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ABSTRACT: Core/shell gold “raspberry” nanostructures capable
of multiple therapeutic functionalities were synthesized using a
template composed of monodispersed anionic protein (bovine
serum albumin) nanoparticles coated with a cationic biopolymer
(poly-L-lysine). The nanostructures exhibited high photothermal
conversion efficiency when exposed to a near-infrared (NIR) laser,
which led to significant cellular inhibition of AS49 human lung
cancer cells due to intracellular hyperthermia. The raspberry
structures also provided hot spots for surface-enhanced Raman
scattering (SERS) ratiometric sensing of intracellular reactive
oxygen species (ROS) when modified with the Raman reporter
molecule 4-aminothiophenol (4-ATP). ROS was detected in AS49
lung cancer cells upon photothermal heating of internalized
nanostructures, enabling a possible mechanism for feedback on therapeutic efficacy. This was confirmed by adding the antioxidant
N-acetylcysteine (NAC) and using a complementary fluorescence technique, which showed that the amount of detectable
intracellular ROS decreased. These safe-by-design gold raspberry nanostructures could be promising for simultaneous therapeutic
applications and monitoring therapeutic efficacy.
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B INTRODUCTION

Near-infrared (NIR) responsive photothermal therapy (PTT)
is viewed as a minimally invasive and efficient treatment
approach for tumor management.' > Extensive studies on PTT
have been conducted using different types of materials,
including metal nanomaterials (gold, platinum),” carbon-
based nanomaterials,”” semiconductor nanomaterials (cop-
per),® and conducting polymers.”'’ Gold-based plasmonic
nanomaterials have received the most attention for PTT
because of their tunable physical and optical properties.'’ Gold

physicochemical features of NPs such as size, charge, and
surface chemistry.”**" Detecting ROS generation in cells
exposed to nanomaterials is important to determine mecha-
nisms of toxicity and therapeutic action. Fluorescence is
commonly used for measuring intracellular ROS®' but is
limited due to photobleaching of probe molecules or
quenching in the presence of metallic nanostructures such as
gold %3

Surface-enhanced Raman scattering (SERS) is a sensitive,
noninvasive tool for molecular detection and in biological

nanorods,' " namocages,m’15 nanoshells,'*™*° nanostars,***
and nanorods***” are reported to be effective PTT agents that
minimize the potential for undesirable side effects.'”'>**
Cellular inhibition caused by PTT is a result of intracellular
heating that can lead to the formation of reactive oxygen
species (ROS).”>*® ROS are highly reactive chemical species
that play important roles in modulating cell signaling,
differentiation, and death as well as tissue inflammation.”’
Cancer cells exhibit higher metabolic oxidative stress compared
with normal cells, which is mostly due to intrinsic dysfunction
of mitochondria and activation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases.”*** ROS gen-
eration caused by nanoparticles (NPs) initiates a sequence of
pathological events governed by the composition and
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environments.”* SERS “nanoprobes” have been used to
examine interactions between nanomaterials and intracellular
environments and to map the cellular distribution in both live
cells and fixed cells, providing an interesting platform for
multimode imaging and detection.”>*® The few studies
conducted on SERS-based ROS detection in cellular environ-
ments have demonstrated the promise of this novel
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Scheme 1. Protein-Templated Gold Raspberry Nanostructures®*®

N
%% " Desolvation Poly-L-lysine HAuCl,
9 Ascorbic Acid
&)
BSA BSANP [BSANP;] [BSANPg:]

“Bovine serum albumin nanoparticles [BSANP] are formed by desolvation, coated with poly-L-lysine[ BSANP,], and template the synthesis of
goldnanoshells [BSANP]. [BSANP,] are then surface-functionalized with a Raman reporter molecule 4-aminothiophenol, 4-ATP-[BSANPp].
The BSA protein structure was used with permission,*® Copyright (2019) American Chemical Society.

approach.””~*° The general strategy involves intracellular ROS-
induced chemical reactions of Raman reporter molecules
detected by nanostructures designed with SERS “hot
spots.”7341

Motivated by this prior work, we have examined the
potential to simultaneously achieve PTT and detect the
resulting ROS that is generated by core/shell “gold raspberry
nanostructures” formed using biopolymer-coated bovine serum
albumin (BSA) nanoparticles [BSANP] as templates (Scheme
1). Protein-based nanoparticles may be excellent biocompat-
ible candidates for creating gold nanostructures; for example,
serum albumin is an effective carrier of therapeutic drugs and
imaging agents."”””* The intermediate layer coating the
protein nanoparticle template, an adsorbed cationic biopolye-
lectrolyte, enriches the surface with gold anions that are then
reduced to form gold raspberry nanoshells. In addition to
being less dense and less prone to long-term sedimentation,
self-assembled “soft-templated” nanostructures provide further
advantages over the “hard-templates” because they can adopt
unique shapes, respond to the fabrication process, and
accommodate additional cargos. By functionalizing the surface
with the Raman reporter 4-aminothiophenol (4-ATP), we
demonstrate a multifunctional platform for PTT and intra-
cellular ROS detection using a model cancer cell line, A549
human lung adenocarcinoma epithelial cells.

B EXPERIMENTAL SECTION

Materials and Methods. BSA (66 kDa), poly-L-lysine (15—30
kDa), glutaraldehyde (8%), chloroauric acid (HAuCl,-3H,0), N-
acetylcysteine (NAC), hydrogen peroxide (H,0,), and copper sulfate
(CuSO,) were purchased from Sigma-Aldrich (St. Louis). Sodium
chloride (NaCl), ascorbic acid (AA), and 4-aminothophenol (4-ATP)
were obtained from Thermo Fisher Scientific. All materials were used
as received. A Millipore water system (Direct 3Q @ UV) provided
high-purity water used for all experiments. AS49 human lung
adenocarcinoma epithelial cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA). 3-(4,5-Dimethylthiazol-
2-yl)-2,S-diphenyltetrazolium bromide (MTT) was purchased from
Invitrogen, and fetal bovine serum (FBS) was obtained from Atlanta
Biologics (Flowery Branch, GA). Dulbecco’s modified Eagle’s
medium (DMEM, 4.5 g L™' p-glucose and L-glutamine) and
trypsin-EDTA (0.25%) were obtained from Life Technologies
(Carlsbad, CA). Sodium pyruvate, penicillin-streptomycin, and
fungizone were obtained from GE Health Life Sciences (Pittsburgh,
PA).

Preparation of Poly-L-lysine-Coated BSA Nanoparticles
(IBSANPg]). [BSANP] were prepared using a modified desolvation
method. A 10 mg mL™" BSA solution (2 mL) was prepared at pH 7.4
(10 mM NaCl) and stirred for 30 min. Ethanol was added dropwise
to a final volume of 10 mL. To this turbid solution, 25 uL of 5%
glutaraldehyde was added, and the nanoparticle suspension was stirred
for 20 h to yield cross-linked [BSANP]. The nanoparticles were
washed three times with water by centrifuging at 12,000 rpm for 10
min, redispersed in 10 mL Millipore water, and stored at 4 °C for
further use. [BSANP] were coated with poly-L-lysine (PLL) by adding

them dropwise to 0.5 mg mL™" (3 mL) of PLL in water under
magnetic stirring for 15 min and incubating for 1 h at room
temperature. [BSANP;] were centrifuged three times at S000 rpm for
7 min to remove the excess PLL from the solution. The samples were
resuspended in 7 mL of deionized water and stored at 4 °C until
further use.

Preparation of 4-ATP-[BSANP;:l. [BSANP,;] were prepared by
direct reduction of HAuCl, to yield Au nanoparticles using ascorbic
acid (AA). HAuCl, dissolved in water was added to [BSANP;] at a
ratio of S mM HAuCl,-3H,0 to 1.43 mg BSA mL™" (1.4 X 107> mass
ratio) to allow the AuCl,” to electrostatically bind to the PLL coating.
AA was then added at an AA/AuCl,” molar ratio of 2 to form Au
nanoparticles, upon which the translucent white color of the
suspensions abruptly changed to blue, indicative of gold nanoshells
forming on the [BSANP,] surfaces. [BSANP;;] were labeled with
Raman reporter molecule 4-ATP by incubating 3 mL of [BSANP;]
solution with 20 mM of 4-ATP. The resulting solutions were kept for
1S min under stirring condition at room temperature until the system
reached equilibrium based on visual observation of the color change.
4-ATP-[BSANP,;] were washed three times by centrifugation at
1000 g for 10 min and dispersing in water.

Nanostructure Characterization. The z-averaged hydrodynamic
diameter (D},) and zeta potential ({) were measured using a Malvern
Zetasizer Nano ZS (Worcestershire, U.K.) equipped with a back-
scattering detector angle of 173° and a 4 mW, 633 nm He—Ne laser. {
was determined by combined Doppler electrophoretic velocimetry
and phase analysis light scattering using folded capillary cells. Three
parallel measurements were taken for all samples. [BSANP],
[BSANP,], and 4-ATP-[BSANP,;] nanostructures were analyzed
by transmission electron microscopy (TEM, JEOL JEM-2100F)
operating at 200 kV. For TEM, S5 uL of samples were spread and
slowly dried onto a carbon-coated copper grid with 300 mesh.
[BSANP], [BSANP;], and 4-ATP-[BSANP,;] nanostructures were
also analyzed by SEM equipped with a field emission gun (Zeiss
Sigma VP FE-SEM) at an operating voltage of S kV. A 10 uL of
sample suspension was drop-cast on a silicon wafer and dried under
vacuum conditions overnight. Since [BSANP] and [BSANP;]
nanoparticles are nonconductive in nature, they sputter-coated with
gold (Cressington 108 auto gold coater). Elemental maps were
generated using energy-dispersive X-ray spectroscopy (EDS, Oxford
Inca). Absorption spectra were recorded using an Ultraviolet—visible/
near-infrared (UV—vis/NIR) scanning spectrophotometer (JASCO
V-780) and circular dichroism spectra using a circular dichroism
spectropolarimeter (Jasco J-1100) at 25 °C.

Surface Plasmon Simulation. The electric field of [BSANP¢]
was simulated (FDTD solutions, Lumerical Inc.) using a TEM image
of a [BSANP,;] cluster. The boundaries were set as perfectly
matched layers (PMLs) in the x, y, and z directions of the simulation
boundaries. The dielectric constant was set to 1 for vacuum. The
temperature of the simulation was 25 °C, and the simulation time was
1000 fs. A total-field scatter-field source was used to pulse the
nanostructure system with 785 nm laser, which was recorded using
scattered field monitors. The excitation light was in the z-direction,
perpendicular to the imaging plane. A mesh size of 2 nm® and
refractive index and excitation coefficient of gold were used based on
Johnson and Christy in the simulation. The maximum electric field,
E, ..o Was determined by monitoring the scattered field monitor.
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Figure 1. Nanostructure characterization. (A) Hydrodynamic diameter (Dj) and (B) zeta potential ({) of [BSANP], [BSANP}], and [BSANP,¢];
(C) circular dichroism spectra of BSA and [BSANP]; and (D) UV—vis spectra of GNPs and [BSANP,;] (inset: digital image of particle solutions).
All measurements were performed in DI water. Representative FE-SEM (j, iii, v) and TEM (ii, iv, vi) images are shown for (E) [BSANP], (F)
[BSANP;], and (G) [BSANP,:]. (H) SEM-EDS map shows the particles and their corresponding elemental distribution of gold.

Photothermal Study of 4-ATP-[BSANP,;] Raspberry Nano-
structures. Photothermal heating and conversion efficiency were
determined by irradiating S00 uL of 4-ATP-[BSANP)¢] in a glass vial
using a 730 nm NIR laser (MDL-III-730) for 10 min, with power
densities of 1.8 and 2.6 W cm™>. Changes in temperature were
monitored at 30 s increments using a thermocouple (Pico Technology
Ltd.).

The photothermal conversion efficiency (17) of 4-ATP-[BSANP,]

was determined according to reported methods*”*®
n= hS(Tmax - ’I;u.rr) - Qdis
I(1 — 10 470) (1)

where h is the heat transfer coefficient, S is the surface area of the
container, T, is the maximum steady-state temperature of the

sample solution, Ty, is the ambient surrounding temperature, Qg; is
the heat dissipated from the light absorbed by the solvent and
container, I is the laser power (2.6 W cm™2), and A,y is the
absorbance of the sample solution at 730 nm.

In Vitro Cytotoxicity. MTT assays were conducted to determine
the viability of AS49 cells exposed to 4-ATP-[BSANP,:] with or
without laser exposure. Cells were seeded in a 96-well plate at a
concentration of 2 X 10* cells mL ™" with DMEM media (containing 1
mM sodium pyruvate, 1% penicillin-streptomycin, and 10% FBS) and
allowed to grow at 37 °C overnight in 5% CO,. 4-ATP-[BSANP,;]
dispersed in DMEM were then added into the wells. After 24 h of
incubation, the cells were washed three times with 1X PBS, and 200
UL of a freshly prepared (5 mg mL™") MTT solution was added with
1 h of incubation at 37 °C in 5% CO,. The culture media were
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ACS Appl. Nano Mater. 2022, 5, 14356—14366


https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c02641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

SERS Intensity (cts)

400 800 1200 1600 2000
Raman Shift (cm™T)

200 nm

25000

(B)
Q@ 4-ATP-[BSANP,]
20000

15000 -

10000 -

Intensity at 1077 cm™ (cts)

]

1=

=3

=3
1

0 T T T T T T
1 2 3 4 5 6

[4-ATP](uM)

82.1

I 68.4

54.8

411
27.4
13.7

0.0372

-200  -100 0 100 200
X (nm)

Figure 2. SERS study of 4-ATP-[BSANP,¢] on dispersed gold nanostructures. (A) Raman spectra of 4-ATP on [BSANP}] surface and (B) the
intensity at 1077 cm™" as a function of 4-ATP concentration. (C) Representative TEM image used in the (D) surface plasmon simulation of the

electric field distribution at 785 nm in the xy-plane for [BSANP,¢].

discarded, 100 L of DMSO was added to each well, the samples were
shaken for 10 min, and the absorbance was measured at 540 nm using
a multiplate reader (Spectra Max M2). For in vitro cell culture, A549
cells were seeded and incubated with different concentrations of 4-
ATP-[BSANP] in 96-well plates. After 4 h of incubation, the cells
were washed twice with a PBS solution to remove excess 4-ATP-
[BSANP,;] and replaced with fresh cultured media. The cells were
irradiated with a 730 nm laser as a function of time (2, 5, 10 min) and
laser power density (1, 1.8, and 2.6 W cm™2), after which they were
cultured for an additional 24 h. To investigate the effect of antioxidant
N-acetylcysteine (NAC), the cells were irradiated with a 730 nm laser
for 10 min at 2.6 W cm™?, after which 2.5 mM NAC was added to the
well plates, and the cells were incubated for 1 h. A minimum of three
parallel sample sets were performed in each group, and these sets were
tested in triplicate. The cell viability (%) was calculated according to
the equation cell viability (%) = [OD@540 nm(sample)]/[OD@540
nm(control)] X 100%, where OD is the optical density.

Intracellular ROS Analysis Using Fluorescence Study. The
dye 2/,7'-dichlorofluorescin diacetate (DCFDA) was used for the
detection of 4-ATP- [BSANP;]-induced ROS generation. To
investigate the ROS production from cancer cells during PTT,
AS549 cells were seeded at the density of 20,000 in clear bottom black
96-well plates, and 200 uL of 150 ug mL™' 4-ATP-[BSANP;;] was
added and incubated with the cells for 24 h. The cells were washed
with PBS (1x buffer), refilled with fresh media, and irradiated with a
730 nm laser for 10 min. After treatment, the fluorescence intensity
(at Ay = 595 nm, A, = 520 nm) was measured after 30 min of
DCFDA (S uM) addition using a Cytation 3 plate reader (BioTek,
Winooski, VT). NAC was added to the NIR laser-treated cells at a
concentration of 2.5 mM, and the cells were incubated for 30 min.
Four plates were designed using (i) cells, (ii) cells + 4-ATP-
[BSANP,g], (iii) cells + 4-ATP-[BSANPpg] + laser exposure, and
(iv) cells + 4-ATP-[BSANP,] + laser exposure + NAC.

SERS Measurements and Confocal Raman Microscopy.
SERS was measured using a SIERRA 2.0 Raman Spectrometer

(Snowy Range Instruments, WY) with a 785 nm laser directed at a
power of 100 mW and integration time of 1 s. Measurements were
performed over a wavenumber range of 200 to 2000 cm™' using
orbital raster scanning. In a typical liquid-state SERS experiment, 2
mL of freshly made 4-ATP-[BSANPy] solution was introduced into
a cuvette and measured in triplicate.

Confocal Raman studies were conducted using two methods. For
the first, cells were seeded in 35 mm glass bottom microwell dishes
(MatTek) at a concentration of 250,000 cells/dish and incubated
overnight at 37 °C and 5.0% CO,. The media was removed, replaced
with 4-ATP-[BSANP,;] diluted media, and incubated for 0.5, 2, 4,
and 8 h. Afterward, 4-ATP-[BSANP,;] containing media was
removed at different time points and washed three times with PBS
(1x buffer, Gibco). The samples were fixed using 4% paraformalde-
hyde in PBS for 10 min, rinsed three times with PBS buffer, and
refilled with fresh PBS. The second method was used to investigate
ROS generation. Cells were seeded in 8 well chambers with high-
performance glass coverslips (Cellvis) at a concentration of 35,000
cells/well and cultured for 24 h. The cells were incubated with 200 yL
of 150 pg mL™' 4-ATP-[BSANP,] for 4 h, washed with PBS, and
irradiated with a 730 nm laser for 10 min. To study the effect of
antioxidants on the generated ROS, NAC was added to the wells at
2.5 mM, and the cells were incubated for 30 min. Three plates were
designed using (i) cells + 4-ATP-[BSANPy;], (ii) cells + 4-ATP-
[BSANP,;] + NIR laser exposure, and (iii) cells + 4-ATP-
[BSANP,;] + NIR laser exposure + NAC.

An inverted confocal Raman microscope (Alpha300 R, WiTec,
Germany) was used for imaging, equipped with a Nikon CFI-Achro
60x/0.8 air objective, a 785 nm laser source set to 15 mW, and a CCD
detector with a 600 lines mm™ grating. Regions of interest were
scanned with 0.2 s integration time, 100 points per line, and 100 lines
per area (150 X 150 um?) to obtain the Raman spectral data. Each
spectrum was averaged over three scans. Global background
subtraction and cosmic-ray removal were performed using WiTec
Control 5.0 software. Confocal Raman data were acquired for C—S at
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Figure 3. Photothermal properties of 4-ATP-[BSANP,;]. (A) Temperature change of 4-ATP-[BSANP;;] solutions (two different Au
concentrations) upon exposure for 10 min using a 730 nm NIR laser at power densities of (A) 2.6 W cm™ and (B) 1.8 W cm™2. From heating and
cooling, the (C) time vs -In(6) plot was used to calculate photothermal efficiency. (D) Temperature change of 4-ATP-[BSANP,] solutions at

maximum power (2.6 W cm™) over 5 on/off laser exposure cycles.

1077 cm™ and C—N at 1142 cm™" (see the Supporting Information
for additional details).

Statistical Analysis. Experimental results are expressed as the
mean =+ standard deviation of three independent experiments.
Unpaired, two-tailed t-tests were used to evaluate significant
differences between a pair of groups. Levels of significance were p <
0.05 (*), p < 0.01 (**), and p < 0.001 (***). The statistical analysis
was completed using OriginPro 2019 software. Image analysis was
performed using ImageJ software.*’

B RESULTS AND DISCUSSION

Preparation and Characterization of Nanostructures.
[BSANP] prepared by a modified desolvation method>*~>
were monodispersed with an average hydrodynamic diameter,
polydispersity index (PDI), and ¢ of 173 + 3 nm, 0.06 + 0.04,
and —47 + 2 mV, respectively (Figure 1A,B,E). The secondary
structure of BSA changed from predominantly « helical (a) as
free protein in solution to B sheet () upon [BSANP]
formation (Figure 1C), which is consistent with previous
work.”® Upon coating with poly-1-lysine, the particles became
cationic and larger but remained monodispersed (Figure
1A,F). The apparent thickness of the poly-L-lysine coating was
5.9 nm based on the hydrodynamic diameter, and the average
PDI value was 0.07 + 0.0S5. The coating enriched the interface
with AuCl,”, which was reduced using ascorbic acid to yield
gold nanostructures with broad absorbance in the NIR region

14360

with a maximum at 722 nm (Figure 1D). Owing to strong
plasmonic coupling on the surface of the nanostructures, the
LSPR peak of [BSANP},;] was red-shifted as compared to gold
nanoparticles (GNPs). The “raspberry” structure was con-
firmed by TEM, FE-SEM, and EDS (Figure 1G,H).

4-ATP Modification and SERS Enhancement. SERS was
used to determine the 4-ATP surface coverage after
modification and the corresponding analytical enhancement
factor (AEF) of the conjugated 4-ATP-[BSANP;;]. The AEF
was calculated as AEF = (Iggpg X Nyrs)/ (Inrs X Nagrs), where
Isgrs and Iygg are the average intensities of the C—S bond
stretching from SERS and NRS spectra at 1077 cm™,
respectively, and Ngprg and Nygs are the number of molecules
in the laser probe volume during SERS and NRS measure-
ments. Since the experiments were carried out using the same
laser probe volume, Ngprg and Nygg can be substituted by the
4-ATP concentration present during the SERS and NRS
experiments. The SERS signal increased with increasing 4-ATP
concentration up to 4 uM, where it began to plateau until
reaching a 6 uM concentration which represents complete
surface coverage (Figure 2B). From n = 10 measurements for
each solution, an average AEF equal to 1.81 X 10* was
determined in agreement with previous SERS studies of 4-ATP
on gold.>* The surface plasmon simulation suggests that a
strong electromagnetic field was localized and confined in the
nanogap of [BSANP,] nanoclusters creating hot spots for the
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Figure 4. In vitro AS49 cell viability determined by the MTT assay and live/dead cell staining. (A) Viability as a function of (A) 4-ATP-[BSANP,]
concentration with and without NIR laser exposure at a power density of 2.6 W cm™2, (B) laser power density at 150 ug mL ™" 4-ATP-[BSANP,].
Laser exposure was S min for (A) and (B). (C) Viability with 4-ATP-[BSANP;] as a function of time with and without laser exposure at 150 ug
mL™" 4-ATP-[BSANP;] and a power density of 2.6 W cm ™ (D) Viability in the absence (Control) or presence (Cells + NP) of 150 ug mL™" 4-
ATP-[BSANP,,;] with laser exposure (NP + Laser) followed by the addition of 2.5 mM NAC (NP + Laser + NAC).

Raman reporter 4-ATP. The max [E,,,./E,]* was found to be
82.1, which decreased with increased spacing within the
nanoclusters (Figure 2D). The max [E,,/E,]* values are
comparable with previous reported values using Au-based
nanoplatforms.>

After 4-ATP modification, the average hydrodynamic
diameter of 4-ATP-[BSANP,;] was 193 + 8 nm, and the {
was 29 & 5 mV. The ( reflects the cationic charge imparted by
the 4-ATP ligands. The hydrodynamic diameter and
absorbance spectra (results not shown) were nearly identical
to that of [BSANP;] (Figure 1A), indicating that the particles
remained stable after surface modification. Furthermore, the
absorbance spectra in water (Figure 1D) and PBS buffer were
similar, with the same maximum absorbance wavelength,
indicating that the particles resisted aggregation due to charge
screening.

Photothermal Properties of 4-ATP-[BSANPpcl. As
shown in Figure 3A,B, the photothermal heating of solutions
containing 4-ATP-[BSANP,;] was dependent upon concen-
tration and laser power. After 10 min of laser exposure at 2.6 W
cm™?, the temperature of 4-ATP-[BSANP,¢] ([Au] = 151.5 ug
mL™") increased from room temperature to 69.6 °C (AT =
44.5 °C, Figure 3A). Temperatures in the range of 41 to 47 °C
can lead to cell death by hyperthermia.’® Comparatively, only a
slight temperature change (AT = 4.7 °C) was observed for
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deionized water without the presence of 4-ATP-[BSANP,].
The photothermal conversion efficiency was 44.6% based on
the heating and cooling curves of the nanostructures (Figure
3C), which is higher than other gold nanoparticles such as
hexapods®” and nanocages.”® The electromagnetic hot spots
generated on the surface of 4-ATP-[BSANP,] by plasmonic
resonance account for the high light-to-heat conversion
efficiency. The photothermal stability of 4-ATP-[BSANP,]
was evaluated by five laser on/off cycles, where no significant
temperature variation was noticed (Figure 3D). There was also
minimal change in the Raman signal of the 4-ATP-[BSANP]
during these heating cycles (Figures S1 and S2). The observed
photothermal stability indicates that these gold nanostructures
were not damaged during multiple heating cycles, maintaining
their optical properties for combined intracellular PTT and
ROS detection.

In Vitro Cytotoxicity and Combined Photothermal
Therapy. Encouraged by the photothermal performance of 4-
ATP-[BSANPy], in vitro PTT was performed in AS49 cells.
Figure 4A shows the cell viability of AS49 cancer cells after 24
h incubation with different concentrations of 4-ATP-
[BSANP};]. Without NIR laser heating, only a small decrease
in cell viability was observed in the presence of 4-ATP-
[BSANP};], presumably due to the cationic charge presented
by these nanostructures. With NIR laser heating, laser exposure

https://doi.org/10.1021/acsanm.2c02641
ACS Appl. Nano Mater. 2022, 5, 14356—14366


https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c02641/suppl_file/an2c02641_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c02641?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c02641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

CCD Image

Raman Image

(A)

4h

8h

Z=0pum

Z=-3pum

<«

LT

Overlay

(B)

——0.5h 1077 em”!

m 100 cts 2h

g cts 4h

a —— 8h

Q -1

o 1176 em™! 1585 cm

2

) ﬂ /\

c

[

£

(2]

o

w

? \—\—w M
A A B
hee A _ A

200 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™1)

-
IS
S
S

Intensity (a.u)

Figure 5. (A) Bright-field, Raman, and overlaid images of A549 cells incubated with 4-ATP-[BSANP}] as a function of time (0.5, 2, 4, and 8 h;
scale bar = 20 ym) with the (B) corresponding SERS spectra (base line-corrected) collected from regions where nanostructures were observed. (C)
Z-stack image sections for SERS imaging of 4-ATP-[BSANP,] at 4 h incubation with A549 cells (the orthogonal Z-stack images were collected at
Z=-3,-2,-1,-05,0,0.5,1,2,3 um). (D) 3D reconstructed Confocal Raman volumetric mapping of 4-ATP-[BSANP,] in cells.

alone did not reduce cell viability, and a dose-dependent
reduction in cell viability was observed with increasing
concentrations of 4-ATP-[BSANP,:]. Cell viability decreased
significantly to 58.8, 39.9, and 23.5% with increasing power
densities of 1.0, 1.8, and 2.6 W cm™?, respectively (Figure 4B),
and with increasing exposure times (Figure 4C). The lowest
cell viability, 7.2%, was observed when the cells were exposed
for 10 min at 2.6 W cm™ The antioxidant NAC was able to
partially reduce the negative effects of 4-ATP-[BSANP;;] and
NIR laser irradiation on A549 cell viability, indicating that
NAC scavenged free radical ROS produced due to PTT.
SERS-Traced Cellular Uptake. The time-dependent
uptake of 4-ATP-[BSANP,;] was examined in AS49 cells
using Raman microscopy enabled by SERS at 0.5, 2, 4, and 8 h.
Figure 5A shows the bright-field, Raman, and overlay images.
At 0.5 h, the SERS signal was weak, and the nanostructures
appear outside of the cells, approaching the cell membrane. 4-
ATP-[BSANP;;] were internalized over time and concen-
trated in the cytoplasm, resulting in a stronger SERS signal that
was observed over a large area of the cell (using a large area
scan). As shown in Figure 5B, 4-ATP-[BSANP,] exhibited
SERS bands of the 4-ATP molecules®” with a linear increase in
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intensity over time (Figure S3). Cellular uptake of 4-ATP-
[BSANP}] was further confirmed using Z-stack image analysis
and three-dimensional (3D) image reconstruction (Figure
5C,D).

In Situ and In Vitro SERS-Assisted ROS Detection. 4-
ATP has been reported to dimerize due to radical oxidative
coupling, forming 4,4’-dimercaptoazobenzene (DMAB)
through a diazonium between adjacent 4-ATP”’ that can be
detected and differentiated from 4-ATP using SERS (Figure
6A).>° We first examined in situ ROS detection 4-ATP-
[BSANP;] via DMAB formation using superoxide free
radicals (O,*”) generated from hydrogen peroxide in the
presence of a Cu®* catalyst.”” Characteristic peaks for 4-ATP at
1077, 1175, and 1585 cm™" are assigned to the a; symmetry of
the vibrational mode (Figure 6B, top blue line).’ After
interacting with ROS, the spectra exhibited three new peaks at
1142, 1386, and 1428 cm™ (Figure 6B, bottom red line)
assigned to the b, symmetry of the vibrational mode.

With DMAB formation due to ROS confirmed in situ, we
then measured the presence of ROS within AS549 cells in vitro
without NIR laser exposure. After 4 h of internalization (Figure
6C), SERS spectra representing 4-ATP and DMAB were
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observed with the same characteristic peaks measured in situ
(Figure 6D). In this case, DMAB was formed by intracellular
ROS within the cytoplasm of the AS49 cancer cells. While the
type of ROS could not be determined from this analysis, Cui et
al.”” have shown that gold nanoparticles functionalized with 4-
ATP form DMAB in the presence of O,*”, hydroxyl radicals
(*OH), peroxyl radicals (ROO®), and singlet oxygen ('O,).

ROS Sensing in Response to PTT. Intracellular ROS
detection in response to PTT was investigated after the cells
were incubated with 4-ATP-[BSANP,;] for 4 h and then
treated for 10 min with NIR laser exposure. To normalize
differences in cell and 4-ATP-[BSANP,;] concentrations
within the microscopy area scans (Figure 7A) and spectra
collected,”” the ratio of I;;,, cm™ (4-ATP) and I, cm™!
(DMAB) was used as a proxy for ROS levels (Figure 7B). ROS
detected without NIR laser treatment is likely a combination of
the cellular basal level and the response to 4-ATP-[BSANPp]
exposure. With NIR laser exposure, I;,4,/I,o;; increased more
than 2-fold (p < 0.01) compared to the control group due to
ROS-induced DMAB formation (Figure 7B). The ratio I,/
07, did not change with NIR laser exposure alone in the
absence of 4-ATP-[BSANP,] (Figure S4).

When the cells were incubated in the presence of NAC, the
oxidative stress caused by NIR laser exposure with 4-ATP-
[BSANPp;] was lower than the NAC-free condition, as
indicated by I 4, /Iig; (Figure 7C; p < 0.05). NAC was
able to scavenge ROS species and reduce DMAB formation.
Collectively, these experiments confirm that the cause for ROS
generation was PTT with NIR laser exposure of 4-ATP-
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[BSANP;:] and that the oxidative stress caused by PTT can be
reduced using an antioxidant.

Intracellular ROS generation was further confirmed using a
well-established fluorescence assay with the staining dye
DCFDA.®> ROS oxidize DCFDA to form the fluorescent
molecule dichlorofluorescein (DCF). Basal level oxidative
stress was observed without treatment and increased in the
presence of 4-ATP-[BSANP,] (Figure 7C). A 2-fold increase
in ROS was observed after 10 min of NIR laser exposure (p <
0.01), similar to the ROS levels detected by SERS based on
1,142/ 1107, under the same conditions (Figure 7C). A significant
reduction in ROS was then observed (p < 0.001) with NAC
present, with ROS values comparable to the no-treatment
control condition. These obtained results with the DCFDA
assay validate our observation using 4-ATP-[BSANP;;] as a
ROS detection probe with PTT.

B CONCLUSIONS

In conclusion, we synthesized stable and biocompatible soft
templated “raspberry gold nanostructures,” 4-ATP-
[BSANP,], with attractive physicochemical properties. In
this strategy, polycation coated on protein nanoparticles (as a
soft template) was used to facilitate gold shell formation,
enriching gold anion on the cationic surface. The photothermal
properties clearly indicate that 4-ATP-[BSANP;] could
perform as an excellent hyperthermia agent for in vitro PTT
under the irradiation of a 730 nm laser. Furthermore, our
initial in vitro studies show that the nanostructures can be
utilized for intracellular SERS imaging-guided efficient photo-
thermal therapy using A549 human lung cancer cells as a
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Figure 7. (A) Bright-field, Raman, and overlay images of A549 cells with 4-ATP-[BSANP,;] (Control), with 4-ATP-[BSANP};] + NIR laser, and
with 4-ATP-[BSANP;;] + NIR laser + NAC (laser + NAC). SERS heat maps are shown for I, cm™" (4-ATP) and I;;4, cm™' (DMAB). The scale
bar is 20 um. (B) Ratiometric detection of ROS based on I,4,/I,y; for the three conditions examined. (C) DCFDA fluorescence assay for ROS
detection. Fluorescence intensity is shown for untreated cells and cells exposed to 4-ATP-[BSANP,;] (NP), 4-ATP-[BSANP,] + NIR laser, and
4-ATP-[BSANP;] + NIR laser + NAC (laser + NAC). Error bars represent the standard deviation n = 3, and statistical differences are provided at

p < 0.05 (*) and p < 0.01 (**).

model. In addition, in vitro tracking of 4-ATP-[BSANPp]
using SERS imaging provides a noninvasive tracking tool,
which could be used to study particle uptake and their
interaction with the ellular microenvironment. The reversible
transformation of 4-ATP to DMAB (between oxidized and
reduced states) makes it suitable to be used as a cellular
oxidative stress indicator by measuring the SERS signals of 4-
ATP-[BSANPp;]. The ratiometric detection of ROS in
response to therapeutics is promising toward feedback-assisted
drug delivery, which could unlock a novel approach to monitor
real-time therapeutic efficacy in response to therapeutics.
Additional studies on dose-dependent ratiometric ROS
detection are required to develop real-time ROS monitoring
sensors. Furthermore, in the use of NIR light for in vivo
applications, our core/shell “raspberry” nanostructures might
find importance in light-controlled therapies.
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