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In this study, we developed NIR-light responsive poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs)
by incorporating the ICG dye for the local delivery of small-molecule drugs and therapeutics. Since NIR
light can penetrate the skin up to a depth of 2 mm, it allows externally controlled photothermal-induced
drug release. The synthesized NPs had a size of approximately 100 nm upon conjugation with a model
anticancer drug, doxorubicin (Dox), which demonstrated in vivo NIR-derived heat generation exceeding
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45 °C within 5 minutes. The in vivo efficacy of these NPs was evaluated by administering them via the
tail vein route in DMBA/TPA-treated mice, resulting in a significant decrease in tumor size (from 15 to
1 mm?). Histological results obtained from sacrificed tumor tissue also clearly supported the therapeutic
activity of the developed NPs. This study indicates that NIR-guided PLGA-based NPs allow the localized
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1. Introduction

Localized delivery of anticancer drugs is crucial for both
improving their therapeutic efficiency and minimizing undesir-
able side effects. Traditionally, chemotherapeutic drugs admi-
nistered parenterally are distributed throughout the body via
the systemic bloodstream, which causes cytotoxic anticancer
effects not only in the tumor area but also in healthy tissues."?
In this regard, strategies for the localized blood flow elevation
in the intended tumor area, achieved through localized heat
stimuli, have emerged to facilitate desired drug accumulation.®
In cancer treatment, hyperthermia and photothermal therapy
(PTT) are established clinical techniques in which heating
the tumor area up to around 42 °C has been demonstrated
to increase tumor cell death.” These elevated temperatures
can also be utilized to enhance the local accumulation of
chemotherapeutic drugs, synergistically improving overall
treatment efficacy.’
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delivery of therapeutics in a spatially controlled manner, potentially improving overall patient care.

Nanoparticles (NPs) have emerged in synergistic cancer
therapies, serving as both NIR-derived heat generators and
novel carriers for diverse therapeutic agents.® Several NP-based
formulations have received FDA (US Food and Drug Administra-
tion) approval to date, such as biodegradable poly(lactic-co-glycolic
acid) (PLGA) NPs, confirming their safety.” The primary advantages
of NP-based drug carriers lie in their nanoscale size, which offers a
substantial surface area for drug loading, and their ability to
achieve passive tumor targeting through the enhanced permeabil-
ity and retention (EPR) effect. Furthermore, NPs can be formulated
with various functional motifs to respond to stimuli, including pH,
temperature, light irradiation, and other external triggers, enabling
spatiotemporal activation of NPs in vivo on-demand.® Inorganic
NPs, such as superparamagnetic iron oxide nanoparticles (SPIONs)
or gold nanorods, exhibit intrinsically high photothermal conver-
sion efficiency, making them suitable for PTT.”'° However, addres-
sing their cytotoxicity, in particular as the size decreases, remains a
challenge. On the other hand, organic and/or polymeric NPs offer
advantages in terms of dispersibility, degradability, and adapt-
ability to various existing bioconjugate chemistries, which provide
valuable strategies for fine-tuning the responsiveness of NPs to
external stimuli,"*

In this work, our objective was to design a nano-platform
for NIR-induced localized delivery of anticancer drugs. We
achieved this by co-loading the FDA-approved NIR-adsorbing
dye, ICG, with a model drug, Dox, into PLGA NPs. Following
intravenous administration, the developed drug-loaded NPs

Mater. Adv, 2023, 4, 5175-5183 | 5175


https://orcid.org/0009-0001-0475-6337
https://orcid.org/0009-0002-2554-1113
https://orcid.org/0009-0004-9170-1597
https://orcid.org/0000-0003-4337-4435
https://orcid.org/0000-0003-0806-2727
https://orcid.org/0000-0003-1440-5167
https://orcid.org/0000-0001-9122-3602
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00375b&domain=pdf&date_stamp=2023-10-03
https://doi.org/10.1039/d3ma00375b
https://doi.org/10.1039/d3ma00375b
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00375b
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004021

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 1402. Downloaded on 07/11/1404 07:36:34 ..

(cc)

Paper

o
o o 0+H .
H y A NH,
Doxorubi.cin (Dox)Y” “oH

poly(lactic-co-glycolic acid)

(PLGA) + 0o,
e e y Dox-ICG-loaded PLGA
S vete e i o Nanoparticles (NPs)
N ® 00 ®
R 4 b, 3
b. NI \:% Oqim
Tumor microenvironments responsive
Dox-ICG-loaded PLGA NPs
Passive Target = Improper drainages
system/ porous leaky vasculature £ .
: Passive diffusion
————— === ofdrug
) Photothermal heat in
tumor area
Scheme 1 (a) The chemical composition of the developed NPs: both

doxorubicin (Dox) and indocyanine green (ICG) were co-loaded into
poly(lactic-co-glycolic acid) (PLGA). (b) Working principle of the developed
NPs upon NIR irradiation. The biodegradable nanoscale PLGA NPs can be
tumor-targeted (passive) by using an improper drainage system/acidic pH/
porous leaky vasculature and generate area-specific photothermal heat in
response to NIR light exposure.

(Dox-ICG-loaded PLGA) generate heat locally through photo-
thermal conversion upon NIR light irradiation (Scheme 1). This
NP-mediated temperature change can be monitored in real
time to track the localization of NPs within the tumor.
To assess their effectiveness in cancer therapy, we conducted
in vivo experiments with DMBA/TPA-induced tumor-bearing
mice to confirm the feasibility of these synthesized NPs.

2. Materials and methods
2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA) with lactide:glycolide
(50:50) with a molecular weight of 30000-60000, polyvinyl
alcohol (PVA) with an 88% hydrolyzation degree, DMBA, TPA
and indocyanine green (ICG) were purchased from Sigma-
Aldrich, Germany. Doxorubicin (Dox) was obtained as a gift
from Beacon Pharmaceuticals Ltd, Dhaka, Bangladesh. The
remaining reagents and solvents utilized in this study were
analytical grade.

2.2. PLGA NP synthesis and drug loading

Poly(p,L-lactide-co-glycolide) (PLGA) nanoparticles (NPs) were
prepared using an emulsification solvent diffusion method
with polyvinyl alcohol (PVA) as the stabilizer.'* First, PLGA,
the anticancer drug (doxorubicin), and ICG were dissolved in
dichloromethane (DCM). Then this solution was added drop-
wise to the surfactant (PVA) under mild to vigorous magnetic
stirring. The pre-emulsion was then homogenized (12 000 rpm,
5 min) using a high-speed homogenizer (HQ-2475, MXBAO-
HENG, China). The water phase promotes the diffusion of the
organic phase into the external phase, leading to the formation
of PLGA nanoparticles (NPs). Lastly, the organic phase was
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evaporated with continuous magnetic stirring for 10-12 h. The
prepared NPs were then freeze-dried for further studies.

2.3. Characterizations

A Xintest HT-02 NIR thermal imaging camera and an 808 nm,
2 W em ™ portable NIR laser (China) were used. Ultraviolet and
visible (UV-vis) spectral absorptions were recorded using a
UV-1800 Shimadzu spectrophotometer (Kyoto, Japan). Fourier-
transform infrared (FT-IR) measurements were conducted in
the ATR (attenuated total reflection) mode in the region from
400 to 4000 cm " by using infrared (IR) spectroscopy (iR Affinity
1, Shimadzu, Japan). The (%) transmission spectra were
measured at 2 cm™ ' resolution. '"H NMR spectroscopy was
conducted using a Bruker AVANCE 400 NMR spectrometer with
de-DMSO as the solvent.

The chemical compositions of NPs were assayed by ATR-IR
and energy-dispersive X-ray (EDX) spectroscopy. Scanning elec-
tron microscopy (SEM) was used to determine the size, shape,
and structural properties. The polydispersity index (PDI), zeta
potential, and behaviour in liquid media were studied using
dynamic light scattering (DLS) and zeta potential measure-
ments (Malvern Zetasizer).

The size (diameter, nm), polydispersity index, and surface
charge (zeta potential, mV) of the PLGA NPs and drug/dye-
loaded PLGA NPs were determined using a Zetasizer (Malvern
Instruments Ltd, Malvern, UK) equipped with a He-Ne laser
with a wavelength of 633 nm and a fixed scattering angle of 90°.
Determinations were performed at 25 °C for samples appro-
priately diluted in Milli-Q water.

2.4. Scanning electron microscopy (SEM) imaging and energy-
dispersive X-ray (EDX) spectroscopy

The particle size and surface features of PLGA NPs and drug/
dye-loaded PLGA NPs were studied using field emission scan-
ning electron microscopy (FE-SEM; model: JSM-6700, JEOL Ltd,
Japan). The NP samples were prepared by spreading them on
an aluminium foil. The blank, ICG-loaded PLGA NPs, Dox-
loaded PLGA NPs and Dox-ICG-loaded PLGA NPs were
sputter-coated with a gold-palladium alloy for boosting the
electrical conductivity to obtain high-resolution SEM images
and energy-dispersive X-ray (EDX) spectra for composition
analysis. Finally, all SEM images were taken using an accelera-
tion voltage of 5 kV or 15 kv.

2.5. In vitro release kinetics of drug-loaded NPs

The loading content and loading efficiency were determined by
using UV-visible spectroscopy (Amax = 480 nm), where the
number of samples exceeded five. The loading content can be
calculated as [drug-loaded PLGA NP weight - bare PLGA NP
weight] x 100/(drug-loaded PLGA NP weight). The loading
efficiency can be calculated as [Dox (total) — Dox (no deposited)
x 100/Dox (total)]."* The Dox loading content and loading
efficiency on Dox-ICG-loaded PLGA NPs were 1% (w/w) and
86%, respectively.

The release behaviour of drugs from Dox-ICG-loaded PLGA
NPs was evaluated at 36 °C and different pH values of 4.0, 5.5,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 7.4 with or without 5 min NIR irradiation in PBS buffer
medium (10 mmol) inside dialysis chambers (with a molecular
weight cut-off equal to 3500) against water.® To determine the
amount of drug released, a 3 mL solution was taken from the
outside released medium, and 3 mL of the solution was
replaced by the new-release medium. The absorbances were
measured at 480 nm using UV-visible spectroscopy; the amount
(%) of the drug released was then calculated.

2.6. In vivo studies

The animals were housed under standard laboratory conditions
(relative humidity: 55-65%, room temperature: 23 £ 2 °C, and
12 h light/dark cycle). Adult Swiss albino mice of either sex aged
7-8 weeks and weighing 30-35 g were obtained from the animal
house of the Department of Pharmaceutical Sciences, North
South University (NSU). The animals were fed with a standard
diet and water ad libitum. The NSU Institutional Animal Care
and Use Committee (IACUC) approved (IACUC ID: 2021/OR-
NSU/IACUC/1103) the experimental protocol (SRC ID: CTRG-21-
SHLS-01).

2.7. In vivo tumor (skin carcinogenesis) model

The in vivo tumor was induced in mice according to the method
reported in the literature.' For instance, under ketamine
anaesthesia, the mice were shaved on the back skin for topical
application of 7,12-dimethylbenzanthracene (DMBA) and 12-O-
tetradecanoylphorbol-13-acetate (TPA). DMBA (50 ng/200 pL)
was applied topically once on the shaved area using a pipette.
TPA (5 pg/200 pL) was then applied after one week, topically
with a micropipette twice a week. A palpable mass greater than
1 mm in diameter was considered a papilloma and tumor. The
recorded tumor volume (mm?®) can be calculated as m/6 x
(length x width x height)."> The mice bearing skin tumours
were treated with a chemotherapeutic drug in the presence or
absence of mild photothermal heat treatment.

2.8. In vivo treatments

When the tumor grew 15 + 2 mm” in volume, 200 pL of sterile
water for injection (SWFI) containing Dox (free), Dox-loaded
PLGA NPs or Dox-ICG-loaded PLGA NPs at 30 mg per kg per
one-dose per week (body weight) was injected for five weeks
into the mice tail vein (n = 5 per group). After a one-hour post-
injection period every week, the tumours were irradiated using
a NIR laser (photothermal heat) and maintained at 45 °C for
5 min."*™® In the following steps, the therapeutic results of
each group were evaluated by measuring the tumor volumes for
five weeks. The survival of all animals was recorded over that
period. For histological analysis, tumor tissues were excised
from the mice in the sixth week. The sliced tumor tissues
(6 nm) were stained with haematoxylin and eosin (H&E) and
observed with an optical microscope.'® The combination index
(CI) of Dox-ICG-loaded PLGA NPs for synergistic cancer therapy
was calculated in the absence and presence of photothermal
heat. The derived combination index equation (CIE) for two
types of treatment is as follows: CI = D1/Dx1 + D2/Dx2." Here,
Dx1 and Dx2 are the two doses (min and max concentrations)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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used to recover in the absence of photothermal heat, and D1
and D2 are the two doses (concentrations) used to recover from
the tumour in the presence of photothermal heat. The complete
design of the in vivo experimental mice model was followed
accordingly.

Tumor growth Cancer therapy

DMBA/TPA I Dox-ICG loaded PLGA NPs and NIR light > I Sacriﬁccd>

8 weeks 5 weeks 6 week

3. Results and discussion

The goal of this study was to develop a nanoparticle (NP) based
drug delivery system (DDS) for doxorubicin (Dox) and improve
the antitumor activity by photothermal stimuli. PLGA was
selected for the preparation of NPs for its biodegradability and
biocompatibility.® In this study, Dox and the NIR responsive
indocyanine green (ICG) dye were loaded into PLGA NPs. Fig. S1
(ESIt) shows the photo images of the purified PLGA NPs
(blank), ICG dye-loaded PLGA NPs, Dox-loaded PLGA NPs,
and drug-ICG-loaded PLGA NPs during synthesis. The UV-
visible spectra show PVA and PLGA, the precursor of PLGA
NPs (Fig. 1a). The PVA optical absorption shows a sharp peak
near 223 and two broad peaks near 282 and 327 nm.*° The free
PLGA shows a strong peak near 210 nm and a narrow peak near
300 nm.?" The NPs were prepared using PLGA as the precursor
polymer and PVA as the surfactant. As a result, the PLGA NPs
showed a broad spectrum from 200 to 400 nm without a
defined peak. At the same time, the ICG-loaded PLGA NPs
showed a defined spectrum near 800-810 nm as an indication
of this NIR (ICG) dye.*” Additionally, the Dox-ICG-loaded PLGA
NPs retain the previous broad spectrum with an additional
peak near 480-500 nm, demonstrating the simultaneous load-
ing of doxorubicin.'? At the same time, the UV-visible absorp-
tion spectrum exhibited an increased baseline level for all PLGA
NPs. This might be due to the particle nature and optical
absorbance properties of all PLGA-based NPs.

The FT-IR spectra of PLGA NPs, ICG-loaded, Dox-loaded, and
ICG-Dox-loaded PLGA NPs showed characteristic peaks in their
selected area (Fig. 1b). The PLGA NP bands of the spectrum
near 1760 cm ™' correspond to the carbonyl (-C=O0) of the
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PLGA NPs
—— ICG-loaded PLGA NPs.
—— Dox-loaded PLGA NPs
—— Dox-ICG-loaded PLGA NPs
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Fig. 1 Characterization of the chemical formulations of PLGA NPs.
(a) UV-visible absorption spectra of PVA, PLGA, PLGA NPs, ICG-loaded
PLGA NPs, Dox-loaded PLGA NPs and Dox-ICG-loaded PLGA NPs.
(b) The FT-IR transmission peaks of blank PLGA NPs, ICG-loaded PLGA
NPs, Dox-loaded PLGA NPs and Dox—ICG-loaded PLGA NPs.
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lactone, the 1459 cm ™' peak to the C-H bending of the CH;
group, and the 1423 cm ™" peak to the CH bending of the O-CH
group of glycolic acid.>® The PLGA NPs were used to load ICG
for NIR responsiveness and photothermal conversion effi-
ciency. The ICG dye-loaded PLGA NPs exhibited a C—C (aro-
matic) stretching peak at 1400-1500 cm™ ', and (C-H) vinyl
stretching occurred at 900-1100 cm™ " and a C-H out-of-plane
bending peak was observed at 600-1000 cm ™ *.>** To investi-
gate the antitumor activity, doxorubicin (Dox) was also loaded
into the PLGA NP system. The Dox-loaded PLGA NPs showed
characteristic IR peaks near 2933 cm ™" for C-H and 1083 cm ™"
for C-O groups with peaks near 805 and 688 cm ' corres-
ponding to C=H bending and the C=C bond in the ring.>*?°
The characteristic FTIR transmission peaks of ICG and Dox in
ICG-Dox-loaded PLGA NPs can confirm the successful loading
in PLGA NP carriers.

The PLGA NPs were characterized by "H-NMR spectroscopy
analysis (Fig. 2). The peak near ¢ 1.55 ppm of PLGA NPs is
attributed to the methyl protons of p- and t-lactic acid repeated
monomer of PLGA. At the same time, the peak near 6 5.2 ppm is
assigned to the CH proton of lactic acid and that near ¢ 4.8 ppm
to the CH, group of glycolic acid.*®> The "H-NMR spectrum of
ICG-loaded PLGA NPs indicated additional peaks around ¢
4.23 ppm for the CH, protons of the alkyl chain and the CH
proton of the benzene ring near ¢ 7.96-7.98, 7.60, and
7.45 ppm.”” At the same time, the Dox-loaded PLGA NPs showed
peaks around 6 1.18 (d, 3H, CHj), § 4.17 (m, 1H), é 3.93 (S, 3H,
OCH3), 6 5.30 (S, 1H, H11), § 4.93 (1H) and 4 7.90-7.92 (m, 2H, H3,
H4).”® These characteristic proton peaks for doxorubicin indicate
its successful loading into PLGA nanoparticles. Combining Dox
and ICG in the PLGA NP delivery system (Dox-ICG-loaded PLGA
NPs) retains most of their precursor proton peaks, and some
overlap and slightly shifted signals (Fig. 2d). Therefore, most of
the proton peaks in Dox-ICG-loaded PLGA NPs demonstrated the
presence of doxorubicin and ICG dye.

Scanning electron microscopy (SEM) image analysis was
carried out for the PLGA NPs to examine their size, shape,
and structural compositions (Fig. 3). The particles had a
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Fig. 2 Characterization of the chemical structures of the synthesized
NPs. 'H-NMR (dg-DMSO) spectra of (a) blank PLGA NPs and (b) ICG-
loaded PLGA NPs with magnified area (3.2 to 4 6 and 0.8 to 2.7 9) (green
colour), (c) Dox-loaded PLGA NPs (red colour), and (d) Dox-ICG-loaded
PLGA NPs with magnified area (0.8 to 2.7 ¢ and 3.2 to 5.4 9), respectively.
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Fig. 3 Characterization of the morphology and size distribution of NPs.
The scanning electron microscopy (SEM) images (scale bar: 1 um) of (a)
PLGA NPs, (b) ICG-loaded PLGA NPs, (c) Dox-loaded PLGA NPs and
(d) Dox—ICG-loaded PLGA NPs. Representative energy dispersive X-ray

(EDX) spectroscopy analysis for the elemental (C, carbon; N, nitrogen; O,
oxygen; S, sulphur) compositions of the respective samples.

diameter of 100-180 nm with a spherical shape. The SEM
images of PLGA NPs before and after loading with the ICG
dye and Dox drug are shown in Fig. 3. The SEM images of the
NPs revealed a smooth, uniform surface in the case of blank
PLGA NPs, whereas ICG-, Dox-, and Dox-ICG-loaded particles
showed slightly irregular surfaces. The loaded agents into PLGA
NPs distributed asymmetrically and randomly during NP
formation.?® These can be attributed to the autonomous pro-
pelling of different PLGA, Dox, and ICG groups on the particle
surface after completing the NP synthesis (Fig. S2, ESIt).

The EDX (SEM/EDX) spectra showed the elemental contents
in PLGA NPs. In the EDX spectra, the indication of sulphur (S)
element is owing to the presence of ICG in ICG-loaded PLGA
NPs. The nitrogen (N) element originated due to the presence of
doxorubicin in Dox-loaded PLGA NPs. At the same time, the
presence of C and O elements as the base elements of these NP
delivery systems was mainly due to the PLGA polymer.>° The
elemental distribution of Dox-ICG-loaded PLGA NPs showed an
asymmetric distribution of N and S elements after the functio-
nalization and loading process. The N element content on the
PLGA NP surface increased from 2.15 to 7.89% in Dox-loaded
and Dox-ICG-loaded PLGA NPs. EDX elemental analysis
focused on ICG-loaded and Dox-ICG-loaded PLGA NPs, reveal-
ing the presence of 1.14% and 3.51% S, respectively. However,
blank PLGA NPs showed no trace S element. The embedded
ICG in PLGA NPs was the reason for the presence of a trace
amount of the S element.*’

The XRD patterns of blank PLGA NPs, ICG-loaded PLGA NPs,
Dox-loaded PLGA NPs, and Dox-ICG-loaded PLGA NPs are
shown in Fig. S3a (ESIf). The XRD 20 peaks of Dox showed
sharp scattering angles near 15-25° and 8-16°, respectively.
On the other hand, the diffraction pattern of free ICG exhibited
a non-specific broad XRD pattern.®® At the same time, no
characteristic peaks appeared in Dox-loaded PLGA NPs, similar
to blank PLGA NPs. The XRD scattering angles of the blank and
drug-loaded PLGA NPs exhibited broader and weaker peaks.
The absence of sharp XRD 26 peaks can be related to a semi-
crystalline structure due to an extensive PLGA-based NP system.
This indicates loading and encapsulation of Dox and ICG in
Dox-ICG-loaded PLGA NPs.’” The result proves that PLGA NPs
can retain their original amorphous structure after loading of
both ICG and Dox.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The surface charge of the prepared NPs was measured by
zeta potential (mV) distribution. The blank PLGA NPs showed
an average negative zeta potential of —50 mV (Fig. S3b, ESIT).
Native PLGA NPs contained anionic acidic functional groups,
indicating negative surface charges. At the same time, ICG-
loaded PLGA NPs, Dox-loaded PLGA NPs, and Dox-ICG-loaded
PLGA NPs exhibited average zeta potentials of —31 mV,
—13 mV, and +16 mV, respectively. The charge of blank PLGA
NPs slightly decreased with the loading of ICG, which indicated
shielding of the negative surface charges. Indeed, Dox-loaded
PLGA NPs showed a decreased negative potential as the Dox
contained positively charged groups. The Dox-ICG-loaded
PLGA NPs retained positive potential owing to the neutraliza-
tion of native surface charges and positive functional group
residues.’® The positive +mV zeta potential is effective for cell
surface anchoring, absorption, and delivery of therapeutic
payload.

The hydrodynamic volumes of blank PLGA NPs, ICG-loaded
PLGA NPs, Dox-loaded PLGA NPs, and Dox-ICG-loaded PLGA
NPs were measured by DLS (dynamic light scattering) (Fig. S4,
ESIT). The average diameter of blank PLGA NPs was 120 nm
(polydispersity index, PDI = 0.99), that of ICG-loaded PLGA NPs
was 130 nm (PDI = 0.65), that of Dox-loaded PLGA NPs was
180 nm (PDI = 1), and that of Dox-ICG-loaded PLGA NPs was
140 nm (PDI = 0.75). This can explain that solvent evaporation
and polymer diffusion determine particle size-related proper-
ties. The chemical nature of the loaded small molecular ICG
and Dox in the PLGA NP system is believed to contribute to the
solvent evaporation rate and diffusion rate, which could be a
reason for the different sizes, size distributions, and different
PDIs."”

The loaded ICG photosensitizes the PLGA NPs, which can
generate heat from light absorption at a specific location. The
photothermal heat generation capability of PLGA NPs, Dox-
loaded PLGA NPs, ICG-loaded PLGA NPs, and Dox-ICG-loaded
PLGA NPs was studied in response to NIR irradiation (808 nm).
The results showed that the temperature substantially increased
(~42 °C in 5 minutes) in the case of ICG-loaded PLGA NPs and
ICG-Dox-loaded PLGA NPs (Fig. 4). In contrast, Dox-loaded PLGA
NPs showed a lower level of photothermal conversion. At the same

a. b.
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~o— Dox-loaded PLGA NPs o~ 0.5 mg/ml
4 v ICG-loaded PLGA NPs 45 v— 0.1 mg/ml
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Fig. 4 Comparison of the photothermal conversion efficiency of the
synthesized NPs in different formulations. (a) The temperature elevation
curves of blank PLGA NPs, Dox-loaded PLGA NPs, ICG-loaded PLGA NPs,
and Dox—ICG-loaded PLGA NPs in response to 5 min NIR irradiation
(808 nm laser, 2 W cm™2). (b) The concentration-dependent thermal heat
generated curve of Dox-ICG-loaded PLGA NPs as a function of NIR
irradiation time.
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time, the photothermal efficiency of Dox-ICG-loaded PLGA NPs
showed that increasing temperature is time and concentration-
dependent. In the presence of NIR light, the temperature increased
from 26 to 42 °C when the concentration was 1 to 0.001 mg mL .
Such heat is very effective for in vivo applications in photothermal
therapy (PTT) and temperature-responsive drug delivery systems
(DDS).** Additionally, the photothermal conversion efficiency (i) of
Dox-ICG-loaded PLGA NPs was calculated based on the energy
balance of the system (Fig. S5, ESIf).* The 5 value of Dox-ICG-
loaded PLGA NPs in water was 30.80% which is comparable to
those of other ICG encapsulated polymeric nanoparticles.>*

The in vitro cumulative drug release from Dox-ICG-loaded
PLGA NPs was studied at different pH values (4.0, 5.5, and 7.4)
without and with photothermal heat.® Fig. 5a and b shows that
the cumulative release of Dox was increased in acidic pH and
the presence of NIR irradiation. At 36 °C (body temperature),
the cumulative release of Dox was 45%, 49%, and 55% after
six hours when the pH was 7.4, 5.5, and 4.0, respectively.
In contrast, the Dox release rate was 50%, 55%, and 62% under
NIR light irradiation. Such temperature can be generated at the
tumor site after PLGA NP-loaded drug administration and NIR
light treatment. Treating the PLGA NPs at a higher temperature
induced favourable dissolution and enhanced the release rate.
At the same time, the rate of release can be increased in acidic
environments like those with pH 4-5.5. At the same time, the
study of ICG release from Dox-ICG-loaded PLGA NPs under the
same experimental conditions showed almost similar kinetics
to those observed above (Fig. S6, ESIt). This is because acidic
pH helps protonation/ionization to accelerate Dox from PLGA
NP carriers.**” The effective Dox release was reported at
higher temperatures and lower pH values.*®*° It can be syner-
gistically enhance the efficacy of chemotherapy, PTT, immu-
notherapy, and other cancer therapies.**™*?

The acidic pH response can be successfully utilized in the
PLGA NP system as the cellular organelles and tumor micro-
environments are typically acidic. The photothermal heat at
5 h, 10 h, and 15 h time points showed moderately increased
drug release from PLGA NP carriers (Fig. S7, ESIT). However, the
impact of NIR heat was slightly decreased on drug release at
10 h and 15 h of observation compared to 5 min and 5 h points.

Cumulative drug release (%)
Cumulative drug release (%)

Time (Hrs.)

Time (Hrs.)

Fig. 5 Drug release profiles of the synthesized NPs upon pH variation.
(a) The pH-responsive in vitro (%) drug release of Dox—ICG-loaded PLGA
NPs. The release medium pH was 7.4, 5.5, and 4.0 and the temperature
was 36 °C. (b) The heat-responsive in vitro drug release in response to
5 min NIR irradiation (808 nm laser, 2 W cm~2). The NIR light was used at
the beginning of the drug release study.
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Fig. 6 Evaluation of in vivo photothermal conversion upon NIR light
irradiation. (a) The in vivo thermograph in response to NIR laser treatment
on mice tumor. The images were recorded after tail vein administration of
blank PLGA NPs (control group), Dox-loaded PLGA NPs, ICG-loaded PLGA
NPs, and Dox—-ICG-loaded PLGA NPs. (b) A representative photo-image of
tumor-bearing mice with NIR laser irradiation and (c) in vivo photothermal
heat generation curve in response to different NIR irradiation times (mean
+ SD, n = 5). The NIR laser irradiation and temperature were recorded one
hour post-injection at first therapy. An 808 nm, 2 W cm™2 laser was used.

In tumor-bearing mice, the photothermal conversion effi-
ciency was studied after administering Dox-loaded PLGA NPs,
ICG-loaded PLGA NPs, and Dox-ICG-loaded PLGA NPs upon
NIR laser irradiation (Fig. 6). The in vivo thermographs were
recorded using a NIR thermal camera, and each tumor surface
was irradiated for up to five minutes one hour post injection
(tail vein).'® The figure shows no noticeable temperature gen-
eration in the control group (blank). The Dox-loaded PLGA NPs
showed almost the same result as the control group, i.e. no
noticeable temperature changes on the tumor surface. At the
same time, ICG-loaded PLGA NPs and Dox-ICG-loaded PLGA
NPs exhibited increased surface temperature in response to
NIR irradiation. Indocyanine green (ICG) dye with strong NIR
absorbance has been proven as an effective photothermal
agent. In the presence of NIR light, the ICG-based NPs generate
vibrational energy to translate into heat energy owing to photo-
thermal conversion. The tumor surface temperature measured
with the IR thermal camera raised from 36° to 48 °C steadily
within five minutes, in contrast to control and Dox-loaded
PLGA NPs. The similar NIR-responsive photothermal heat was
overserved up to the fifth therapy (five weeks) in every tumor-
bearing mouse group. The laser-treated photothermal heat
can be increased in the necrotic area in tumours through
irreversible damage to the cellular structure. Such photo-
thermal ablation, known as photothermal therapy (PTT), can
kill cancer cells when the temperature is maintained at 42 °C
for 15-60 minutes.***™** Additionally, it is suggested that
chemotherapy drugs combined with PTT can synergistically work
to eradicate malignant tumours biologically and thermally.*

For the evaluation of in vivo antitumor therapeutic activity,
the free drug (Dox) and Dox-loaded PLGA NPs were investigated
against the DMBA-initiated and TPA-promoted mice tumor
models on the skin (Fig. 7). The representative photo images
showed that DMBA/TPA treatment induced tumors in mice."*
The tumor-bearing mice were injected in the tail vein with a
free drug (Dox), Dox-loaded PLGA NPs, and Dox-ICG-loaded
PLGA NPs without and with 5 min NIR laser irradiation.® The
six week observation showed a decreased tumor size compared
with the control group. A difference in size reduction was
observed in Dox-ICG-loaded PLGA NP-treated mice, which
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Fig. 7 Evaluation of the in vivo anticancer efficiency of the developed
NPs. (a) The photo images (before and after treatment) of tumor bearing
mice treated with no drug (control group), free drug (Dox), Dox-loaded
PLGA NPs, Dox—ICG-loaded PLGA NPs and Dox-ICG-loaded PLGA NPs
under 5 min NIR laser irradiation. (b) The in vivo anticancer activity was
measured by observing the tumor volume (mm?3) size reduction in the
blank group (control group) and mice treated with free Dox, Dox-loaded
PLGA NPs, Dox—ICG-loaded PLGA NPs and Dox—ICG-loaded PLGA NPs
under 5 min NIR laser irradiation. (c) The Kaplan—Meier curve for the (%)
survival was recorded during the anticancer activity of mice (mean + SD,
n = 5). (d) The photo images of the tumor were collected from the
sacrificed mice treated with (I) Dox—ICG-loaded PLGA NPs under 5 min
NIR laser light irradiation, (Il) Dox—-1CG-loaded PLGA NPs, (lll) Dox-loaded
PLGA NPs, (IV) free drug (Dox) and (I) no drug (control group). The NIR laser
irradiation was performed one hour post injection. An 808 nm, 2 W cm—2
laser was used. (Error bars were based on standard deviations (+SD) and
n = 5 per group where ***p < 0.001 was determined by Student’s t test
value.)

was remarkably reduced when NIR irradiation was applied in
the treatment group.

The tumor (15 + 2 mm?®) grows noticeably after eight weeks
of DMBA/TPA application on the skin of mice. In the control
group, a number of mice showed burst carcinogen exposure,
and the tumor size and number continuously increased com-
pared to free Dox-loaded and different Dox-loaded PLGA NP
groups (Fig. S8, ESIf). All mice were treated once weekly at
30 mg kg~ body-weight dose for five weeks. The tumor grew
heterogeneously and showed variations in different mice before
treatments. However, injection of Dox-loaded PLGA NPs and
Dox-ICG-loaded PLGA NPs in the tail vein noticeably sup-
pressed tumor development in terms of the area and average
number. The mice treated with Dox-ICG-loaded PLGA NPs with
five minutes of NIR-based photothermal irradiation of the
tumor area showed the disappearance of the visible tumor.
This might be because the generated photothermal heat on the
tumor area facilitated improved drug deposition, followed by
synergistic ablation of the tumor.***” The combination index
(CI) values showed values < 1, which quantitively suggested a
synergistic effect in the presence of photothermal heat on the
tumours of mice."

The average body weights of mice treated with Dox, Dox-loaded
PLGA NPs, Dox-ICG-loaded PLGA NPs, and Dox-ICG-loaded PLGA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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NPs under NIR light irradiation were recorded (up to 6 weeks) to
monitor their health condition (Fig. S9, ESIt). In the initial stages,
all mice showed slightly increased body weight. A few weeks later,
the body weight in the PLGA NP treatment group remained
unchanged. However, the control group mice showed different
body weights up to the 6th week, where the last therapy was given
in the 5th week. At the same time, the mice treated with free Dox
showed decreased average body weight after the treatment started.
This shows that chemotherapy related side-effects hamper regular
physiological activity and weak health conditions.*®

It should be noted that the PLGA NPs loaded with Dox
maximized the anticancer efficacy of ICG-mediated photother-
mal heat. The results could be attributed to the following two
reasons: first, the Dox-ICG-loaded PLGA NPs were efficiently
internalized by the acidic tumor microenvironment and leaky
blood vessels, thus significantly facilitating intracellular Dox
delivery. Second, the internalized Dox-ICG-loaded PLGA NPs
with mild photothermal heat could aid the trafficking of Dox
from PLGA NPs close to nuclei to boost its anticancer potency.
Based on these findings, it can be concluded that the Dox-ICG-
loaded PLGA NPs with NIR-triggered heat in this work can be a
promising approach for efficient cancer therapy.*’

The survival analysis during the in vivo study showed that
60% of mice died after the first week in the control group
(Fig. 7c). At the same time, the other group maintained a 90%
survival rate. The survival percentages slightly decreased by
75% in the free Dox-treated group, whereas the PLGA-based NP
group maintained a 90% survival rate. Thus, the results suggest
the overall therapeutic benefits of chemotherapeutic-loaded PLGA
NP systems.* At the end of the in vivo study, the tumor tissues were
collected from the sacrificed mice in the 6th week (after five week
therapy) (Fig. 7d). The image results and scale bars also suggested
that Dox-ICG-loaded PLGA NPs with photothermal heat can
significantly reduce the incident and tumor area.”

In the histological analysis, the control group and different
treatment groups were studied to compare the effects of an
anticancer drug (Dox) with photothermal heat on tumor size
reduction (Fig. 8). The tissues were collected after six weeks

Fig. 8 Evaluation of tumor growth suppression by NIR-derived photo-
chemotherapy. The Hematoxylin and eosin (H&E) staining images of the
tumor tissue sections of mice treated with (a) no drug (control group), (b)
free Dox (drug), (c) Dox-loaded PLGA NPs, (d) Dox—ICG-loaded PLGA NPs
and (e) Dox—ICG-loaded PLGA NPs under 5 min NIR laser irradiation. The
scale bar is 25 pm, and images are recorded at 10x magnification. The
(vertical) line bar indicates the thickness of the epithelial cell.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from the tumor area of sacrificed mice. The haematoxylin and
eosin (H&E) staining optical images were used in this evalua-
tion. The control (no treatment) group tumor section showed
a thick (mm scale) epithelial layer with hyperkeratosis and
keratin pearl, an indicator of squamous cell carcinoma.'®
At the same time, the tumour sections of the treatment groups
exhibited a decreased epithelial layer. Such changes can be
explained by control differentiation and cell growth.>' The
epithelial layer was significantly reduced (pm range) in the
Dox-ICG-loaded PLGA NP treatment group, and it appeared
like a healthy skin layer when Dox-ICG-loaded PLGA NPs with
5 min NIR laser irradiation were applied. This result indicated
that photothermal heat with Dox-ICG-loaded-PLGA NPs sub-
stantially inhibited tumor growth.3*>3

4. Conclusions

Chemotherapeutic drugs have long been used as a cost-effective
and primary choice of medication for cancer treatment. Con-
sequently, there is a strong desire to achieve area-specific
cytotoxic effects and maximize drug accumulation at the tumor
site in vivo. This study focused on achieving area-selective
action through the systemic administration of Dox-ICG-
loaded PLGA NPs, facilitated by localized heat generated by
photothermal conversion. The nanoscale particle size and
elemental compositions were characterized using SEM/EDX,
DLS, XRD, FT-IR, and 1H-NMR spectroscopy. The NIR response
and photothermal heat generation were found to be time- and
concentration-dependent. The convenience of using NIR light
as a heat-generating tool in conjunction with Dox-ICG-loaded
PLGA NPs holds promise for advancing various chemotherapy
combinations. We have observed significant improvements in
tumor size, number, and histology following this approach.
A NIR-guided PLGA NP formulation of Dox has wide applic-
ability in synergistic anticancer therapies for solid tumours.
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