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ABSTRACT: To minimize the toxicity of gold nano-
particles (AuNPs) in cancer treatment, we have developed
a technique, which utilizes lesser amount of AuNPs while
exhibiting increased treatment efficiency. Rifampicin (RF)
is known for its ability to enhance the accumulation of
anticancer drugs in multidrug resistant (MDR) cancer
cells. In this work we have shown that RF-conjugated
AuNPs can greatly enhance the rate as well as efficiency of
endocytosis of NPs and hence their concentration inside
the cancer cell. Cell viability results showed a remarkable
enhancement in the photothermal therapeutic effect of Au
nanorods in presence of RF. This is expected to decrease
the demand on the overall amount of AuNPs needed for
treating cancer and thus decreasing its toxicity.

Cancer, often described as one of the most dreadful
diseases, still remains as an important challenge across the

world. Enhancing the efficiency of delivering anticancer drugs
precisely to the cancer sites is critical for its successful
treatment.1,2 Hence, ongoing cancer researches are keenly
focused on identifying innovative ways to enhance the targeting
efficiency of targeting nanoparticles so as to elevate the rate of
endocytosis and hence to decrease toxicity. Though nano-
technology-based methods have showed promising results in
view of screening cancer cells3−5 and targeted drug delivery,6−8

it is still challenging to bypass the efflux of drug carrying
nanoparticles through multidrug resistance (MDR) mecha-
nism9−11 in cancer cells. In view of minimizing the toxicity
during the AuNPs-based plasmonic chemotherapy, it is highly
desirable to develop novel functionalized nanomaterials, which
could effectively deliver the drug carrying NPs into the cancer
cells, without being accumulated outside the cells.
Among NPs, gold nanorods (AuNRs) are considered as

efficient drug delivery platform owing to their unique optical
and photothermal properties.6,12 Though molecules such as
PEG, PNIPAM, SiO2, etc. are known1,6,13,14 for passivation of
AuNRs against its toxic effect and for carrying the drug to the
target cells, proteins are considered to be more convenient and
efficient carrier systems as they can accommodate more drug
molecules per protein molecules and due to their biocompat-
ible nature.15,16 The concept of plasmonic chemotherapy17−20

using AuNRs carrying anticancer drug molecules as an efficient
drug delivery vehicle has greater relevance in this regard.
Rifampicin (RF), an antibiotic used to treat infections, is known

for its ability to bypass the MDR in cancer cells.21,22 Here, we
have shown that RF-loaded AuNRs can enhance the rate and
efficacy of endocytosis of paclitaxel (Ptxl) (an anticancer drug
molecule)-carrying AuNRs into the cancer cells. Moreover, the
fast endocytosis of the NPs could be an attractive treatment
modality, which could decrease the possibility of targeted NPs
being excreted through extracellular fluids during their
intravenous administration.
As a drug carrier system, bovine serum albumin (BSA) has

been used to conjugate AuNRs due to their excellent
biocompatibility, low cost and presence of two binding
sites.16,23,24 For this study, we used two different AuNR
systems: small AuNRs (sAuNRs)25 (17 nm length and 3.5 nm
diameter) and bigger AuNRs (bAuNRs) (47 nm length and 10
nm diameter). Conjugations of BSA with these NRs were
obvious from their extinction spectra, as the NRs solutions
showed a distinct red shift in their absorption maxima after
binding with BSA (Figure 1A,B). TEM images of AuNRs used
in this study are also given in Figure 1D,E. Binding of RF
molecules with BSA-conjugated AuNRs (AuNRs@BSA) was
confirmed fluorometrically, which showed a distinct reduction
in the fluorescence emission (∼350 nm) intensity (excitation at
280 nm) as well as slight shift in their emission maximum after
the addition of 10−4 M of RF solution into AuNRs@BSA (see
Supporting Information (SI) 2). RF and Ptxl binding was also
obvious in pure BSA solution (SI 3 and 4) though the
excitation maximum was red-shifted to 294 nm (SI 4). The
observed red shift in fluorescence emission of BSA after RF
binding can be attributed to an increased polarity of the region
surrounding the tryptophan site,26 whereas quenching of
fluorescence is mainly due to the energy transfer by the
intermolecular interaction of drug molecules with tryptophan
moiety present in the close proximity of drug binding site in
BSA.27,28

To study the efficiency of drug release for each nanorods
(sAuNRs and bAuNRs), we used RF-loaded AuNRs@BSA
(AuNRs@BSA-RF). The charge transfer band of RF29 found at
474 nm red-shifted to 482 nm after addition into sAuNRs@
BSA (Figure 1C), which clearly suggests the binding of RF with
sAuNRs@BSA. Drug release was triggered by irradiating the
AuNRs@BSA-RF solutions with a CW laser source with
excitation wavelength of 808 nm, which overlaps with the
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longitudinal surface plasmon resonance (LSPR) bands of both
sAuNRs@BSA-RF and bAuNRs@BSA-RF (Figure 1A,B). The
concentrations of liberated RF after laser irradiation was
calculated using the extinction coefficient of RF and the
absorption at 334 nm. We found that, each bAuNRs@BSA
contains ∼95 RF molecules on its surface. The high payload
capacity has been attributed to the presence of protein corona
around the NR.16,30 Photothermal studies suggest an enhance-
ment in drug release for sAuNRs@BSA-RF compared to
bAuNRs@BSA-RF, when the nanorod solutions of similar
optical densities (ODs) were used. A plot of laser irradiation
time versus amount of RF released from both sAuNRs@BSA-
RF and bAuNRs@BSA-RF at different irradiation time is
shown in Figure 1F. Due to their higher absorption and lower
scattering properties, sAuNRs are considered to be a good
candidate in plasmonic chemotherapy. Enhanced drug release
capability of sAuNRs@BSA-RF is attributed to their higher
efficiency in generating heat upon laser irradiation compared to
the bAuNRs@BSA-RF of similar optical density. While laser
irradiation of bAuNRs@BSA-RF (OD = 1) for 2 min resulted
in the enhancement of the temperature from 27 to 65 ± 0.5 °C,
that of sAuNRs@BSA-RF (OD = 1) resulted in an increase of
the solution temperature from 27 to 82 ± 0.5 °C. A similar
experiment using RF-loaded Au@citrate nanospheres
(AuNSs@BSA-RF) yielded no significant enhancement in the
temperature owing to mismatch between the laser excitation
source (808 nm) and their surface plasmon resonance band
(525 nm) (SI 5). Further, the conjugation of RF and Ptxl with
AuNRs@BSA was confirmed by surface enhanced Raman
spectroscopic (SERS) studies (SI 6 and 7).
For the cellular uptake study, we used RGD (arginine-

glycine-aspartic acid peptide)-functionalized bAuNRs@BSA
(bAuNRs@BSA@RGD) (more details on the synthesis is
given in SI 1). RGD can effectively target αvβ6 integrins on the
human squamous carcinoma (HSC) cell surface31 and can
enter to the cytoplasm via receptor-mediated endocytosis. Rate
of their uptake was monitored using dark-field (DF)
microscopy. A schematic is given in Figure 2A.
The DF images of the HSC cells incubated with 0.1 nM

bAuNRs@BSA@RGD, at various time intervals such as 0.5, 2,

and 24 h, respectively, are given in Figure 2B−D. From the
images, it is clear that the uptake is minimal even after 2 h of
incubation and most of the NRs were confined to the cell
membrane and partially to the cytoplasm (Figure 2C). As the
number of NRs internalized was very less, the intensity of
scattering from the NRs was poor and the cells appeared dark.
At the same time, the cells incubated with 19:1 mixture of 0.1
nM of bAuNRs@BSA@RGD and 0.1 nM of bAuNRs@BSA-

Figure 1. (A, D) and (B, E) are the extinction spectra and TEM images of bAuNRs and sAuNRs, respectively. Extinction spectra of AuNRs@BSA
are also given. (C) Extinction spectra of sAuNRs@BSA and sAuNRs@BSA-RF. Absorption spectrum of pure RF solution (green trace) is also given.
(F) Plots showing the concentrations of RF released from bAuNRs@BSA-RF and sAuNRs@BSA-RF upon laser exposure.

Figure 2. (A) Schematic showing the influence of bAuNRs@BSA-
RF@RGD on the AuNRs uptake. (B−D) DF images of HSC cells
collected at 0.5, 2, and 24 h, respectively, during the uptake of
bAuNRs@BSA@RGD (0.1 nM). (E−G) DF images of HSC cells
collected at 0.5, 2, and 24 h, respectively, during uptake of 19:1
solution of bAuNRs@BSA@RGD (0.1 nM) and bAuNRs@BSA-RF@
RGD (0.1 nM).
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RF@RGD solutions showed remarkably high uptake even after
30 min and the NRs were distributed throughout the
intracellular components (Figure 2E). These cells appeared
bright due to the intense scattering from large number of
endocytosed NRs. Moreover, in presence of bAuNRs@BSA-
RF@RGD, endocytosis of bAuNRs@BSA@RGD was almost
complete within 2 h of incubation and no drastic change in the
intensity of scattering of NRs was observed after 24 h. This
indicates that presence of even 5% of RF-containing bAuNRs@
BSA-RF@RGD in the total volume of AuNRs solution can
make a huge enhancement in the rate as well as the efficiency of
endocytosis of the NPs. The experiments were conducted by
keeping the total amount of AuNRs constant. We did not use
sAuNRs for uptake study, as the scattering was negligible for
sAuNRs due to their smaller size. The role of bAuNRs@BSA-
RF@RGD in enhancing the efficiency of photothermal
therapeutic effect was further confirmed by conducting various
cell viability experiments (see later). The capability of
bAuNRs@BSA-RF@RGD in enhancing the endocytosis of
NPs can be attributed to the chemo-sensitizing activity22,32,33 of
RF by down regulating the activity of MDR plasma membrane
protein (P-glycoprotein).
The cell viability data showed a drastic decrease in the

percentage of viability (∼30%) for the HSC cells incubated
with bAuNRs@BSA-RF@RGD (0.1 nM) after exposing to the
laser (808 nm) for 2 min (Figure 3A). At the same time, the

viability was around 80% for the cells treated with bAuNRs@
BSA@RGD after 2 min laser exposure (Figure 3A). The higher
killing efficiency in the former case is attributed to the faster
endocytosis and high accumulation of AuNRs in the cancer
cells by the influence of RF and subsequent enhancement in the
resultant heat generated inside the cell and the medium during
the laser exposure. Among the nanorods, sAuNRs@BSA-RF@
RGD exhibited higher efficiency in killing the cancer cells
(viability∼20%), when exposed to laser (Figure 3B). At similar
conditions, with sAuNRs@BSA@RGD the cell viability was
nearly 70%.
To study the influence of RF in the plasmonic chemotherapy,

we administrated Ptxl-loaded AuNRs (bAuNRs@BSA-Ptxl@
RGD) along with 5% bAuNRs@BSA-RF@RGD to the HSC
cells and these were exposed to the laser for 2 min. The cell
viability value was around 30% in this case. When the
experiment was conducted under similar conditions with
sAuNRs instead of bAuNRs, the viability was around 18%
(Figure 3B), which has been attributed to the enhanced
accumulation of sAuNRs by the influence of RF and

subsequent photothermal effect as well as the chemotherapeutic
nature of sAuNRs@BSA-Ptxl@RGD. Note that the viability
was around 70% for the cells with sAuNRs@BSA@RGD under
laser exposure.
In conclusion, we showed that RF could enhance the rate

and internalization of AuNRs more effectively into the cancer
cells. Fast and enhanced endocytosis of NPs inside the cells
during this approach was probed using DF microscopy. Cell
viability studies have demonstrated the advantages of this
approach over conventional plasmonic chemotherapy. The
current method has great impact in conquering new avenues in
bypassing MDR in various cancer cells and thereby to decrease
the demand on the overall concentration of gold NPs needed
for plasmonic chemotherapy.
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