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ABSTRACT: Breast cancer is one of the leading causes of mortality in women globally.
The efficacy of breast cancer treatments, notably chemotherapy, is hampered by inadequate
localized delivery of anticancer agents to the tumor site, resulting in compromised efficacy
and increased systemic toxicity. In this study, we have developed redox-sensitive poly(lactic-
co-glycolic acid) (PLGA) nanoparticles for the smart delivery of palbociclib (PLB) to breast
cancer. The particle size of formulated PLB@PLGA-NPs (nonredox-sensitive) and RS-
PLB@PLGA-NPs (redox-sensitive) NPs were 187.1 ± 1.8 nm and 193.7 ± 1.5 nm,
respectively. The zeta potentials of nonredox-sensitive and redox-sensitive NPs were +24.99
± 2.67 mV and +9.095 ± 1.87 mV, respectively. The developed NPs were characterized for
morphological and various physicochemical parameters such as SEM, TEM, XRD, DSC,
TGA, XPS, etc. The % entrapment efficiency of PLB@PLGA-NPs and RS-PLB@PLGA-
NPs was found to be 85.48 ± 1.29% and 87.72 ± 1.55%, respectively. RS-PLB@PLGA-NPs
displayed a rapid drug release at acidic pH and a higher GSH concentration compared to
PLB@PLGA-NPs. The cytotoxicity assay in MCF-7 cells suggested that PLB@PLGA-NPs
and RS-PLB@PLGA-NPs were 5.24-fold and 14.53-fold higher cytotoxic compared to the free PLB, respectively. Further, the
cellular uptake study demonstrated that redox-sensitive NPs had significantly higher cellular uptake compared to nonredox-sensitive
NPs and free Coumarin 6 dye. Additionally, AO/EtBr assay and reactive oxygen species analysis confirmed the superior activity of
RS-PLB@PLGA-NPs over PLB@PLGA-NPs and free PLB. In vivo anticancer activity in dimethyl-benz(a)anthracene-induced breast
cancer rats depicted that RS-PLB@PLGA-NPs was highly effective in reducing the tumor size, hypoxic tumor, and tumor vascularity
compared to PLB@PLGA-NPs and free PLB. Further, hemocompatibility study reveals that the developed NPs were nonhemolytic
to human blood. Moreover, an in vivo histopathology study confirmed that both nanoparticles were safe and nontoxic to the vital
organs.
KEYWORDS: breast cancer, palbociclib, smart delivery, in vivo imaging

1. INTRODUCTION
Breast cancer is the most common form of malignancy in
women.1 In 2020, breast cancer surpassed lung cancer as the
most frequently diagnosed malignancy in women, with
approximately 2.3 million new cases, accounting for 11.7% of
all cancer diagnoses.2 Epidemiological studies revealed that by
2030, the global incidence of breast cancer is projected to reach
nearly 2 million.3 Breast cancer mortality rates in developing
countries are also higher due to a lack of easy access to diagnosis
and treatment facilities and speedy cancer progression and
metastasis. The molecular features of hormonal breast tumors
include activations of the human epidermal growth factor
receptor 2 (HER2) and hormonal receptors (estrogenic and
progesterone receptors).4 Triple-negative breast cancer is a
distinct type that does not involve the hormonal receptors

(estrogenic and progesterone receptors) and HER2 typically
associated with other forms of breast cancer.5

Common approaches to treating breast cancer include
surgery, radiation, and systemic therapy.4 Mastectomy (com-
plete breast removal) or lumpectomy (breast tumor removal)
may be necessary depending on the types and stage of the breast
cancer. Different types of systemic therapies have been utilized
to treat breast cancer, such as chemotherapy, immunotherapy,
poly(ADP-ribose) polymerase suppression in mutated BRCA
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tumors, HER2-directed treatment for HER2-positive disease,
endocrine treatment for hormone receptor-positive breast
cancer, and bone stabilizing agents.4 Chemotherapy is the use
of anticancer medications to treat malignant cells. Before
surgery, chemotherapy can be used to reduce the tumor’s size
and, in some cases, make breast-conserving surgery possible
instead of a mastectomy. Hormone therapy targets hormone-
sensitive breast cancer by inhibiting the interaction of hormones
to receptors on cancer cells or reducing the body’s hormonal
synthesis.6

Poly(lactic-co-glycolic acid) (PLGA) is a commonly used
polymer for nanoparticles (NPs) synthesis and drug delivery due
to its biocompatibility, biodegradability, and ease of surface
modification.7−9 Biotransformation of PLGA involves hydrol-
ysis of the ester bond in PLGA at acidic pH, which results in the
degradation of PLGA into lactic acid and glycolic acid that can
further enter into glycolysis and Kreb’s cycle, thereby avoiding
the concern of long-term toxicity.10 The disadvantage of PLGA-
NPs is that they cannot interact specifically with target cells or
proteins and, thus, are unable to accumulate in the target tissue.
However, PLGA-NPs functionalized with the targeting agent are
capable of delivering the loaded drug to the targeted site.11

PLGA, approved by the FDA and widely utilized as a nanocarrier
in clinical applications, offers several benefits. The drug-delivery
systems formulated with PLGA are biocompatible, nontoxic,
and biodegradable.8

Vitamin E-PEG 1000-succinate (TPGS) is an amphiphilic
material with many pharmaceutical applications and is
recognized as the GRAS element by USFDA.12,13 It is widely
used as a surfactant for developing different varieties of drug-
delivery molecules. Additionally, TPGS has the ability to inhibit
P-gp efflux pumps that prevent the development of resistance of
anticancer agents toward cancer therapy. Moreover, TPGS
prevents the efflux of the drug out of cancer cells and thus
potentiates anticancer efficacy. It has a polar head and lipophilic
tail component with 0.02% CMC and 13.2 HLB value.14 In
addition, chemical alteration of the structure of TPGS by various
conjugations may enhance the efficacy of NPs. When TPGS is
coadministered with anticancer drugs, their availability at the
site of action and their cytotoxicity are improved.15

Moreover, the utilization of redox-sensitive nanomedicine
exhibits notable effectiveness, selectivity, and sensitivity toward
tumors. The concentration of glutathione (GSH), a tripeptide
that included cysteine, is significantly higher (>20 mM) in the
microenvironment of tumor cells in contrast to its concentration
in the bloodstream (2−20 μM). This disparity in GSH levels
enables the rapid release of antineoplastic agents from redox-
responsive NPs that are constructed with redox-sensitive
disulfide (S−S) bonds. The cleavage of the S�S bonds will
initiate the release of drugs from nanosystems located in close
proximity to cancer cells. Recently, in a study, Viswanadh et al.
demonstrated the effectiveness of docetaxel-loaded redox-
sensitive NPs toward lung cancer. In vitro anticancer activity
in lung cancer cells also supported the superior activity of redox-
sensitive NPs over nontargeted NPs.16 Palbociclib (PLB) is a
chemotherapeutic agent used to treat advanced-stage breast
cancer. PLB is the cyclin D-CDK4/6 inhibitor that inhibits the
phosphorylation of retinoblastoma protein, thereby restricting
the cell cycle progression from the G1 to S phase. PLB has low
toxicity and is approved by FDA for breast cancer therapy.17−19

Therefore, a potential advantage of the PLB-loaded redox-
sensitive PLGA-NPs for breast cancer is the therapy proposed
here for evaluation. Initially, 4-amino thiophenol (4-ATP) was

covalently linked with TPGS-COOH, named as TPGS-SH.20

Additionally, the NPs were prepared by using emulsion-solvent
evaporation technique, and the drug was entrapped into the
nonredox-sensitive and redox-sensitive NPs.16 It was observed
from a previous report that NPs having TPGS-SH on their
surface is shown to accumulate in tumors more effectively in
vivo. Recently, Setia et al., in a study, demonstrated that redox-
sensitive TPGSmicelles significantly accumulated in lung cancer
cells compared to nonredox-sensitive TPGSmicelles, which was
supported by optical imaging and ultrasound/photoacoustic
imaging.21

Polymer disulfide bonds of NPs cleave in elevated GSH
concentrations of the tumor microenvironment, resulting in
drug release inside the cells.22 For the first time in the literature,
we have presented a novel approach to drug delivery by the
incorporation of TPGS-SH, a redox-sensitive polymer, into
PLGA-NPs. So far, no research paper has been reported on
PLGA/TPGS-SH or PLGA/PLB or any of these combinations.
Additionally, the formulation was designed to be entirely new.
This developed PLGA-based formulation of PLB has been
formulated and evaluated for the first time in breast cancer
therapy through ultrasound and photoacoustic imaging. More-
over, another novelty of the developed formulation is that the
PLGA-based formulation is stable and scalable for large-scale
production. This design capitalizes on the elevated levels of
GSH in the tumor microenvironment, triggering the cleavage of
disulfide bonds and facilitating the release of the loaded drug,
specifically at the tumor site. The developed delivery system was
loaded with PLB (therapeutic agent) or indocyanine (ICG,
imaging agent) for breast cancer imaging and therapy.
Moreover, the developed formulations were characterized for
their physicochemical properties, morphology, and in vitro
evaluation such as in vitro release, cellular uptake studies,
cytotoxicity, apoptosis, and reactive oxygen species generation.
Additionally, the in vivo safety study by histopathology, breast
tumor targeting efficiency, and anticancer efficacy of prepared
formulations were evaluated by ultrasound/photoacoustic
imaging.

2. MATERIALS AND METHODS
2.1. Materials. TPGS was provided as a gift sample by

Antares Health Products, Inc. as a gift sample. PLB was received
as a gift sample from Sun Pharmaceutaicals Industries Ltd.
PLGA (50:50) was obtained from Sigma Aldrich, India. A
dialysis membrane of 1 KD was obtained from Spectrum
Laboratories Inc. Human breast cell line MCF-7 was purchased
from NCCS Pune in India. Cell Clone (Genetix Biotech Asia
Pvt. Ltd.) provided DMEM, FBS, trypsin-EDTA, penicillin-
streptomycin solutions, 12-well cell culture plates, and 6-well
plates. 96-well plates and T-25 cell culture flasks were obtained
from Eppendorf. Other reagents used were of analytical quality.

2.2. Methods. 2.2.1. Synthesis of TPGS-SH. TPGS-SH was
prepared as per our previously reportedmethod.16 The synthesis
of TPGS-SH involved the utilization of EDC and NHS as
starting reagents to facilitate the interaction between the
carboxylate groups present on TPGS and the primary amine
of 4-ATP through carbodiimide chemistry. EDC and NHS were
added in the 2:1 ratio to TPGS-COOH; this mixture was gently
agitated for 3 h at 25 °C and pH 5. The 4-ATP ethanolic solution
was then added in a 1:1 molar ratio of 4-ATP and TPGS-COOH
and agitated at 4 °C in the dark under a nitrogen atmosphere
overnight. The pH was then adjusted to 7 using sodium
borohydride. Ethyl alcohol was used to carry out the
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precipitation. After that, the purified solution was lyophilized.
The thiolated TPGS pale yellow product was then collected.16

The synthesized TPGS-SH was characterized by Fourier
transform infrared (FTIR, Nicolet iS5, Thermo Electron
Scientific Instruments LLC) spectroscopy between 4000 and
500 cm−1.23,24 Schematic representation of TPGS-SH synthesis
and assembly of the disulfide bond of TPGS-SH has been
presented in Figure 1A,B.

2.2.2. Synthesis of PLGA-NPs. The emulsion-solvent
evaporation technique was utilized to fabricate PLB-entrapped
PLGA-NPs. Briefly, PLGA (20 mg) and PLB (3 mg) were
dissolved in 2 mL of dichloromethane (DCM). The aqueous
phase was prepared by dissolving TPGS (10 mg) in 7.5 mL of
distilled water (DW). The PLB and PLGA containing organic
solvents were then transferred to the continuous phase and
probe sonicated for 4 min. DCM was removed from the
synthesized PLGA-NPs under magnetic stirring.25

Similarly, PLB-entrapped redox-sensitive PLGA-NPs were
prepared with a slight modification. Briefly, PLGA (20 mg) and
PLB (3mg) were dissolved in 2mL of DCM.The aqueous phase
was prepared by dissolving TPGS (5 mg) and TPGS-SH (5 mg)
in 7.5 mL of DW. The PLB and PLGA containing organic
solvents were then transferred to the continuous phase and
probe sonicated for 4 min. The organic solvent was removed
from the synthesized PLGA-NPs under magnetic stirring.25

Further, Coumarin 6 (C6) or ICG- loaded PLGA-NPs were
prepared as per the above method by replacement of PLB with
0.3 mg of C6 or ICG. The developed NPs were centrifuged, and
the obtained pellets were washed with DW and redispersed in
the normal saline. The detailed composition of the developed
NPs has been presented in Table 1. Schematic representation of
the synthesis of redox-sensitive NPs has been presented in
Figure 1C.

2.3. Characterization of NPs. 2.3.1. Elman’s Assay. The
Elman’s assay capable of estimating the percentage of thiol
modification in the samples. Briefly, 0.16 mL of Elman’s reagent
(1mg/mL in PBS, pH 8) wasmixed with 0.08mL of synthesized
nanoformulation in a 96-well plate. The molar absorption
coefficient of Elman’s reagent was spectrophotometrically
determined at 412 nm, and the percentage of thiol modification
was determined by using a standard curve.26

2.3.2. Size Distribution and Zeta Potential. The particle size
(PS) and polydispersity (PDI) of fabricated PLGA-NPs were
assessed by a Malvern Zetasizer Nano ZS90. The Malvern zeta

sizer Nano ZS was utilized to determine the zeta potential (ZP)
values of NPs. The formulations were examined for surface
charge assessments after the proper sample dilution.27

2.3.3. Scanning ElectronMicroscopy. PLB@PLGA-NPs and
RS-PLB@PLGA-NPs were morphologically examined through
a Nova Nano SEM 450 microscope. Ten times diluted samples
with Millipore ultrapure water were used, and a single drop of
the diluted sample was placed on the coverslips, followed by
overnight drying at 40 °C. The carbon-coated slides were
subjected to the scanning electron microscopy (SEM) analysis.
Images were taken at a 15 kV voltage and 100−250 KX
magnification.28

2.3.4. Transmission Electron Microscopy. Transmission
electron microscopy (TEM, Philips CM-12. Fullerton, CA)
was utilized to determine the morphologies of PLB@PLGA-
NPs and RS-PLB@PLGA-NPs. The NPs underwent sonication
for 2 min after being diluted 10 times with purified water. On the
carbon-coated TEM grids, a drop was placed and dried
overnight before examination.29

2.3.5. Surface Chemistry. The surface chemistry of PLB@
PLGA-NPs and PLB@PLGA-NPs was examined by X-ray
photoelectron spectroscopy (XPS) (K- Alpha, Thermo Fischer
Scientific, USA) at the binding energy between 50 to 800 eV.
The concentrated NPs sample was applied on a coverslip and
subjected to overnight drying and scanned for the elemental
composition by XPS.30

2.3.6. Differential Scanning Calorimetry.DSC-60 Plus (Asia
Pacific Pvt. Ltd.) calorimeter was employed to assess the
interactions of excipients (TPGS, TPGS-COOH, TPGS-SH,
and PLGA) with the drug (PLB) at temperatures ranging from
25 to 400 °C with 10 °C/min heating rate. The heating process
was carried out in a standard aluminum pan. An empty, loosely
covered aluminum pan was used as the reference.31

2.3.7. Thermogravimetric Analysis. TGA-50 (M/s Shimad-
zu Asia Pacific Pvt Ltd., Japan) analyzer was utilized to detect the
thermal stability of PLB in PLGA-NPs. The NPs were subjected
to 10 °C/min heating rate and 50 mL/min nitrogen flow rate
with heating ranging from 25 to 600 °C.32

2.3.8. X-ray Diffraction. The crystalline nature and purity of
the compounds was examined by X-ray diffraction (XRD). The

Figure 1. Schematic representation of (A) synthesis of TPGS-SH, (B)
assembly of disulfide intermolecular bond, and (C) preparation of
redox-sensitive NPs.

Table 1. Formula of Nonredox-Sensitive and Redox-Sensitive
PLGA-NPsa

Batches
PLGA
(mg)

TPGS
(mg)

TPGS-SH
(mg)

PLB
(mg)

ICG
(mg)

C6
(mg)

PLGA-NPs 20 10
PLB@PLGA-
NPs

20 10 3

RS-PLB@
PLGA-NPs

20 5 5 3

ICG@PLGA-
NPs

20 10 0.3

RS-ICG@
PLGA-NPs

20 5 5 0.3

C6@PLGA-
NPs

20 10 0.3

RS-C6@
PLGA-NPs

20 5 5 0.3

aPLB@PLGA-NPs: PLB-entrapped PLGA-NPs; RS-PLB@PLGA-
NPs: PLB-entrapped redox-sensitive PLGA-NPs; ICG@PLGA-NPs:
Indocyanine green-entrapped PLGA-NPs; RS-ICG@PLGA-NPs:
Indocyanine green-entrapped redox-sensitive PLGA-NPs; C6@
PLGA-NPs: Coumarin 6-entrapped PLGA-NPs; RS-C6@PLGA-
NPs: Coumarin 6-entrapped redox-sensitive PLGA-NPs.
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XRD spectra of TPGS, TPGS-SH, PLGA, PLB, PLB@PLGA-
NPs, and RS-PLB@PLGA-NPs were obtained by XRD (Rigaku,
Japan). The diffractograms were collected at 2 theta angles
ranging between 20° and 50°, and 40Kv tube voltage was used to
set 10° min/scan speed.33

2.3.9. Entrapment Efficiency. The entrapment efficiency
(EE) of the developed NPs was determined by an indirect
method. Ultraviolet−visible (UV−vis) spectroscopy was
utilized to determine the EE of PLB in the synthesized
nanoformulation. The separation of the NPs involved
centrifuging 1 mL of the formulation at 14,000 rpm for 90
min using a Remi cooling centrifuge (CM-12 Plus Mumbai,
India) at 4 °C. The supernatant of the centrifuged sample was
collected and absorbance was measured using UV−vis spec-
troscopy at 365 nm, and PLB was quantified by comparing with
the standard calibration curve.34 The following formula was used
for the calculation of the EE of PLB in the developed NPs.

=

×

% Entrapment
Total amount of PLB used Amount of PLB unentrapped

Total amount of PLB used
100

(1)

2.3.10. Assessment of Storage Stability and Serum
Stability. Lyophilized powders of PLB@PLGA-NPs and RS-
PLB@PLGA-NPs were evaluated for changes in PS, PDI, and
EE following storage at room and freezing temperatures. Briefly,
10 mL vials containing lyophilized powder of PLB@PLGA-NPs
and RS-PLB@PLGA-NPs were stored at 2−8 and 25 °C.
Samples were withdrawn after 2 months, and their physico-
chemical parameters were assessed to compare the storage
stability of the nanoformulation with its day 1 data.35

The in vitro physiological stability of the produced NPs was
evaluated by using female rat serum. In brief, equal amounts of
serum and NPs suspension were incubated for 24 h at 37 °C.
Following incubation, the NPs were collected and assessed for
entrapment effectiveness, ZP, and PS.

2.4. In Vitro Study. 2.4.1. PLB Release Profile. The dialysis
bag diffusion method was utilized to investigate the drug release
from PLB@PLGA-NPs and RS-PLB@PLGA-NPs at pH 5.5 and
pH 7.4 with or without 5 and 20 μM of GSH. A dialysis bag of 1
KD was filled with 2 mL of the NP formulation, and then the
dialysis bag was placed at 7.4 pH PBS (50 mL) and 5.4 pH
acetate buffer, and the entire setup was mildly stirred at 150 rpm
and maintained at 37 ± 0.5 °C. At different time points, 3 mL of
sample was taken and replaced with the same volume of fresh
media. An UV−visible spectrophotometer was employed to
quantify the amount of PLB in the collected samples at 365 nm
λmax.

36 Similarly, an equivalent amount of PLB was dissolved in
acidified polyethylene glycol, and in vitro release was performed
at both pH.

2.4.2. In Vitro Hemocompatibility Study. 2.4.2.1. Blood
Smear. Human blood (10 mL) was collected from the blood
bank. Then, 200 μL of phosphate-buffered saline (PBS) as a -ve
control, 200 μL of DW as a -ve control, 200 μL of 0.3 mg/mL
PLB as the model (drug) control, 200 μL of PLB@PLGA-NPs,
and 100 μL of RS-PLB@PLGA-NPs were incubated at 4 °C for
24 h with 0.8 mL of blood. A single drop of the prepared blood
sample was then processed as a film and stained with Leishman
solution to observe the cellular behavior of the blood. The excess
stain was removed by washingwith 7.4 pH PBS. Bright-field
microscopy at 40× magnification was employed to visualize the
morphological changes in the blood cell.37

2.4.2.2. Hemolytic Assay. Hemolytic assay was used to
evaluate the safety of PLB, PLB@PLGA-NPs, and RS-PLB@
PLGA-NPs in human blood. The nanoformulation was first
centrifuged at 12,000 rpm, and then the supernatant was
removed. The pellet so formed was then washed and mixed with
saline, and then finally 0.2 mL of NPs were incubated with 0.8
mL of RBCs of human blood for 24 h. The samples were
centrifuged at 2000 rpm, and the collected supernatant was
analyzed by a microplate reader at 545 nm.38 The % hemolysis
was calculated using the following formula:

= ×T C
C

% Haemolysis
Abs Abs

Abs 100% Abs
100

(2)

2.4.3. Cytotoxicity Analysis. The cytotoxicity of RS-PLB@
PLGA-NPs, PLB@PLGA-NPs, and PLB was evaluated by using
the standard MTT test on the breast cancer cell line MCF-7.
MCF-7 cell lines were seeded into 96-well plates at a density of 1
× 104 cells per well with DMEM, and the cells were then
incubated overnight for cell attachment. After removing the
medium, the cells were treated with varying concentrations of
RS-PLB@PLGA-NPs, PLB@PLGA-NPs, and PLB and then
incubated for 24 h. Following that, 100 μL of MTT solution (5
mg/mL in PBS) was added to each well after discarding the
spent media. The experimental plate was then incubated at 37
°C for 2 h, and then the generated formazan crystals were
dissolved by adding 100 μL of DMSO to the well plates.39 The
percent cell viability may be determined by

= ×%Cell Viability
Absorbance of treated cells
Absorbance of control cell

100
(3)

2.4.4. Cellular Uptake Study. Coumarin 6 (C6) is a
fluorescent dye widely used for the evaluation of the cellular
uptake study. The cellular uptake of C6@PLGA-NPs, RS-C6@
PLGA-NPs, and free C6 was done by confocal microscopy
(super-resolution confocal microscopy, Leica, Germany). In
each well of a 6-well plate, 1× 105 MCF-7 cells were seeded on a
coverslip and left to grow for 24 h. The cells were then treated
with C6@PLGA-NPs, RS-C6@PLGA-NPs, and free C6 for 5 h.
After that, 1 mL of PBS was used to wash the cells.
Paraformaldehyde fixation was performed thereafter, and 15
min of propidium iodide staining was followed to stain the
cellular nucleus. Cells were then observed using a confocal
microscope.40

2.4.5. Acridine Orange/EtBr Assay. Based on the integrity of
the cell membrane, one can distinguish between the dead and
live cells using the acridine orange (AO) and ethidium bromide
(EtBr) dual staining method. This test can tell healthy cells apart
from necrotic, early, and late apoptotic cells. In a 12-well culture
plate, MCF-7 cells were seeded at a density of 5 × 104 cells per
well and allowed to adhere overnight. An equivalent
concentration of PLB and PLB-loaded NPs was used to treat
MCF-7 cells. The cells were then incubated for 24 h. Finally,
after labeling the cells with AO/EtBr, images were taken in the
green and red channels using an inverted fluorescent microscope
(EVOS live cell imaging equipment from Life Technolo-
gies).41,42

2.4.6. Reactive Oxygen Species Analysis. The level of
intracellular reactive oxygen species (ROS) generation for both
free PLB and the prepared formulation was investigated using
the oxidation-sensitive fluorescent probe 2′, 7′ -dichlorodihy-
drofluorescein diacetate (DCFH-DA). Briefly, 5 × 104 MCF-7
cells were seeded in a 12-well plate and incubated overnight for
the cell’s attachment to the flask. The cells were subsequently
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exposed to RS-PLB@PLGA-NPs, PLB@PLGA-NPs, and free
PLB for 24 h. After being washed with PBS, the cells were treated
with 10 mM DCFH-DA for 30 min at 37 °C. The qualitative
assessment of the ROS was performed by capturing the images
of the cells using fluorescence microscopy.43

2.5. In Vivo Study. 2.5.1. Histopathology Study. Animals
used in this study were approved by the Institutional Animal
Ethics Committee (IAEC), IIT (BHU) Varanasi (IAEC
approval number IIT(BHU)/IAEC/2023/088). The in vivo
studies were conducted at the IIT (BHU), Varanasi in
accordance with the standards specified by the IAEC. Each
animal experiment followed strict guidelines published by the
National Research Council.

Saline, PLB, PLB@PLGA-NPs, and RS-PLB@PLGA-NPs
were administered at 5.91 mg/kg dose to different rat groups
three times at 3-day intervals. On the 15th day, animals were
euthanized, and then the vital organs like the heart, liver, lungs,
and kidneys were extracted and preserved in 10% V/V formalin.
The paraffin box was used to place the specimen and sliced at 5
μm thickness. Hematoxylin and eosin (H & E) were utilized to
stain the slices, and then histopathologic changes were observed
under the microscope.44

2.5.2. In Vivo Antitumor Activity by Photoacoustic and
Ultrasound Imaging. Mammary cancer was induced in
Sprague−Dawley rats, aged 120 days, by administration of
sesame oil-dilutedDMBA in the breast pad at the dose of 50mg/
kg of body weight. The formation of breast tumor was confirmed
by ultrasound imaging. Afterward, rats were divided into four
groups, each with three animals. Groups 1 and 2 received saline
and PLB, respectively. PLB@PLGA-NPs and RS-PLB@PLGA-
NPs were administered to groups 3 and 4 at 5.91 mg/kg doses of
PLB at 3-day intervals. Ultrasound and photoacoustic imaging
were used to visualize the changes in the tumor volume, hypoxia
level, and tumor vascularity at regular time intervals. Briefly,
1.5% isoflurane was used to anesthetize the rats. Further, an
ultrasonic gel (Supragel, LCH, France) was placed between the
transducer and the skin. The imaging of tumors was performed
using ultrasound and photoacoustic imaging system (Visual
Sonics Vevo 3100 System, FUJIFILM, Canada). 3D scan of
ultrasound images were digitally captured. VevoLAB 1.7.2
software was used to manually delineate tumor margins in
coronal planes. Next, a volume was calculated for each coronal
slice using the software. Photoacoustic imaging with OxyHemo-
Mode was utilized to assess the hypoxic volumes, and power
Doppler was used for accessing the tumor vascularity.45,46

2.5.3. In Vivo Tumor Targeting Study. Sprague−Dawley rats
with DMBA-induced breast cancer weighing 150−200 g were
employed for the experimentation. ICG is a photoacoustic

sensitive dye widely used for photoacoustic-based in vivo
imaging. Group 1, group 2, and group 3 receive ICG, ICG@
PLGA-NPs, and RS-ICG@PLGA-NPs, respectively, at 12 μg/kg
dose. Rats were anesthetized using 1.5% isoflurane. A thin layer
of ultrasonic gel was then placed between the transducer and the
skin (Supragel, LCH, France). A Vivo 3100 System (Fujifilm
VisualSonics Inc., Canada) was employed for the imaging of
tumors. An optical wavelength of 664 nm was used for
photoacoustics excitation. 3D scans of ultrasound images were
digitally captured. VevoLAB 1.7.2 software was employed for
processing of data. After 30 min of injection of ICG control and
ICG-loaded NPs, the PA signal was captured.47

2.6. Statistical Analysis.Results were calculated as mean (n
= 3) ± standard deviation. One-way ANOVA was used for the
statistical analysis. Differences are statistically significant at a ns
(p > 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

3. RESULTS AND DISCUSSION
3.1. FTIR Spectroscopy. The IR spectra of TPGS, TPGS-

COOH, and TPGS-SH were compared by using FTIR analysis
(Figure S1). The IR spectrum of TPGS and the IR spectrum of
TPGS-COOH demonstrated broad OH peaks at 3467.7 and
3465.9 cm−1, respectively. Moreover, N−H bending and N−H
stretching were detected in TPGS-SH spectra at 1552.6 and
3419.2 cm−1, respectively. Carbonyl groups TPGS, TPGS-
COOH, and TPGS-SH exhibited IR peaks at 1746.5, 1734.6,
and 1660.5 cm−1, respectively. C−O was also detected in the IR
spectra of TPGS, TPGS-COOH, and TPGS-SH at 1244.4,
1131.5, and 1214.2 cm−1, respectively.48 All observed FTIR
peaks from samples are presented in Table S1.

3.2. Elman’s Assay. The degree of TPGS-SH modification
was spectrophotometrically determined by Elman’s assay. The
RS-PLB@PLGA-NPs (0.5 mg/mL; TPGS-SH) were mixed
with Elman’s reagent, and the amount of thiol modification was
analyzed by a spectrophotometer at 402 nm. The percentage of
TPGS-SH conjugated with RS-PLB@PLGA-NPs was found to
be 78.45 ± 2.54%.

3.3. Size Distribution and ZP. The PS of the nano-
formulation of PLB@PLGA-NPs, RS-PLB@PLGA-NPs, ICG@
PLGA-NPs, RS-ICG@PLGA-NPs, C6@PLGA-NPs, and RS-
C6@PLGA-NPs was 187.1 ± 1.8, 193.7 ± 1.5, 190.4 ± 1.9,
197.6 ± 1.2, 188.7 ± 1.6, and 196.7 ± 1.2 nm (Table 2). The ZP
of the NP formulation of PLB@PLGA-NPs, RS-PLB@PLGA-
NPs, ICG@PLGA-NPs, and RS-ICG@PLGA-NPs was found to
be +24.99 ± 2.67 mV, + 9.095 ± 1.87 mV, + 26.44 ± 2.34 mV
and +17.90 ± 1.45 mV (Table 2). Based on the PS data, it was
noted that all NPs fall within the favorable range of 200 nm. This
size range is particularly advantageous for leveraging the

Table 2. PS, PDI, ZP, and EE of Developed NPsa

Batches PS (nm) (mean ± SD*) PDI (mean ± SD*) ZP (mV) (mean ± SD*) EE (%) (mean ± SD*) IC50 (μg/mL)

PLB 45.90 ± 2.11
PLGA-NPs 186.8 ± 1.5 0.124 ± 0.03 20.34 ± 1.37
PLB@PLGA-NPs 187.1 ± 1.8 0.132 ± 0.01 24.99 ± 2.67 85.48 ± 1.29 8.75 ± 0.86
RS-PLB@PLGA-NPs 193.7 ± 1.5 0.143 ± 0.02 9.95 ± 1.87 87.72 ± 1.55 3.15 ± 0.24
ICG@PLGA-NPs 190.4 ± 1.9 0.137 ± 0.03 26.44 ± 2.34 87.37 ± 2.32
RS-ICG@PLGA-NPs 197.6 ± 1.2 0.149 ± 0.05 17.90 ± 1.45 88.98 ± 2.65
C6@PLGA-NPs 188.7 ± 1.6 0.170 ± 0.08 24.39 ± 1.98 87.89 ± 1.79
RS-C6@PLGA-NPs 196.7 ± 1.2 0.105 ± 0.02 16.78 ± 1.76 90.29 ± 1.34

aPLB@PLGA-NPs: PLB-entrapped PLGA-NPs; RS-PLB@PLGA-NPs: PLB-entrapped redox-sensitive PLGA-NPs; ICG@PLGA-NPs:
Indocyanine green-entrapped PLGA-NPs; RS-ICG@PLGA-NPs: Indocyanine green-entrapped redox-sensitive PLGA-NPs; C6@PLGA-NPs:
Coumarin 6-entrapped PLGA-NPs; RS-C6@PLGA-NPs: Coumarin 6-entrapped redox-sensitive PLGA-NPs.
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enhanced permeation and retention (EPR) effect in cancer
delivery, primarily owing to the leaky nature of tumor
vasculature.

Moreover, considering the significance of the ZP in NP-based
drug delivery to cancer, it is worth noting its crucial role. ZP,
which characterizes the surface charge of NPs, influences their
stability, dispersibility, and interaction with biological systems.
In cancer drug delivery, NPs with appropriate ZPs can facilitate
efficient targeting, cellular uptake, and intracellular drug release,
thereby enhancing therapeutic efficacy while minimizing off-
target effects. The ZP of the NPs was in the range of 9−27 mV,
which is optimum for the stability of the NPs. Further, PDI
values of all developedNPs were below 0.2, which indicates their
uniform size distribution.

3.4. EE. The EE of PLB in PLB@PLGA-NPs and RS-PLB@
PLGA-NPs was 85.48 ± 1.29% and 87.72 ± 1.55%. The percent
entrapment of ICG in ICG@PLGA-NPs and RS-ICG@PLGA-
NPs was 87.37 ± 2.32% and 88.98 ± 2.65%. The percent
entrapment of C6 in C6@PLGA-NPs and RS-C6@PLGA-NPs
was 87.89 ± 1.79% and 90.29 ± 1.34% (Table 2). The EE data
demonstrated that NPs had better drug- loading capacity for
efficient delivery to tumor cells.

3.5. SEM. SEM was employed to examine the size and
morphology of the PLB@PLGA-NPs and RS-PLB@PLGA-
NPs. Figure 2A displays that the size of the fabricated

nanoformulation was less than 200 nm. The NPs exhibit smooth
surface and circular shape and are monodispersed and crack-
free. The NPs with size below 200 nm have added advantages of
EPR effect to cancer cells.

3.6. TEM.The size, shape, and external morphology of PLB@
PLGA-NPs and RS-PLB@PLGA-NPs were revealed by TEM.
The TEM images demonstrated that the NPs have a spherical

shape and a smooth surface. The selected area diffraction (SAD)
images of the PLB@PLGA-NPs and RS-PLB@PLGA-NPs
showed diffuse rings, indicating their amorphous behavior
(Figure 2B,C).

3.7. Differential Scanning Calorimetry. Differential
Scanning Calorimetry (DSC) was employed to assess the
thermal behavior of polymeric NPs. Figure S2A depicts the
thermograms of TPGS, TPGS-COOH, TPGS-SH, PLGA,
PLB@PLGA-NPs, and RS-PLB@PLGA-NPs. The endothermic
peak for TPGS, TPGS-COOH, and TPGS-SH was detected at
36.87, 126.28, and 124.57 °C, respectively. PLGA displays an
endothermic peak at 48.78 °C. However, PLB displays a sharp
endothermic peak at 272.83 °C. Moreover, the endothermic
peak of PLB was not detected in PLB@PLGA-NPs and RS-
PLB@PLGA-NPs, indicating successful entrapment of the drug
within the NPs, highlighting their potential for controlled drug
release and enhanced stability. These findings suggest promising
applications in redox-sensitive-based drug delivery, emphasizing
the feasibility of utilizing PLGA-based NPs as effective carriers
for therapeutic agents, with implications for improving
therapeutic efficacy while minimizing adverse effects.

3.8. Thermogravimetric Analysis. Thermogravimetric
analysis (TGA) is useful for understanding the thermal stability
of nanomaterials and polymer composites when heated at a
predetermined rate and temperature. TPGS, TPGS-COOH,
TPGS-SH, PLGA, PLB, PLB@PLGA-NPs, and RS-PLB@
PLGA-NPs loses 98.39, 98.34, 98.33, 71.82, 99.25, 57.7, 81.24,
96.44, and 97.47% of its initial weight between 25 and 600 °C
(Figure S2B). PLB@PLGA-NPs displays an initial weight loss of
0.75% at 48.24 °C due to loss of water. Afterward, a continual
weight loss of 43.82% was observed between 223.44 and 311.12
°C due to decomposition of polymers. Thereafter, a progressive
weight loss of 31.17% was observed between 312.18 and 403.81
°C due to degradation of the drug. Moreover, a % weight loss of
14.38% was observed between 404.21 and 599.35 °C. RS-PLB@
PLGA-NPs show an initial weight loss of 0.77% at 47.84 °C due
to water loss. Thereafter, a progressive weight loss of 41.47%was
observed between 221.89 and 302.62 °C due to the
decomposition of polymers. Then, a gradual weight loss of
33.02% was observed between 303.61 and 395.72 °C due to
degradation of the drug. Further, a weight loss of 14.84% was
observed between 396.15 and 553.60 °C. Moreover, a weight
loss of 0.13% was observed between 554.62 and 596.60 °C. PLB
displayed the first weight loss at 294.92 °C. Thereafter, a gradual
weight loss of 44.33% was observed between 295 and 436.08 °C.
Afterward, 13.59% weight loss was observed between 437 and
599.73 °C. PLGA shows the first weight loss at 176.25 °C.
Thereafter, a progressive a weight loss of 95.92% was observed
between 226.54 and 387.65 °C. TPGS displayed an initial
weight loss at 55.87 °C. Further, a gradual weight loss of 93.71%
was observed between 271.79 and 419.08 °C. TPGS-COOH
showed an initial weight loss at 42.43 °C. Thereafter, a
progressive weight loss of 78.98 °C was observed between
219.87 and 419.86 °C. TPGS-SH exhibited the first weight loss
at 37.73 °C. Afterward, TPGS-SH lost 14.9% weight between
111.58 and 223.66 °C followed by a continual weight loss of
66.32% between 224.34 and 417.42 °C. The physical mixture
loses its first weight at 47.40 °C. Then, 16.27% weight was lost
gradually from 206.04 to 264.95 °C. Afterward, 44.12% weight
loss was observed between 265.98 and 392.64 °C. TPGS, TPGS-
COOH, TPGS-SH, PLGA, PLB, physical mixture, PLB@
PLGA-NPs, and RS-PLB@PLGA-NPs lose 50% of their initial

Figure 2. (A) SEM, (B) TEM, and (C) SAD images of PLB@PLGA-
NPs and RS-PLB@PLGA-NPs.
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weight at 385.95, 380.61, 345.84, 283.88, 346.8, 460.28, 311.99,
311.11, and 306.10 °C, respectively.

TGA provides comprehensive insights into the thermal
stability and decomposition behavior of the various nanoma-
terials and polymer composites investigated in this study. The
results indicate significant differences in the thermal stability
profiles among the tested materials. PLGA, TPGS, TPGS-
COOH, and TPGS-SH exhibit relatively high thermal stability
with substantial weight loss occurring only at elevated
temperatures. PLB, on the other hand, displays relatively
lower thermal stability, with significant weight loss observed
over a broader temperature range. Entrapment of PLB within
PLGA-based NPs (PLB@PLGA-NPs and RS-PLB@PLGA-
NPs) enhances their thermal stability to some extent, as
evidenced by the delayed onset of decomposition compared to
pure PLB. Overall, the TGA findings contribute valuable
insights into the thermal characteristics of the various materials
and the developed NPs.

3.9. Storage Stability and Serum Stability. The
lyophilized powder of PLB@PLGA-NPs and RS-PLB@PLGA-
NPs was stored at room temperature as well as freezing
temperature and evaluated for the changes in the size, PDI, and
EE. The NPs were found to be stable at different temperatures,
as revealed by storage stability studies. The EE of PLB@PLGA-
NPs and RS-PLB@PLGA-NPs before storage was 84.32 ±
1.37%, and 85.74 ± 2.41%, respectively. The EE of PLB@
PLGA-NPs and RS-PLB@PLGA-NPs after storage at 2−8 °C
for 60 days was found to be 82.63 ± 1.51% and 83.02 ± 1.63%,
respectively. Figure S2C,D demonstrates no significant changes
in PS and PDI (Figure S2E,F) of fresh nanoformulation and
stored nanoformulation, indicating that the NPs were stable for
an extended period.

The serum stability of the prepared NPs was evaluated with
respect to PS, PDI, and EE data obtained before and after serum
incubation (Figure S3). There were no significant differences
observed in the variations of PS, PDI, and EE before and after
incubation (p > 0.05).

3.10. Surface Chemistry. XPS was used to analyze the
elements present over the surface of PLB@PLGA-NPs and RS-
PLB@PLGA-NPs (Figure S4A,B). The peaks detected at
binding energies of 538.08, 408.58, and 292.08 eV were assigned
to O 1s, N 1s, and C 1s. The N 1s, O 1s, and C 1s percent in
PLB@PLGA-NPs was 2.56, 28.73, and 68.71%, respectively,
whereas for RS-PLB@PLGA-NPs, these were 3.03, 23.75, and
73.22%, respectively. An increase in the N 1s and C 1s signals

was observed, which was due to the attachment of 4-ATP on the
RS-PLB@PLGA-NPs. Additionally, a decrease in the number of
O 1s was observed, which was attributed to the release of the
water molecules during the formation of the amide bond
between free carboxylic acid of TPGS and free amine group of 4-
ATP.Moreover, the characteristic S 2p peak was observed in RS-
PLB@PLGA-NPs, indicating that sulfur is present on the surface
of redox-sensitive NPs.

3.11. XRD. The crystalline or amorphous behavior of the
NPs was demonstrated by XRD. The sharp peaks were detected
in the XRD spectrum of PLB at 2 theta values of 10.249 and
22.39, indicating its crystalline nature. TPGS also shows sharp
peaks at 2 theta values of 19.17 and 23.31. However, a sharp peak
in TPGS-COOH was observed at a 2 theta value of 15.17.
TPGS-SH, PLGA, PLB@PLGA-NPs, and RS-PLB@PLGA-
NPs display amorphous characteristics (Figure S4C). The
amorphous materials have better solubility and improved
bioavailability.

3.12. In Vitro Drug Release Profile. The drug release
profile was evaluated at pH 7.4 (Figure S4D) and 5.5 (Figure
S4E) with different GSH concentrations. The drug release
profile of PLB@PLGA-NPs and RS-PLB@PLGA-NPs showed
39.02 and 28.33% release of drug in the initial 2 h and 72.05 and
68.95% by the end of 24 h at pH 7.4. However, PLB@PLGA-
NPs displayed 42.02 and 50.02% within 2 h and 75.05 and
79.05% within 24 h at 5 mM GSH and 20 mM GSH
concentrations, respectively. Additionally, RS-PLB@PLGA-
NPs showed 47.02 and 54.02% drug release within 2 h, and it
was 80.05 and 88.05% within 24 h at 5 mM GSH and 20 mM
GSH concentrations, respectively. The in vitro release of PLB
from RS-PLB@PLGA-NPs at 20 mM GSH was significantly
higher (p < 0.001) than that from PLB@PLGA-NPs at pH 7.4.

However, the drug release profile of PLB@PLGA-NPs and
RS-PLB@PLGA-NPs showed 39.35 and 41.27% release of drug
in the initial 2 h and 74.80 and 78.16% by the end of 24 h at pH
5.5. In contrast, PLB@PLGA-NPs displayed 47.02 and 55.02%
within 2 h, and it was 74.05 and 83.05% within 24 h at 5 mM
GSH and 20 mM GSH concentrations, respectively. Addition-
ally, RS-PLB@PLGA-NPs showed 52.02 and 67.02% drug
release within 2 h, and it was 78.05 and 94.05% within 24 h at 5
mMGSH and 20 mMGSH concentrations, respectively. The in
vitro release of PLB from RS-PLB@PLGA-NPs at 20 mM GSH
was significantly higher (p < 0.001) than that from PLB@PLGA-
NPs at pH 5.5. The drug release profile demonstrates that the
drug release was more rapid at pH 5.5 in comparison to pH 7.4.

Figure 3. (A) Blood smear images of (a) DW, (b) pure blood, (c) saline, (d) PLB, (e) PLB@PLGA-NPs, and (f) RS-PLB@PLGA-NPs. (B)
Percentage hemolysis of DW, PLB, PLB@PLGA-NPs, and RS-PLB@PLGA-NPs.
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In addition, the release of the drug was enhanced significantly at
higher GSH concentrations due to the presence of a disulfide
bond in RS-PLB@PLGA-NPs, which are sensitive to GSH.

3.13. Blood Smear. NPs may disrupt the blood coagulation
pathway, inflammation, and blood cell lysis. Therefore, the
blood safety profile of the saline, the PLB control, PLB@PLGA-
NPs, and RS-PLB@PLGA-NPs was compared in a blood smear
study. After incubating each sample separately, the blood smear
was visualized at a 400× magnification under a bright-field
microscope. Blood smear analysis demonstrates that compared
to the saline control, the treatment did not show a significant
effect on the blood cell morphology. Figure 3A illustrates that
PLB, PLB@PLGA-NPs, and RS-PLB@PLGA-NPs did not alter
the blood cell morphology.

3.14. Hemolytic Assay. The hemolytic assay was employed
to assess the safety of PLB, PLB@PLGA-NPs and RS-PLB@
PLGA-NPs in the blood. The percent hemolysis of PLB, PLB@
PLGA-NPs and RS-PLB@PLGA-NPs was 3.25 ± 0.08, 1.60 ±
0.30, and 1.59 ± 0.28% (Figure 3B), respectively, indicating that
PLB, PLB@PLGA-NPs, and RS-PLB@PLGA-NPs are non-
hemolytic and safe for in vivo administration. As per the ASTM

F756 guidelines, NPs with % hemolysis below 5% are considered
safe for the in vivo application. The obtained data demonstrated
that all NPs had below 5% of hemolysis.

3.15. Cytotoxicity Analysis. The obtained results showed
that the effect of these formulations on cell viability was
determined to be in a concentration-dependent manner. The
MTT assay performed on MCF-7 demonstrates a substantial
decrease in proliferation by RS-PLB@PLGA-NPs, PLB@
PLGA-NPs, and PLB. The RS-PLB@PLGA-NPs, PLB@
PLGA-NPs, and PLB IC50 values were determined to be 3.15
± 0.24 μg/mL, 8.75 ± 0.86 μg/mL, and 45.90 ± 2.11 μg/mL,
respectively. These results showed that these formulations
responded to the breast cancer cell line (MCF-7). The findings
also imply that formulation RS-PLB@PLGA-NPs is superior to
PLB@PLGA-NPs and PLB in terms of efficacy (Figure 4A,B).

The NP-based drug-delivery system evaluated by the cellular
viability assay in cancer cells serves as a vital tool for assessing the
potential cytotoxic effects of NPs on cancer cells. By evaluating
the cellular viability, this assay helps to determine the optimal
formulations that are required to kill 50% of the cancer cell
populations. Understanding the cytotoxicity profile of NPs aids

Figure 4.Graphical representation. (A) Cellular viability and (B) IC50 value of PLB, PLB@PLGA-NPs, and RS-PLB@PLGA-NPs inMCF-7 cells. (C)
CLSM images revealing cellular uptake of free C6, PLB@PLGA-NPs, and RS-PLB@PLGA-NPs in MCF-7 breast cancer cells.
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in the development of more efficacious anticancer treatments.
Hence, from the study, it was observed that PLB@PLGA-NPs
and RS-PLB@PLGA-NPs had 5.24- and 14.53-fold cytotoxicity
to MCF-7 cells, respectively, compared to free drug.

3.16. Cellular Uptake Study. Studies on the cellular uptake
of NPs in cancer cells are crucial for understanding the
mechanism of enhancing cancer treatment. Such studies offer
insights into the mechanisms underlying NP uptake by cancer
cells, thereby elucidating the efficacy of NP-based drug-delivery
systems. By understanding the mechanism of NPs internalized
into cancer cells, it helps to gain valuable knowledge for the
development of more effective strategies for delivering
therapeutic agents to cancer cells.

Figure 4C depicts MCF-7 cells after incubation with free C6,
C6@PLGA-NPs, and RS-C6@PLGA-NPs. The RS-C6@
PLGA-NPs displayed more green fluorescence and higher
cytoplasmic green stains compared to the free C6 and C6@
PLGA-NPs. In the MCF-7 cell line, our research shows that RS-
C6@PLGA-NPs have a higher cellular formulation absorption
than C6 alone and C6@PLGA-NPs. Redox-sensitive NPs
exhibit increased cellular uptake compared to the control
counterparts. This heightened uptake is attributed to the redox-
sensitive NPs' greater sensitivity to cancer cells, which typically
have elevated levels of GSH.

3.17. AO/EtBr Assay. The cellular morphology and manner
of cell death in MCF-7cells induced by RS-PLB@PLGA-NPs,
PLB@PLGA-NPs, and PLB following treatment with AO/EtBr
dyes were studied using fluorescence microscopy. Control
MCF-7 cells (living) have a normal shape as well as green
fluorescence in the cytoplasm and nucleus. The MCF-7 cells
were treated with RS-PLB@PLGA-NPs, PLB@PLGA-NPs, and
PLB at a concentration of 3.15 μg/mL, whereas the control cells
(remains untreated). More numbers of cells with nuclear
morphological changes, chromatin condensation, and nucleus
fragmentation were seen in the RS-PLB@PLGA-NPs-treated
cells compared to PLB@PLGA-NPs-treated cells, but such cell
alterations were further reduced in PLB-treated cells. Figure 5
depicts the morphological changes in the MCF-7 cells following
treatment with the free drug and NP formulations.

3.18. ROS Analysis. ROS are highly potent oxidants capable
of inducing cell death by increasing intracellular reactive radicals
that cause oxidative damage to DNA, proteins, and lipids. PLB
blocks the cyclin D3-CDK6 pathway and diminishes the flux of
glucose-derived carbon into the pentose phosphate and serine
synthesis routes, resulting in a notable elevation of ROS within
the tumor.49 As the concentration of PLB inside the tumor cell
increases, ROS production also increases. It was observed from
the cellular uptake study that NPs accumulated more in cells
compared to free dyes or drugs.

The efficiency of ROS production was investigated in the RS-
PLB@PLGA-NPs, PLB@PLGA-NPs, and PLB-treated groups.
The level of green fluorescence in the cells was indicative of the
level of ROS generated. The levels of fluorescence from phase/
green channels were observed for comparison. This is a
qualitative analysis for the detection of the level of intracellular
ROS. The results demonstrated that RS-PLB@PLGA-NPs
exhibit a significantly higher capacity for ROS production
compared to PLB@PLGA-NPs and free PLB (Figure 6).

Control group of cells did not receive any treatment, which was
evident from the absence of green fluorescence in the cells.
Therefore, based on the obtained data, RS-PLB@PLGA-NPs
possess a greater potential for ROS formation in MCF-7 cells
compared to PLB@PLGA-NPs and PLB treatments, suggesting
their capability to trigger apoptosis more effectively.

Figure 5.Morphological changes in AO/EtBr-stainedMCF-7 cells. (A)
Control, (B) PLB, (C) PLB@PLGA-NPs, and (D) RS-PLB@PLGA-
NPs treatment. Live cells are indicated by the blue arrow, early
apoptotic cells by the brown arrow, and late apoptotic cells by the white
arrow.

Figure 6. Qualitative intracellular ROS detection by using DCFH-DA
following treatment with PLB, PLB@PLGA-NPs, and RS-PLB@
PLGA-NPs. The images were captured by a fluorescent microscope.
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3.19. Histopathology Study. After 15 days of injection of
saline, PLB, PLB@PLGA-NPs, and RS-PLB@PLGA-NPs to
rats with a dose of 5.91 mg/kg at 3-day intervals for three times,
the histopathologic changes in the heart, liver, lungs, and kidneys
were observed by hematoxylin and eosin staining. Figure 7
demonstrates the hematoxylin and eosin-stained vital organs of
the rats after treatments with free PLB and developed NPs.
Following analysis of the images, it was observed that PLB@
PLGA-NPs and RS-PLB@PLGA-NPs treated groups display
very less damage to vital organs (heart, liver, lungs, and kidney)
compared to the PLB-treated group. Higher damaging nature of
the free PLB (indicated by black arrow) was mainly due to the
nonspecific distribution to the vital organs. After the entrapment
of the PLB into the NPs, limited exposure to the vital organs was
the main reason for reduced toxicity.

3.20. In Vivo Antitumor Activity by Photoacoustic and
Ultrasound Imaging. The research involved analyzing rats
with chemically induced breast tumors using photoacoustic and
ultrasonic imaging at four specific time points: initially at day 0
before any treatment and subsequently at days 3, 6, and 10 post
initial examination. Figure S5 represents ultrasound imaging of
the breast tumor before and after treatment with PLB, PLB@
PLGA-NPs, and RS-PLB@PLGA-NPs. The study revealed a
significant reduction in the size of the breast tumors following
the introduction of redox-sensitive NPs. In contrast, the
untreated rats, given only saline, exhibited an increase in the
tumor size. However, the group treated with free PLB showed
no significant growth in the tumors, indicating a stabilization or
static nature in tumor development. Additionally, nonredox-
sensitive NPs exhibit slight reduction in the tumor size (Figure
S6A).

Tissue hypoxia occurs when cells receive an insufficient supply
of oxygen, leading to compromised biological processes. In solid
malignant tumors, hypoxia is a common feature due to the
inadequate delivery of oxygen within a distance of 70 to 150 μm
from the tumor’s vascular system.50 This shortage of oxygen is a
result of the rapid proliferation of cancerous cells, creating a

scenario where cells are deprived of the necessary oxygen for
normal function.51 Breast cancer treatment is significantly
influenced by tumor hypoxia, which is characterized by low
oxygen levels, leading to a 3-fold increase in therapeutic
resistance compared to tumors with normal oxygen levels.
Figure 8A shows the hypoxic tumor region before and after
treatment with PLB, PLB@PLGA-NPs, and RS-PLB@PLGA-
NPs. PLB indirectly reduced hypoxic tumor by arresting the cell
cycle progressing, leading to the slow down of the tumor growth.
Thus, a reduction in the tumor growth alleviates the demand for
oxygen and nutrients within the tumor microenvironment. As a
result, the decreased metabolic load was able to prevent the
tumor from becoming hypoxic. The level of PLB within the
tumor cells affects the level of hypoxia reduction. Free PLB was
less taken by cells and easily effluxed out by cells, whereas PLB@
PLGA-NPs and RS-PLB@PLGA-NPs contain TPGS (P-gp
efflux pump inhibitor) in the formulation that promoted the
accumulation of NPs within the tumor cells. The redox-sensitive
NPs were more sensitive toward the tumor microenvironment
compared to nonredox-sensitive NPs. This study demonstrated
that redox-sensitive NPs were able to treat hypoxic tumor more
significantly compared with nonredox-sensitive and free PLB.
Further, quantification of the average oxygen saturation (sO2 %)
from the ROI of each breast tumor was performed by Vevo Lab
software and graph was plotted (Figure S6B). The obtained data
demonstrated that following treatment with the developed
formulation, the sO2 % level was improved more significantly in
the RS-PLB@PLGA-NPs-treated group compared to PLB@
PLGA-NPs and free PLB.

Tumors require consistent nourishment to grow, which
involves stimulating the development of blood vessels around
and within the tumor, a process known as angiogenesis.52,53 In
this experiment, the administration of RS-PLB@PLGA-NPs
resulted in a noteworthy outcome. Initially, this treatment
stopped the process of angiogenesis and then showed a gradual
reduction over time. By the 10th day of treatment, a
considerable decrease in angiogenesis was observed in the

Figure 7.Histopathological investigation of vital organs, including heart, liver, lung, and kidney, after the injection of PLB control, PLB@PLGA-NPs,
and RS-PLB@PLGA-NPs. Black arrow shows the location of lesion in the organs.
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group receiving RS-PLB@PLGA-NPs, as clearly demonstrated

in Figure 8B. Comparatively, the group treated with PLB@

PLGA-NPs displayed a more modest reduction in tumor

vasculature by the sixth day. However, by the 10th day, this

Figure 8. (A) Ultrasound/photoacoustic imaging showing the hypoxic tumor region before and after treatment; yellow circle showing the location of
the tumor; scale (red to blue) represents oxygen saturation (sO2) from 100 to 0. (B) Power Doppler imaging of breast tumor showing tumor
vascularity.
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group also exhibited a significant decrease in tumor angio-
genesis. Additionally, an experimental group receiving free PLB
treatment showed a slight decrease in tumor angiogenesis.
Contrasting these results, the control group of rats displayed a
gradual increase in tumor vasculature over the 10-day period
(Figure S6C). This experiment highlights the potential of RS-
PLB@PLGA-NPs in significantly reducing tumor angiogenesis
compared to the other treatments and the natural progression
observed in the control group.

3.21. In Vivo Tumor Targeting Efficiency. ICG is a
fluorescent dye clinically approved and has an excitation peak at
789 nm and an emission peak at 814 nm. At these excitation and
emission wavelengths, there will be no interference from
endogenous chromophores. Following the injection of free
ICG and ICG-loaded NPs to the rats bearing breast tumor,
ultrasound and photoacoustic imaging were performed to
observe the distribution of ICG within the breast tumor before
and after administration of free ICG and ICG@PLGA-NPs and
RS-ICG@PLGA-NPs. Figure 9 depicts the delivery of free ICG
and ICG-loaded PLGA-NPs to the breast tumor. In the images,
the red circle shows the location of the breast tumor. DMBA-
induced breast tumor rat model treated with ICG control,
ICG@PLGA-NPs, and RS-ICG@PLGA-NPs showed photo-
acoustic signal in the breast tumors. The presence of NPs was
revealed by green photoacoustic signals within the tumor. After
administration of free ICG and formulations, the signals were
captured at 15, 30, and 60min. The study demonstrated that RS-
ICG@PLGA-NPs have significantly accumulated in the breast
tumor compared to ICG@PLGA-NPs and free ICG. Redox-
sensitive NPs had greater affinity toward the tumor micro-
environment compared to nonredox-sensitive and free ICG.
Additionally, for rats administered with saline, green signals were
absent in PA imaging (Figure S7).

4. CONCLUSIONS
In this study, redox-sensitive PLGA-NPs were fabricated by an
emulsification-solvent evaporation method for breast cancer
imaging and therapy. The synthesis of redox-sensitive polymeric
conjugate TPGS-SH was confirmed by FTIR. The PS, PDI, ZP,
and EE were found to be in a satisfactory range. The synthesized
PLGA-NPs were tested for different physicochemical parame-
ters, including SEM, TEM, XRD, TGA, and DSC. RS-PLB@
PLGA-NPs displayed a significant release of drug at a higher

GSH concentration and acidic pH in comparison to PLB@
PLGA-NPs. XPS survey displayed the characteristic S 2p peak in
RS-PLB@PLGA-NPs, indicating that thiol’s sulfur is present on
the surface of redox-sensitive NPs. In vitro cellular uptake
studies revealed the enhanced uptake of RS-C6 -CTS-PLGA-
NPs compared to free C6 and C6@PLGA-NPs. Both RS-PLB@
PLGA-NPs and PLB@PLGA-NPs are stable at 25 and 2−8 °C,
as revealed by in vitro stability studies. The IC50 values of PLB@
PLGA-NPs and RS-PLB@PLGA-NPs toward the breast cancer
cell line were 5.24-fold and 14.53-fold higher than free PLB,
respectively. Further, ROS and AO/EtBr assay demonstrated
superior activity of RS-PLB@PLGA-NPs over PLB@PLGA-
NPs and free PLB. Moreover, ultrasound and photoacoustic
imaging in the DMBA breast tumor model confirmed significant
antitumor activity of the RS-PLB@PLGA-NPs. Further,
targeting efficiencies of ICG-loaded NPs were confirmed by
ultrasound/photoacoustic imaging. The PLB@PLGA-NPs and
RS-PLB@PLGA-NPs were nonhemolytic to human blood. The
safety profile of the fabricated PLGA-NPs toward the heart, liver,
lungs, and kidney was revealed by in vivo histopathologic
studies.
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