J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Oxidative Nanopeeling Chemistry-Based Synthesis and
Photodynamic and Photothermal Therapeutic Applications of
Plasmonic Core-Petal Nanostructures

Amit Kumar,” Sumit Kumar,’ Won-Kyu Rhim, Gyeong-Hwan Kim, and Jwa-Min Nam*

Department of Chemistry, Seoul National University, Seoul 151-747, South Korea

© Supporting Information

ABSTRACT: The precise control of plasmonic nanostruc-
tures and their use for less invasive apoptotic pathway-based
therapeutics are important but challenging. Here, we introduce
a highly controlled synthetic strategy for plasmonic core-petal
nanoparticles (CPNs) with massively branched and plasmoni-
cally coupled nanostructures. The formation of CPNs was
facilitated by the gold chloride-induced oxidative disassembly
and rupture of the polydopamine corona around Au
nanoparticles and subsequent growth of Au nanopetals. We
show that CPNs can act as multifunctional nanoprobes that
induce dual photodynamic and photothermal therapeutic
effects without a need for organic photosensitizers, coupled
with the generation of reactive oxygen species (ROS), and
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allow for imaging and analyzing cells. Near-infrared laser-activated CPNs can optically monitor and efficiently kill cancer cells via
apoptotic pathway by dual phototherapeutic effects and ROS-mediated oxidative intracellular damage with a relatively mild
increase in temperature, low laser power, and short laser exposure time.

B INTRODUCTION

Plasmonic metal nanostructures have been drawing enormous
attention for their strong and controllable optical properties
and potential use in biosensing, bioimaging, and therapeutic
applications.'* Near-infrared (NIR) light-mediated photo-
therapeutic approaches with these plasmonic nanostructures,
such as photodynamic therapy (PDT)'"'* and photothermal
therapy (PTT),”~” have shown several advantages including
high spatial resolution, improved target selectivity, reduced side
effects, noninvasiveness without a need for surgery, fast and
effective treatment, and low cost over conventional cancer
therapies. PDT involves the use of organic photosensitizer (PS)
molecules which use the site-selective exposure of a specific
light wavelength to convert normal tissue oxygen (°0,) to the
very reactive and cytotoxic singlet oxygen ('O,)."" For a highly
efficient PDT, this light wavelength needs to match the
maximum absorption wavelength of a PS within the NIR region
(700—1100 nm; phototherapeutic NIR window to avoid
interference with blood and tissue)."” Unfortunately, most of
the therapeutic PS molecules absorb light in the visible region
and are prone to photodecomposition under long-term light
exposure,'*'® and prolonged PDT treatment creates severe
local hypoxia by depletion of tissue oxygen, hampering further
PDT operation."®'” On the other hand, the PTT methods use
plasmonic nanoparticles, such as gold nanoparticles (AuNPs),
that induce hyperthermia and/or subsequent small shock waves
by exposure to a continuous wave or pulsed laser, resulting in
apoptotic or necrotic cancer cell death depending on the
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increase in the local temperature.”~” The efficient hyperthermal
necrotic destruction of cancer cells involves very high
temperature (>70 °C),'® causing collateral damage to healthy
cells and also undesirably reshaping nanostructures.'”*® For
less invasive cancer cell death, it is advantageous to use a low-
temperature-based (<45 °C) PTT strategy. Further, under a
prolonged treatment condition, cancer cells can acquire
resistance that hampers further treatment.’

For these reasons, recently, there have been the efforts
toward the development of PDT—PTT integrated platforms
that involve visible/NIR light-absorbing hybrid nanostructures
from PTT-active structures such as Au nanoflowers, Au
nanorods (AuNRs), Au nanocages, and graphene oxides, and
PDT-active PS molecules.”” *° These hybrid nanostructures
allow the use of moderate hyperthermia along with reactive
oxygen species (ROS)-mediated intracellular damage. There
are still several challenges, including the possible mismatch
between the absorption wavelengths of PS and plasmonic
nanostructures, the energy transfer between PS and nanostruc-
tures, the requirement of lower operation temperature or
nonthermal treatment, the toxicity of nanostructures, and the
complex conjugation chemistry, which all need to be addressed
for the full utilization of these hybrid nanostructure-based
approaches for practical applications. In particular, an effective
photothermal nanotransducer should have a high optical
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absorption cross-section, biocompatibility, and easy synthesis
and a high structural precision and synthetic yield and
plasmonic tunability in the NIR region.* ~>* So far, there has
been little effort toward the ROS generation capability of NIR-
active plasmonic nanostructures in combination with their
inherent hyperthermic effect for potential NIR laser-based
cancer phototherapy without the need for additional organic PS
molecules.*”*

Branched plasmonic nanostructures, such as nanostars,
nanoflowers, and nanolaces, can form strong electromagnetic
(EM) fields inside particles due to their closely positioned and
coupled sharp nanofeatures. These strong plasmonic couplings
and large surface areas are useful features for surface-enhanced
Raman scattering (SERS), photothermal conversion, and
catalysis.*' 7*® These branched plasmonic nanostructures
could be promising PDT and PTT substrates, but the
solution-phase large-scale synthesis to grow such anisotropically
branched Au nanostructures with high structural precision and
controllability is challenging due to the high diffusion
coefficient of Au atoms and their face-centered cubic faceting
tendency.””** The anisotropic growth of these nanobranches
seldom occurs when the reaction is kinetically controlled, and
the growth of high-energy facets is faster than low-energy
facets. Further, it is difficult to optimize such reaction
conditions with varying surfactants in order to produce
structurally reproducible homogeneous nanostructures in a
large number.*"*" =

Here, we introduce the oxidative nanopeeling chemistry of
polydopamine (pdop) for the controlled growth and synthesis
of plasmonic nanobranched structures with tunable structural
features and density on the surface of pdop-coated spherical
AuNPs (Figure la). The thermoplasmonic property-based
multifunctionalities of these Au core-petal nanoparticles
(CPNs) were explored for the PDT—PTT dual photothermal
therapeutics along with their ROS-based therapeutic effects.
Further, the plasmonic couplings between the nanobranches of
CPNs were used for SERS-based monitoring of the changes in
DNA of cells of interest. The pdop layer can be stably and
uniformly assembled on the Au core surface,*> ¢ and Au(III)-
induced oxidation of the catechol moieties of pdop triggers the
partial disassembly of the pdop layer on the AuNP core and
facilitates the anisotropic growth of petal nanostructures with
various protrusion lengths and densities. The CPNs with
different branching morphologies are highly controllable and
exhibit wide optical spectra from visible to NIR regions
depending on petal protrusion length and density. The local
photothermal heating of 0.5 nM CPNs with densely protruded
petals in aqueous solution to 53.7 °C was achieved within 6
min using a 785 nm laser of 2 W/ cm?, and it was also observed
that 'O, was generated in aqueous solution during this process.
We further studied the CPNs for their phototherapeutic
potential with human cervical cancer cells (HeLa cells). It was
confirmed by dark-field microscopic imaging and TEM that
CPNss were efficiently taken up by HeLa cells in a large number
(up to 1260 particles per cell; 10* cells were measured) within 2
h, and these CPNs displayed no cytotoxicity. Under 785 nm
laser exposure for 6 min, as many as 95% HeLa cells were killed
at a moderate temperature (~42 °C). Such an efficient killing
of cancer cells at a relatively low temperature is due to the
synergistic combination of the photothermal effect and the
plasmonics-assisted intracellular ROS generation. We also
explored the intracellular structural and biochemical changes
after phototherapeutic treatment of cancer cells in order to
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Figure 1. (a) Schematic representation for the oxidative nanopeeling
chemistry of polydopamine (pdop) on AuNPs for the synthesis of
plasmonic CPNs. (b) The TEM image of pdop-AuNPs with 80 nm Au
core and ~S nm pdop layer. (c) The TEM image of pdop-AuNPs
immediately after adding HAuCl,. (d) The TEM image after 1 min
from adding HAuCl, to pdop-AuNPs. (e) The SEM image of CPNs.
(f) The TEM image of CPNs (left) and the magnified petal image
inside the red box (right). (g) The TEM images of CPN-1, CPN-2,
CPN-3, and CPN-4, synthesized by increasing amounts of HAuCl,
from left to right.

obtain a mechanistic insight in cell death. The TEM analysis of
the fixed cells and nucleus-targeting dye-staining assay revealed
severe damage to the cellular membrane and an apoptotic
morphology of the cells. Further, a myriad of plasmonically
coupled local hot spots inside the CPNs allowed for SERS-
based analysis of ROS-mediated changes in DNA, and the
results show that the oxidation and denaturation of DNA
within CPN-containing cells were triggered by the exposure to
785 nm laser.

B RESULTS AND DISCUSSION

In a typical experiment, citrate-stabilized AuNPs (80 nm in
diameter) were treated with dopamine-HCl in 10 mM Tris-HCl
buffer at pH 8.5 for 4 h at room temperature to form S nm
pdop-coated AuNPs (pdop-AuNPs) (Figure 1b; see the
Experimental section for more details). The localized surface
plasmon resonance (LSPR) band of pdop-AuNPs showed a
small red-shift (~9 nm) (the LSPR bands for citrate-AuNPs
and pdop-AuNPs are 522 and 531 nm, respectively), possibly
due to the charge transfer between AuNP and pdop.>* The
pdop coating on AuNPs was also confirmed by X-ray
photoelectron spectroscopy (XPS) (Figure S1). When the
high-resolution Au 4f XPS spectra between pdop-AuNPs and
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citrate-AuNPs were compared, the 0.4 and 0.8 eV shifts of
binding energies that correspond to Au 4f;,, (83.6 eV) and Au
4f,,, (87.1 eV), respectively, were observed (Figure S1). These
data further su_})port the binding of the catechol groups to
AuNP surface.”’ > In the presence of polymerization initiators
(Tris) under alkaline conditions, dopamine was transformed to
5,6-dihydroxyindolines, their dione derivatives, and other
related molecules, and these were closely packed due to strong
supramolecular forces such as charge transfer, 7—n stacking,
and hydrogen bonding to form a pdop layer on AuNPs.907%
For the synthesis of CPNs from pdop-AuNPs, S mL of 1 nM
pdop-AuNP solution, 500 uL of HAuCl, (5 mM), 100 uL of
PVP (5% w/v, 10,000 MW), and 500 L of hydroxyl amine (50
mM) were added consecutively, and the reaction mixture was
rigorously shaken for 5 min at 25 °C. The role of HAuCl, was
studied with TEM, and the intermediate structures are shown
in Figure 1c,d (the images show immediately after and 1 min
after adding HAuCl,). The oxidative disruption and peeling of
the pdop layer on Au core and budding petal structures through
the disrupted pdop layer were clearly observed (Figure 1c,d,
respectively). The solution gradually changed color from red to
blue, and the resulting blue-colored solution was stable for
weeks, as confirmed by the UV—vis spectroscopy and TEM
images, without showing any aggregation or subsequent change
in color. The electron microscopic images of the sample
revealed the formation of highly branched CPNs with closely
positioned plasmonic petals on spherical Au cores (Figure le,f).
The Raman spectra of pdop-AuNPs before and after HAuCl,
treatment revealed the diminishing catechol peak at 1617 cm™
and the enhancement in quinone peak at 1651 cm™" (Figure
S2). HAuCl,-mediated oxidation of catechol to quinone was
also confirmed by *C NMR where the signals at 142.9 and
143.7 ppm (catecholic carbon peaks) diminished, while the
intensities of quinonic carbon signals at 182.0 and 183.7 ppm
increased (Figure $3).°° As shown in Figure la, the Au(III)-
induced oxidations of catechols to quinones cause the
disruption of the pdop assembly due to the absence of
hydrogen bonds between the catechol and quinone groups, and
the interaction between quinone and AuNP core is weaker than
the binding between catechol and Au core (the TEM image of
disrupted pdop is shown in Figure 1c). In this process, the
budding Au nanopetal structures from Au core are grown on
randomly oriented oxidized pdop-modified AuNP core, and
subsequent reduction of remaining HAuCl, by hydroxyl amine
fully triggers the anisotropic growth of Au petals (the budding
Au petals are shown in Figure 1d). There are two major steps
during the synthesis of CPNs: the oxidative disruption of pdop
assembly on Au core and the reductive growth of Au petals
through the disrupted pdop layer on Au core. Individual
kinetics of these two steps is crucial for determining the final
CPN structures. More disassembled pdop units result in high
degree of petal protrusion. Higher amounts of hydroxyl amine
linearly increased the reaction rate and produced smoother
particle surfaces (Figure S4). Because Au(Ill) is needed to
induce oxidation of the catechol moieties of pdop and
disassemble the pdop layer, the faster reduction of Au(III) by
larger amount of hydroxyl amine inhibits the oxidative
nanopeeling of pdop, which in turn inhibits the formation of
petals on Au core. On the other hand, when no hydroxyl amine
was added, the complete oxidative peeling of pdop layer from
Au core was observed (Figure SS). In a control experiment, we
reacted citrate-stabilized 80 nm AuNPs with HAuCl, and
NH,OH under the same conditions that were applied for the

synthesis of CPNs from pdop-AuNPs. No protruding nano-
branches were observed, but an increase in the diameter of
spherical AuNPs from 80 to 83 nm was noticed. We then show
that one can readily control the formation of the Au petals on
Au cores and corresponding optical signals by simply varying
the amount of HAuCl, (Figure 1g). It is clear that the number
and length of the nanopetals increase as the amount of HAuCl,
increases, and these changes also shift the LSPR peaks from the
visible to the NIR region (Figure 2a; from CPN-1 to CPN-4).
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Figure 2. (a) UV—vis spectra of AuNPs, pdop-AuNPs, CPN-1, CPN-
2, CPN-3, and CPN-4. (b) Dark-field microscopy image of pdop-
AuNPs (upper) and CPN-4 (lower). (c) Comparison of scattering
intensities and color spectrum obtained from pdop-AuNPs (left) and
CPN-4 (right).

In particular, CPN-4 showed densely protruding nanopetals on
the Au core, which can generate strong plasmonic coupling-
based optical signals. It should be noted that a wide and strong
spectrum from CPN-4 particles are desirable for biological
applications due to the deep penetration depth of NIR light for
biological samples. For the above reasons, we focused on CPN-
4 particles for further studies. The UV—vis spectra of CPNs
cover a broad range from the visible to the NIR region (530 to
975 nm) due to the multimodal couplings of the nanopetals of
CPNs (Figure 2a).3%% Figure 2b represents the dark-field
images of pdop-AuNPs and CPN-4 particles, respectively. A
strong color change and scattering signal enhancement were
observed when the CPNs with plasmonically coupled nano-
petals were formed from pdop-AuNPs. The red-to-green color
ratio (R/G) changed from 0.84 for pdop-AuNPs to 1.62 for
CPN-4 particles. As shown in Figure 2c, the change in Rayleigh
scattering can be attributed to the extensive plasmonic
couplings between closely positioned metal nanobranches of
CPN particles.* Our synthetic strategy gives a powerful and
versatile pathway to a variety of branching nanostructures with
different core sizes and branching morphologies. We
synthesized CPNs with the core sizes of 10, 20, 30 and 50
nm, respectively, and all of these structures are near-infrared
active, which is important for in vivo applications (Figure S6).

Next, we tested the potential use of CPNs as photothermal
transducers for therapeutic applications (Figure 3a). Four
different CPNs (CPN-1, CPN-2, CPN-3, and CPN-4) with
increasing density of nanopetals were used for the experiments.
First, a quartz cuvette, filled with CPN solution (12 ug/mL Au
content from ICP-MS), was irradiated with a 785 nm laser
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Figure 3. (a) Schematic representation of laser-induced photothermal
effect and ROS production in a CPN. (b) Rise in temperature as a
function of laser irradiation time for different gold nanoprobes. (c)
Rise in temperature as a function of laser power for different gold
nanoprobes. (d) Reproducibility test on the photothermal results with
different gold nanoprobes in three successive cycles. (e) Increase in
temperature as a function of time for different concentrations of CPN-
4. (f) The RNO-histidine colorimetric assay-based results with
different nanostructures for the quantification of laser-induced 'O,
production while increasing laser irradiation time. (g) The RNO-
histidine colorimetric assay-based results with different nanostructures
for the quantification of laser-induced 'O, production while increasing
laser power. All the error bars have been obtained from three repetitive
experiments.

(2W/cm?) from 0 to 10 min, and the temperature was
measured by a thermocouple in the cuvette. As shown in Figure
3b, the temperature increased up to 53.7 °C from 23 °C when
radiating the CPN-4 solution for 6 min (no temperature
increase was observed afterward). From the results, we can
conclude that the photothermal conversion was dependent on
the density of the nanopetals of CPNs. It was also shown that
with 6 min irradiation times, the solution temperature was
linearly dependent on laser power (Figure 3c). In a control
experiment with spherical AuNPs, poor photothermal response
was observed under the identical irradiation conditions (785
nm, 2W/cm?). To validate the stability of CPNs for
photothermal heating, the photothermal heating—cooling
process was repeated several times. In a typical experiment,
the nanoparticle solution was exposed to a 785 nm laser for §
min and allowed to cool down to room temperature for 30 min.
This process was repeated three times. The results suggest that
the photothermal heating process is completely repeatable with
the identical heating—cooling profiles for all of the four
different CPNs (Figure 3d). We confirmed that there was no
noticeable structural change from CPN structures after three
cycles of S min laser irradiations (Figure S7). In the case of
CPN-4, we tested how particle concentration affects the
photothermal heating. It was found that 0.5 nM CPN-4
solution with >4 min irradiation is needed to heat the solution
to >50 °C, and, for heating the solution to >55 °C, S min
heating of 1 nM CPN-4 solution is required (Figure 3e; 785 nm

laser, 2 W/cm?). We then checked the ability of CPNs for
organic PS-free generation of ROS and subsequent PDT
applications. It is known that gold nanostructures are involved
with a plasmonic electron transfer to *O, and can photo-
sensitize the activation of 30,, for eventual conversion to
10,3%%47¢7 As proof-of-concept experiments, CPNs or AuNPs
(1 nM concentration) were exposed to a 785 nm laser (2 W/
cm?) for 5 min, and the presence of 'O, was monitored by an
N,N-dimethyl-4-nitrosoaniline (RNO)-histidine colorimetric
assay (Figure 3f,g).°® In this assay, the imidazole moiety of
histidine reacts with 'O,, and the resulting transient complex
bleaches RNO molecules; the amount of 'O, can be directly
correlated with a decrease in the RNO band intensity in the
UV—vis spectrum. The generation of 'O, was characterized by
analyzing the characteristic phosphorescence emission at
~1268 nm upon exciting the CPN-4 nanoparticles in D,0
with the light wavelength that matches with the LSPR of a
nanostructure (Figure $8).>***% By purging the solution with
nitrogen exhaustively, the phosphorescence emission at 1268
nm diminished, further supporting the presence of 'O, (Figure
S8). As shown in Figure 3fg, the amount of produced 'O,
increases with longer laser exposure time or higher laser power.
The maximum amount of 'O, was produced with CPN-4, while
AuNPs generated the least amount of 'O, (785 nm laser, 2 W/
cm?), and this shows that 'O, production is highly dependent
on the nanopetal structure and density. This laser irradiation-
based 'O, production response pattern is very similar to the
pattern of the CPN-based photothermal results. We also
compared the performance of CPNs to AuNRs, widely used in
photothermal and photodynamic therapeutics and plas-
monics."> The AuNRs with the absorption maximum that
matches with CPN-4 were synthesized using a literature
method.”” As shown in Figure $9, CPN-4 probes (AT = 23.7
°C) showed a much better photothermal effect than AuNRs
(AT = 9 °C) under the same laser irradiation condition (785
nm source and 2 W/cm?). It was also shown that CPN-4
produced approximately twice the amount of 'O, than AuNRs
(Figure S9). It should be noted that Au content in AuNR or
CPN-4 was kept same in these experiments. The sizes and
lengths of the petals of different CPNs have been provided in
Figure S10. It is well-known that more and stronger plasmonic
coupling between metallic nanostructures can generate stronger
EM field, and the size and shape of metallic nanostructure also
affect the EM field of plasmonic nanostructures. We also
performed the three-dimensional finite-element method (3D
FEM) simulation (COMSOL, Stockholm, Sweden) to analyze
the EM field distributions and enhancements of CPN and
AuNR. As shown in the Figure S11, the EM field on a CPN is
much stronger than that on an AuNR, mainly due to the petal
structures and their massive plasmonic couplings on a CPN.
Finally, the photothermal conversion efficiency () of CPN-4
was calculated to be 32%, which is clearly higher than AuNR
(21%).”°

We next tested CPNs for the potential use of cancer
therapeutics applications with living cervical cancer cells (HeLa
cells). First, we investigated the cells’ internalization of
nanoparticles. Typically, 1 nM nanoparticle solution was
incubated with HeLa cells at 37 °C for 2 h, and excess CPNs
were removed by washing the cells with PBS. The dark-field
light-scattering images of the treated cells can directly visualize
internalized CPNs. As shown in Figure 4b, the internalization
of CPN-4 particles can be confirmed by the bright red-orange
color inside the cells, while the dark-field images of the
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Figure 4. (a) The dark-field microscopy image of untreated HeLa
cells. (b) The dark-field microscopy image of CPN-4-treated HeLa
cells. (c) The low (i) and high (ii) magnification sectioned TEM
images of a fixed HeLa cell, treated with CPN-4 probes. CPN-4
particles are encapsulated in endosomes. (d) HeLa cell viability assay
results with different amounts of CPN-4 particles.

untreated cells show much weaker nanoparticle-scattering
signals (Figure 4a). In order to reveal the exact location of
CPNs inside the cells, CPN-4-treated cells were fixed,
sectioned, and subjected to TEM. The TEM images show
that CPN-4 particles were internalized by the cells and
distributed in the cytosol (Figure 4c-i). A high-magnification
TEM image revealed that CPN-4 particles were mainly located
in endosomes, indicative of endocytosis (Figure 4c-ii). The
average content of CPN-4 particles, present on the surface and
inside the HeLa cells, was found to be ~1260 particles/cell by
ICP-MS analysis, which is very high despite the fact that the
size of CPN-4 particles is relatively large (~100 nm in
diameter). This could be due to the branching shape effect that
facilitates penetration of the cell membrane and the ionic
screening effect by serum proteins in the cell $r0wth medium
and other cell membrane components.*"””""7® Next, we
performed the cytotoxicity test with HeLa cells using the Cell
Counting Kit (CCK-8, Dojindo Lab, Japan). After incubation
of the HeLa cells with different amounts of CPN-4 particles
(100 pM to 1 uM) for 24 h, the cell viability results were
obtained (Figure 4d). The results show that CPN-4 particles
have negligible cytotoxic effects on HeLa cells, even at high
probe concentrations (>100 nM). We then investigated the use
of CPNs for dual PTT—-PDT applications with NIR light. We

first measured the photothermal response of CPN-4 as a
function of laser irradiation time (785 nm, 2 W/cm?) in cell
growth medium (DMEM, 10% FBS, 1% antibiotic) up to 1S
min, and it took nearly 10 min to increase the solution
temperature to 54 °C (Figure S12). We confirmed via the UV—
vis spectrometer that only negligible amount of CPN-4 particles
aggregate in cell medium (Figure S13). Proteins, abundantly
present in cell medium, can interact with nanoparticles,”* and
with laser-assisted photothermal heating, they can undergo
conformational changes.75 During this process, the heat from
CPN probes can partially dissipate. This protein-based heat
dissipation and a few nanoparticle aggregates can slow down
the heating process. An increase in temperature to <45 °C with
mild NIR laser power (~2 W/cm?) is critical for clinical
applications of PDT—PTT treatment to minimize the
unnecessary heating of normal tissues.”%’” The experiments
were carried out with CPNs and spherical AuNPs. In a typical
experiment, HeLa cells were incubated with 0.5 nM nano-
particle solution for 2 h, followed by irradiation with 785 nm
laser (2W/cm?) for 6 min, which results in temperatures
increasing to 42 + 1 °C. A colorimetric live/dead cell vitality
assay kit (Invitrogen) was used to determine cell viability after
irradiation. In Figures Sa and S14, the green and red-colored
cells represent live and dead cells, respectively. The cell viability
without nanoparticles was nearly 100% after 6 min laser
irradiation, demonstrating that 6 min laser irradiation (785 nm
laser; 2 W/cm?) does not damage the cells when there are no
plasmonic nanoparticles. The nanostructures with more

CPN-2 CPN-3 CPN-4

80 4 I Laser Irradiation
2 b No Irradiation
v 60 -
© d
(&S]
T 40 -
(1]
Q .
o

20 4

i bLL
0 L mm
NG Q2 A 2 &) M
w“"\e W @ @ Y
c) (i) (ii) (iii)
% K
:‘:' \D'
& L o
t=0 min t=3 min t =6 min

500 nm 500 nm 500 nm

Figure S. (a) The overlapped fluorescence images from the live/dead
cell assays with HeLa cells. The green and red dots indicate live and
dead cells, respectively. (b) HeLa cell death results from nanoparticle-
based treatments with AuNPs, CPN-1, CPN-2, CPN-3, and CPN-4 in
the presence or absence of laser irradiation. (c) High-magnification
sectioned TEM images of a fixed HeLa cell, treated with CPN-4
particles and laser irradiation.
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protruding nanobranches induced cell death more efficiently
when the cells were exposed to a 785 nm laser (Figure Sb). In
particular, CPN-4 particles killed nearly all of the cancer cells
after 6 min laser irradiation with an increase in temperature to
~42 °C. The sectioned TEM images of the fixed cells after
exposing them to 785 nm laser with varying different irradiation
times are shown in Figure Sc. It can be clearly seen that, in the
absence of laser irradiation (f = 0 min), CPN-4 particles are
enclosed in the endosome. However, after irradiating cells with
785 nm laser for 3 and 6 min, the endosomes started to
collapse, and the endosomal escape of CPN-4 particles was
clearly observed (Figure Sc).

In the next set of experiments, we quantified the amount of
ROS from nanoparticle-treated HeLa cells after laser irradiation
using the OxiSelect assay (fluorescent signal-based method for
measuring total ROS activity in cell Iysates). The results show
that the amount of ROS is correlated with differences in CPN
structures (Figure 6c). This further suggests that CPN-4
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Figure 6. (a) The dark-field microscopic images of a live CPN4-
treated HeLa cell without laser exposure (the inset TEM image shows
an intact cellular membrane structure). (b) The dark-field microscopic
image of dead HeLa cells, treated with CPN-4 particles, followed by
laser exposure for the PDT—PTT treatment (the inset TEM image
shows damaged cellular membrane). (c) ROS assay results from HeLa
cell lysates after the PDT—PTT treatment using AuNPs, CPN-1,
CPN-2, CPN-3, CPN-4, no particles (negative control) and ICG
(positive control). (d) Schematic of genomic DNA isolation and
SERS-based DNA characterization after the PDT—PTT-ROS treat-
ment. (e) The Raman spectra of the isolated DNA from the PDT—
PTT ROS-treated HeLa cells with CPN-4 particles (0, 2, 4, or 6 min
laser exposure time).

particles can efficiently kill cancer cells with relatively mild
increase in temperature (~42 °C) via PTT—PDT dual
therapeutics. In order to quantify the photothermal and
photodynamic contributions separately, we added different
amounts of ascorbic acid (AA), a well-known antioxidant,
during laser-induced cancer cell killing experiment.”” After the
addition of AA, cell viability kept increasing up to 82% (in the
case of S00 M AA) (Figure S15). It can be assumed that ROS
production was ceased at >500 M AA concentration, and the
photothermal contribution is ~18% in this case. To further
confirm, CPN-4 was coated with ~5 nm polydopamine layer to
block 'O, production from Au surface (Figure S16). Indeed,
polydopamine-coated CPN-4 could kill only ~17% cells

(Figure S15). The ROS level, produced by CPN-4, has been
compared to indocyanine green (ICG), a NIR absorbing PS.*
As shown in Figure 6¢, the ROS level in the presence of CPN-4
is 1.8-fold higher than the ICG case. We then probed the fate of
cellular components that have been affected by light-induced
PDT—PTT. Apoptotic cells can be directly monitored by
fluorescence microscopy using ethidium bromide (EB), which
stains the nuclei of dead cells because of the leaky nature of cell
cytoskeleton and outwardly bulged cellular membrane.®” In the
presence of CPN-4 particles with laser irradiation, EB-treated
HelLa cells exhibited intense red color, and the result indicates
that the blebbing of the cell membrane was caused by the CPN-
4-mediated PDT—PTT effect. After treatment with CPN-4
particles and laser irradiation, we observed changes in cell
morphology from irregular ellipsoidal to circular shapes and
aggregates from the dark-field microscope images (Figure 6b)
due to the shrinkage of the cytoplasm and the contraction of
the nucleus under high oxidative stress. The TEM image in
Figure 6b reveals the formation of membrane bound vesicles in
the cell membrane, and these vesicles are formed because of the
translocation of phosphatidylserine from the cytoplasmic to the
extracellular sides of the membrane.”* " Finally, we inves-
tigated the ROS-mediated change in nucleic acids using CPN-4
particles as SERS probes. The plasmonic CPN-4 structure with
a highly branching morphology is an excellent SERS substrate.
After treating HeLa cells with CPN-4 particles, the sample was
exposed to a 785 nm laser for 2, 4, and 6 min, and genomic
DNA was isolated with an extraction procedure as described in
literature (Figure 6d).®" The SERS signals were then used to
study ROS-mediated primary and secondary structural changes
in the isolated DNA (Figure 6e).*” In a typical experiment, 10
UL of DNA solution (0.1 mg/mL) was mixed with 10 yL of 5
nM CPN-4 solution for the measurement of the SERS
spectrum (it is known that DNA bases can interact with the
Au surface).”’ 'O, and other intracellular secondary ROS are
known to be mutagenic, genotoxic, and are involved in
numerous biological processes. Hydroxyl radicals, excessively
generated from lipid oxidation by singlet oxygen, may abstract
the hydrogen atoms from the solvent-exposed regions of the
sugar—phosphate DNA backbone, leading to f-cleavage of the
strand and unstacking of DNA bases.*® The phosphate-
backbone-characteristic Raman peak (PO®~ symmetric stretch)
at 1082 cm™' was shifted to 1075 cm™', and its intensity was
gradually increased in the CPN-4-treated sample as the
exposure to the 785 nm laser increased. These changes
occurred due to DNA phosphate-backbone damage and DNA
aggregation. Another ROS-mediated chemical modification on
DNA is the oxidation of DNA bases (i.e., the oxidation of
guanine to result in 8-oxoguanosine lesion).**® The Raman
peak at 662 cm™' that corresponds to the radial-breathing
vibration mode of guanine was shifted to ~649 cm™" after the
PDT—PTT treatment. The shifted Raman band can be
attributed to the preferred conformational change of anti-
form in guanine to syn-form in 8-oxoguanine and also the
change in the electronic environment due to the higher
hydroger;1 bond occupancy of 8-oxoguanine as compared to
guanine.” All these results suggest that there were chemical
and structural changes in DNA inside the cells when the cells
were treated with CPN-4 particles and 785 nm laser irradiation.

B CONCLUSION

In summary, we reported the oxidative “nanopeeling” chemistry
with a pdop organic corona to finely control plasmonic
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nanobranching on an Au core. We have shown that the
plasmonic petals with highly controlled morphology, density,
and plasmonic couplings between the protruding branches can
be formed in a high yield by simply tuning the amount of gold-
chloride and the reduction kinetics. Highly branched CPN
structures exhibit an excellent NIR laser-based PDT—PTT
theapeutic effect without a need for organic photosensitizers
and can also be used as SERS probes for monitoring chemical
and structural changes of the DNA in cells, mainly due to the
CPN-4-induced generation of ROS. In particular, the efficient
killing of cancer cells with CPN-4 particles and a 785 nm laser
power density of 2 W/cm? within 6 min was possible with a
mild increase in temperature to ~42 °C. Our results suggest
that the cause of CPN-4-based cell death is mainly due to cell
membrane modification and the oxidative denaturation of
nucleic acids, and the apoptotic killing of cancer cells is possible
with CPN probes. We believe our strategy and results pave an
avenue of highly controllable and reliable chemistry in forming
plasmonically coupled nanobranch structures and offer insight
and methods in PDT—PTT-based apoptotic therapeutics.

B EXPERIMENTAL SECTION

Materials and Instruments. All the chemicals were used as
received without any further purification. Dopamine-HCl was
purchased from Sigma-Aldrich (USA). Spherical AuNPs were
purchased from BBInternational (USA). Hydrochloric acid and
sodium hydroxide were purchased from Daejung Chemicals and
Metals (Korea). Tris was purchased from USB Corporation (USA).
The Formvar/carbon-coated copper grids were purchased from Ted
Pella, Inc. (USA). Nanopure water (18.0 MQ-cm) was used for all
experiments. The UV—vis spectra were obtained from a UV—vis
spectrophotometer (Agilent 8453 spectrophotometer, USA). Elemen-
tal analysis and binding energy measurements were performed using
an X-ray photoelecton spectroscope (Axis HSi, KRATOS Analytical).
The dynamic light scattering measurements were performed using a
Malvern Zetasizer (Nano ZS). TEM images were obtained using an
energy-filtering transmission electron microscope (LIBRA 120, Carl
Zeiss) with an accelerating voltage of 120 kV. SEM images and EDS
elemental mapping data were obtained using a field-emission scanning
electron microscope (SUPRA SSVP, Carl Zeiss). The Raman spectra
were acquired using a Renishaw inVia raman microscope equipped
with 514, 633, and 785 nm laser sources.

Polydopamine (pdop) Coating on 80 nm AuNPs. One mL of
commercially available colloidal solution of 80 nm citrate-stabilized
AuNPs (11 pM) was centrifuged and redispersed in Tris-HCI buffer
(pH 8.5, 10 mM). Five uL solution (S mg/mL) of dopamine-HCI in
Tris-HCl buffer (pH 8.5, 10 mM) was then added, and the reaction
mixture was vortexed at 25 °C for 4 h. Finally, the reaction mixture
was centrifuged at 8000 rpm for 5 min, and the supernatant was
removed. The sediment containing pdop-AuNPs was then redispersed
in DI water. The thickness of the pdop layer on an 80 nm Au core was
estimated to be ~5 nm from the TEM analysis.

Synthesis of Gold CPNs. For the synthesis of CPN-1, S mL of 1
nM pdop-AuNP solution, 50 L of HAuCl, (5 mM), 100 L of PVP
(5% w/v, 10,000 MW), and 50 pL of hydroxyl amine (50 mM) were
added consecutively, and the reaction mixture was rigorously shaken
for S min at 25 °C. In order to synthesize CPN-2, CPN-3, and CPN-4,
100, 200, and 500 yL HAuCl, (5 mM), respectively, were used with
hydroxyl amine (50 mM) solutions.

Dark-Field Microscopy of pdop-AuNPs and CPN Probes.
Cleaned glass slides were treated with 2% (v/v) aqueous solution of 3-
aminopropyl-trimethoxysilane (APTS) for 10 s, followed by washing
with DI water and drying under nitrogen. Thereafter, 10 yL of a
sample (pdop-AuNP or CPN, 0.1 nM) was loaded on the APTS-
treated glass slide and sandwiched with a thinner glass slide. The dark-
field images were obtained with a Carl Zeiss (DE/Axiovert 200)
microscope.

RNO-Histidine Assay. Two mL CPN solution was added to a
freshly prepared aqueous solution of RNO (50 #M) and 10 mM His
(10 mL), and the mixed solution was transferred to a 1 mL quartz
cuvette and irradiated with the laser (785 nm, 2 W/cm?). The UV—vis
absorbance at 440 nm was recorded at predetermined irradiation
dosage.

'0, Luminescence Detection. CPNs in D,0 (I mL) were
subjected to laser irradiation, and the emitted luminescence was
recorded. The measurements took place in the dark at a constant
temperature of 15 °C by using a thermostat unit coupled to the
detector.

Cell Culture and Treatment with CPN Probes. The HeLa cells
were suspended in a 96-well plate at a concentration of 10* cells/mL in
Dulbecco’s modified Eagle’s medium (DMEM, S0 uL in each well)
with 10% fetal bovine serum (FBS) and 1% antibiotic solution
(GIBCO, Invitrogen, Karlsruhe, Germany) and cultured at 37 °C and
5% CO, overnight. The culture medium was then replaced with freshly
prepared DMEM. Different concentrations of CPN solution in PBS
were added, and the cells were left in a culture chamber for 2 h.

Dark-Field Imaging of Live HelLa Cells. HeLa cells were
cultured on 35 mm polylysine-modified glass bottom culture dishes
(MatTek Corp., USA) and allowed to grow in DMEM medium
supplemented with 10% FBS and 1% antibiotics (37 °C, 5% CO,)
overnight. Next, the medium was replaced with fresh culture medium
containing CPN nanoprobes (0.1 nM), and cells were further
incubated for 2 h. Thereafter, the glass slide was washed with PBS
to remove excess CPN nanoprobes, and the dark-field images were
obtained with a Carl Zeiss (DE/Axiovert 200) microscope.

Cell Cross-Section Imaging Using the Transmission Electron
Microscopy. For cell cross-section imaging, CPNs incubated cells
were first detached from the well plate. After washing with PBS
solution, >5 X 10° cells were fixed for 2 h with modified Karnovsky’s
fixative (2% paraformaldehyde and 2% glutaraldehyde in 0.05 M
sodium cacodylate buffer, pH 7.2). After repeated washing with 0.05 M
sodium cacodylate buffer (pH 7.2) at 4 °C, cells were fixed with 1%
osmium tetroxide in 0.05 M sodium cacodylate buffer (pH 7.2) for 2 h
and then washed with distilled water two times. Fixed cells were En
bloc stained at 4 °C overnight using 0.5% uranyl acetate and then
dehydrated with a graded concentration series of ethanol (30%, 50%,
70%, 80%, 90%, 100%, 100%, and 100% ethanol; 10 min for each
dehydration step). Infiltrated cells using propylene oxide and Spurr’s
resin were polymerized at 70 °C for 24 h. Various sections of the resin
block were cut using an ultramicrotome (MT-X, RMC, Tucson, AZ,
USA) and stained with 2% uranyl acetate and Reynolds’ lead citrate for
7 min, followed by transferring the section of interest onto a 300 mesh
copper TEM grid.

Cytotoxicity Assay. The cytotoxicity of various concentrations of
CPNs was evaluated using the Cell Counting Kit (CCK-8, Dojindo
lab., Japan). Cells were grown in a 96-well plate in 100 uL of DMEM
supplemented with FBS. After 24 h seeding, cells were incubated with
various concentrations (from 100 pM to 1 uM) of CPN-4 probes for
48 h, and the cell viability assay was carried out. The metabolic activity
of the cells was measured using CCK-8 (a sensitive colorimetric assay
for the determination of the number of viable cells after incubating
with probes). Ten uL of the CCK-8 solution was directly added to the
incubated cells in each well. After 2 h incubation at 37 °C, the amount
of formazan dyes was measured by a microplate reader (Anthos 2010,
Anthos Labtec, Eugendorf, Austria).

Photothermal Therapy. After incubation of the HeLa cells with
CPNs, the cell monolayers were washed three times with PBS buffer
and irradiated with a near-IR laser (785 nm, 2 W cm™, spot size of §
mm). The cells were then incubated with 200 uL of fresh LIVE/
DEAD reagent solution (LIVE/DEAD Viability/Cytotoxicity Kit,
Molecular Probes) for 30 min in the dark. The green dots indicated
healthy cells, while the red dots indicated dead cells.

Genomic DNA Isolation. After applying PTT using CPN-4
nanoprobes for 0, 2, 4, and 6 min, cells were lysed with 4 mL of lysis
buffer containing 0.5 M Tris-HCl (pH 8.0), 20 mM EDTA, 10 mM
NaCl, 1% SDS, and 0.5 mg/mL proteinase K. The mixture was
incubated overnight at 55 °C. Two mL of saturated NaCl (6 M) was
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then added, and the samples were incubated at 55 °C for 10 min. After
centrifugation at 5000 rpm for 30 min, the supernatant containing
DNA was mixed with an excessive amount of chilled absolute ethanol,
and the DNA was spooled by gently inverting the mix. The tubes were
incubated at room temperature for 15 min, and the DNA was
recovered by centrifuging at 10,000 rpm for 10 min at room
temperature. The DNA was washed several times thoroughly with 70%
ethanol and finally air-dried at room temperature.

SERS Measurements of Isolated DNA using CPN-4 Probes.
The isolated DNA (10 xL, 0.1 mg/mL) from the HeLa cells after
PDT-PTT treatment for different durations was mixed with CPN-4
nanoprobes (10 L, S nM), and SERS spectra were recorded from the
mixture on a glass slide using Reinshaw InVia Raman spectrometer
with 785 nm laser and S0X objective lens.

B ASSOCIATED CONTENT
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