2

Ni and �Di are the number of fluorescent molecules in the detec-
tion volume and diffusion time of component i, respectively; �
is defined as the ratio of the axial beam size z and radius 	 of the
laser. For calibration of effective confocal volume, aqueous solu-

tions of Rhodamine 123 and Atto 655 dyes (Invitrogen Molecu-
lar Probes Eugene, OR) were used. Assuming a 3D Gaussian ob-
servation volume approximated by Veff � 
3/2	2z, a blue laser
confocal volume of 0.58 fL was obtained. Similarly, using Atto
655 dye with the 636 nm excitation, a red laser confocal volume
of 1.2 fL was obtained.

Since the cytosol is an extremely crowded environment, the
simplest model that could accurately describe the autocorrela-
tion data of H-GNR diffusion is the anomalous diffusion model
observed in the cytoplasm36,37 as given by

where � represents the degree of anomalous behavior. Values
of � vary from 0.5 to 0.8, consistent with values reported in the
literature for live-cell studies.36,37

Diffusion of free H-GNRs above the cell surface can be de-
scribed by the 3D diffusion function, whereas diffusion of bound
H-GNRs on the cell membrane can be represented by the 2D dif-
fusion function given by the autocorrelation function given in
eq 4 as

where �d
free is the diffusion time of unbound H-GNRs, �d

bound is
the diffusion time of bound H-GNRs, and y is the fraction of
bound H-GNRs diffusing at time �d

bound.
To further validate the autocorrelation data of H-GNR diffu-

sion in live cells, a multicomponent model using the maximum
entropy method called MEMFCS41 was construed. MEMFCS is
based on minimizing �2 as well as maximizing entropy S to ob-
tain an optimal fit when the diffusion times of the different spe-
cies are involved in a given focal volume. Thus, G(�) in eq 2 can
be rewritten to obtain a continuous distribution of diffusion time
using MEMFCS as

S is defined as

Unlike the conventional fitting method, which fits different
diffusion components (i.e., 1, 2, 3 etc.) given a priori, MEMFCS
yields a size distribution instead of a discrete value which is par-
ticularly attractive and more relevant for the analysis of hetero-
geneous systems.

Data obtained were expressed as mean � standard devia-
tion and analyzed by one-way ANOVA with the Post Hoc Tukey’s
test applied for paired comparisons. A difference between
means was considered significant if the p value is less than 0.05.
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G(τ) ) <δF(t) × δF(t + τ)>
<F(t)>2

(1)

G(τ) ) ∑ 1
Ni

(1 + τ
τDi

)-1(1 + τ
τDi.κ

2)-1/2
(2)

G(τ) ) 1
N

· (1 + ( τ
τD

)R)-1
· (1 + ( 1

κ
2( τ

τD
)R))-1/2

(3)

G(τ) ) 1
〈N〉((1 - y)(1 + τ

τd
free)-1(1 + τ

τd
free.κ2)-1/2

+

y(1 + τ
τd

bound)-1) (4)

G(τ) ) ∫Ri(1 + τ
τD

)-1(1 + κ
2 τ
τD

)-1/2
dτD (5)

S ) ∑
i

piInpi, where pi ) Ri/ ∑Ri (6)
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