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ABSTRACT: Despite the important applications of near-infrared
(NIR) absorbing nanomaterials in plasmonic photothermal therapy
(PPT), their high yield synthesis and nonspecific heating during the
active- and passive-targeted cancer therapeutic strategies remain
challenging. In the present work, we systematically demonstrate that
in situ aggregation of typical non-NIR absorbing plasmonic
nanoparticles at the nuclear region of the cells could translate them
into an effective NIR photoabsorber in plasmonic photothermal
therapy of cancer due to a significant shift of the plasmonic absorption
band to the NIR region. We evaluated the potential of nuclear-
targeted AuNSs as photoabsorber at various stages of endocytosis by

Healthy cell
Minimal photothermal cell damage

Less nanoparticle uptake and nuclear localization

"{k Nuglear-targeted gold nanosphere

Cancer cell
Enhanced photothermal cell damage

Selective and enhanced nanoparticles
uptake and assembly near nuclear region

virtue of their inherent in situ assembling capabilities at the nuclear region of the cells, which has been considered as one of the
most thermolabile structures within the cells, to selectively destruct cancer cells with minimal damage to healthy cells. Various
plasmonic nanoparticles such as rods and cubes have been exploited to elucidate the role of plasmonic field coupling in
assembled nanoparticles and their subsequent killing efficiency. The NIR absorbing capabilities of aggregated AuNSs have been
further demonstrated both experimentally and theoretically using discrete dipolar approximation (DDA) techniques, which was
in concordance with the observed results in plasmonic photothermal therapeutic studies. While the current work was able to
demonstrate the utility of non-NIR absorbing plasmonic nanoparticles as a potential alternative for plasmonic photothermal
therapy by inducing localized plasmonic heating at the nuclear region of the cells, these findings could potentially open up new
possibilities in developing more efficient nanoparticles for efficient cancer treatment modalities.

Bl INTRODUCTION

Plasmonic photothermal therapy (PPT) is considered to be one
of the promising a}:plications of plasmonic nanoparticles in
cancer treatment.' ~ Recent advances in nanotechnology have
significantly improved the efficiency of this technique by
developing novel nanomaterials with high photothermal
conversion efficiency and biocompatibility, which can be
utilized to selectively destroy cancer cells with minimal
invasiveness to the normal cells.”> In PPT, cancer cell
destruction is made possible by the selective and localized
heating effect of the nanoparticles as a result of the enhanced
local absorption of the laser radiation by the plasmonic
nanoparticles.”” Development of established synthetic ap-
proaches to produce nanoparticles with tunable localized
surface plasmon absorption of light in the near-infrared
(NIR) region further enhanced the possibilities of PPT in
cancer therapeutics.”” "

Gold nanoparticles with different shapes such as rods,'
prisms,11 cages,12 stars,"® shells,” etc. have been widely
exploited in minimally invasive cancer therapy owing to their
strong absorption as well as the very high extinction coefficient
at low energy NIR windows at which biological materials and
tissues are relatively transparent." Generally, tumor-targeting
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techniques utilize active or passive targeting strategies.'* While
the enhanced permeation and retention (EPR) effect'” results
in the passive accumulation of gold nanoparticles within the
tumor during passive targeting, surface functionalization of
nanoparticles with peptides, antibodies, etc. allows increased
cellular targeting and retention during active targeting.'®
Despite important applications of NIR absorbing nanoparticles
in plasmonic photothermal therapy, nonspecific heating of
these NIR absorbing nanomaterials administered during active
and passive targeting techniques remains a challenge as it can
cause heat-induced cell death of healthy tissues. This is largely
due to the fact that the NIR absorbing nanomaterials
administrated during both active and passive targeted
therapeutic approaches do not accumulate completely at the
tumor sites. A fraction of nanoparticles will remain in the
surrounding tissue environment and likely be internalized by
healthy cells, which results in nonspecific heating and their
ablation. Moreover, the complex synthetic procedure makes it
relatively difficult to prepare such NIR absorbing nanoparticles
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Figure 1. Pictorial representations of single AuNS (diameter of 40 nm) (A) and their random assemblies (dimer (B) and pentamer (C)) used in
DDA calculations to simulate their optical absorption spectra shown in part D. It appears that the optical absorption band red-shifts as the
nanospheres aggregates. (E) Plot showing the shift of the LSPR maxima as a function of the number of AuNSs. The spectra show that the number of
the AuNS strongly affects the extent of the red-shift in the dipolar LSPR mode.

with high yield and monodispersity, which are critical for the
optical performance of plasmonic nanostructures.'”

Previously, we have demonstrated that nuclear targeting of
nanoparticles can result in increased plasmonic field coupling
and significant shift in their plasmon bands.'®'” In view of
developing novel therapeutic strategies, aggregation-induced
plasmonic field shift in surface plasmon band of nanoparticles
to the NIR region has enormous potential. Though aggregated
nanoparticles showed promises in plasmonic photothermal
therapy,'>*°™>* this approach has not been exploited to a
greater extent. Moreover, some of these techniques require
aggregating agents (e.g, salt) or aggregation-inducing function-
alities on the nanoparticle surface.””** Complicated synthetic
and surface functionalization procedures associated with the
preparation of individual or preaggregated nanoparticles as well
as nonspecific heating of healthy cells due to the nonselective
uptake of these nanoparticles remain as challenging issues,
which might hamper their performance. Moreover, the
photothermal conversion efficiency of such aggregated nano-
particles in PPT technique largely depends on several factors
such as size, shape, and concentration of the nanoparticles, the
number of nanoparticles internalized, types of cells, kinetics of
aggregation of nanoparticles within the cells, etc.

Herein, we demonstrated both theoretically (using discrete
dipolar approximation (DDA)) and experimentally that
nuclear-targeted gold nanospheres (AuNSs), which poorly
absorb light in the NIR region, become photothermally active
by their spontaneous in situ assembly, selectively within the
cancer cells. Though thermal conversion efficiency of
aggregated AuNSs is not as good as NIR absorbing AuNRs,”*
localized plasmonic heating in the nuclear region of the cancer
cells, which has been considered as the most thermolabile
structures in the cells,” could provide selective and enhanced
cancer cell ablation with minimal damage to the healthy cells.
We systematically evaluated the efficacy of nuclear-targeted
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AuNSs in selective destruction of cancer cells with minimal
damage to the healthy cells. Furthermore, plasmonic nano-
particles of various shapes such as cubes and rods have been
exploited to unravel the role of plasmonic field coupling in
assembled nanoparticles and their subsequent PPT killing
efficiency at various stages of endocytosis. In order to validate
the observed plasmonic photothermal phenomena, the NIR
absorbing capabilities of aggregated AuNSs have been
demonstrated both theoretically and experimentally.

B RESULTS AND DISCUSSION

Among various applications of nanoparticles, plasmonic
photothermal therapy, which utilizes the NIR absorbing
capabilities of nanoparticles, has showed significant promise
in cancer treatment. The interaction of light with plasmonic
nanoparticles results in both the absorption and the scattering
of light at the plasmon resonance frequency.” During the
absorption processes, the nanoparticles utilize the energy of the
incident light and convert it into heat.”’ It is well-known that
NIR light penetrates human skin and reaches a number of in-
body cancer locations." The absorption of NIR light by the
nanoparticles leads to enormous increase in its temperature
around it, causing ablation or irreversible damage followed by
cell death. Unlike NIR absorbing nanoparticles, AuNSs absorb
light mostly in the visible region due to the resonance of
coherent oscillations of the metal conducting electrons with
visible light frequencies of light."” However, assembly of the
AuNSs is likely to increase their NIR absorption efficiency in
comparison to individual AuNS due to the formation of hot
spots via enhanced plasmonic field coupling.”**’ In order to
find the effects of nanoparticle assemblies on the localized
surface plasmon resonance (LSPR) band shift, random
assemblies of 2 and S AuNSs (diameter of 40 nm) were
generated and then their corresponding optical absorption
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Figure 2. Parts A, B, and C are the extinction spectra of AuNSs, AuNCs, and AuNRs, respectively, collected before (black trace) and after (red trace)
conjugation with PEG, RGD, and NLS. Parts D, E, and F are the TEM images of AuNSs, AuNCs, and AuNRs, respectively. A red-shift in the LSPR
wavelength indicates the successful conjugation of the nanoparticles with PEG, RGD, and NLS.

spectra were simulated using discrete dipole approximation
(DDA) (Figure 1).

It appears that when two AuNSs are assembled and
positioned in close proximity (0.5 nm), their absorption
wavelength significantly red-shifts as the dipolar plasmon
oscillations couple via a short-range near-field coupling.
Furthermore, the LSPR band was found to be red-shifted as
the number of AuNSs increases. The theoretical results indeed
showed that aggregation of the AuNSs clearly shifts the
plasmonic band wavelength to longer wavelength by amounts
that depend on the size of the aggregate so as to act as good
photoabsorber in PPT. This encouraged us to use the in situ
aggregation of the spherical nanoparticles within the cells, in
the absence of any aggregation inducing agents, in the
photothermal treatment of cancer cells.

In the present study, we exploited nuclear-targeted gold
nanospheres (AuNSs) (diameter of ~30 nm) and their in situ
assembling capability around the nuclear region of the cells for
the selective destruction of cancer cells with minimal damage to
the healthy cells. We used nuclear-targeted AuNSs due to the
fact that localized heating of the nuclear region of cells could
potentially damage proteins of the nuclear matrix, which has
been considered as one of the most thermolabile target sites
within the cells as it can undergo denaturation at temperatures
as low as 43—45 °C.>* Perhaps this can induce cell death. Even
though AuNSs show poor NIR absorption (as shown in our
DDA simulations (Figure 1)), their in situ assembly during the
endocytosis makes them good photoabsorbers in the NIR
region of light and thereby a promising candidate in PPT.
Other than AuNSs, plasmonic nanoparticles such as gold
nanorods (AuNRs) (42 + 4 nm in length and 13 + 1.6 nm in
width (~3.2 aspect ratio)) and gold nanocubes (AuNCs) (edge
length of ~40 nm) were also used to study their efficiency as
actively targeted plasmonic photothermal agents in selectively
destroying cancer cells. The AuNSs, AuNCs, and AuNRs
showed absorption maxima around 530, 535, and 790 nm,
respectively. In order to reduce the cytotoxicity of the
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nanoparticles, the nanoparticles were functionalized with thiol
containing methoxypolyethyelene glycol (mPEG-SH) mole-
cules. Besides that, the nanoparticles were further function-
alized with RGD (peptide sequence capable of targeting af
integrins on the cancer cell membrane to facilitate the uptake of
nanoparticles through receptor-mediated endocytosis)* and
nuclear localization signaling (NLS) peptides. The NLS
sequence helps the nanoparticles to target toward the nuclear
region of the cells.”’ The ¢ potential values collected before and
after PEG, RGD, and NLS functionalization confirm the
successful conjugation of the nanoparticles (Supporting
Information Table S1).

Our previous studies showed that RGD and NLS
functionalization of nanoparticles could help target the nuclear
region of cells.”>** A red-shift of the LSPR band was observed
after the functionalization of nanoparticles with PEG, RGD,
and NLS. This indicates the successful conjugation of the
nanoparticles with these molecules. The average size of the
nanoparticles was further confirmed from the TEM images.
The absorption spectra of each nanoparticle before and after
conjugation with PEG, RGD, and NLS as well as their
corresponding TEM images are given in Figure 2.

In this study, human oral squamous cell carcinoma 3 (HSC-
3) and human keratinocyte (HaCaT) were used as cancerous
and healthy cell models, respectively. All the experiments were
performed with constant cell density as the endocytosis of
nanoparticle largely depends on it. One of the main advantages
of active targeting technique is that it can increase the overall
intracellular concentration of nanoparticles at the target site (in
this case, the nuclear region), which is inevitable in targeted
nanomedicine. Also, precise targeting of cells with properly
functionalized nanoparticles can minimize the off-site cellular
toxicity. Figure 3 shows an illustration of various steps involved
in targeting PEG/RGD/NLS/AuNSs to the nuclear region of
the cells. This includes the binding of RGD peptide with aff
integrins on the cell membrane to form a receptor—peptide
complex, which facilitates the directional movement of AuNSs
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Figure 3. (A) Proposed mechanism of the interaction of PEG/RGD/NLS/AuNSs with the cancer cells and their subsequent endocytosis. Parts B—E
are the dark-field microscopic images of HSC-3 cells collected at various stages of endocytosis of PEG/RGD/NLS/AuNSs ((B) 10 min, (C) 1 h,
(D) 4 h, and (E) 21 h). After 21 b, it is obvious that nanoparticles are localized around the nuclear region of the HSC-3 cells.

toward clathrin-coated pits on the cell membrane.’**> While
the RGD on the nanoparticle surface enhances their selective
binding with o/ integrin receptors and subsequent endocytosis
of nanoparticles, nuclear targeting ligand, NLS, likely
accelerates their accumulation at the nuclear region via selective
interaction with nuclear import receptors.**

Augmented nuclear localization and assembly of the AuNSs
are known to increase their scattering efficiency via enhanced
plasmonic field coupling.18 In order to determine the cellular
uptake kinetics of the nanoparticles at various stages of the
endocytosis, HSC-3 cells were incubated with nanoparticles at
the same concentration (0.2 nM) for different periods of time
(10 min, 1 h, 4 h, and 21 h). Dark-field (DF) microscopic
images showing endocytosis of PEG/RGD/NLS/AuNSs to
HSC-3 cells collected at various time intervals are given in
Figure 3. It is obvious from the DF images that the intensity of
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scattering of the particle within the cells gradually enhances as
the endocytosis progresses, which implies the internalization of
the nanoparticles into the cytoplasm of the cells and their
subsequent assembly at the nuclear region of the cells. Even
though the exact mechanism of formation of nanoparticles
aggregates inside the live cells is unclear, during the
endocytosis, the nanoparticles are expected to be exposed to
highly dynamic intracellular biological environment, which can
induce nanoparticle aggregation via surface destabilization
induced by various factors such as change in ionic strength,
nanoparticles—protein interactions, pH, etc. We monitored the
cellular uptake only for 21 h as the cell cycle of HSC-3 cells
complete in ~24 h?” and further treatment will reduce the
intracellular nanoparticle density as a result of cell division and
distribute their intracellular nanoparticles to the daughter cells.
The rate of endocytosis of nanoparticles to the cancer cells was
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studied by using both absorption spectroscopy and dark-field
imaging microscopy. In this study, the cells were grown on a
coverslip for 24 h, which were then incubated with nano-
particles (PEG/RGD/NLS/AuNSs and PEG/RGD/NLS/
AuNRs) for various periods of time. This culture medium
containing nanoparticles was aspirated at regular intervals of
time, and the extinction spectra were noted.

Figure 4 shows the percentage of uptake of PEG/RGD/
NLS/AuNSs as well as PEG/RGD/NLS/AuNRs by HSC-3
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Figure 4. Plots showing percentage of uptake of PEG/RGD/NLS/
AuNSs and PEG/RGD/NLS/AuNRs by HSC-3 cells as a function of
time. In comparison to AuNSs, AuNRs showed a ~2-fold decrease in
the cellular uptake by HSC-3 cells.

cells plotted against their incubation time. We notice that
significant amount of nanoparticles remained in the solution
even after 24 h of incubation with the HSC-3 cells with the
nanoparticles. Between the two nanoparticles, AuNRs showed
~2-fold decrease in the uptake than AuNSs. The dark-field
images collected from the HSC-3 cells, which are treated with
PEG/RGD/NLS/AuNRs for 21 h, further validated this
observation (see Supporting Information Figure S1). A
decrease in the scattering intensity of the cells in comparison
to AuNSs was obvious in the dark-field images.

In order to study the plasmonic heat generation and
photothermal conversion efficiency of AuNSs and their
aggregates, we prepared aggregates of AuNSs having extinction
maxima at ~735 nm and ~767 nm (Figure S). In this study,
bare Au@citrate nanospheres, prior to the PEG/RGD/NLS
functionalization, were used. Here, phosphate buffered saline
(PBS) was used as an aggregation-inducing agent as a relatively
high ionic strength of PBS could lead to the destabilization of
the Au@citrate nanospheres and subsequent aggregation.
These samples were irradiated with 808 nm CW laser with a
power density of ~SW/cm? for 2 min, and the temperature was
monitored at 1 min intervals. The initial temperature of the
solution was kept at around 35 + 2 °C, and an increase in
temperature was monitored at regular intervals and was plotted
against time (Figure SD). Even though the aggregation of the
nanoparticles significantly reduced the intensity of extinction in
comparison to the parent AuNSs solution, the solution of
AuNSs aggregate with extinction maximum at ~767 showed
temperature increase up to 62.2 + 2 °C after 2 min of laser
irradiation.

Intracellular aggregation of nanoparticles was further
confirmed by the TEM images of the cells, which were
incubated with PEG/RGD/NLS/AuNSs for 1 and 21 h (Figure
6). Here, the cells were incubated with the nanoparticles in a
Petri dish and the nanoparticle solution was aspirated after 1 or
21 h. Afterward, the cells were trypsinized and were washed
once with DI water. For partial cell rupturing, the cells were
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Figure S. Parts A—C are the extinction spectra of parent AuNSs and
their aggregates showing different extinction maxima. (D) Plots
showing an increase in temperature induced by PPT heating of AuNSs
and the aggregates upon exposure to 808 nm laser excitation for 1 and
2 min. AuNSs aggregates with extinction maximum at ~767 nm
showed the largest temperature increase of ~62.2 °C after 2 min of
laser irradiation. Exposure of the parent AuNSs with the laser for 2 min
only resulted in a maximum temperature of ~45.3 °C after 2 min. The
temperature of all solutions prior to the laser exposure was kept at 36
+1°C
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Figure 6. TEM images collected from the HSC-3cells incubated with
PEG/RGD/NLS AuNSs for 1 h (A) and 21 h (B). The inset of panel
B is an enlarged view of the aggregated nanoparticles. The samples
were prepared by partially rupturing the cells by gentle sonication.

gently sonicated for 10 s and drop-casted on a carbon-coated
copper grid for TEM analysis. We did gentle sonication in
order to preserve the morphology of the aggregate within the
cells with minimal deformation. The TEM image collected
from the cell sample, which was incubated with the nano-
particles for 1 h, showed random distribution of individual
spherical nanoparticles throughout the TEM grid (Figure 6A).

The cells incubated with nanoparticles for 21 h showed the
presence of aggregated nanoparticles of an overall size larger
than 200 nm (Figure 6B). Aggregates containing various
numbers of nanoparticles ranging from 10 to 100 nanoparticles
were also visible on the TEM grid.

We systematically demonstrated that endocytosis of targeted
nanoparticles can result in their accumulation and formation of
stable aggregates specifically within the HSC-3 cancer cells.
Moreover, the PEG, RGD, and NLS-conjugated AuNSs,
AuNCs, and AuNRs used in our studies showed excellent
biocompatibility (Supporting Information Figure S2). The
intracellular aggregates formed inside the cells are capable of
absorbing light in the NIR region of light as their extinction
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maxima significantly overlap with the wavelength of the
excitation laser. As a result, a systematic variation in the
percentage of cell death was observed when the cells were
exposed to the laser at various stages of the endocytosis (Figure
7), which was probed by standard XTT assay. HSC-3 cells

cels + PEQROOMLSAuNE B

HaCaT colis + PEGROONL SiahSe 100 [ iz

T JetetaT colis + PEOROONL SiaahReta)
b L 80
60

40-

% Cell viability
% Cell viability

20

I

1h 4h 21h Control 10min _1h 4h _21h .

Cantrol 10 min

Figure 7. Cell viability for HSC-3 and HaCaT cells treated with 0.2
nM PEG/RGD/NLS conjugated AuNSs (A) and AuNRs (B)
solutions followed by laser exposure for 5 min to induce cell death.

exposed to the 808 nm laser exhibited nearly 99% cell viability,
which confirms that the cell death due to the absorption of the
incident laser by the cell itself is negligible. At the same time, a
marginal cell death was expected just after the treatment of cells
with targeted AuNSs following laser exposure. This is due to
the fact that the absorption of 808 nm laser light by the AuNSs
is expected to be very low due to the poor overlap of their
surface plasmon resonance band (530 nm) with the excitation
laser wavelength. However, ~30% of cell death was observed
when the HSC-3 cells were treated with PEG/RGD/NLS/
AuNSs for 10 min followed by laser irradiation for S min.
One possible explanation for this observation could be the
enhanced docking of the nanoparticles on the cell membrane as
a result of the binding of RGD peptide present on the PEG/
RGD/NLS/AuNSs surface with the receptor integrin proteins
on the cancer cell surface. This may result in the formation of a
temporary assembly of the nanoparticle on the cell surface as
shown in Figure 3A. The plasmonic coupling in such assemblies
could absorb the light in the NIR region (this has been
validated numerically) and induce photothermal cell ablation.
As the endocytosis progressed, a decrease in the cell death
(~25%) was observed after 1 h. This observed behavior could
result from the internalization of the receptor bound nano-
particles from the cell membrane to the cytoplasm and
subsequent weakening of the plasmonic field coupling
phenomena of the nanoparticles. Note that the process of
internalization of the nanoparticle is fast and can happen even
after 20 min of incubation.®® After 4 h of incubation, the cell
viability further decreased to ~65%, which could be attributed
to the assembly of the nanoparticles in the nuclear region of the
cell, whereas a significant decrease (~50%) in the cell viability
was observed for cells incubated with PEG/RGD/NLS/AuNSs
for 21 h followed by laser irradiation for S min. These results
indicate that longer incubation time of cells with nuclear-
targeted nanoparticles can promote their aggregation near the
nuclear region followed by significant absorption in the NIR
region of light and subsequent cell death by possible damage to
the proteins of the nuclear matrix. In addition, we confirmed
that no PPT cell death happens when PEG/AuNSs were used
instead (Supporting Information Figure S3). Here, the absence
of RGD and NLS significantly reduces the cellular internal-
ization of PEG/AuNSs and their localization near the nuclear
region. This result further validates the significant role of
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localized plasmonic heating around the nuclear region in killing
the cancer cells.

In order to study the selectivity of our technique in cancer
cell targeting and to confirm that indeed aggregation of
nanoparticle is taking place largely in the nuclear region of the
cancer cells, we conducted control experiments on healthy
HaCaT cells as they do not overexpress af-integrins®” and
thereby exhibit relatively lower uptake of PEG/RGD/NLS/
AuNSs. In comparison to the HSC-3 cells, HaCaT cells
exhibited relatively lower cellular uptake of PEG/RGD/NLS/
AuNSs, which was confirmed from the dark-field images
collected at various periods of time (Supporting Information
Figure S4). Even after incubation of the HaCaT cells with these
nanoparticles for 21 h, only ~20% cell death was observed,
which clearly indicates the selectivity of this technique toward
killing cancer cells with minimal damage to healthy cells.
Furthermore, we demonstrated the selectivity of this technique
to minimize off-site cellular toxicity in comparison to AuNRs
(Figure 7). Here, irradiation of both HSC-3 and HaCaT cells
treated with 0.2 nM PEG/RGD/NLS/AuNRs for different
periods of time (10 min, 1 h, 4 h, and 21 h) with 808 nm laser
for S min resulted in significant amount of cell death in all the
cases (>80%). This could be attributed to the fact that the
PEG/RGD/NLS/AuNR used in these studies exhibited
longitudinal surface plasmon resonance band at ~790 nm,
which could absorb the 808 nm laser to a greater extent and
induce photothermal ablation of the cells regardless of the types
of cells and percentage of uptake of nanoparticles. The AuNRs
in the media and internalized by the cells are capable of
absorbing a large portion of the 808 nm laser and could induce
cell ablation. In contrast, relatively lower cell death (<20%) was
observed for the HaCaT cells treated with PEG/RGD/NLS/
AuNSs for 21 h followed by laser exposure for S min due to
their poor nanoparticle uptake, which clearly implies the
selectivity of this technique in targeting cancer cells.

To further validate PPT efficacy, we also carried out trypan
blue assay that utilizes membrane integrity to identify dead
cells. Here, the dead cells will be selectively stained by trypan
blue, as the cell membrane is permeable to the trypan blue dye.
However, the live cells will remain unstained. Extensive cell
death (>90%) was obvious in AuNRs-treated HSC-3 and
HaCaT cells (Figure 8C and Figure 8D) for 4 h followed by
laser exposure for 5 min, whereas ~85% of AuNSs-treated
HaCaT cells remained viable after laser treatment (Figure 8A).
Interestingly, ~40% cell death was observed for HSC-3 cells
(treated with AuNSs for 4 h) exposed to the laser for S min
(Figure 8B). These results show that selective killing of cancer
cells can be achieved by brief laser exposure of PEG/RGD/
NLS/AuNSs-treated cancer cells.

To further demonstrate the potential of this technique in
selectively killing the cancer cells, we conducted similar
experiments with PEG/RGD/NLS/AuNCs, which show sur-
face plasmon resonance band at ~538 nm. As in the case of
PEG/RGD/NLS/AuNSs, AuNCs showed a similar trend in
selective cancer cell ablation (see Supporting Information
Figure SS), though the efficiency was relatively lower compared
to PEG/RGD/NLS/AuNSs. This could possibly be due to the
poor overlap of intracellular aggregates with the excitation laser
wavelength.

H CONCLUSION

We demonstrated a cancer cell specific plasmonic photothermal
therapeutic (PPT) paradigm that utilizes the inherent in situ
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Figure 8. HaCaT (A, C) and HSC-3 (B, D) cells incubated with PEG/
RGD/NLS/AuNSs (A, B) and PEG/RGD/NLS/AuNRs (C, D) for 4
h followed by exposure to 808 nm laser for 5 min and then stained
with trypan blue. Here, dead cells are selectively stained by trypan blue
(as the cell membrane is permeable to the trypan blue dye), while live
cells remain unstained.

self-assembling property and subsequent enhanced NIR
absorbing capability of nuclear-targeted AuNSs specifically
within the cancer cells to selectively destroy cancer cells with
minimal damage to healthy cells. Furthermore, plasmonic
nanoparticles of other shapes such as cubes and rods have been
exploited to systematically elucidate the role of plasmonic field
coupling in assembled nanoparticles and subsequent PPT
killing efficiency at various stages of endocytosis. In comparison
to the previous reports on utilizing aggregated plasmonic
nanoparticles in PPT-based cancer treatment, our technique
utilized the localized plasmonic heating phenomena at the
nuclear region of the cells where the nuclear matrix proteins are
largely found, which has been considered as one of the most
thermolabile structures within the cells, to deliver selective and
enhanced cell ablation of cancer cells with minimal damage to
the healthy cells. The plasmonic field coupling and related
plasmonic photothermal heating properties of assembled
nanoparticles were further demonstrated both experimentally
and theoretically using DDA approximation. Taking advantage
of intracellular assembling phenomena of nuclear-targeted
nanoparticles could be extended to various other nanoparticles,
which could exhibit enhanced NIR absorbing capability upon
aggregation and could potentially lead to the development of
more efficient and selective PPT-based cancer treatment
modalities with minimal side effect.

B MATERIALS AND METHODS

(a) Materials. Hydrogen tetrachloroaurate trihydrate
aqueous solution (HAuCl,-3H,0), sodium borohydride
(NaBH,), ascorbic acid, AgNO;, cetyltrimethylammonium
bromide (CTAB), trypan blue, and trisodium citrate were
purchased from Sigma-Aldrich, USA. Custom-made RGD
(RGDRGDRGDRGDPGC) and NLS (CGGGPKKKRKVGG)
peptides were purchased from GenScript USA, Inc. Thiol-
modified methoxypolyethylene glycol (mPEG-SH) of MW
5000 was obtained from Laysan Bio, Inc.

(b) Instrumentation. Dark-field images of cells under
various experimental conditions were collected using Leica
microscope coupled with a Renishaw inVia Raman microscope.
A JEOL 100CX-2 microscope was used to collect the
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transmission electron microscopic (TEM) images. The average
diameters of AuNSs, AuNRs, and AuNCs were determined
using Image] software. UV—vis extinction spectra were
collected using an Ocean Optics HR4000CG-UV-NIR
spectrometer. { potentials of the nanoparticles were measured
using a Malvern Zetasizer Nano Z.

(c) Synthesis of Gold Nanospheres (~30 nm Diame-
ter). Gold nanospheres (AuNSs) were prepared by following
modified Turkevich approach.*’ Briefly, 140 mL of 1% HAuCl,-
3H,0 solution in DI water was brought to boiling, and 0.2%
trisodium citrate trihydrate (2.5 mL) was added. The solution
was heated and stirred until the solution turned to red wine
color. The resultant AuNSs solution was allowed to cool down
to the room temperature.

(d) Synthesis of Gold Nanocubes (~40 nm Edge
Length). Gold nanocubes (AuNCs) were prepared as per the
procedure described in our previous papers.””* The seed
nanoparticles were prepared by the reduction of 275 uL of
HAuCl,-3H,0 (10 mM), which is added to a solution of 7 mL
of 100 mM CTAB prepared in deionized water (DI), by 600 uL
of an ice cold 0.01 M NaBH, solution under stirring for 2 min.
After 1 h, 350 uL of 10-fold diluted seed solution was allowed
to grow for 4 h in a growth solution. The growth solution was
prepared by mixing CTAB solution (2.916 g dissolved in 400
mL of DI water) with HAuCl,-:3H,0 solution (0.0394 g
dissolved in 143 mL of DI water) followed by adding 6 mL (1
M) of ascorbic acid. The resultant CTAB stabilized AuNCs
were purified by centrifugation and redispersion in DI water.

(e) Synthesis of Au NRs. Gold nanorods were synthesized
by the modified seed-mediated protocol.”> Briefly, the seed
nanoparticles were synthesized by adding 250 yL of HAuCl,
(10 mM) to 7 mL of CTAB (0.1 M) followed by the addition
of 600 uL of an ice-cold 10 mM NaBH, solution under stirring
for 2 min. After 1 h, 400 uL of seed solution was added to the
growth solution, which was prepared by mixing of 40 mL of
CTAB (100 mM) with 1.7 mL of HAuCl, (10 mM), 250 yL of
AgNOj; (10 mM), and 270 uL of ascorbic acid (100 mM). After
the addition of seed solution, the entire solution was kept
undisturbed for 6 h. The as prepared AuNRs solution was
purified by centrifugation.

(f) Preparation of PEG/RGD/NLS-Functionalized Gold
Nanoparticles. In order to reduce the cytotoxicity of the gold
nanoparticles (AuNSs, AuNCs, or AuNRs), they were first
functionalized with mPEG-SH. Here, 15 mL of 0.2 nM AuNCs
solution was incubated with 90 uL of mPEG-SH (1 mM) for 24
h. Similarly, to conjugate AuNSs with mPEG-SH, 5 mL of 3
nM AuNSs solution was treated with 30 L of 1 mM mPEG-
SH solution for 24 h. PEGylated AuNRs were prepared by
treating 10 mL of 5 nM AuNRs with 50 yL of mPEG-SH
solution (1 mM). Afterward, the PEGylated nanoparticles were
treated with RGD and NLS with a ratio of 4:10 to yield PEG/
RGD/NLS-functionalized nanoparticles. The nanoparticles at
different stages of preparation were purified by centrifugation to
remove unbound ligands.

(g) Cellular Uptake Studies. The percentage of cellular
uptake of the nanoparticles by HSC-3 cells was determined by
culturing the cells in 12-well tissue culture plate overnight and
subsequent replacement of media with 0.2 nM PEG/RGD/
NLS conjugated nanoparticles (AuNSs or AuNRs) prepared in
culture media (without phenol red). The cells were incubated
with the nanoparticles for different time intervals. Afterward,
the optical density of the media was measured at regular
intervals to find out the percentage of uptake of the
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nanoparticles. To calculate the percentage of cellular uptake,
the optical density of AuNPs containing culture media collected
at regular intervals was subtracted from the optical density of
nanoparticles initially added to the cell culture.

(h) Photothermal Heating of AuNSs Solutions. A 100
uL solution of AuNSs and aggregated AuNSs solutions
(showing different absorption maxima) were added to 96-well
plates to mimic the cellular PPT experiments. The solutions
were then exposed to the 808 nm CW laser. The temperatures
of the solution at 1 and 2 min were measured by directly
placing a thermocouple into the solutions. Three independent
experiments were conducted and the mean + sd of the thermal
responses was plotted as a function of laser irradiation time.

(i) Plasmonic Photothermal Heating of Cells. For the
PPT studies, the cells (HSC-3 and HaCaT) were grown for 48
h in 96-well tissue culture plates. Upon reaching 70%
confluence, the growth medium was replaced with medium
containing PEG-conjugated NPs (AuNSs, AuNCs, or AuNRs)
at a concentration of 0.2 nM. After incubation of the cells for
various time intervals, the cells were exposed to the 808 nm
laser. The cells were incubated for another 30 min, and then the
medium was replaced with culture medium (without phenol
red) containing the XTT cell viability assay solution. The cell
viability of the PPT treated HSC-3 and HaCaT cells was then
determined according to the manufacturer’s protocol.

For trypan blue assay, after the laser irradiation, 100 yL of
1:1 solution of 0.4% trypan blue (Sigma) in PBS solution was
added to the wells and they were left for 10 min for staining.
After staining, the cells are rinsed with PBS buffer and kept in
the buffer for bright field imaging.

(j) Cell Culture. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Mediatech), with phenol
red, supplemented with 10% v/v fetal bovine serum (FBS,
Mediatech) and 1% antimycotic solution (Mediatech) in a 37
°C, 5% CO, humidified incubator. For the dark-field imaging
studies, the cells were grown on glass coverslips in complete
growth medium at 37 °C for 24 h. Afterward, the cells were
incubated with 0.2 nM PEG/RGD/NLS-functionalized nano-
particles (AuNSs, AuNCs, or AuNRs) diluted in supplemented
DMEM cell culture medium, and the dark-field images were
collected at regular time intervals.

(k) Is the Plasmonic Wavelength of the Assembled
Spherical Gold Nanoparticles Sensitive to Its Degree of
Aggregation? Theoretical Investigation. For these calcu-
lations, the discrete-dipole approximation (DDA) ¥ one of the
most powerful theoretical techniques to model the optical
properties of plasmonic nanoparticles of arbitrary geometries,
has been used to simulate the effects of nanoparticle assemblies
on the LSPR band shift. The DDA method numerically solves
Maxwell’s equations for one or more arbitrary shapes by
dividing each shape into a cubic array of polarizable dipole
points. The corresponding response of N dipole points to the
incident electromagnetic field and all other N — 1 dipole points
are solved self-consistently using Maxwell’s equations. Here, the
assemblies of AuNSs for DDA simulation were generated via
free tools available on https://nanoHUB.org. The DDA
method was used to calculate near-field interaction between
the AuNSs (40 nm in diameter). The surrounding medium was
assumed to be water (n = 1.33), and the refractive index of
AuNSs was assumed to be the same as that of the bulk metal.**
For each case (single, dimer, and pentamer) the interparticle
distance was fixed as 0.5 nm. The incident light was polarized
along the interparticle axis of the AuNSs systems. The
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theoretical and experimental results indeed suggested that
aggregations of AuNSs could possibly make them absorb light
in the NIR region, depending on the size of aggregate.
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