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ABSTRACT: Herein, the impact of surface charge tailored of gold
nanorods (GNRs) on breast cancer cells (MCF-7 and MDA-MB-231)
upon conjugation with triphenylphosphonium (TPP) for improved
photodynamic therapy (PDT) targeting mitochondria was studied. The
salient features of the study are as follows: (i) positive (CTAB@GNRs)
and negative (PSS-CTAB@GNRs) surface-charged gold nanorods were
developed and characterized; (ii) the mitochondrial targeting efficiency T~
of gold nanorods was improved by conjugating TPP molecules; (iii) the EE [
conjugated nanoprobes (TPP-CTAB@GNRs and TPP-PSS-CTAB@ | ess.craseenrs epssscr g BT

GNRs) were evaluated for PDT in the presence of photosensitizer =
(PS), S-aminolevulinic acid (S-ALA) in breast cancer cells; (iv) both =
nanoprobes (TPP-CTAB@GNRs and TPP-PSS-CTAB@GNRs) in-
duce apoptosis, damage DNA, generate reactive oxygen species, and
decrease mitochondrial membrane potential upon 5-ALA-based PDT; and (v) S-ALA-PDT of two nanoprobes (TPP-CTAB@GNRs
and TPP-PSS-CTAB@GNRs) impact cell signaling (PI3K/AKT) pathway by upregulating proapoptotic genes and proteins. Based
on the results, we confirm that the positively charged (rapid) nanoprobes are more advantageous than their negatively (slow)
charged nanoprobes. However, depending on the kind and degree of cancer, both nanoprobes can serve as efficient agents for
delivering anticancer therapy.
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1. INTRODUCTION

On a nanoscale, gold is a versatile metal well studied for its
tunable optical properties with various applications ranging
from catalysis,1 biology,2 nonlinear optics,3 electronics,* and
unimaginable domains in the technology field and medicine.”
Over the past decades, remarkable progress has been
accomplished by using gold nanoparticles (GNPs).”’

For example, gold nanoparticles as small molecules and drug
conjugates enhance targeting with adequate release ki-
netics.” ™' Moreover, the mounting evidence of nanoparticle
size and surface charge determines their innate behavior in a
biological system and intracellular fate.'”~"" For instance, the
ability of hybrid gold nanoparticles with modified shapes to
deliver doxorubicin is remarkable."®”"® In this aspect,
elongated (nanorods) and spiky (nanoprisms) gold nano-
particles are mostly appropriate for biomedical applica-
tions. ">

In this journey, gold nanorods (GNRs) exert localized
surface plasmon resonance (LSPR) with two absorption
bands.”>* The most convenient method is the use of
hexadecyltrimethylammonium bromide (CTAB) as a template

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

for the growth of GNRs. Being a toxic agent, CTAB can be
modified with derivatives or macromolecules that can be taken
for improved biomedical applications.”*° Leonov et al.
achieved biocompatible GNRs by detoxification with poly-
styrene, an anionic polyelectrolyte, for long-term stability in
physiological conditions.”’

Mirza and Shamshad fabricated doxorubicin-functionalized
PSS-coated GNRs to resist CTAB.”® In addition, Du et al.
reported the highly efficient poly(ethylene glycol)-capped
GNRs for photothermal ablation (PTA) of hepatocellular
carcinoma.”® Also, a plethora of reports is available on the
surface modification of GNRs for improved drug delivery
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applications.
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In oncology, GNPs are prominent agents that aid in the
conversion of radiations into heat.”® Taking this as an
advantage, Vines et al. reviewed the role of irradiation of
GNPs to ablate the tumor.>* Similarly, the use of photo-
sensitizer with GNRs can able to overcome drug resistance by
sensitizing cancer cells.”

In a similar manner, photodynamic treatment (PDT)
describes the dynamic interplay between light and a photo-
sensitizer that generates molecular oxygen that selectively
destroys target tissues.’® It has been reported that several
biomolecules with strong affinity for tumors can be covalently
linked to the photosensitizer to boost its efficacy.””**

Meanwhile, using naturally occurring amino acids, 5-
aminolevulinic acid (5-ALA), is indispensable. Abo-Zeid et
al. reported using S-ALA for PDT to trigger DNA damage in
breast cancer and hepatocellular carcinoma by PDT.*” Sando
et al. reported using 5-ALA-mediated targeting of aggressive
adult T-cell leukemia/lymphoma resistance cells to conven-
tional chemotherapy.”” Meanwhile, Eskiler et al. reported the
optimization of S-ALA in PDT among various intrinsic
subtypes of breast cancer cells."'

To assist PDT, lipophilic triphenylphosphonium cation can
be delivered into cells targeting mitochondria.””** TPP-
functionalized nanoprobes were developed to probe mitochon-
drial targeting and imaging in HeLa cells.** Yang et al. reported
the delivery of cationic TPP-functionalized GNP +/~) target
breast cancer cells.”” In the above study, the positively charged
GNPs are actively taken up by breast cancer cells that elevate
the production of reactive oxygen species (ROS) aided by
PDT treatment. Despite this, no hypotheses on the molecular
mechanism by which TPP—GNRs conjugate kills cancer cells
have been put forth.

Considering this, the impact of surface charge on breast
cancer was studied using positively and negatively charged
GNRs. These nanostructures were further conjugated with a
zwitterion, thiolated triphenylphosphonium targeting mito-
chondrial dysfunction. To ensure photodynamic property
(PDT), we then used a photosensitizer (S-ALA) along with
GNRs /7) and evaluated the impact of radiation on breast
cancer cells.

Altogether, gene and protein expression studies have traced
the molecular mechanism involved in killing breast cancer cells.
The obtained results open new avenues in choosing surface
charge-impregnated gold nanorods for the selective targeting of
breast cancer for potential PDT treatment.

2. MATERIALS AND METHODS

2.1. Chemicals. Chloroauric acid (HAuCl,-3H,0), CTAB,
sodium borohydride (NaBH,), L-ascorbic acid, sodium
chloride, sodium poly(styrene sulfonate) (PSS, M,: 70 kDa),
and methyltriphenylphosphonium bromide were purchased
from Sigma-Aldrich, India. Cell culture-related media chem-
icals were procured from HiMedia Laboratories, India. Primers
were obtained from Eurofins, India. Primary and secondary
antibodies used in the study were purchased from Cell-
Signaling Technologies, India. All other chemicals obtained in
the study were used without any further purification.

2.2. Instrumentation. Instrumentation includes UV—
visible spectrophotometer (Evolution-201, Thermo), Fourier
transform infrared (FTIR) spectroscopy (Nicolet iSS,
Thermo), high-resolution-transmission electron microscope
(HR-TEM, Joel-2100) coupled with selected area diffraction
(SAED), X-ray diffractometry (XRD, X'Pert Pro-PAnalytic,

U.K.), X-ray photoelectron spectroscopy (XPS, PHI-VER-
SAPROBE III), energy-dispersive X-ray spectroscopy (EDS,
TESCAN OXFORD), dynamic light scattering analyzer
(Zetasizer Nano-Zs90, Malvern, U.K.), and inductively
coupled plasma emission spectroscopy (ICPE-9800 series).

2.3. Synthesis of Gold Nanorods (GNRs). To synthesize
positively charged GNRs, a modified silver-ion-assisted seed-
mediated method was utilized.”® In a 20 mL glass beaker, seed
solution was prepared by swirling HAuCl, (0.01 M, 0.25 mL)
and CTAB (0.05 M, 10 mL). Further, a solution with a
brownish-yellow color was obtained by adding 0.6 mL of 0.01
M ice-cold NaBH, followed by 2 min of vigorous stirring. The
as-formed seed solution was stored in a water bath for at least 2
h before use. In order to produce gold nanorods, growth
solution was prepared by continuously stirring HAuCl, (0.01
M, 2 mL) and AgNO, (0.01 M, 0.4 mL) with CTAB (0.05 M,
40 mL). The pH of the mixture in the range between 1 and 2
was maintained using 1 M of HCL To this mixture, L-ascorbic
acid (0.1 M, 0.32 mL) was added; as a result, the solution
became transparent. In the end, 0.096 mL of seed solution was
added to the growth solution, stirred gently, and left
undisturbed overnight at room temperature. As a result, the
color of the solution deepened to ruby red, signifying the
formation of GNRs with a positive charge. For the preparation
of negatively charged GNRs, an anionic PSS was used. Briefly,
2 mL of positively charged GNRs (50 ug mL™") were allowed
to react with 2 mL of anionic PSS (2 mg mL™" in 6 mM NaCl)
under constant stirring. The mixture was further stirred for 3 h
before being centrifuged at 12,000 rpm for 10 min to remove
unbound PSS, which was then resuspended in 2 mL of Milli-Q_
water. Both positively and negatively charged GNRs were
stored at 4 °C before use. The concentration of positive and
negative GNRs was determined by using the ICPE analysis.

2.4. Conjugation of Thiolated TPP. In brief, positively
and negatively charged GNRs in separate reactions were added
to thiolated triphenylphosphonium (TPP, 10 pg/mL) and
mixed for 3 h. The unbound TPP was removed by
centrifugation at 12,000 rpm for 15 min. The final product
was redispersed in 2 mL of distilled water and stored at 4 °C
until further use. The thiolated TPP employed in the study was
prepared as described earlier.* UV—visible spectrophotometer
assessed the TPP loading efficiency on positive and negative
GNRs at 228 nm.

2.5. Cell Culture and Maintenance. Human breast
cancer and normal embryonic cells were obtained from the
National Centre for Cell Science in Pune and were grown as
directed. Briefly, cells were grown in DMEM media
supplemented with 10% FBS and 1% antibiotics (streptomy-
cin/penicillin). The cultured cells were maintained in a
humidified atmosphere with 5% CO, at 37 °C.

2.6. Cytotoxicity Assay. Using the MTT assay,*® the
cytotoxicity of gold probes was evaluated in human breast
cancer and embryonic cells. Briefly, cells were seeded in a
humid environment before attachment treatment. After
attachment, the cells were treated for 24 h with a dose-
dependent concentration of gold probes. Following incubation,
MTT solution was added to convert the mitochondrial
dehydrogenase enzyme into insoluble purple formazan crystals.
DMSO was then used to dissolve the crystals, and absorbance
was measured at 595 nm using a microtiter plate reader
(BIORAD).

2.7. Morphological Assessment. Using several fluores-
cent molecular probes, the influence of the IC, concentration
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Scheme 1. Methods Involved in the Synthesis of Gold Nanorods (GNRs)
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Figure 1. Optical and structural characteristics of CTAB@GNRs and PSS-CTAB@GNRs. (a) UV—vis spectroscopy of CTAB@GNRs. (b) TEM
image of CTAB@GNRs (scale bar, 20 nm). (c) HR-TEM micrograph of CTAB@GNRs (scale bar, 5 nm) (d) SAED pattern of CTAB@GNRs. (e)
UV—vis spectra of PSS-coated CTAB@GNR:s at two intervals (0 and 180 min). (f, g) TEM and HR-TEM micrographs of PSS@ CTAB@GNRs at
scale bars 20 and S nm, respectively. (h) SAED pattern of PSS-CTAG@GNRs.

of gold probes on the morphological alterations of human
breast cancer cells was investigated. " Dual (AO/EtBr) staining
was used to examine the morphological changes that occur
during apoptosis with green and red emissions. Blue-emitting
Hoechst 33342 staining was employed to evaluate DNA
damage in AT-rich areas. Propidium iodide staining was used
to examine the DNA damage caused by red emission. DCFH-
DA dye was utilized to investigate the production of reactive
oxygen species in conjunction with a decrease in green
intensity relative to the control (increased green emission).
Finally, a green-emitting Rhodamine-123 dye examined the
mitochondrial membrane potential.

2.8. Cellular PDT. As previously reported,” cellular PDT
was performed on human breast cancer (MCF-7 and MDA-
MB-231) and embryonic (HEK-293) cells in the presence of S-
aminolevulinic acid (5-ALA, 0.5 mM) and a halogen lamp was
used as an irradiation source. In addition, experiments without
S-ALA and goldprobes were used with and without irradiation
as control, respectively.

33231

2.9. PpIX Formation. The intracellular PpIX formation
was measured as described previously.* Briefly, a serum-free
medium was utilized to replace human breast cancer (MCF-7
and MDA-MB-231) and embryonic (HEK-293) cells treated
with ICy, concentration of nanoprobes, 5S-ALA, or 5-ALA with
nanoprobes. To evaluate PpIX kinetics, the fluorescence
intensity was measured at excitation and emission wavelengths
of 640 and 410 nm at different incubation times (12 and 24 h),
respectively.

2.10. Cell Cycle Analysis. After PDT, the ICq,-treated
cells were collected, washed (cold S mM EDTA/PBS), and
resuspended in ice-cold EDTA/PBS (300 uL) and absolute
ethanol (700 L). The mixture was vortexed and incubated at
room temperature, followed by centrifugation at 500g for 5
min to yield a cell pellet.”® Next, the cell pellet was redispersed
in propidium iodide (100 yg/mL) and RNase (1 pg/mL) and
incubated for 1 h. After incubation, the cells were subjected to
flow cytometer analysis.
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Figure 2. Increased absorbance of TPP at 228 nm after conjugation with GNRs, as shown by a linear curve. (a) TPP-CTAB@GNRs and (b) TPP-

PSS-CTAB@GNRs.

TPP-CTAB@GNRs
Control with 5-ALA
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Figure 3. Images of MCF-7 breast cancer cells stained with fluorescent probes following treatment with TPP-CTAB@GNRs (ICs, 0.2299 pg/mL)
and TPP-PSS-CTAB@GNRs (ICq, 1.012 pg/mL) in the presence of 5-ALA (0.5 mM) with and without irradiation. (a—e) Dual staining identifies
live (green emission) and dead (red emission) cells stained by Acridine orange and ethidium bromide, respectively. (f—j) Nuclear staining—
Hoechst 33342 binds AT-rich DNA sequences in cells whose nuclear integrity is lost and emits blue light. (k—o) DNA staining refers to the red-
emitting propidium iodide used to detect DNA whose nuclear membrane permeability has been compromised. (p—t) ROS staining refers to the
use of DCFH-DA, which emits green light, to identify the production of ROS within cells. (u—y) Mitochondrial membrane potential labeling
employs Rhodamine-123 to demonstrate a decrease in mitochondrial membrane potential with green emission in treated cells. Scale bar: 125 ym.

2.11. Annexin V-FITC Apoptosis Assay. Cellular
apoptosis in breast cancer cells upon treatment with ICq,
concentration of gold probes in the presence of 5-ALA with
irradiation was evaluated by Annexin V-FITC/PI assay kit
(Invitrogen).*” The ICjj treated cells were washed, trypsinized,
and centrifuged to obtain a cell pellet. The cell pellet was
resuspended in binding buffer, followed by the addition of

Annexin V-FITC/PL The mixture was incubated for 10 min at
25 °C and subjected to a flow cytometer.

2.12. Gene Expression Studies. After irradiation with S-
ALA, mRNA expression levels of antiapoptotic and proapop-
totic genes of breast cancer cells (MCF-7 and MDA-MB-231)
were evaluated by semireverse transcriptase PCR (RT-PCR)
utilizing ICs, concentration of gold probes.” First, RNA was
extracted using TRIzol reagent, as previously reported. Then,
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Figure 4. PpIX formation in breast cancer cells upon incubation with TPP-CTAB@GNRs and TPP-PSS-CTAB@GNRSs in the presence of 0.5 mM
5-ALA with irradiation at different time intervals of incubation. (a) MCF-7 breast cancer cells and (b) MDA-MB-231 breast cancer cells.

the isolated RNA was subjected to RT-PCR using PrimeScript
Ist strand cDNA Synthesis kit one-step RT-PCR (Takara,
Japan). The respective gene-specific primers are tabulated in
the Supporting Information (SI), Table S1. The final PCR
product obtained was separated (Agarose gel), stained
(ethidium bromide), and visualized (LAS S00 bioimaging
system, GE). f-actin (f-actin) served as an internal control.

2.13. Western Blot Analysis. Proteins from breast cancer
cells (MCF-7 and MDA-MB-231) upon treatment with ICs,
concentration of gold probes after irradiation with S-ALA were
extracted using RIPA buffer.*”*” The proteins isolated were
quantified, and about 40 g of protein was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Further, Western blot analyses were performed with
standard procedures. Beta actin (f-actin) served as an internal
control.

2.14. Statistical Analysis. All of the data in this study
were obtained at least 3 times and expressed as the mean and
standard deviation. Two-way ANOVA analysis with a p-value
of <0.0001 (****) 0,0001 (**%*), 0.0025 (**), and ns (non-
significant) was used to determine statistical significance.

3. RESULTS AND DISCUSSION

In recent years, gold nanorods (GNRs) have received immense
attention due to their intriguing optical characteristics.”"~>> In
most cases, the seed-mediated method is considered
appropriate for synthesizing GNRs with more excellent
stability and repeatability.”> However, surfactant (CTAB)
during the preparation of GNRs for biomedical applications is
a significant constraint.”* Taking this into account, the study’s
main objective is to develop GNRs at a low concentration of
surfactant has shown in Scheme 1.

UV—vis spectroscopy verified the presence of longitudinal
and transverse SPR bands at 901 and 524 nm, respectively
(Figure la). CTAB capping on the surface of GNRs was
confirmed by FTIR analysis, which indicated a prominent
adsorption peak between 3500 and 2800 cm™' for C—H
stretching vibrations of methyl and methylene groups. The
bands between 1500 and 1400 cm™' are caused by C—H
bending vibrations of CTAB (SI, Figure S1). This indicates the
existence of CTAB layers on the surface of GNRs.”> The FCC
structures for gold were confirmed by X-ray diffraction analysis
(S, Figure S2). The core-level spectrum of the Au 4f doublet
peaks at 82.40 and 86.01 eV for gold is authenticated by XPS
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Figure 5. Cellular cycle distribution DNA analysis in MCF-7 (a—c) and MDA-MB-321 (d—f) breast cancer cells in the presence of S-ALA (0.5
mM) with PDT. (a, d) Control (untreated) cells. (b, e) TPP-CTAB@GNRs. (c, f) TPP-PSS@CTAB@GNRSs. The proliferation of cell population

at different phases shows distinct peaks: GO/G1, S, and G2/M phases.

analysis (S, Figure S3). EDS analysis confirmed the presence
of metallic gold, carbon, and oxygen peaks, inferring the
adsorption of CTAB on the surface GNRs (SI, Figure S4).

HR-TEM analysis confirmed the formation of CTAB@
GNRs with an aspect ratio of 3.6 (Figure 1b,c). The SAED
analysis confirms the diffraction pattern for FCC gold rings at
(111) (Figure 1d). The hydrodynamic diameter of CTAB@
GNRs was 34.34 = 1.95 nm (SI, Figure S5). The {-potential
measurement authenticates the existence of positively charged
CTAB@GNRs with a net surface charge value of +34.1 + 9.74
mV (S, Figure S6). The study also inferred that the positive
charge of CTAB@GNRs is attributed mainly to CTAB.
Meanwhile, the CTAB bilayer remained non-covalently
conjugated onto the surface of GNRs. The results from the
study are concurrent with earlier reports.”>>®

Further, the surface charge of positively charged gold
nanorods was modified into a negative charge by poly(sodium
4-styrene sulfonate) (PSS).”>*° The polyelectrolyte coating
renders biocompatibility and stability to GNRs for various
applications.””*® The excitation spectra of PSS-CTAB@GNRs
showed a blue shift after the electrolyte coating (S, Figure le).
The FTIR analysis confirmed the existence of a sharp peak at
1500 cm™', confirming the presence of C—C stretching
vibrations of PSS. In addition, the signature peaks for CTAB
diminished due to PSS coating (SI, Figure S7). XRD analysis
shows the existence of FCC gold at lattice planes of {111} (SI,
Figure S8). Further, the XPS analysis authenticates the
presence of doublet metallic gold peaks at 82.19 and 85.79
€V (SI, Figure S9).

The atomic chemical composition of PSS-CTAB@GNRs
infers the existence of apparent signals for metallic gold (SI,
Figure S10). A slight increase in size is noticed, inferring the
coating of PSS under HR-TEM analysis (Figure 1fg). The
SAED analysis of PSS-CTAB@GNRs is concurrent with
CTAB@GNRs (Figure 1h). The average size of PSS-
CTAB@GNRs was 41.68 + 1.60 nm, slightly higher than
CTAB@GNRs (SI, Figure S11). This could be due to the
coating of PSS onto the surface of CTAB@GNRs. The layer of

polyelectrolyte (PSS) renders a negative {-potential value of
—42.5 + 9.89 mV (SI, Figure S12).”° In both cases, the
observed (-potential values were greater than +30 mV,
confirming their stability in an aqueous medium and remaining
stable under special storage conditions (4 °C) for about 3
months (SI, Table S2).

The cytotoxicity of CTAB@GNRs and PSS-CTAB@GNRs
was evaluated against breast cancer (MCF-7 and MDA-MB-
231) and normal embryonic (HEK-293) cells by MTT assay.
The as-prepared gold nanoparticles possessed improved
cytotoxicity, as shown in SI, Table S3. The cytotoxicity of
positively charged CTAB@GNRs is significantly higher than
that of negatively charged PSS-CTAB@GNRs.””~°" This is
attributed to the capping of CTAB onto the surface of the
positively charged GNRs.” It has also been reported that the
positively charged GNRs readily transverse the negatively
charged cell membranes than negative counterparts.*®*
Furthermore, the CTAB@GNRs and PSS-CTAB@GNRs
show valid signs of apoptotic cell death such as nuclear
beading, chromatin condensation, generate reactive oxygen
species, and disrupt mitochondria in breast cancer (MCF-7
and MDA-MB-231) cells (SI, Figures S13 and S14).47%

Meanwhile, the main strategy of the study is to functionalize
CTAB@GNRs and PSS-CTAB@GNRs with thiolated TPP.
This was achieved by a simple stirring method followed by
UV—vis spectroscopic measurement. It can be seen from the
peak at 229 nm that the increasing concentration of TPP (0—
300 pg/mL) represents successful functionalization upon
CTAB@GNRs and PSS-CTAB@GNRSs, as shown in SI, Figure
S1S. Meanwhile, FTIR spectroscopy of TPP is shown in SI,
Figure S16a. In this process, a strong electrostatic interaction
between a C—H group of CTAB and an S—H group of TPP
authenticates the conjugation (SI, Figure 16b). Being a
zwitterion, the TPP readily interacts with the C—C group of
PSS via electrostatic (non-covalent) bonding“’42 (SL, Figure
16¢). In our study, CTAB@GNRs and PSS-CTAB@GNRs
possess a net surface charge of +34.1 + 9.74 and —42.5 + 9.86
mV, respectively (SI, Figures S6 and S12). Meanwhile, the {-
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Figure 6. Annexin V-FITC/PI analysis in flow cytometry showed that S-ALA (0.5 mM)-based PDT caused apoptotic cell death in MCF-7 (a—c)
and MDA-MB-321 (d—f) breast cancer cells. (a, d) Control (untreated) cells. (b, e) TPP-CTAB@GNRs. (¢, f) TPP-PSS@CTAB@GNRs. (g, h)
Percentage of apoptotic cell death after PDT inferring viable and non-viable cells upon treatment with TPP-CTAB@GNRs and TPP-PSS@
CTAB@GNRs. The graph shows LL, viable cells; LR, early apoptotic cells; UR, late apoptotic cells; UL, necrotic cells.

potential after functionalization with thiolated TPP showed a
slight change in surface charge for TPP-CTAB@GNRs (+31.8
+ 1.25 mV) and TPP-PSS-CTAB@GNRs (—27.3 + 3.57 mV)
(SL, Figure S17). The capping of thiolated TPP with CTAB@
GNRs and PSS-CTAB@GNRs showed an increased hydro-
dynamic diameter of 51.9 + 2.65 and 78.5 = 3.87 nm (S,
Figure S18). An increased absorbance of TPP at 228 nm after
conjugation with GNRs is observed, as shown by a linear curve
(Figure 2). Meanwhile, the loading efficiency of TPP onto the
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surface of CTAB@GNRs and PSS-CTAB@GNRs was found
to be 98.01 and 99.37%, respectively (SI, Table S4).

As a mitochondrial-dependent agent, the use of TPP does
not show intense toxicity against breast cancer (MCF-7 and
MDA-MB-231) cells.””** However, the functionalized entity
showed better cytotoxicity than CTAB@GNRs and PSS-
CTAB@GNRs against breast cancer cells, as shown in SI,
Table S5. It is also noted that the cell viability of non-
cancerous cells (HEK-293) was less after incubation for 24 h
for TPP-CTAB@GNRs and TPP-PSS-CTAB@GNRs. Hence,
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Figure 7. Involvement of pro- and antiapoptotic genes in molecular pathways of breast cancer cells treated with TPP-CTAB@GNRs and TPP-
PSS@CTAB@GNREs in the presence of 0.5 mM S-ALA followed by irradiation. (a, d, g) Gene expression pattern by semiquantitative RT-PCR for
various genes in two breast cancer cells (MCF-7 and MDA-MB-231). (b, ¢, ¢, f, h, i) Fold level changes in the quantification of mRNA expression
for MCF-7 and MDA-MB-321 cells. p-values at # <0.0001 (**¥%*), 0.0001 (***), 0.0025 (**), and ns (non-significant) were considered
statistically significant. Lane 1: control (untreated cells); lane 2: TPP-CTAB@GNRSs treated; lane 3: TPP-PSS@CTAB@GNRSs.

it is inferred from the study that the TPP-CTAB@GNRs and
TPP-PSS-CTAB@GNRs can be good candidates for bio-
compatibility and can be taken for further studies. In our
research, the conjugated entity was also shown to cause
apoptotic cell death by causing nuclear damage, increased ROS
generation, and damage to mitochondria membrane potential
(A¥m), as demonstrated by the morphological evaluation
based on fluorescence-based staining on MCF-7 (Figure 3)
and MDA-MB-321 breast cancer cells (SI, Figure §19).4547:49

Furthermore, the as-prepared TPP-CTAB@GNRs and TPP-
PSS-CTAB@GNRs were evaluated for photodynamic effects
in the presence of 5-ALA, a photosensitizer that generates
singlet oxygen ('O,) in breast cancer (MCF-7 and MDA-MB-
231) cells exposed to visible light. As a result of the S-ALA
treatment, an increase in cell death is noticed upon irradiation,
as shown in SI, Tables S6 and S7. However, no significant
difference in cell death is seen upon treatment with TPP-
CTAB@GNRs and TPP-PSS-CTAB@GNRs in the presence
of S-ALA without light. The results confirmed that the
accumulation of TPP-CTAB@GNRs and TPP-PSS-CTAB@
GNRs in the presence of 5-ALA with light shows an improved
photodynamic effect (SI, Tables S6 and S7) and further
affirmed by staining in MCF-7 (Figure 3) and MDA-MB-231
(S, Figure S19) breast cancer cells."***® PpIX fluorescence
signals were recorded based on the IC50 concentration to
authenticate the above. Our study observed strong fluores-
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cence upon irradiation with visible light compared to non-
radiated TPP-CTAB@GNRs and TPP-PSS-CTAB@GNRs
counterparts (Figure 4). The results obtained for PpIX
fluorescence can strongly act as photosensitizers (PS) for
photodynamic purposes.*’

Besides, the effects of PDT on breast cancer cells were
examined by flow cytometry analysis. The data suggest that the
decrease in viable cells upon treatment with irradiated
counterparts could be attributed to PDT treatment. As
shown in Figure S, a flow cytometer analysis was performed
to evaluate the cell cycle arrest at distinct phases (G0/G1, G1,
S, and G2/M) in breast cancer (MCF-7 and MDA-MB-231)
cells treated with TPP-CTAB@GNRs and TPP-PSS-CTAB@
GNRs in the presence of S-ALA for 24 h. The cell cycle study
demonstrates that TPP-CTAB@GNRs and TPP-PSS-CTAB@
GNRs induced by irradiation arrest breast cancer cells in the
G2/M phase.”® As shown by fluorescence microscopy
experiments, the mechanism of action is ascribed to intra-
cellular DNA damage.’®®” As a result, the G2 checkpoint
prevents defective cells from entering mitosis and stops
proliferation.

In the presence of Annexin V, the perturbation in the cellular
membrane caused by the reconfiguration of phosphatidylserine
(PS) on the exterior side of the cell membrane can be
exploited to detect apoptosis.”*® As seen in Figure 6, the
control cells exhibit no signs of death with normal membrane
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asymmetry. However, the treatment of breast cancer (MCF-7
and MDA-MB-231) cells with TPP-CTAB@GNRs and TPP-
PSS-CTAB@GNRSs in the presence of S-ALA for 24 h resulted
in the externalization of phosphatidylserine (PS) during the
apoptotic process, as shown by Annexin V-FITC.”*”!

Gene and protein expression studies were conducted to
investigate the involvement of the PTEN-PI3K/AKT pathway
in breast cancer cells treated with TPP-CTAB@GNRs and
TPP-PSS-CTAB@GNRs in the presence of 5-ALA, as shown
in Figures 7 and 8.”>”* For this purpose, ICs, concentrations of
TPP-CTAB@GNRs and TPP-PSS-CTAB@GNRs were trea-
ted for 24 h, followed by the semiquantitative RT-PCR analysis
of PTEN, PI3K, and AKT mRNA expression levels. Figure 7a—
¢ shows the upregulation of PTEN in breast cancer cells
(MCF-7 and MDA-MB-231) in the presence of TPP-CTAB@
GNRs and TPP-PSS-CTAB@GNRs. In the meantime, the
decreased expression levels of PI3K and AKT corroborate the
inhibition of the cell survival pathway.*”*’ Furthermore,
compared to untreated cancer cells, the expression pattern of
p-AKT and PI3K is downregulated in both breast cancer cells
(MCF-7 and MDA-MB-231), indicating the suppression of
downstream kinases that regulate cellular proliferation”
(Figure 8). In the meantime, the overexpression of PTEN
dephosphorylates downstream protein targets, activating
apoptosis.75

In addition, the gene and protein expressions of Bcl2
(antiapoptotic) and Bax (proapoptotic) in breast cancer cells
treated with TPP-CTAB@GNRs and TPP-PSS-CTAB@GNRs
were studied (Figures 7 and 8). The findings confirm that
breast cancer cell Bcl2 expression decreased considerably after
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24 h. Concurrently, the expression pattern of Bax was elevated,
suggesting that this was the source of mitochondrial

7677 In addition, the results demonstrate that a

permeability.
high ratio of Bax to Bcl2 can result in the release of
cytochrome ¢, so triggering apoptosis’>” (Figure 7d—f). The
study’s findings corroborate the aforementioned claim that
there was an upward trend in the gene and protein expression
patterns of cytochrome c. It has also been shown that
cytochrome c is released from mitochondria during the early

8081 Oyr investigation determined that the

stages of apoptosis.
release of cytochrome c from mitochondria is a two-step
mechanism that activates PTEN and Bax (Figure 8).

As cytochrome c is released from mitochondria, it interacts
with Apaf-1 to form the apoptosome complex’s heptameric
backbone, which attracts and activates caspase-9.82 In addition,
active caspase-9 cleaves and activates caspase-3 downstream
(Figure 7g—i).**>®3 We found that PDT with TPP-CTAB@
GNRs and TPP-PSS-CTAB@GNRs induced apoptosis in
breast cancer cells through the intrinsic pathway, which
involves the loss of mitochondrial membrane potential. In
addition to breast cancer cells being stimulated by the Fas
receptor, caspase-8 was activated along with all caspases
downstream (Figure 7g—i)."”*’ Based on the results, the data
conclusively shows that the expression of caspase —9, —8, and
—3 likely induces apoptosis in breast cancer cells (MCF-7 and
MDA-MB-231) upon treatment with TPP-CTAB@GNRs and
TPP-PSS-CTAB@GNRs (Figure 8), respectively.
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4. CONCLUSIONS

In conclusion, we present the conjugation of inorganic gold
nanorods (GNRs) with TPP for S-ALA-based PDT. High
cytotoxicity via endocytosis is offered by the as-prepared gold
nanoprobes (TPP-CTAB@GNRs and TPP-PSS-CTAB@
GNRs) in breast cancer cells (MCF-7 and MDA-MB-231).
The cytotoxicity of gold nanoprobes is achieved by enhancing
the production of reactive oxygen species and weakening the
membrane potential of mitochondria. Overall, the gold
nanoprobes as prepared suppress the cell survival (PI3K/
AKT) signaling pathway that leads to apoptosis in breast
cancer cells. These results demonstrate the significance of
surface charge in photodynamic cancer therapy.
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GNRs (Figure S2); X-ray photoelectron spectroscopy
of CTAB@GNRs (Figure S3); energy-dispersive analysis
of CTAB@GNRs (Figure S4); hydrodynamic diameter
(3434 + 195 nm) of CTAB@GNRs (Figure SS);
surface charge by {-potential measurement (+34.1 +
9.74 mV) of CTAB@GNRs (Figure S6); FTIR
spectroscopy of PSS-CTAB@GNRs (Figure S7); X-ray
diffraction analysis of PSS-CTAB@GNRs (Figure S8);
X-ray photoelectron spectroscopy of PSS-CTAB@GNRs
(Figure S9); energy-dispersive analysis of PSS-CTAB@
GNRs (Figure S10); hydrodynamic diameter (41.68 +
1.60 nm) of PSS-CTAB@GNRs (Figure S11); surface
charge by {-potential measurement (—42.5 + 9.89 mV)
of PSS-CTAB@GNRs (Figure S12); various fluorescent
staining methods were used to evaluate the nanoprobes
on MCEF-7 breast cancer cells to unveil the progression
of apoptosis: (a—e) control (untreated) cells, (f—j)
CTAB@GNRs (ICg, 2.066 ug/mL), (k—o) PSS-
CTAB@GNRs (ICy,, 5.867 ug/mL), (p—t) TPP-
CTAB@GNRs (ICs, 0.6096 pg/mL), and (u—y)
TPP-PSS-CTAB@GNRs (ICg, 1.864 ug/mL), scale
bar: 125 pum (Figure S13); various fluorescent staining
methods were used to evaluate the nanoprobes on
MDA-MB-231 breast cancer cells to unveil the
progression of apoptosis: (a—e) control (untreated)
cells, (f—j) CTAB@GNRs (ICg, 2.297 pug/mL), (k—o)
PSS-CTAB@GNRs (IC,, 7.113 ug/mL), (p—t) TPP-
CTAB@GNRs (ICy, 0.4732 pg/mL), and (u—y) TPP-
PSS-CTAB@GNRs (ICy, 0.5469 ug/mL), scale bar:
125 um (Figure S14); conjugation of TPP (0—300 ug/
mL) with GNRs (50 pg/mL): (a) CTAB@GNRs and
(b) PSS-CTAB@GNRs (Figure S15); the involvement
of the S—H functional group of TPP during the
conjugation process with gold nanoprobes is ascertained
by FTIR analysis: (a) TPP (50 ug/mL), (b) CTAB@
GNRs, and (c) PSS-CTAB@GNRs (Figure S16);

hydrodynamic diameter after conjugation: (a) TPP-
CTAB@GNRs (51.9 + 2.65 nm) and (b) TPP-PSS-
CTAB@GNRs (78.5 + 3.87 nm) (Figure S17); change
in (-potential after conjugation with TPP: (a) TPP-
CTAB@GNRs (+31.8 + 1.25 mV) and (b) TPP-PSS-
CTAB@GNRs (—27.3 + 3.57) (Figure S18); and
images of MDA-MB-231 breast cancer cells stained
with fluorescent probes following treatment with TPP-
CTAB@GNRs (ICs, 0.2499 pug/mL) and TPP-PSS-
CTAB@GNRs (ICy, 1.114 ug/mL) in the presence of
5-ALA (0.5 mM) with and without irradiation, scale bar:
125 pum (Figure S19) (PDF)
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