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ABSTRACT

Introduction: The advanced features of plasmonic nanomaterials enable initial high accuracy detection
with different therapeutic intervention. Computational simulations could estimate the plasmonic heat
generation with a high accuracy and could be reliably compared to experimental results. This proposed
combined theoretical-experimental strategy may help researchers to better understand other nanoparti-
cles in terms of plasmonic efficiency and usability for future nano-theranostic research.

Objectives: To develop innovative computationally-driven approach to quantify any plasmonic nanopar-
ticles photothermal efficiency and effects before their use as therapeutic agents.

Methods: This report introduces drug free plasmonic silver triangular nanoprisms coated with polyvinyl
alcohol biopolymer (PVA-SNT), for in vivo photoacoustic imaging (PAI) guided photothermal treatment
(PTT) of triple-negative breast cancer mouse models. The synthesized PVA-SNT nanoparticles were char-
acterized and a computational electrodynamic analysis was performed to evaluate and predict the optical
and plasmonic photothermal properties. The in vitro biocompatibility and in vivo tumor abalation study
was performed with MDA-MB-231 human breast cancer cell line and in nude mice model.
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Results: The drug free 140 pg-mL~! PVA-SNT nanoparticles with 1.0 W-cm~2 laser irradiation for 7 min
proved to be an effective and optimized theranostic approach in terms of PAI guided triple negative
breast cancer treatment. The PVA-SNT nanoparticles exhibits excellent biosafety, photostability, and
strong efficiency as PAI contrast agent to visualize tumors. Histological analysis and fluorescence-
assisted cell shorter assay results post-treatment apoptotic cells, more importantly, it shows substantial
damage to in vivo tumor tissues, killing almost all affected cells, with no recurrence.

Conclusion: This is a first complete study on computational simulations to estimate the plasmonic heat

generation followed by drug free plasmonic PAI

guided PTT for cancer treatment. This

computationally-driven theranostic approach demonstrates an innovative thought regarding the

nanoparticles shape, size, concentration, and composition which could be useful for the prediction of

photothermal heat generation in precise nanomedicine applications.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Individuals born with intensely personal genomic structure
may be at increased risk of cancer during their life due to multiple
triggering factors. The future of disease management, including
cancer, is largely dependent on advanced personalized nanomedi-
cine [1]. The advanced features of nanomaterials facilitate early
detection with high precision and minimal invasion [2]. The recent
approach of theranostic allows nanomedicine to co-load with
drugs and contrast agents for concurrent imaging and therapy
[3-5]. This strategy helps guiding the visualization of target site,
quantification of drug accumulation, and treatment progress. How-
ever, associated drugs may often cause collateral damages to non-
cancerous cells [6]. During clinical applications in patients, these
formulations are more difficult to translate and their performance
does not meet the expected medical standards. Presently, radio-
therapy and chemotherapy are the two commonly used therapeu-
tic approaches for cancer treatment. Radiotherapy not only kills or
slows the growth of cancer cells, it can also affect surrounding
healthy cells which results several side effects. On the contrary
chemotherapeutic agents result in collateral damage to non-
cancerous cells via oxidative stress or fatal side effects [7]. An alter-
native to these treatments is plasmonic photothermal therapy [8].
This effective cancer therapeutics is based on the irradiation of
metallic nanoparticles (NPs) with a near-infrared (NIR) laser for
the excitation of a collective and coherent oscillation of their con-
duction electrons, known as localized surface plasmon resonance
(LSPR) [7]. Noble metals, such as gold and silver, show very strong
optical absorption and scattering in the visible and NIR regions
[9,10]. Techniques such as surface-enhanced Raman scattering
(SERS), dark-field microscopy, and photoacoustic microscopy are
used for such non-invasive nanoparticle detection purpose
[11,12]. Theranostic probe could represent a personalized medi-
cine by integrating tailored optical properties in nanomaterials
with photothermal (i.e., hyperthermia) efficiency [13,14]. The effi-
cient photothermal effect which allows for light-to-heat conver-
sion by noble metal nanoparticles is a promising technique for
hyperthermia-mediated tumor management [15,16]. These versa-
tile optical properties, allow these nanoparticles to be used in dif-
ferent biomedical applications such as photothermal treatment
[8,17], surface-enhanced Raman spectroscopy [18,19], sensing
[20,21], and photocatalysis [22,23]. Upon optical excitation close
to their LSPR, metallic nanoparticles induce intense and strongly
localized electric fields at their surface. The strong concentration
of electromagnetic energy in the nanoparticle and its vicinity
results in a significant temperature increase inside the nanoparti-
cle as well as in its surrounding environment [23-27]. Fig. 1a,
which reports a direct comparison of the quality factors of various
plasmonic metals in the wavelength range 200-1200 nm, clearly
shows in entire spectrum (300-1200 nm) Ag shows the highest
quality factor [28]. “Al” is only suitable for applications in the vis-
ible and ultraviolet (UV) ranges. Interband transitions also play an
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important role in dampening the surface plasmon modes [29]. In
the case of Ag, interband transitions take place at much higher fre-
quencies compared to Au and Cu, for which their LSPR to wave-
length transitions were limited by longer than 500 and 600 nm
respectively [30].

Along with fabrication limitations, the materials cost is another
burden for plasmonic research. As of today, there is a significant
cost variance among the metals which can sustain plasmonic
effects [25,31]. Au and Ag are the most widely used plasmonic
materials as they offer unequaled optical properties. The use of
Ag over the other metals appears to be the best option as it combi-
nes good qualities in terms of plasmonic ability (high spectral tun-
ability and quality factor), well-known synthesis with high control
over size and morphology, and cost-effectiveness [31-35] (see
Supporting Information Table S1). Contrary to gold, the prime con-
cern with Ag NPs, which limits their application in biomedicine, is
associated with their stability [36]. The stability of Ag NPs could be
improved by chemically passivating the nanoparticle surface with
a polymer, ceramics, or biomolecular coating [37,38]. Till date dif-
ferent biopolymers such as polyethylene glycol (PEG),
polyvinylpyrrolidone (PVP), polylactic acid (PLA), polycaprolactone
(PCL), collagen, chitosan, gelatin, glycogen etc. are used for
nanoparticles coating purposes [39]. Among widely used biopoly-
mers, polyvinyl alcohol (PVA) is the most popular synthetic poly-
mer due to its water solubility, non-toxicity, and high stability.
PVA is more environmental friendly polymer, containing pendant
hydroxyl groups in its simple structure which makes it most bio-
absorbable material [40]. PVA is often used in skin tissue engineer-
ing, drug delivery, wound and burn healing, artificial cornea, and
contact lens fabrication [41]. Ag NPs surface could adsorb the
PVA through multiple chemical activities, among which non-
covalent bonding of the hydroxyl group is the most important
interaction [42]. To date very few reports are available with silver
triangular nanoprisms (SNT)-mediated photothermal therapy for
cancer treatment. Boca-Farcau et al. reported SERS-labeled silver
nanotriangles conjugated with folic acid for the multimodal detec-
tion and targeted photothermal treatment on human ovarian can-
cer cells [13]. However, this study lacks of in vivo application as
they present an in vitro study only. Homan et al. PEGylated Ag
nanoplates only for in vivo molecular photoacoustic imaging. No
tumor treatment study was performed [43]. Whereas, Liu et al.
reported surface plasmon properties of hollow AuAg alloyed trian-
gular nano-boxes and their applications in SERS imaging and drug
delivery. This study lack of tumor inducing and their treatment
[44]. Our study reports Photoacoustic imaging guided photother-
mal therapy for cancer treatment. In a recent study by Zeng et al.
reported a stable biocompatible silver nanoprism-polydopamine
(PDA) core-shell nanoplatform loaded with doxorubicin drug for
targeted drug delivery and tumor imaging through PA/IRT/CT.
The nanoplatform further used for PTT mediated tumor treatment.
Compared to our present study this reported study devoid of com-
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Scheme 1. Schematic representation of plasmonic silver triangular nanoprism (PVA-SNT) theranostic probe for tumor imaging and photothermal therapy.

putational electrodynamic analysis to evaluate plasmonic pho-
tothermal properties [45].

In general, the laser penetration efficiency of PTT is limited to
few millimeters under the skin level, which is better accessible by
subcutaneous injection. Intravenous (IV) injection administration
is the advanced clinical option to deliver drug or therapeutic agents
specifically targeted to the affected tissues. To achieve this property
nanoparticles are conjugated or modified with specific targeted
agents/ molecules. Unfortunately, most of the nanoparticles bind
to nonspecific sites or tissues, which often results in collateral dam-
ages to non-cancerous cells. In real-time clinical applications, these
formulations are more difficult to translate and their performance
does not meet the expected medical standards.

Here, we focused on NIR I level laser source to counter the sub-
cutaneous tumor by local intra-tumoral intervention. This process
is a far safer method for subcutaneous level anomalies such as
basal cell carcinoma, squamous cell carcinoma, follicular lym-
phoma, Merkle cell cancer, and melanoma. The study aims to syn-
thesize stable PVA-coated silver triangular nanoprisms (PVA-SNT)
as a theranostic agent for biomedical imaging guided cancer ther-
apy. The approach of our study relies on the use of theoretical and
computational electrodynamics and heat transfer simulations to
calculate the nanoparticles optical properties and estimate the
plasmonic heat generation, and guide our wet chemical experi-
mental study with in vitro and in vivo applications for the treat-
ment of triple negative breast cancer mouse model (Scheme 1).

Experimental
Materials and methods

All the chemicals were purchased from Sigma Aldrich (St. Louis,
MO, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal
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bovine serum (FBS), antibiotic, trypsin, and phosphate-buffered sal-
ine (PBS) were purchased from HyClone (South Logan, UT, USA).
Annexin V-FITC apoptosis detection kit (BD Pharmingen, San Jose,
CA, USA). Deionized water (DI) of p > 18.2 Q-cm (at 25 °C) from a
Millipore deionizer was used during the entire experimental study.

Synthesis of PVA-SNT

The silver triangular nanoprisms coated with polyvinyl alcohol
were synthesized by a dynamic chemical method with a modifica-
tion of a previous protocol [46]. Briefly, 30 mL of 0.2 m polyvinyl
alcohol aqueous solution was prepared and subsequently AgNO3
(450 pL, 0.01 m) solution added. Stirring for 5 min at room temper-
ature (25 * 2 °C), then 600 pL of 0.1 m sodium citrate was added.
Next, 300 uL of 30 wt% H,0, was added to the solution stirred in a
magnetic stirrer (400 rpm for 8 min). A freshly prepared 400 pL
NaBH4 (100 mm) solution was added into the existing solution,
resulting in a color change of the solution from transparent to yel-
low. Finally, an additional 180 pL of H,0, was added, which gradu-
ally changes the reaction color from yellow to red, and finally to dark
blue, indicating the formation of PVA-coated silver triangular
nanoprisms. The same synthesis procedure was followed to synthe-
size SNT nanoparticles, where, deionized (DI) water was used in
place of the PVA solution. The resulting PVA-SNT and SNT nanopar-
ticles were centrifuged at 14,000 rpm for 6 min at 4 °C. After discard-
ing the liquid phase, a 0.2 M PVA solution was again added to re-
suspend the PVA-SNT nanoparticles, whereas, only DI water was
used to re-suspend the SNT nanoparticles. Finally, the synthesized
PVA-SNT and SNT nanostructures were kept at 4 °C for future use.

Characterization

The physico-chemical properties of the nanomaterials were
characterized wusing field emission transmission electron
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microscopy (FETEM, JEM-2100F; JEOL, Tokyo, Japan) and energy-
dispersive X-ray spectroscopy (EDS). The absorbance spectra of
the synthesized SNT and PVA-SNT were acquired using an ultravi-
olet-visible (UV-vis) spectrophotometer (Genesys 30S; Thermo
Fisher Scientific, Waltham, MA, USA). X-ray photoelectron spec-
troscopy (XPS) was carried out using an AXIS Supra electron spec-
trometer (Kratos Analytical Ltd., Manchester, UK). The binding
energies (BE) were determined with an accuracy of + 0.1 eV. The
deconvolution of the peaks was performed using ESCApe™ from
Kratos Analytical Ltd., Manchester, UK. The functional groups for
PVA, SNT, and PVA-SNT were determined by using Fourier-
transform infrared spectroscopy (FTIR, JASCO FRIT 4100). Dynamic
light scattering (DLS) and surface zeta potential (ZP) measure-
ments of the nanomaterials were performed using an elec-
trophoretic light scattering spectrophotometer (ELS-8000; Otsuka
Electronics Co. Ltd., Osaka, Japan). The silver ion concentration of
the nanostructures was quantified by an inductively coupled
plasma mass spectrometer (ICP-MS; PerkinElmer-NexION 300D,
PerkinElmer, Inc., USA). A NIR laser at 808 nm (Changchun New
Industries Optoelectronics Technology, Changchun, China) was
used to conduct the photothermal experiments, and the
thermographs were recorded using a digital IR thermal imaging
camera (FLIR Systems Inc., Portland, OR, USA). A photoacoustic
microscopy (PAM) system (FPAM-v1, Ohlabs Inc., Busan, South
Korea) was used to perform in vitro and in vivo photoacoustic
imaging. All the raw data were processed in MATLAB to generate
PA images.

Flow cytometry analysis of cell death

The seeded cells were incubated with PVA-SNT for 6 h and trea-
ted with an 808-nm laser at 1.0 W-cm 2 for 5 min. Photothermally
treated cells (except control) were incubated for 6 h at 37 °C in a
CO, incubator. Post PTT live and dead cells were harvested and
washed with cold PBS, followed by staining with Annexin V-FITC
apoptosis detection kit. The flow cytometry experimental study
was performed with a BD FACSVerse flow cytometer (BD Bio-
sciences, CA, USA). The final results were acquired and analyzed
using Flow]Jo (Ashland, OR, USA).

Animal model

A group of female BALB/c nude mice (18.9 + 0.8 g), with six to
seven weeks age were procured from Orient Bio Inc. (Seongnam,
Republic of Korea). After one day interval the treatment group mice
were injected (subcutaneously into the flanks region) with MDA-
MB-231 cells (10° cells) suspended in 100 pL of PBS. The animals
were kept under normal room temperature condition with regular
care until the tumors reached a volume of ~100 mm?>. The animals
were then divided into four groups. A total of 12 animals were
studied for this experiment, as detailed in Supporting Information
Table S2.

The tumor-bearing mice were intratumorally injected with
100 pL of a 140 pg-mL~! PVA-SNT nanoparticle solution. Next the
mice were Kkept in proper environment with regular monitoring
until the operative tumor volume reached approximately 1 cm®.
The tumor of each mouse was irradiated by an optical fiber coupled
to a 808 nm laser diode at 1.0 W-cm~2 for 7 min. All four groups,
which include (I) untreated mice without any tumor (control
group), (II) tumor induced mice exposed to the laser (only laser
exposure, no nanoparticles injected), (Ill) the mice intratumor
injected with PVA-SNT nanoparticles (without laser exposure),
and (IV) PVA-SNT intra-tumor injected mice with laser irradiation.
A probe thermocouple was placed on the tumor central region to
estimate the temperature during the experimental irradiation with
1 s interval.

26

Journal of Advanced Research 41 (2022) 23-38

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Ethical Com-
mittee of Pukyong National University, Busan, (Approval no.
PKNUIACUC-2019-05), and also followed the Animal Ethical Poli-
cies of the Republic of Korea.

Histological analysis

At the end of the 3-week treatment (treatment started after day
28, when the tumor grew to the appropriate size) and observation,
the mice from each group were sacrificed and we collected five
major organs (liver, spleen, kidney, lungs, and heart) and the
tumor. The collected organs were rinsed with saline water and
kept in 10% formalin for fixation and staining. After a 24 h immer-
sion, the tissues were fixed with paraffin and 4 pm thick sections
were collected for hematoxylin and eosin (H&E) staining. Finally,
the slices were visualized in an optical microscope.

Photoacoustic imaging (PAI) & in vivo photothermal therapy

Noninvasive biomedical imaging techniques have recently
emerged as a promising diagnosis technique. Among the different
imaging techniques, PAI has the potential ability to detect and
quantify nanoparticle contrast agents inside the body systems.
An in vitro and in vivo photoacoustic microscopy system (FPAM-
v1, Ohlabs, Busan, South Korea) was used as detailed in an earlier
report [47]. For in vitro PAI, MDA-MB-231 cells were incubated
with different concentrations of PVA-SNT (20, 60, 100, and
140 pg-mL~" of PVA-SNT) at 37 °C for 6 h. After trypsin digestion,
the cells were collected by centrifugation at 1200 rpm for 4 min.
Finally, the cell pellets were collected into a polytetrafluo-
roethylene (PTFE) tube (Zeus) for photoacoustic imaging. MDA-
MB-231 tumor-bearing nude mice were intratumorally injected
with PVA-SNT (140 pg-mL~!) for PAIL Post-injection scanning of
the entire tumor region was performed using a FPAM-v1 system
[48]. Also, a control group only with DI water (without nanoparti-
cles) was used for a comparative study.

Statistical analysis

All the data were expressed as the mean * standard deviation.
Statistical analyses were carried out using one-way analysis of
variance. OriginPro 8.0 from OriginLab corp. (Northampton, MA,
USA) was used to analyze the data.

Results and discussion
UV-visible spectroscopy analysis

The color change of the transparent silver ion precursors to
AgNPs can be visually observed. The UV-vis absorbance peaks help
to identify the possible morphology and size distribution of the
synthesized nanoparticles. A characteristic band appears below
320 nm due to the 4d — 5sp interbrand transitions in silver [49].
The plasmonic response of AgNPs is then visible at wavelengths
beyond 350 nm; the exact position of the LSPRs depends on the
nanoparticle size, shape, dielectric environment, and interparticle
interactions [49]. For SNT, the formation of a very broad absorption
peak was observed (400-1200 nm) with a visible blue color emis-
sion (Fig. 1b,c), consistent with previous works [50].

Transmission electron microscopy (TEM)

TEM study is important to reveal valuable information about
the nanostructure and composition [50]. While the synthesized
nanoparticles were initially considered to have a triangular mor-
phology, the in-depth analysis revealed that the edges of the trian-
gular prisms are not sharp (Fig. 1d, e). Additionally, a mixture of
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hexagonal and spherical nanoparticles was observed along with
the triangular nanoprisms. Post photothermal FE-TEM analysis
revealed negligible shape deformation of the PVA-SNT nanoparti-
cles. A detailed morphological study with size distribution is sum-
marized in Table 1. The synthesized SNT revealed an average
particle size of 44.5 + 18 nm. The PVA-SNT nanoparticles exhibit
a coating of PVA of ~3 nm over the triangular surface (Fig. 1d).
The EDS analysis of SNT confirmed that the synthesized nanoparti-
cles are composed of silver. The peaks at approximately 8 and
9 keV correspond to the Cu K, and Cu Ky emissions from the
TEM copper grid, respectively (see Fig. S1, Supporting Information).
The selected area electron diffraction (SAED) pattern reveals the
concentric diffraction rings with bright spots corresponding to
the (100), (200), (220), and (311) silver lattice planes (Fig. 1f).
The HR-TEM analysis revealed an atomic distance of 2.3 A, which
corresponds to the silver (111) plane (Fig. 1g). The functional
groups for PVA and PVA-SNT nanoparticles were identified by FTIR
analysis (see Fig. S2, Supporting Information).

Table 1
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X-ray photoelectron spectrometry (XPS)

XPS study was performed to detect the surface composition of
PVA and PVA-SNT nanoparticles. The XPS survey spectrum of pure
PVA (Fig. 1h) revealed two strong binding energies of 294 and
541 eV. For PVA-SNT similar O1s and C1s peaks were identified in
the XPS survey spectrum (Fig. 1i) in addition to the Ag 3d peak.
Finally, the Ag 3d XPS spectrum revealed two peaks at 374.6 and
368.6 eV, corresponding to the Ag 3dsj, and 3dsj, of metallic Ag®
(Fig. 1j).

X-ray diffraction (XRD)

XRD study helps to determine the crystalline structure and nat-
ure of the silver material. The X-ray diffraction peaks, which were
recorded at 20 value of 38.46, 45.14, 64.67, and 77.83°, correspond
to (111), (200), (220), and (311) lattice planes, respectively, for
the face-centered cubic (fcc) structure of silver, (ICDD card No.

Average size, standard deviation, number of nanoparticles, and concentrations used for the electrodynamic simulations of NT, NH, and NS.

Nanostructure Average size [nm] G [nm] Number Npare, Sim. 1 [NPs pm3] Npare, Sim. 2 [NPs pm3]
NT 44.5 18 100 30 90
NH 53.5 39 40 12 36
NS 13.1 1.9 70 21 63
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Fig. 1. (a) Quality factor (Q) of the LSPR for a metal/air interface. A higher Q denotes less damping and a stronger plasmon resonance. The shaded area represents the region of
interest for many plasmonic applications. Reproduced with permission [28] Copyright 2009, Elsevier. (b) UV-vis spectra of synthesized SNT. (c) UV-vis spectra of PVA and
different PVA-SNT nanoparticle concentrations. (d) FE-TEM analysis of synthesized SNT. (e) FE-TEM analysis of synthesized PVA-SNT. (f) SAED pattern. (g) HR-TEM analysis of
SNT. (h, i) XPS survey spectra of PVA and PVA-SNT material, respectively. (j) High resolution SNT Ag 3d XPS spectrum. (k) XRD analysis of SNT.
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01-087-0717) [51]. The calculated interplanar spacing (d.,) values
are 2.334, 1.952, 1.429, and 1.221 A for the (111), (200), (220),
and (311) planes, respectively, and are well correlated with silver
(Fig. 1Kk).

Nanoparticles stability determination (Zeta potential, zeta size
calculation)

The synthesized SNT and PVA-SNT nanoparticles were further
studied for zeta potential and hydrodynamic particle size distribu-
tion. The synthesized SNT revealed a zeta potential of about
—21.37 mV with a hydrodynamic size of about 56.1 + 2.7 nm.
The hydrodynamic size obtained for the PVA-SNT nanoparticles
was 63.6 = 2.9 nm, while the recorded zeta potential was negative
(-3.84 mV) due to the PVA coating. The zeta potential study also
confirms the coating of PVA polymer over the silver triangular
nanoprism. We further extend our research to study the stability
of synthesized PVA-SNT nanoparticles. The synthesized nanoparti-
cles were immersed in PBS, FBS, and SBF solution for 24 h. The
study confirms that PVA-SNT nanoparticles shows high stability
in different solvent conditions. After incubation the hydrodynamic
size distributions were studied which reveals 63.79 + 3.35 nm for
PBS, 57.25 + 5.71 nm for SBF, and 59.4 + 6.18 nm for FBS immersion
respectively (Fig. 2a-c). UV-vis-NIR spectra of the PVA-SNT solu-
tion before and immediately after PTT treatment as well as

(a)

70{PBS (63.79:3.35nm) 50 /SBF (67.25:5.71 nm)
60+ 4

50
40

Count %

304
20+

40 45 50 55 60 65 40 45 50 55 6
Particle size distribution (nm)

=1

65 70
Particle size distribution (nm)

(f)

(8)
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3 months after the treatment revealed stability without any signif-
icant changes in absorption spectra (Fig. 2d).

Measurement of the photothermal performance of PVA-SNT

Different concentrations (20, 60, 100, and 140 pg-mL~") of the
synthesized PVA-SNT nanoparticles were placed in a 12-well cell
culture plate. For photothermal therapy (PTT), a 808 nm laser
was used at an optical density of 0.5, 1.0, 1.5, and 2.0 W-cm™2 for
20 min. Due to photothermal effects, the nanoparticle solution
started heating up and the resulted temperature increase was
recorded by an IR thermal camera (Fig. 2e). The PVA-SNT pho-
tothermal conversion efficiency (n~30.44%) was calculated fol-
lowing the procedure detailed in the Supporting Information (see
Table S3, Fig. S3, Supporting Information) [52,53].

The optical properties of the different concentrations (20, 60,
100, and 140 pg-mL~!) PVA-SNT solution were characterized by
UV-vis spectroscopy which reveals strong NIR absorption
(Fig. 1c). PVA-SNT solutions with different concentrations (20, 60,
100, and 140 pg-mL~') were added in a 12-well plate and exposed
1200 s to a 808 nm laser source at an optical power density of 0.5,
1.0, 1.5, and 2.0 W-cm? (Fig. 2f), respectively. Due to the pho-
tothermal effects the temperature elevation in these solutions
reached 26.1, 33.4, 45.6, 54.1, and 56.4 °C, respectively, after
11 min of exposure at 1.0 W-cm~?2 (Fig. 2g). The temperature of
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Fig. 2. (a) Biostability determination by hydrodynamic size distribution of PVA-SNT in different solvent (a) PBS, (b) SBF, (c) FBS solution. (d) Stability determination by UV-
vis-NIR spectra of the PVA-SNT solution before and immediately after PTT treatment as well as 3 months after the treatment. (e) IR thermal imaging of 140 pug-mL~' PVA-SNT
nanoparticles exposed to 2.0 W-cm~2 808 nm laser. (f) Temperature evolution of the 140 pg-mL~" PVA-SNT solutions exposed for 20 min to a 808 nm laser source at four
different optical power densities (0.5, 1.0, 1.5, and 2.0 W-cm™2). (g) Temperature evolution of aqueous PVA-SNT with different concentrations exposed for 11 min to a 808 nm
laser source at an optical power density of 1.0 W-cm~2. (h) Temperature profile of the 140 ug-mL~' PVA-SNT solution for five on/off cycles.
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the 140 pg-mL~! PVA-SNT solution increased to 41.8, 55.2, 67.6,
and 77.4 °C after 1200 s of continuous irradiation at 2.0, 1.5, 1.0,
and 0.5 W-cm 2, respectively. The IR thermal imaging of
140 pg-mL~' PVA-SNT nanoparticles exposed to 2.0 W-cm™2
808 nm laser revealed a temperature elevation up to 75 °C
(Fig. 2e). The temperature profile of the 140 pg-mL~! PVA-SNT
solution revealed a very stable performance during five on/off
cycles (Fig. 2h).

These temperatures are therefore sufficient for in vivo cancer
treatment since the optimal hyperthermia temperature is in the
range 42-47 °C [54]. As a comparison, the control PBS sample
(without nanoparticles) reaches a temperature of only 26.1 °C.
The photothermal performance of the PVA-SNT solutions was well
correlated with IR thermal images. At the end of the laser irradia-
tion, the PVA-SNT nanoparticles were further characterized by
UV-vis spectroscopy and FE-TEM (Fig. 2d and Supporting Informa-
tion Fig. S4).

(b)
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Theoretical analysis of the optical and photothermal properties of SNT

We performed electrodynamic simulations using the finite-
difference time-domain method (FDTD, Ansys-Lumerical) [55] to
calculate the absorption cross-section of randomly and uniformly
distributed and randomly oriented SNT (5 nm thickness), silver
hexagonal nanoplates (NH, 5 nm in thickness), and silver nano-
spheres (NS). The dielectric permittivity tabulated by Palik has
been used for silver [56]. We used Gaussian size distributions
and relative concentrations based on the experimental size distri-
bution histograms and TEM images (Fig. 3a-c). The average size
(measured as the radius of their circumcircle), standard deviation
(o), and the number of nanoparticles in the distribution are shown
in Table 1. The relative concentration, defined as np,, is equal to
the total count of a particle type divided by the total count of
SNT in the histograms, that is, nsyt = 1, nyg = 0.4, and nys = 0.7.
We used a cubic simulation region of 1.5 x 1.5 x 1.5 ym?®
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composed of water (refractive index n = 1.33) where the boundary
conditions are periodic in the x- and y-directions and a perfect
matched layer in the z-direction in order to model an infinite col-
loidal medium. The incident optical planewave was considered
propagating in the z-direction and polarized in the x-direction
(Fig. 3d, e).

First, we performed electrodynamic simulations to obtain the
absorption spectra of each individual nanoparticle ensembles
(NT, NH, and NS) with the same concentrations (15 NPs pm™3).
The calculated absorption spectra (Fig. 3f) show that the NT and
NH exhibit a wide band in the NIR region while the NS exhibits
only a dipolar plasmon mode at 413 nm. Then, two absorption
spectra were calculated for a distribution composed of a mixture
of the three nanoparticles using the two concentrations specified
in Table 1 (npar). The results are presented in Fig. 3g along with
the experimentally measured absorption spectrum. At low NP con-
centration (blue spectrum), we note that a broad absorption band
appears in the wavelength range 800-1200 nm due to the plas-

—_—
Q
S’

Absorption (arb. u.)

400 600 800 1000
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(b) 370 : . .
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monic interaction between the NTs and the NHs, while the peak
corresponding to the LSPR of the Ag NS remains at 413 nm
(Fig. 3f,g). Increasing the concentrations three-fold (red spectrum)
results in a blue-shift of the NIR broad band to 700-1100 nm due
to the increasing near-field interaction between the nanoparticles.
Further increase of the concentration leads to further broadening
of the band, similar to the experimental spectrum. It is important
to notice that for solutions with large nanoparticle concentrations
(experimental conditions), the broad absorption band is centered
around 800 nm, thus justifying the use of the 808-nm laser as opti-
cal source.

We performed a polarization dependence calculation of the
absorption spectra of a single SNT with a size of 44.5 nm (mean
experimental size, Fig. 3a) for six different optical excitation polar-
izations (Fig. 4a). All the calculated spectra show the same absorp-
tion peaks, related to different order multipolar modes at 910, 580,
525, and 475 nm, except the spectra calculated for a polarization
along the z-direction (orange and magenta, Fig. 4a). For such trans-
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Fig. 4. (a) Absorption spectra of a SNT (44.5 nm of circumcircle radius) in water calculated for six different polarizations and propagation directions of the optical excitation.
(b) Theoretical maximum temperature generated by the single SNT (red) and experimental temperature (blue). (c) Near electric field distributions in the (x, y)-plane and (d)
surface charge density distributions of a SNT excited at the maximum absorption wavelength and for each of the six incident polarizations (color-coded with the spectra in

(a))
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verse polarization, the spectra exhibit only one peak (332 nm)
related to the out-of-plane dipole plasmon oscillation, which
appears at ~340 nm in the experimental spectrum (Fig. 3f). The
maximum absorption occurs at 910 nm, at which a high enhance-
ment of the near electric field (NEF) is expected.

The main plasmon mode observed at 910 nm for SNT spectrally
shifts to 940 nm for the PVA-SNT due to the presence of the PVA
coating (see Fig. S5, Supporting Information). The presence of the
thin PVA shell does not change the photothermal behavior of the
nanoparticle because PVA has a molar heat capacity similar to that
of water (¢, = 75.38 J-mol~'-K~' for water and ¢, =61.5 J-mol 'K
for PVA). Therefore, the PVA coating does not induce any thermal
shielding effect; hence, we consider that the photothermal analysis
of SNT is sufficient for our analysis of PVA-SNT.

Near electric field distributions have been calculated for the
44.5 nm SNT under the six incident polarizations and at the max-
imum absorption wavelength (Fig. 4a). We can see that the NEF
hotspots are located where there is a strong localization of the con-
duction electron density (Fig. 4c), i.e., at some of the SNT vertices.
The time-varying electric field distribution is shown in a
supporting movie file (Mov-1). The NEF enhancement is very small
(3-fold) for transverse polarizations (orange and magenta, Fig. 4a)
due to the low localization of the out-of-plane plasmon mode, as
compared to the 50-fold enhancement obtained for in-plane polar-
izations. The NEF for the other absorption bands show enhance-
ments going from 10 to 25-fold (not shown here). These results
are consistent with previous works on SNT [46]. Spatial distribu-
tions of the charge density were calculated in order to determine
the modes of the plasmon resonances. From Fig. 4d, we can see a
dipolar behavior of the plasmon mode for all the incident polariza-
tions. The relative independence of the absorption spectrum and
charge distribution on the in-plane polarization clearly highlights
the in-plane optical isotropy of the SNT which exhibits its maxi-
mum absorption at 910-916 nm.

Finally, we have calculated the photothermal properties of a
44.5 nm SNT through a heat transfer simulation (using finite ele-
ment method) [57]. In order to estimate the plasmonic heating of
the SNT, we begin by finding the absorption cross-section (G .ps)
of the nanoparticle using an electrodynamic simulation (via FDTD
method) to calculate the heat power defined by:

Q = O-absI (1)

where [ is the irradiance of the optical excitation (power per unit
surface). Q acts as a heat source which induces an increase in the
local temperature [58]:

Q

AT=——""
4TKoasnT + T

(2)
where r is the distance from the metal surface, asyt is the SNT size,
and ¥g is the thermal conductivity of the surrounding medium.
Though this model gives us a good approximation, it is better to
solve the heat transfer equation using FEM to represents a heat
source coming from the dissipation of the optical energy via the
Joule effect, represented as:

aT(r,t)

pEICH D) =5

= VIk(r)VT(r,t)] = —q(r) 3)
where p represents the mass density, ¢, denotes the specific heat
capacity, and x represents the thermal conductivity. The function
q(r) is the applied heat energy transfer rate inside the SNT such that

Q=/, q(r)d®r, where the integral runs over the SNT volume V.

It is usually very fast to reach the local steady-state tempera-
ture when working with nanoscale systems. Typically, the duration
of the transient regimen is tst ~50-100 ns under continuous illu-
mination and is not dependent on the temperature increase. As
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mentioned before, we have begun to calculate the optical absorp-
tion power for optical irradiance values of 0.5, 1, 1.5, and 2 W-cm
using FDTD.

Fig. 4b shows the experimental photothermal steady-state tem-
peratures (blue) at different laser power densities (0.5, 1.0, 1.5, and
2.0 W-cm2) under 808-nm laser irradiation and the theoretical
maximum temperatures for the same power densities using an
optical excitation at the maximum absorption wavelength. Theo-
retically, the temperature increases linearly as a function of the
applied optical power, as shown in Equations (1) and (2). These
results are in agreement with the computational work done by
Manrique-Bedoya et al. [57] There is an excellent agreement
between the temperatures predicted from the theory and the
experimental measured temperatures (within 2% at high power
density). The slight deviation from the theoretical model observed
at high powers can be explained by the thermal energy lost in the
environment (heat dissipation), water volatilization from the cells,
and protein denaturation [59,60]. The multi-physics simulation
approach based on plasmonic nanoparticles shape, size, concentra-
tion, and composition could be useful for the prediction of pho-
tothermal heat generation.

MTT assay for in vitro cytotoxicity study

The MTT assay of SNT nanoparticles revealed non-toxic prop-
erty to the MDA-MB-231 cell line after 24 h incubation with differ-
ent concentrations (Fig. 5a). The lowest concentration
(20 pug-mL™") yielded more than 95% relative cell viability, while
a higher concentration of 120 pg-mL™! yielded a slightly higher
toxicity with ~11% of dead cells. The largest concentration
(140 pg-mL~") also yielded ~89% cell viability, which led us to con-
clude SNT nanoparticles exhibit very little toxic behavior up to this
concentration. A similar study was performed with PVA-SNT
nanoparticles, incubated with the same concentrations for 24 h,
with the MDA-MB-231 cell line. The PVA-SNT nanoparticles show
a higher level of cell viability (~87% for 100 pg-mL~") compared
to the SNT nanoparticles. When the PVA-SNT concentration
reaches 120 pug-mL~, little toxicity was observed (overall cell via-
bility is approximately 95%). Finally, the highest concentration of
140 pg-mL~' showed ~96% cell viability (Fig. 5b). PVA is a biopoly-
mer which helps to protect the cell line from any toxic effect due to
its stable polymeric coating which retards the ions released from
the silver nanoparticles. Because this study was performed to
determine the photothermal effects of metal nanoparticles on
MDA-MB-231 cell lines, SNT nanoparticles incubated with MDA-
MB-231 cell lines were exposed to 1.0 W-cm 2 laser irradiation
(Fig. 5¢). Compared to the control column, different concentrations
of SNT nanoparticles showed toxic effects when exposed to laser
light. The toxicity level of laser-irradiated nanoparticles increased
as the concentration of nanoparticles increased. With 1.0 W.
cm 2 laser irradiation, a low concentration nanoparticle dose
(20 pg-mL~") led to ~88% of cell viability, while increasing the con-
centration up to 140 ug-mL~! the cell viability drastically reduced
to ~2%. Similar fatal effect was observed when MDA-MB-231 cell
lines were treated with laser-irradiated PVA-SNT nanoparticles
(Fig. 5d). When the MDA-MB-231 cell lines were treated with
120 and 140 pg-mL~" of PVA-SNT nanoparticles (with 1.0 W-cm™2
laser irradiation), the cell viability drastically changes to less than
~10% and ~5%, respectively. With laser irradiation, the non-toxic
PVA-SNT nanoparticles also generate sufficient heat to kill the can-
cer cells. The synergistic effect of heat generation with different
PVA-SNT concentrations on variable laser power density is shown
in Fig. 5e. From this study we conclude that higher concentrations
and high laser power densities are lethal to cell lines. To get the
optimal effect on target cancer cells we chose a PVA-SNT concen-
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2

tration of 140 pg-mL~" with a laser power density of 1.0 W-cm 2 as

the optimal therapeutic dose.

Hemolysis study

To perform the hemocompatibility assay blood samples were
aspirated from nude mice with further heparin-stabilization. The
collected red blood cells (RBCs) were mixed with 10 x PBS. The
RBCs suspension (400 pL) was treated with PVA-SNT nanoparticles
in 1.1 mL of PBS at different concentrations of 20, 60, 100, and 140,
ng-mL~" with distilled water as positive and medical saline solu-
tion as negative control, respectively. After mixing well all the

32

solutions were incubated at 37 °C for 4 h and finally centrifuged
at 5200 rpm for 5 min. The absorbance of each sample was quan-
tified on a Tecan Infinite F50 microplate reader at 541 nm wave-
length. The hemolysis of RBCs for all the samples was calculated
using the following equation:

AbSSample - AbsNegative control

Hemolysis(%) =
Y ( 0) AbSPositive control _AbsNegative control

To study the in vivo cancer therapeutic efficacy, PVA-SNT
nanoparticles were injected intratumor region. Thus, the blood
compatibility of the injected nanoparticle is essentially important
to investigate. As depicted in Fig. 5f, PVA-SNT showed hemolytic
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activities of 6.18 + 0.17% at a high concentration of 140 pg-mL~’,
showing the excellent blood compatibility of the synthesized
nanomaterials (see Fig. S6, Supporting Information).

Fluorescent staining for cell viability study

MDA-MB-231 cell lines were incubated with 140 pg-mL~!
solutions of SNT and PVA-SNT nanoparticles (Fig. 6). Only MDA-
MB-231 cell lines were studied as control, without any nanopar-
ticles and without any laser irradiation (Fig. 6a & 6e). Cells were
treated in two different groups, stained with AO/PI and Hoechst
33342/ PI. The propidium iodide (PI) fluorescence, only permeable
to dead cells and during fluorescence excitation, yields the emis-
sion of a red signal from dead cells only. When studied under flu-
orescence microscope, most of the cells are emitting green
fluorescent light (AO/PI treatment), which reveals the healthy
state of the cells (Fig. 6a-c). For Hoechst 33342/ PI stained cells
emitted mostly blue fluorescent showing the cellular viability sta-
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tus (Fig. 6 e-g). Hoechst stains are permeable to live cell nucleus
which emits blue fluorescence when combined with dsDNA. Only
laser irradiated PVA-SNT-incubated cells showed a significant
amount of red fluorescence, which indicates the presence of dead
cells (Fig. 6d & 6 h). Biological-TEM study reveals the internaliza-
tion of PVA-SNT nanoparticles inside the cellular environment
(see Fig. S7, Supporting Information). From the MTT study we
observed toxic effects from high SNT concentration. Fluorescence
measurements of the PVA-SNT-treated MDA-MB-231 cell line
revealed a considerable number of live cells with acridine
orange’s (AO) green emission (Fig. 6b) and Hoechst 33,342 emits
blue fluorescent (Fig. 6f). This result is well correlated with the
MTT assay of the PVA-SNT-incubated MDA-MB-231 cell line.
The non-toxic PVA-SNT turned to lethal toxic material when irra-
diated with an 808 nm, 1.0 W-cm~2 laser at a concentration of
140 ug-mL~! (Fig. 6d & 6 h). The study revealed more than 99%
cell death with all red fluorescence from the dead cells over a
microscopic region.
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The flow cytometry was performed with PVA-SNT nanoparticle
treated with the MDA-MB-231 cell line with and without
1.0 W-cm 2 laser irradiation (Fig. 6i & 6j). Control cells were stud-
ied in absence of nanoparticles and laser irradiation. The flow
cytometry study revealed approximately 99.9% cells in healthy
condition for the control group with ~0.08% in the early and
~0.05% in late apoptosis stage (no cells were found in necrosis
stage). For PVA-SNT treated cells without any laser exposure, we
observed ~89.6% cells in healthy condition with ~8.77% in early
1.38% in late apoptosis phase. Very little amount (~0.2%) was
observed in necrosis stage. However, a drastic change in cell viabil-
ity was observed for PVA-SNT and laser-irradiated cells. For the
treated cells ~12.9% were found to be healthy with ~6.91% in early
and ~76.8% in late apoptosis phase. Additionally, ~3.39% of the
cells showed necrosis due to the photothermal effects.

Photoacoustic imaging (PAI)

The in vitro PAI result reveals the absence of signal from the
control tube whereas, PVA-SNT loaded tubes generate low to high
signal according to the increased nanoparticle concentration
(Fig. S8, Supporting Information). A detailed analysis of the signal
plotted as the gray value histogram, provides a different photoa-
coustic signal which generates due to the presence of different
nanoparticles concentrations (Fig. S8, Supporting Information).
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Furthermore, this experimental study also extends to in vivo
PAL The mouse models with MDA-MB-231 tumor were injected
with 100 pL of PVA-SNT (140 pg-mL™') through intra-tumoral
injection. Fig. 7a shows In vivo 3D PAI of tumor tissues in nude
mice (i) before, (ii) after injection of PVA-SNT performed using a
PAM system with 532-1000 nm, (iii) after injection with 625-
1000 nm filters, and (iv) the merging of figure (ii) & (iii).

To study the nanoparticles effects, we designed the experimen-
tal study pre and post injection with two filter modes, which were
chosen to visualize (i) the blood vessel (532-1000 nm) and (ii) the
nanoparticles (625-1000 nm). To conduct the experimental study,
we first scanned an entire tumor region in pre-injection state
applying the two different filters. In case of the 532 nm filter, we
were only able to observe the blood vessel of the mouse in the
tumor region, due to the absorbance of blood hemoglobin at
532 nm (Fig. 7b). On the other hand, the 625 nm filter blocked
the entire absorbance signal from the blood hemoglobin. After
the injection of 140 pg-mL~! of PVA-SNT nanoparticles, a bright
tumor region was observed along with the blood vessels. To con-
firm the exact location and size of the tumor we made another scan
with the 625 nm filter, which also precisely provided the tumor
shape and size. This PAI technique is extremely helpful to treat
tumors while determining the exact location for PTT. The recon-
structions of 3D views from the experimental PAM data are
attached as supporting movie files (Mov-2, Mov-3, Mov-4, and
Mov-5).
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Fig. 7. (a) In vivo 3D PAI of tumor tissues in MDA-MB-231 tumor-bearing nude mice (i) before and (ii) after injection of PVA-SNT performed using a PAM system with 532-
1000 nm and (iii) after injection with 625-1000 nm filters (iv) the merging of figure (ii) & (iii) [experimental PAM data are attached as supporting movie files (Mov-2, Mov-3,
Mov-4, and Mov-5)] (b) In vivo 2D PAI of tumor tissues in MDA-MB-231 tumor-bearing nude mice before and after injection of PVA-SNT performed using a PAM system with
532-1000 nm and 625-1000 nm filters. (b) (c) IR thermal image of the mouse during photothermal treatment. The laser irradiated for 7 min from 808 nm laser source at an

optical power density of 1.0 W-cm 2

. (d) Representative photographs of MDA-MB-231 tumor-bearing nude mice from day 0, tumor induced (day 28), photothermal treatment

initiated (day 29), and up to complete healing (day 50). (e) Tumor volume of various groups after PTT treatments. Data were expressed as mean *= S.D. (n = 3,
*significant p < 0.05) (f) Body weight of the mice before PTT treatments. (g) Body weight of the mice after PTT treatments.
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In vivo photothermal therapy

The experimental mice were divided into four groups, from
which groups II and IV underwent laser treatment. Additionally,
the mice from group Il were not injected with any nanoparticles.
From the in vitro study it was confirmed that no heat generation
occurs in absence of nanoparticles, thus PTT was not effective for
group II. The tumors were irradiated with a 1.0 W-cm™2 laser
(808 nm) for 7 min. The initial experimental study started at room
temperature 25 * 2 °C, whereas, the mouse’s initial body tempera-
ture was 31.2 = 1.6 °C. After irradiation by a 1.0 W-cm-2 laser
(808 nm) for 7 min, the animals from group Il showed a maximum
temperature increase of 1.9 °C, which resulted a final body temper-
ature of 33.1 £ 0.6 °C. Since there were no nanoparticles inside the
target tumor region, the laser dosage alone could not elevate the
temperature [61]. Group IV animals were intratumorally injected
with 100 pL of 140 pg-mL-1 PVA-SNT solution and exposed under
1.0 W-cm-2 laser (808 nm) for 7 min. The IR thermal images in
Fig. 7c show the mouse body temperature increases from 31.7 to
54.1 °C during the photothermal treatment. After the photothermal
treatment, again the tumor region recorded a temperature of
33.4 °C, which was close to the mouse’s normal body temperature.
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The temperature elevation in the tumor region was sufficient to
treat the tumors in animal model. No animal died after the treat-
ment, which confirms the safety aspects of this therapy. Addition-
ally, there were no significant changes in the behavior or body
weight of the mice resulting from the photothermal shock. Our
study found no noticeable toxicity or lethal effect, which supports
the conclusions from earlier reports [62]. All the mice were
observed for an entire 4 weeks after treatment, until the complete
healing of the photothermal effects (Fig. 7d).

After the MDA-MB-231 cell line injection inside mouse body it
took 4 weeks to grow a workable tumor. The PTT treatment was
started on the 29th day post tumor cell injection. The mice were
taken at regular intervals for photography. Beside food and water,
no medication was provided to the mice. With the progress of time
the mouse affected tumor region was healed and no further tumor
growth was observed. The tumor volume and body weight were
regularly recorded for all the animals (Fig. 7e-g). The body weight
of all the experimental group mice was recorded at regular time
intervals. Up to 28 days after tumor induction, all the groups
showed regular weight gain. To the exception of mice treated with
the nanoparticles and laser (group IV), which show an effective
tumor inhibition progress with no further recurrence, all remain-

Subcutaneous injection of
MDA-MB-231 breast cancer cells

(b)

(d) 15 I 24 Hours
mm 3 Weeks

(e) 10,20 30 40 510 60 70 50 90190 10 20 30 40 5O so
e e e i il

Liver Spleen Kidney Lungs Heart Tumor

(¢ % & Mume
VO @
E B IR
P )Yty & (::)Gr_w

Intratumor injection of
PVA-SNT nanoparticles

808 nm NIR irradiation
single dose for 7 mins

Final cured
animal

Fig. 8. (a) Schematics illustration of in vivo experimental progress (b) Animals used in the in vivo study (all groups) after the photothermal treatment. (c) H&E stained images
of organs [(i) control (iv) treated liver, (ii) control (v) treated spleen, (iii) control (vi) treated kidney, (vii) control (x) treated lungs, (viii) control (xi) treated heart, (ix and xii)
tumor after various treatments (20x magnification; Scale bars: 50 um)]. (d) Biodistribution of silver in the organs (heart, liver, lungs, kidney, and spleen) and tumor of the
mice treated with PVA-SNT for 24 h and 4 weeks post treatment. (e) Organs (heart, liver, lungs, kidney, and spleen) and tumor recovered from post treatment mice model.



S. Mondal, José Luis Montafio-Priede, Van Tu Nguyen et al.

ing tumors grew larger (Fig. 7e and Fig. S9, Supporting Informa-
tion). Contrary to the control group, tumor bearing mice gained
more weight (Fig. 7f). After the photothermal treatment the group
IV mice suddenly lost weight; and after a week of post photother-
mal therapy the group showed normal weight gain (Fig. 7g). These
results confirm that PVA-SNT nanoparticles could be useful as ther-
anostic material with both diagnostic and therapeutic properties.

Histological analysis

The in vivo experimental study was performed for 7 weeks,
from tumor induction to photothermal treatment (Fig. 8a). All
the mice were observed and taken care of for an entire 4 weeks
post PTT treatment, until the complete healing (Fig. 8b). The histo-
logical analysis was performed after finishing the PTT study with
post treatment observation. The major organs (liver, spleen, kidney
lung, and heart) were collected and treated for H&E staining as dis-
cussed in the experimental section (Fig. 8c). The histological
images of tissues are presented in Fig. 8c. The healthy tissues with
no abnormal characteristics and lack of drastic body weight
changes strongly supports the nontoxic behavior of the PVA-SNT
therapeutics. While studying the histological section of the tumor
tissues we observed some significant changes resulting from the
PTT effects (Fig. 8c). The untreated tumors (groups I and II) show
poorly differentiated cells with granulated deep stained nuclei,
whereas PVA-SNT treated animals (group III) show moderate size
tumors with deep stained cells and granulated nuclei. Finally, ani-
mals treated with PVA-SNT and laser irradiation (group IV) show
no sign of tumors. While collecting the post-treatment surround-
ing tissues all healthy cells with prominent nucleus were observed;
there was no sign of cancerous tissues observed in the treated ani-
mals of group IV. During the observation period, all the tumor vol-
umes were measured at regular time intervals (Fig. 7g and
Supporting Information).

Biodistribution of PVA-SNT nanoparticles

The size of the nanoparticles plays an important role during
in vivo circulation. Less than ~8 nm nanoparticles undergo effi-
cient urinary excretion due to the pore size limit of glomerular fil-
tration in the kidneys [63]. Our synthesized PVA-SNT is 13-90 nm
in size which is most likely to be cleared by hepatobiliary fecal
elimination [64].

To analyze the accumulation of PVA-SNT in organs, randomly
selected mice from treated groups were sacrificed at 24 h and 4-
week time intervals. The organs were dissected and lysed with
8 h HNO; treatment. The silver concentration was quantified using
inductively coupled plasma mass spectrometry (ICP-MS). The
results show a high level of AgNPs at 24 h post tumor treatment
(Fig. 8d). At 24 h, the calculated accumulated percentage of post
injected dose per gram of tissue in tumor was about 2.1% ID-g~ .
Although it was an intratumoral injection, the nanoparticles were
able to mix with nearest blood flow and accumulate throughout
the different organs inside body system. As a result, the spleen
accumulated the highest amount (~0.27% ID-g~! at 24 h and
~0.05% ID-g~! after three weeks), whereas kidney, liver, lungs,
and heart accumulated 0.2, 0.19, 0.12, and 0.1% ID-g~!, respec-
tively, after 24 h post treatment. After 4 weeks, a biodistribution
study revealed a significant clearance of the nanoparticles from
the body system, with very negligible amounts: 0.05, 0.02, 0.08,
0.03, and 0.03% ID-g ! for the spleen, kidney, liver, lungs, and heart,
respectively. Due to this minute nanoparticle amount inside the
organs, there were no toxic or lethal effects. The organs and the
tumor were observed under an optical microscope to find any
physiological and structural changes (Fig. 8e). No such abnormali-
ties were observed in any of the organs; all the cross-sectional tis-
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sues appeared with healthy morphologies. Additionally, no
significant color change was observed; hence, the organs appeared
to be normal for all the experimental groups (I-IV). The overall
study concludes that the nanoparticles and their doses used here
are nontoxic, nonlethal, and highly effective for photothermal can-
cer therapy.

Conclusion

Cancer management has been one of the biggest conundrums in
the biomedical field. Photothermal therapy (PTT) now a day gain
attention as an emerging alternative to chemotherapy and radio-
therapy, which have associated to serious side-effects. Our study
was designed in combination with computational simulations to
estimate the plasmonic heat generation with a high accuracy and
which could be reliably compared to experimental results. A
drug-free PVA-SNT nanoparticle was synthesized and used as a
theranostic probe, which proved its excellent contrast efficiency
with enhanced photothermal activity against triple-negative
breast cancer mouse model. After coating with PVA synthetic
biopolymer, PVA-SNT nanoparticles showed excellent biosafety,
biocompatibility, photostability, and broad near-infrared absor-
bance. The material of choice, silver, is much cheaper than gold
and has a nearly equal efficiency with respect to plasmonic proper-
ties. The stability issue of silver was overcome by surface chem-
istry modification using PVA. The experimental study was
performed in vitro and in vivo, and displayed a powerful anticancer
efficiency with photoacoustic imaging guided photothermal treat-
ment property. PTT relies on ablation agents capable of converting
light into heat to kill the cancer cells without affecting normal cells
due to their better heat tolerance ability. A well-studied standard-
ized dose of 140 pg-mL~! PVA-SNT nanoparticles with 1.0 W-cm 2
laser irradiation for 7 min proved to be an effective and optimized
theranostic approach in terms of PAI guided treatment of triple
negative breast cancer management. This proposed combined
theoretical-experimental strategy may help researchers to better
understand other nanoparticles in terms of plasmonic efficiency
and usability, for future nano-biomedical research.
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