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This research work aims to fabricate cetuximab (CTX) decorated cabazitaxel (CBZ) loaded redox-sensitive D-
alpha-tocopheryl-polyethyleneglycol-1000-succinate (TPGS-SS) nanoparticles (NPs) for epidermal growth factor
receptor (EGFR)-targeted lung tumor therapy. The NPs were prepared using a dialysis bag diffusion method to

f\;T;lzﬁblmes produce, non-redox sensitive non targeted (TPGS-CBZ-NPs), redox-sensitive nontargeted (TPGS-SS-CBZ-NPs),
Benzo(a)pyrene and targeted redox-sensitive NPs (CTX-TPGS-SS-CBZ-NPs). Developed NPs were characterized for particle sizes,

polydispersity, surface charge, surface morphologies, and entrapment efficiency. Moreover, additional in vitro
studies have been conducted, including in vitro drug release, cytotoxicity, and cellular uptake studies. The par-
ticle size and charge over the surface were found to be in the range of 145.6 to 308.06 nm and —15 to -23 mV
respectively. The ICs values of CBZ clinical injection (Jevtana®), TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-
TPGS-SS-NPs were found to be 17.54 + 3.58, 12.8 + 2.45, 9.28 + 1.13 and 4.013 + 1.05 ug/ml, suggesting the
1.37, 1.89 and 4.37-folds respectively, enhancement of cytotoxicity as compared to CBZ clinical injection,
demonstrating a significant augmentation in cytotoxicity. In addition, the in-vitro cellular uptake investigation
showed that CTX-TPGS-SS-CMN6-NPs accumulated significantly compared to pure CMN6, TPGS-CMNG6-NPs, and
TPGS-SS-CMNG6-NPs in the A549 cells. Furthermore, the targeting efficiency of developed NPs were analysed by
ultrasound/photoacoustic and IVIS imaging.

Ultrasound and Photoacoustic Imaging

1. Introduction (Lazar-Poniatowska et al., 2021; Zappa and Mousa, 2016). Clinical al-

ternatives for cancer treatment today largely consist of classic tech-

The fatality rates for both men and women are the highest due to
lung cancer, making it the most common cause of cancer related death
worldwide. About 238,340 new instances of lung cancer were predicted
to be diagnosed in the United States in 2023, according to estimations by
the American Cancer Society (Society, 2021). Lung cancer had the
highest fatality rate, with 1.80 million deaths out of 2.12 million cases
(Sung et al., 2021). Survival rates for lung cancer over the course of five
years is 15 %, making it the deadliest form of the disease and a major
public health concern around the world. As the second most common
disease in both men and women, lung cancer accounts for nearly 2
million annual cases (Alberg et al., 2013; Schluger and Koppaka, 2014;
Tao and Imaging, 2019). It is estimated that between 80 and 85 % of
lung cancer cases are caused by non-small cell lung cancer (NSCLC)

niques like surgery, chemotherapy, and radiation therapy (Housman
etal., 2014; Van Meir et al., 2010). There are three main types of NSCLC:
adenocarcinoma (40 %), cancer of the squamous cells (25-30 %), and
cancer with giant cells (10-15 %) (Mahmood et al., 2017; Meza et al.,
2015; Travis, 2012). Almost 70 % of all NSCLCs were already considered
to be “advanced” (stages IIIB-IV) upon initial diagnosis because cancer
had progressed either locally or to other parts of the body before
detection (Lemjabbar-Alaoui et al., 2015). Survival rates at 5 years for
stage IIIB NSCLC are around 5 % while stage IV NSCLC (metastatic
disease) has a 5-year survival rate of about 1 % (Molina et al., 2008;
Wang et al., 2010). In the early stages of NSCLC, surgical removal of the
tumor is the best option, but in later stages, systemic treatment is
required. Multiple alternatives exist for people with advanced lung
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Fig. 1. An illustration depicting the formation of TPGS-SH.

cancer who want to extend their lives and enhance their quality of life
(Zhang et al., 2022). Treatments range from surgery and radiation to
chemotherapy and targeted immunotherapies, depending on the pa-
tient’s cancer type, stage, and molecular characteristics of their cancer
cells. Stage IIIB NSCLC is typically treated with chemotherapy (Kata-
kami et al., 2012; Stinchcombe et al., 2011).

Cabazitaxel (CBZ) is a microtubule-stabilizing agent that contains
anti tumor properties, it is a semisynthetic microtubule stabilizer of the
second generation. It is widely used in the treatment of NSCLC, as well as
breast and ovarian malignancies (Eskra et al., 2016). Myelosuppression,
hypersensitivity, nephrotoxicity, neurotoxicity, and inferior antitumor
effectiveness are just some of the dose-dependent side effects associated
with the current CBZ clinical formulation (Karavelioglu et al., 2016).
Overexpression of particular receptors and an increased redox potential
are two hallmarks of cancer cells. These features can be utilized to
develop new drug delivery systems with applications in cancer treat-
ment. Cancer cells’ higher glycolytic activity and generation of reactive
oxygen species (ROS) contribute to this high redox potential (Kumari
et al., 2018; Rodic and Vincent, 2018). As a defense mechanism against
oxidative stress, an increase in glutathione (GSH) production by cancer
cells can decrease sulfhydryl group oxidation and increase protein

cleavability (Kennedy et al., 2020). The S-S group of redox sensitive NPs
is reduced by GSH after entering to the cancer cells to generate a dithiol
intermediate, releasing the medication. Redox-sensitive nanocarrier for
improved cancer therapy has recently been developed using 4-amino
thiophenol-conjugated with D-alpha-tocopheryl polyethylene glycol
1000 succinate (TPGS) (Yang et al., 2017). TPGS is commonly employed
as a penetration enhancer and stabilizing agent. It’s an amphiphilic,
vitamin E-derived natural product that’s been approved by the FDA. In
order to better treat NSCLC, extensive research has been conducted on
targeted NPs (Jiang et al., 2023). In addition, in-vivo imaging in lung
cancer applications is made possible by redox-sensitive nanomedicine
because of its high levels of potency, selectivity, and responsiveness
when loaded with an imaging material (Crucho, 2015). Since the con-
centration of glutathione in the microenvironment of cancer cells is
gradually higher than that found in the circulatory system (2-20 pM),
NPs consisting of redox-sensitive disulfide (S-S) bonds are able to release
their antineoplastic contents in a target-activated manner. This cleavage
of S-S bonds will initiate drug release from nano systems inside cancer
cells (Cheng et al., 2011). In light of this, we aimed to investigate the
potential benefits of a targeted NSCLC delivery method based on redox-
sensitive NPs loaded with CBZ. Since EGFR is overexpressed in NSCLC,
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Fig. 2. Schematics of Formulations I) Synthesis of TPGS-SH II) Mechanism of intermolecular disulphide bond formation; II) Redox sensitive non targeted NPs; IV)

Targeted-redox-sensitive NPs.

conjugating the epidermal growth factor receptor (EGFR)-specific anti-
body cetuximab (CTX) over the NPs surface can promote receptor-
mediated endocytosis and enable active targeting, facilitating the NPs
active delivery into the lung cancer cell (Santos et al., 2021). For this
reason, higher GSH levels in the tumor cell may promote the subcellular
delivery of the pharmaceutical payload from NPs by facilitating the
cleavage of disulfide bonds in a polymer (Sun et al., 2018).

The habit of smoking cigarettes is a major contributor to lung cancer

and other types of the disease. Benzo(a)pyrene (B(a)P) is a highly strong
carcinogen found in cigarette smoke. DNA adducts are induced by B(a)P
reactive metabolites, which can cause mutations (Alexandrov et al.,
2010). In a study, John et al., identified two types of DNA adducts after
treatment with (B(a)P) which include r7,t8,t9-trihydroxy-c-10-(N 2
deoxyguanosyl)-7,8,9,10-tetrahydrobenzo[a]pyrene (BPdG), and anti-
r7,t8-dihydroxy-t-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a] pyrene

(BPDE) DNA antiserum which increase the susceptibility of mice for
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Table 1
Preparation of NPs via dialysis bag method.
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Table 2
FTIR peak assignment of TPGS, TPGS-COOH, and TPGS-SH.

S. Formulations TPGS TPGS- TPGS- CBZ CMN6 CTX

No (mg) COOH SH (mg)  (mg) (mg)
(mg) (mg)

1 TPGS-CBZ- 30 - - 3 - -
NPs

2 TPGS-SS-CBZ- - - 30 3 - -
NPs

3 CTX-TPGS-SS- - 10 20 3 - 2.5
CBZ-NPs

4 TPGS- CMNG6- 30 - - - 0.3 -
NPs

5 TPGS-SS- - - 30 - 0.3 -
CMN6-NPs

6 CTX-TPGS-SS- - 10 20 - 0.3 2.5
CMN6-NPs

TPGS-CBZ-NPs: CBZ loaded non-redox sensitive non targeted NPs.
TPGS-SS-CBZ-NPs: CBZ loaded redox sensitive non targeted NPs.
CTX-TPGS-SS-CBZ-NPs: CBZ loaded targeted-redox sensitive NPs.
TPGS-CMNG6-NPs: CMN6 loaded non-redox sensitive non targeted NPs.
TPGS-SS-CMNG6-NPs: CMNG6 loaded-redox sensitive non targeted NPs.
CTX-TPGS-SS-CMN6-NPs: CMNG6 loaded targeted-redox sensitive NPs.
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Fig. 3. FTIR spectra of A) TPGS; B) TPGS-COOH; C) TPGS-SH.

lungs cancer development (John et al., 2012). Increased generation of
pulmonary inflammatory mediators and activation or facilitation of
carcinogenic pathways are both effects of ROS and oxidative stress in the
respiratory system (Appel et al., 1990; Chaudhary et al., 2023). In this
study, we employed (B(a)P) induced lung carcinoma mice model (Hu
et al., 2021) in an effort to prove that redox-sensitive NPs targeting the
EGFR could effectively treat lung cancer triggered by cigarette smoke.
Thus, a targeted drug delivery system that enables the targeted

1

Functional groups Wave number cm™

TPGS TPGS-COOH TPGS-SH
cC=0 1734.8 1744.1 1642.9
O-H 3457.2 3438.2 -
c-0 1247.4 1201.9 -
N-H (stretch) - - 3405.7
N-H (bending) - - 1561.8
S-H - - 2552.1
Table 3
Parameters for the physicochemical analysis of the formulations.
S. Formulations PS (nm) PDI ZP (mV) EE (%)
No
1 CBZ control - - - -
TPGS-CBZ-NPs 145.6 + 0.342 + -15+ 69.3 +
11.8 0.083 1.42 3.05
3 TPGS-SS-CBZ-NPs 221.6 + 0.337 + -19 + 74.6 +
13.5 0.072 2.14 2.51
4 CTX-TPGS-SS CBZ- 308.06 + 0.336 + -23 + 79.6 +
NPs 9.4 0.059 1.96 3.05
5 TPGS- CMN6-NPs 152.3 &+ 0.364 + -16 + 58.7 +
14.8 0.042 2.49 2.20
6 TPGS-SS- CMN6- 226.9 + 0.367 + —-21+ 67.1 +
NPs 12.2 0.034 2.05 4.63
7 CTX-TPGS-SS- 316.2 + 0.397 + — 26+ 71.3 +
CMN6-NPs 13.8 0.023 2.86 3.56

TPGS-CBZ-NPs: CBZ loaded non-redox sensitive non targeted NPs.
TPGS-SS-CBZ-NPs: CBZ loaded redox sensitive non targeted NPs.
CTX-TPGS-SS-CBZ-NPs: CBZ loaded targeted redox-sensitive NPs.
TPGS-CMNG6-NPs: CMN6 loaded non-redox sensitive non targeted NPs.
TPGS-SS-CMNG6-NPs: CMN6 loaded redox sensitive non targeted NPs.
CTX-TPGS-SS-CMN6-NPs: CMNG6 loaded targeted redox-sensitive NPs.

PS: Particle size; PDI: Polydispersity index; ZP: Zeta potential; EE: Entrapment
efficiency.

administration of the loaded medicine to tumours may be a solution for
treating lung cancer (Rugamba et al., 2021). Therefore, we have pro-
posed CBZ-loaded EGFR-targeted NPs for the targeted treatment of lung
cancer. Firstly, 4-amino thiophenol was conjugated with TPGS (Lian
et al., 2017). Secondly, the NPs were prepared by using dialysis bag
method and the CBZ was loaded into the non-redox sensitive non tar-
geted NPs (TPGS-CBZ-NPs), and redox sensitive non targeted (TPGS-SS-
CBZ-NPs). Third the TPGS-SS-CBZ-NPs were post conjugated with
monoclonal antibody to forms targeted redox-sensitive NPs (CTX-TPGS-
SS-CBZ-NPs) (Viswanadh et al., 2021). The chimeric monoclonal anti-
body CTX has a high binding affinity to the EGFR extracellular domain.
This is an IgG1 class antibody with both murine and human origins. Its
affinity for EGFR is strikingly higher than that for the epithelial growth
factor itself. It represents precisely how the CTX can be used to func-
tionalize NPs at much lower concentrations, as a targeted ligand. In
addition, NPs whose surfaces have been modified with TPGS have been
shown to circulate in the bloodstream for longer time and accumulate in
tumors more effectively in vivo (Mazzarella et al., 2018). Furthermore,
several physicochemical properties were analyzed for the developed
NPs, such as particle sizes, polydispersity, zeta potential, surface mor-
phologies, entrapment efficiency, surface chemistry, crystallinity, and in
vitro performance was studied, evaluating in-vitro release, cellular uptake
and cytotoxicity (Rani et al., 2023). A549 cell lines were used to analyse
the extent of cellular uptake of NPs loaded with coumarin 6 (CMNG6).
Additionally, IC5¢ values were determined for both nontargeted and
targeted NPs in an in vitro cytotoxicity assay of CBZ in A549 cells.
Additionally, the targeting efficacy of developed NPs were analysed by
ultrasound/photoacoustic and IVIS imaging in a B(a)P administered
lung carcinoma mice model (Vikas et al., 2023).
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Fig. 4. (I) TEM photographs of A) TPGS-CBZ-NPs; B) TPGS-SS-CBZ-NPs; C) CTX-TPGS-SS-CBZ-NPs. (II) SEM photographs A) TPGS-CBZ-NPs; B) TPGS-SS-CBZ-NPs;
C) CTX-TPGS-SS-CBZ-NPs; (III) Statistical comparison of TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs A) Size of the NPs; B) PDI; C) Surface charge;

and D) %EE.

2. Materials and method
2.1. Materials

Cabazitaxel gift sample was obtained by Dr. Reddy’s Laboratories
in Hyderabad, India. The following chemicals such as 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), DMAP (4-dimethylamino-
pyridine), benzopyrene, 4-aminothiophenol (4 ATP), Cetuximab, N-hy-
droxy succinimide (NHS), methylene blue (MB)and coumarin-6
(CMN6) were procured from Sigma-Aldrich, USA. The TPGS (D-alpha-
tocopheryl-polyethyleneglycol-1000-succinate) was provided as a gift

sample by Antares Health Products. The 1 kDa dialysis membrane was
purchased from Sigma-Aldrich®, Spectrum Labs-Bioz, USA. Cell lines
A549 were obtained from NCCS, Pune, India. Biotium, USA, provided
the MTT. The following materials were supplied by HIMEDIA labora-
tories: fetal bovine serum, Dulbecco’s modified Eagle’s medium
(DMEM), paraformaldehyde solution (4 %), 4,6-diamidino-2-phenyl-
indole (DAPI), propidium iodide (PI), and antibiotics solution 100X
liquid. 1,1"-Dioctadecyl-3,3,3',3"-tetramethylindodicarbocyanine,4-
chlorobenzenesulfonate salt (DiD dye) was procured by Thermo Fisher
Scientific, India. In addition to the chemicals and reagents used in the
analysis, all other materials used were analytical grade.
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Fig. 5. A) XPS survey of i) TPGS-CBZ-NPs ii) TPGS-SS-CBZ-NPs; and iii) CTX-TPGS-SS-CBZ-NPs and B) In an XPS survey, the atomic percentage of atoms was shown
in a histogram i) TPGS-CBZ-NPs ii) TPGS-SS-CBZ-NPs; and iii) CTX-TPGS-SS-CBZ-NPs.

2.2. Methods
2.2.1. Synthesis of conjugates and preparation of self-assembled micelles

2.2.1.1. Synthesis of TPGS-SH. As shown in Fig.1, TPGS-SH was syn-
thesised in two stages. In the first stage, TPGS is functionalized with a free
carboxyl group at its terminal by subjecting succinic anhydride and DMAP
to a ring-opening reaction in a nitrogen environment at 100 °C for 24 h. In
accordance with previous reports, all reaction conditions were maintained
(Muthu et al., 2015). The TPGS-SH conjugate was made by combining the
carboxylate groups of TPGS with 4-ATP using EDC and NHS to make
amine-reactive esters. The EDC and NHS were combined with the TPGS-

COOH at a molar ratio of 1:2. After 3 h of gentle stirring at 25 °C and pH 5,
an addition of a 1:1 ethyl alcohol solution of 4-ATP (10 mL) was made to
the mixture. The reaction was left to stand in the dark at 4 °C overnight.
Sodium borohydride was used to neutralize acidity without disrupting the
disulfide bonds, bringing the pH back to 7. The thiol groups in this pro-
cedure were protected from oxidation by nitrogen. Ethyl alcohol was used
for the precipitation of the reaction mixture. When the purification pro-
cess was complete, the solution was lyophilized by being frozen. Finally,
TPGS-SH was formsed as a pale-yellow product (Viswanadh et al., 2021).
The prepared thiolated TPGS exists in reduced form, but when two mol-
ecules of thiolated TPGS comes closer then it forms an intermolecular
disulfide bond (S-S) as oxidized form (Fig. 2II) (Alberts, 2017).
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2.2.1.2. Analysis of TPGS conjugates. The prepared TPGS conjugates
were characterized by FTIR and 'HNMR spectroscopy. The FTIR
(Nicolet™ iS™ 5 spectrometer, Thermo Fisher Scientific, USA) spec-
troscopy was used to characterize the prepared TPGS integrates. The
analysis relied on an FTIR spectrometer. Using the potassium bromide
pellet method, FTIR spectra of the samples was acquired by scanning
across a range of 4000 to 600 em ! (Jithan et al., 2011). The H NMR
spectra of TPGS conjugates were recorded at 500 MHz using a BRUKER
BioSpin International NMR spectrometer (Gill et al., 2012). The amount
of 4-ATP conjugated with TPGS carboxylate was determined spectro-
photometrically using Ellman’s reagent at Amax of 240 nm (Sun et al.,
2018). The ethanol was used to prepared the 4-ATP calibration curve at
a concentration of 20-120 pg/mL. Further, in a 96 well plates 80 uL of
the prepared stock solution was placed with Ellman’s reagent (160 pL).
Then, 8 mg of TPGS-SH was solubilized in 10 mL of ethanol, and 80 L of
the solution was placed with Ellman’s reagent (160 pL). The 4-ATP
calibration curve was used to quantify the percent quantity of 4-ATP
conjugated with TPGS carboxylate.

2.2.1.3. Preparation of self-assembled micelles of cabazitaxel/methylene
blue (MB)/coumarin-6 (CMNG6)/DiD dye. The TPGS-CBZ-NPs, and TPGS-
SS-CBZ-NPs were synthesized using the dialysis technique as illustrated
in Table 1, and the schematic is shown in Fig. 2. The TPGS-CBZ-NPs
were prepared by dissolving CBZ in a mixture of TPGS-DMSO. After
that, the solution was dialyzed for 24 h against milli-Q water. After the
allotted amount of time had passed, the newly generated NPs were
centrifuged out of the mixture at 16,802 xg, milli-Q water was used for
three separate washings before being reconstituted in the water. More-
over, the same process was repeated for TPGS-SS-CBZ-NPs. However,
the CTX-TPGS-SS-CBZ-NPs were prepared in a manner similar to that
described above, except that NPs were made using a combination of
TPGS-SS and TPGS-COOH (at a ratio of 20:10). The EDC/NHS (1:5) was
used to surface-conjugate with cetuximab, which activates carboxylate
groups on the NPs. After that, we added 2.5 mg of cetuximab to the NPs
suspension and mixed it for another 30 min. To eliminate the free drugs
and reactants, the resultant formulation was dialyzed against a saturated
solution of CBZ via a membrane of 1 kDa (Viswanadh et al., 2021).
For the cellular-uptake study, a batch of CMN6-loaded TPGS-CMN6-
NPs, TPGS-SS-CMN6-NPs, and CTX-TPGS-SS-NPs were developed. For
photoacoustic imaging, we additionally synthesized a series of MB-

loaded TPGS-MB-NPs, TPGS-SS-MB-NPs, and CTX-TPGS-SS-MB-NPs
using 50 pg of MB dye in place of CBZ. Finally, DiD-loaded TPGS-DiD-
NPs, TPGS-SS-DiD-NPs, and CTX-TPGS-SS-DiD-NPs were prepared using
the same method, except 2 ug of DiD dye was employed in place of CBZ
for IVIS fluorescence imaging.

2.2.2. Evaluation of prepared micelles for their physicochemical
characteristics

2.2.2.1. Measurement of the size of particles, polydispersity, and surface
charge. The size of the NPs, polydispersity index, and surface charac-
teristics of the NPs were all measured at 25 °C using DLS (Malvern Zeta
sizer Nano series) (Pooja et al., 2014). All the study was performed in
triplicate (n = 3).

2.2.2.2. Transmission electron microscopy studies. The finished NPs were
analysed by TEM (Philips CM-12, Fullerton, CA) to determine their in-
ternal structure and exterior shape. Every nanoparticle formulation was
sonicated for two minutes after being diluted five times with milli-Q
water. After placing a single drop of each diluted sample on TEM grids
and drying them overnight in a vacuum, and TEM was used to examine
the samples (Antoniou et al., 2015).

2.2.2.3. Scanning electron microscopy studies. After the NPs had been
formed, their surface characteristics was analysed using a scanning
electron microscope (MA15/18, CARL ZEISS MICROSCOPY LTD). At 20
kV and 50 KX magnification, images were taken. Before being deposited
on coverslips, each sample was diluted up to five times in ultra-pure
water and dried at 40 °C for 24 h in a hot air oven. The relevant slides
were coated with carbon before the SEM study (Agarwal et al., 2018).

2.2.2.4. X-ray diffraction analysis. The XRD analysis on pure drug
(CBZ), TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs
was done using Bench Top X-Ray Diffraction (BT-XRD: RIGAKU Cor-
poration). The excipients, medications, and their final products are
characterised by their crystalline peaks using a technique called X-ray
diffraction (XRD). The crystal structure of the drugs in the formulation
was determined. The samples were subjected to a voltage of 40 kV and a
current of 15 mA, the scanning range of the samples was (20), and the
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scan speed was 7°/min (Shen et al., 2020).

2.2.2.5. Surface chemistry. An X-ray photoelectron spectroscopy anal-
ysis (K-Alpha, Thermo Fisher Scientific) was performed to study the

by dropping NPs suspension on a glass slide (1x1 cm) and drying them
under a vacuum overnight. The surface chemistry of prepared TPGS-

surface chemistry of NPs. Exploration of binding energies between 100

and 800 electron volts (eV) was performed. The samples were prepared

CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs was studied
by XPS (Jha et al., 2020).

2.2.2.6. Entrapment efficiency and drug loading capacity. Encapsulation
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Table 4
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The tso values of various formulations at pH 5.5 + GSH 5 mM, pH 5.5 + GSH 20 mM, pH 7.4 + GSH 5 mM, and pH 7.4 + GSH 20 mM.

Formulations pH 5.5 (hr) pH 5.5 4+ GSH 5 mM pH 5.5 4+ GSH 20 mM pH 7.4 (hr) pH 7.4 4+ GSH 5 mM pH 7.4 4+ GSH 20 mM
(hr) (hr) (hr) (hr)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
TPGS-CBZ-NPs 11.42 0.14 9.48 0.13 8.47 0.21 1236 0.14 11.17 0.14 9.34 0.15
TPGS-SS-CBZ-NPs 5.87 0.12  4.70 0.12 3.47 0.14 10.69  0.21 9.05 0.25 4.34 0.23
CTX-TPGS-SS- CBZ-NPs 10.36 0.14 8.04 0.13 4.46 0.16 11.75 0.36 9.71 0.36 5.73 0.34

efficiency of the produced NPs was evaluated using HPLC (LC-20AR,
Shimadzu, Japan). Our experiment involved an evaporator-rotary dry-
ing of 200 uL of NPs equivalent to 60 pg of CBZ. After the solvent was
taken out, the NPs that were left were treated with methanol and stirred
in a vortex for 12 h. Nearly, 10 min of centrifugation at 5813 xg sepa-
rated the solution, then a rotary evaporator was used to dehydrate the
supernatant. The experiment used a mobile phase consisting of 75 %
methanol and 25 % water. CBZ was reconstituted in 1 mL of mobile
phase by being vortexed for 10 min. Before being added to the HPLC
vials, a 0.22 pm membrane filter was used to filter the specimens
(Kommineni et al., 2019). Mobile phase CBZ standard concentrations
were used to generate a standard curve, which was then plotted against
the peak area. The entrapment efficiency was determined using the
following formula:

Drugentrappedinthe NPs

Ent teffici %) =
ntrapmentefficiency (%) Drugadded inthe NPs preparation process

The % drug loading of the NPs was calculated by using following formula:

Amount of drug

100
weight of lyophilized NPs X

Drug loading(%) =

2.2.2.7. Detection of CTX concentrations. The CTX-TPGS-SS-CBZ-NPs
were prepared and CTX concentration was determined by Bradford
assay. The CTX-TPGS-SS-CBZ-NPs, a blank PBS solution with a pH of 7.4,
and standard CTX solution were each produced at 1 mL and given 5 min
to react with 5 mL Bradford reagent before their UV absorbances were
measured. After that, we employed a bovine serum albumin (BSA)
calibration curve to figure out how much CTX had been conjugated onto
the specific redox-sensitive NPs (Kutty and Feng, 2013). A conjugation
degree can be assessed using the following equation:

Amount of CTX in targeted redoxsensitive NPs — CTX amount in blank (PBS)

order and peppas exponential models (Muthu and Singh, 2009).

2.2.3.2. In-vitro cytotoxicity study. The MTT assay was used to test the
cytotoxicity of the CBZ control, TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, CTX-
TPGS-SS-CBZ-NPs on lung cancer A549 cells. This was accomplished by
seeding at a density of 1 x 10° cells per well into 96 well plates and
incubating them for 24 h to promote proper cell adhesion. Subsequently,
the cells were subjected to varying levels of CBZ in DMEM (0.025, 0.25,
2.5, and 25 pg/ml) for 24 h, along with TPGS-CBZ-NPs, TPGS-SS-CBZ-
NPs, and CTX-TPGS-SS-CBZ-NPs at equivalent concentration. The cells
were washed with PBS in order to remove adhere drug and formulations.
Briefly, fresh DMEM with 10% MTT (5 mg/mL) was added in each well,
and incubated for 4h. Further MTT solution was discarded and 100 pL of
DMSO solution was used to dissolve the formazan crystals. After that,
the optical density at 570 nm was observed using the microplate reader.
The treated cells were tested for cytotoxicity in comparison to their
untreated counterparts. After incubation with cells for 24 h at 37 °C, the
cytotoxicity produced by TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-
TPGS-SS-CBZ-NPs in accordance to CBZ control was assessed in the
A549 cells (Cafaggi et al., 2007). According to the following formula, the
proportion of living cells was calculated:

Absorbance of the treated cells

% Cellular viability = X100

Absorbance of the control cells

2.2.3.3. In vitro cellular uptake study. An assessment of the extent to
which CMN6-loaded NPs are taken up by cells (TPGS-CMN6-NPs, TPGS-
SS-CMNG6-NPs, and CTX-TPGS-SS-CMN6-NPs) was evaluated on A549
cells by using confocal laser scanning microscopy (CLSM). To determine
whether the A549 cells were taken up, they were seeded at 50,000 per
well in a six-well plate. After incubating the plates for at least 24 h, 5 pg/
ml of pure CMN6, TPGS-CMN6-NPs, TPGS-SS-CMN6-NPs, and CTX-

X100

Extent of conjugation of CTX =

2.2.3. In vitro studies

2.2.3.1. In-vitro drug release. To simulate the physiological reductive
condition, two distinct buffers (pH 5.5 and 7.4) with GSH amounts of
(5 and 20 mM) were used to examine the in vitro release pattern of CBZ
from NPs. Dialysis clips were used to close a dialysis bag made of cel-
lulose membrane (1 kD) containing a drug-loaded NPs suspension in a
buffer containing glutathione (GSH). The bag was then immersed in a
beaker containing media made up of the same buffer (50 mL) at 37 +
0.5 °C with constant stirring at 100 rpm. Following the withdrawal of 2
mL samples at regular intervals, the same amount of fresh media was
replaced. For quantification of the released drug concentration, HPLC
was used (Xue et al., 2016). In vitro drug release data were analysed for
drug release kinetics by applying the zero order, first order, higuchi

amount detected in standard CTX solution

TPGS-SS-CMNG6-NPs were added to each wells. One well was pre-
treated with CTX before incubation with CTX-TPGS-SS-CMN6-NPs to
assure the unambiguous role of EGFR in the intracellular uptake of NPs.
A multi-step washing procedure, followed by a fixation by 4% para-
formaldehyde, was conducted after the cells had been exposed for 2 h.
The cells were washed twice with cold PBS followed by 0.1 %Triton X-
100 for permeabilization. Propidium iodide (10 ug/mL) was incubated
with the cells for an additional 40 min to stain the nuclei. CLSM was used
to observe the monolayer of cells after three washes with PBS (Muthu
et al., 2012).

2.2.3.4. Apoptosis study with DAPI/PI dual staining. The DAPI/PI dual-
stating approach was used to test the apoptotic potential of both the
free drug and the NPs. Briefly, 1 x 10°> A549 cells were added in each
well of 12 well cell culture plate. The cells were then exposed with free
CBZ, TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, CTX-TPGS-SS-CBZ-NPs for 24 h
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in a CO, incubator. Furthermore, the cells were washed with PBS and
stained for 30 min using DAPI (1 ug/mL)/PI (10 pg/mL). After that, the
cells were visualized using CLSM microscope (Morales-Cruz et al.,
2016).

2.2.4. In-vivo studies

2.2.4.1. Ethical approval. The in vivo animal experimental studies were
approved by the Institutional Animal Ethics Committee (IAEC), Faculty
of Medicine, Institute of Medical Science (BHU) Varanasi (IAEC
Approval Number: Dean/2019/IAEC/1226). Each animal experiment
followed strict guidelines published by the National Research Council.

2.2.4.2. Carcinogen induced lung cancer model. Swiss albino mice
weighing between 15 and 20 g were used in the experiment. Housing for
the animals included climate and humidity regulation. To induce cancer,
B(a)P was administered orally at a dose of 50 mg/kg in corn oil. It took
four weeks of twice-weekly B(a)P injections to cause lung cancer. On the
other hand, an extra set of cancer model subjects was examined on the
14th day to observe the onset of cancer induction.

2.2.4.3. Ultrasound and photoacoustic imaging for monitoring the lung
distribution of nanomedicine in mice. Methylene blue (MB) loaded NPs
were evaluated in vivo using a multimodal imaging system in a B(a)P
administered lung carcinoma. In this experiment, male Swiss albino
mice were utilised (n = 3), and their body weight ranged from 16 to 20
g. These mice were fed with a regular mice diet and housed in a

Table 5
In Vitro Drug Release Kinetics of TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-
TPGS-SS-CBZ-NPs.

Batches Drug release kinetics, Correlation Release
coefficients (r%) Exponent (n)
Zero First Higuchi
order order order
pH 5.5
TPGS-CBZ-NPs 0.8381 0.9097 0.9647 0.513
TPGS-SS-CBZ- 0.7978 0.8877 0.9547 0.461
NPs
CTX-TPGS-SS- 0.8211 0.9038 0.9641 0.481
CBZ-NPs
pHS5.5 +5mM
TPGS-CBZ-NPs 0.8064 0.9184 0.9697 0.427
TPGS-SS-CBZ- 0.8077 0.9505 0.9691 0.415
NPs
CTX-TPGS-SS- 0.8175 0.9446 0.9738 0.430
CBZ-NPs
pH 5.5 + 20 mM
TPGS-CBZ-NPs 0.8215 0.9404 0.9778 0.432
TPGS-SS-CBZ- 0.7509 0.9451 0.9433 0.380
NPs
CTX-TPGS-SS- 0.7736 0.9264 0.9571 0.396
CBZ-NPs
pH7.4
TPGS-CBZ-NPs 0.8321 0.8998 0.9544 0.531
TPGS-SS-CBZ- 0.8089 0.9035 0.9634 0.445
NPs
CTX-TPGS-SS- 0.8204 0.8984 0.9607 0.482
CBZ-NPs
pH 7.4 +5mM
TPGS-CBZ-NPs 0.8211 0.9142 0.9729 0.452
TPGS-SS-CBZ- 0.8148 0.9414 0.9696 0.433
NPs
CTX-TPGS-SS- 0.8332 0.9448 0.9776 0.455
CBZ-NPs
pH7.4 + 20 mM
TPGS-CBZ-NPs 0.8101 0.9146 0.8101 0.435
TPGS-SS-CBZ- 0.7831 0.9413 0.9717 0.412
NPs
CTX-TPGS-SS- 0.8044 0.9378 0.9666 0.434
CBZ-NPs
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controlled setting with regular access to water. The NPs were adminis-
tered through the lateral tail vein in mice at a dose of 1.5 mg/kg. In-
jections of MB control, TPGS-MB-NPs, TPGS-SS-MB-NPs, and CTX-TPGS-
SS-MB-NPs were given to five groups of mice, separately. In addition to
the cancer model, CTX-TPGS-SS-MB-NPs were administered into cancer
free mice to evaluate biodistribution. During the experiment, the mice
were sedated with inhalational isoflurane (Induction: 3 %; Maintenance:
1.5 %-2%).

The animals were then laid supine on a warm operating table
(Fyjifilm Visual Sonics, Inc.). Superior parasternal long-axis lung im-
aging was achieved by positioning transducer encased in a jacket
holding a compact (14 mm) optical fibre bundle (Fujifilm Visual Sonics,
Inc.) placed over the body of mice. Ultrasonic gel (BPL, India) without
bubbles was utilize to develop the gap of 5 mm between the skin of
animal and transducer. Throughout all scans, the depth of the pictures
was 18 mm. An intravenous injection of NPs loaded with MB was
administered in 30-minute intervals before and after MB control. Prior
to injecting NPs, an initial photoacoustic signal baseline value was used
to split all scans. Prior to injecting the NPs, every scan was subtracted
from a baseline PA signal of haemoglobin to reduce the PA signal (Xu
et al., 2022).

2.2.4.4. Live imaging of the lungs with IVIS. Images of free DiD and DiD-
loaded NPs were captured from B(a)P administered carcinoma animals
with the Photon Imager Optima System (Biospace Lab). Fluorescence
signals were collected at 620 nm for excitation and 710 nm for emission
at various times following the injection of NPs (which equates to 200 nM
associated with DiD dye), varying from 10 min, 2 h, 4 h, 6 h, and 24 h.
We evaluated the lung region for its luminous efficiency using the ROI
tool in the imaging software from Biospace Lab (defined here as fluo-
rescence intensity per unit area per unit time) (Cao et al., 2015).

2.2.4.5. Histopathology study. To compare the produced NPs to the CBZ
control for safety, a histopathology examination was conducted on
Wistar rats. In this study, five groups of rats, with five rats in each were
used as experimental subjects. The saline group served as the placebo,
while the other four groups got either CBZ control, TPGS-CBZ-NPs,
TPGS-SS-CBZ-NPs, or CTX-TPGS-SS-CBZ-NPs with a dosage of 6.5 mg/
kg. Two weeks after receiving the formulations three times intrave-
nously every three days, the rats were sacrificed. Haematoxylin and
eosin (H&E) staining of sections of the lungs, liver, kidneys, heart, and
brain were performed. Light microscopy (Olympus, India) was
employed to detect the alterations in histopathology, and Top View 3.7
was used to obtain images (Nomier et al., 2022).

2.2.4.6. Assessing the anticancer effectiveness of nanoparticles in mice.

The Swiss albino mice were divided into six groups comprising of six
animals in each group (n = 6). Group I animals were considered as a
negative control, and received four weeks of oral corn oil. Group II an-
imals, who served as positive controls, were given B(a)P, at a dose of 50
mg/kg body weight orally solubilise in corn oil twice weekly for four
weeks to develop the lung carcinoma and dosing was continued to 120
days. The treatments were administered intravenously twice weekly via
the tail vein of mice at a dose of 6.5 mg/kg of CBZ following the four-
teenth day of being exposed to B(a)P and the treatment were continued
up to four weeks. In Group III, the animals were given a four weeks
course of CBZ control. Animals in Groups IV, V, and VI were adminis-
tered TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs
(6.5 mg/kg body weight of CBZ, intravenously) for four weeks. Histo-
pathological findings validated the induction of lung cancer in positive
control group. All animals had their lungs removed on the day of death;
those that did not undergo this procedure were euthanized after 120
days so that histological investigation could be conducted. Following
that, the lungs were extracted and preserved with 10 % formalin, and
paraffin was used for blocking. Next, distinct glass slides were used to
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mount paraffin slices with a thickness of 5 pm following standard pro-
cessing. After H&E treatment, the aforementioned slices were examined
for cancer cell counts using ImageJ software (Vikas et al., 2023).

2.2.4.7. Statistical evaluation. In vitro and in vivo results were presented
as means and standard deviations for the purposes of statistical analysis.
The statistical analysis was performed in GraphPad Prism 7.0. To
determine statistical significance between groups, we employed a one-
way analysis of variance and t-test. There were four levels of statistical
significance: ns (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

3. Results and discussion
3.1. Characterization of TPGS conjugates

To compare the infrared spectra of TPGS, TPGS-COOH, and TPGS-
SH, the FTIR investigation was conducted (Fig. 3. and Table. 2). In
TPGS, the existence of a wide O-H signal at 3457.2 cm ™ is indicative of
a free hydroxyl group. Additionally, the ester C = O stretching vibration
was detected at 1734.8 cm™!. However, the C = O stretching vibration of
the ester has been seen to be stronger at 1744.1 cm ™! in TPGS-COOH.
The TPGS-COOH contains a carboxylic acid terminal group exhibiting
O-H stretching at 3438.2 cm™’. At 3405.7 cm ™!, the TPGS-SH shows a
peak in N-H stretching, and at 1561.8 cm ™, the TPGS-SH displays a
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peak in N-H bending. However, a carbonyl group of the amide linkage
was found at 1642.9 cm™!. Moreover, the detection of an SH peak at
2552.01 cm ! suggests the development of thiolated TPGS. The 'HNMR
spectra of TPGS-COOH, and TPGS-SH have been presented in our pre-
vious publication (Viswanadh et al., 2021). It has been observed that the
methylene group of the conjugated succinic group contributes to the
peaks at 2.38 and 3.00 ppm that have been observed in TPGS-COOH
spectra. The 4-ATP’s thiol group is shown by the peak in its spectral
line at 3.44 ppm. Moreover, the peaks for aromatic protons were
observed at 6 to 7 ppm, which was absent in the spectra of TPGS-COOH.
The 4-ATP’s thiol group is shown by the peak in its spectral line at 3.44
ppm. Moreover, the peaks for aromatic protons were observed at 6 to 7
ppm, which was absent in the spectra of TPGS and TPGS-COOH. The
amount of 4-ATP that has been conjugated with TPGS- COOH was
determined spectrophotometrically using Ellman’s reagent. The amount
of 4-ATP conjugated with TPGS-COOH was found to be 58.7 + 8.4 %.

3.2. Physicochemical analysis

3.2.1. Assessment of particle size, PDI and charge over the surface of NPs

In the study of prepared TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-
TPGS-SS-CBZ-NPs (Table. 3), the size of the NPs and charge over the
surface of NPs for TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-
CBZ-NPs are determined to be 145.6 & 11.8, 221.6 + 13.5, and 308.06
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+ 9.4 nm respectively. The zeta potential of TPGS-CBZ-NPs, TPGS-SS-
CBZ-NPs, are determined to be —15 + 1.42, and —19 + 2.14, however
the CTX-TPGS-SS-CBZ-NPs are determined to be -23 + 1.96 mV which
indicates its better stability. Moreover, the PDI values for TPGS-CBZ-
NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs are determined to
lie in the range of 0.342 + 0.083, 0.337 + 0.072, and 0.336 + 0.059,
which demonstrate that the particles are moderately monodisperse
(Table. 3).

3.2.2. Transmission electron microscopy

It was used to examine the NPs for information on their size, shape,
and morphology. Fig. 4 1. shows photographs of NPs at 200 nm scale.
Images with a scale of 200 nm, revealed the uniform spheres, with a
smooth surfaces.

3.2.3. Scanning electron microscopy

Morphological characterization of prepared NPs was carried out
using this technique. All of the developed NPs shown in Fig. 4 II. were
spherical, monodisperse, and smooth, without pinholes or fissures.

3.2.4. XPS spectroscopy

Fig. 5 depicts the distinctive peaks in the xps spectra for each of the
elements c, o, n, and s. the peaks obtained at binding energies 292-277,
538-525, 408-393, and 160-170 eV were ascribedtoC1s,01s,N1s,
and S2p. The percentage of N 15,0 1 s, and C 1 s in TPGS-CBZ-NPs, was
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Fig. 10. Changes in the cell morphology after treatment with the free CBZ, TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs.

76.39 %, 22.65 %, and 0.32 %, respectively, whereas for TPGS-SS-CBZ-
NPs these were 76.6 %, 20.61 %, and 1.19 %. Although the atomic
percentage of S2p (0.27 %) is present in TPGS-SS-CBZ-NPs, which
confirms the presence of sulfur atoms (which belong to the S-S bond)
over the surface of NPs. The XPS analysis further confirmed that (CTX)
was successfully post-conjugated. The percentage of N1s,01sandC1s
in CTX-TPGS-SS-CBZ-NPs was 72.74 %, 18.04 % and 5.79 %, respec-
tively. However, the peak of the sulfur group is not obtained in CTX-
TPGS-SS-CBZ-NPs, which confirms the conjugation of (CTX) over the
surface of TPGS-SS-CBZ-NPs.

3.2.5. XRD spectroscopy

Analyzing the NPs formulations with XRD revealed the physical state
of the NPs. An intense peak at 2 theta value of 24.63° was observed in
the pure drug (CBZ), indicating its crystalline nature. However, the
TPGS-CBZ-NPs and CTX-TPGS-SS-CBZ-NPs showed sharp peaks at 2
theta values of 16.18°, 24.63°, 29.45°, and 16.98°, 31.60°, respectively.
However, the XRD spectra of redox sensitive NPs displayed an amor-
phous nature (Fig.6).

3.2.6. Entrapment efficiency

For the TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-
NPs, the CBZ entrapment efficiency was determined to be approxi-
mately 69.3 + 3.05, 74.6 + 2.51, and 79.6 + 3.05, respectively (Table.
3). Entrapment was aided by the fact that the hydrophobic core of the
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Fig. 11. Images captured by ultrasound and photoacoustic instruments of (A to D) mice lungs after an i.v administration of MB-control and MB-loaded NPs into the
lungs of cancer-induced mice after 30 min and, E) Healthy mice’s lungs following a 30-minute intravenous injection of CTX-TPGS-SS-MB-NPs. F) histogram depicting

the photoacoustic signals.

NPs interacted well with the hydrophobic CBZ. The marginal improve-
ment in the specified nano formulation’s entrapment efficiency may be
due to the surface decoration of CTX, which resulted in an overall
decrease in surface charge. Moreover, the drug loading of TPGS-CBZ-
NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs was found to be
7.39, 7.92, and 8.46 % respectively.

3.2.7. Extent of CTX conjugation

Bradford assays were performed to determine the extent of CTX
conjugated onto the surfaces of TPGS-SS-CBZ-NPs, and over 71 + 3.127
% of CTX was conjugated.

3.3. In vitro evaluation

3.3.1. In-vitro drug release

Fig. 7 depicts the results of a 24 h study of drug release at pH (5.5 and
7.4) including two different GSH concentrations (i.e., 5 and 20 mM) for
TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs. At (pH
5.5), 58.1 + 2.36 %, 66.7 + 2.14, and 61.7 + 2.76 % of the medication
was released. Moreover, at pH 5.5 with GSH 5 Mm, 69.1 + 2.92 %, 79.1
+ 3.94 %, and 74.9 + 1.35 % of the medication were released; at pH 5.5
with GSH 20 mM, this increased to 72.4 4+ 1.86 %, 86.6 + 2.67 %, and
79.3 £ 1.70 % after 24 h. Even though the cumulative drug release at pH
7.4 was found to be 55.78 + 1.36 %, 63.4 &+ 2.57 %, and 58.78 + 3.14
after 24 h. Although, the drug release observed at pH 7.4 with GSH 5 mM
are 63.3 + 1.80 %, 74.2 + 2.27 %, and 71.1 + 1.28 %. However, it
increased to 67.3 + 2.2 %, 81.2 + 1.36 %, and 76.3 + 1.21 % at pH 7.4
with GSH 20 mM. The ts5( values for TPGS-CBZ-NPs at pH 5.5, pH 5.5 +
GSH 5 mM, pH 5.5 + GSH 20 mM, pH 7.4, pH 7.4 + GSH 5 mM, and pH
7.4 + GSH 20 mM are determined to be 11.42 + 0.142, 9.483 + 0.135,
8.477 + 0.214, 12.36 + 0.147, 11.17 + 0.149, and 9.34 + 0.156.

14

However, the tgg values for TPGS-SS-CBZ-NPs at pH 5.5, pH 5.5 + GSH 5
mM, pH 5.5 + GSH 20 mM, pH 7.4, pH 7.4 + GSH 5 mM, and pH 7.4 +
GSH 20 mM are determined to be 5.87 4+ 0.123, 4.703 & 0.126, 3.477 +
0.145, 10.69 £ 0.214, 9.053 + 0.254, and 4.343 + 0.236. Although, the
t50 CTX-TPGS-SS-CBZ-NPs at pH 5.5, pH 5.5 + GSH 5 mM, pH 5.5 + GSH
20 mM, pH 7.4, pH 7.4 + GSH 5 mM, and pH 7.4 + GSH 20 mM are
determined to be 10.36 + 0.145, 8.043 + 0.134, 4.463 + 0.169, 11.75
+ 0.369, 9.712 + 0.369, and 5.737 + 0.347 (Table 4). The concept
behind disulfide linkage is to ensure that nanoparticles remain intact in
the mildly oxidizing extracellular environment. This stability prevents
premature dissociation, thereby avoiding the early release of thera-
peutic agents when the nanoparticles are in the bloodstream. It is
possible to quickly re-establish the desired drug release profile once
particles enter cells by cleaving disulfide cross-links under reducing
conditions (Lai et al., 2014).

The data was displayed using various kinetic equations to examine
the mechanism and kinetics of drug release, including zero order, first
order, Higuchi’s kinetics, and Korsmeyer’s equation. In order to analyse
the release data, we employed a couple of mathematical models: zero-
order kinetics (Q = ko t), first-order kinetics (In (100-Q) = In Qg - k;t),
and the Higuchi equation (Q = kg t'/2) to gain insight about the drug
release mode from NPs (Muthu and Singh, 2009). Plots with the highest
degree of linearity indicated that Higuchi’s equation provided the most
satisfactory explanation for the in vitro drug release. The drug release
was found to follow Higuchi’s square root of time, according to the
examination of the coefficient of determination (rz), which ranged from
0.9894 to 0.9986. This is because, as shown in Table 5, the r? values for
Higuchi’s square root of time are higher than those for zero-order and
first-order kinetics, respectively, which range from 0.7509 to 0.8381
and 0.8877 to 0.9505, respectively. In addition, to comprehend the
process of drug release, the data were adjusted according to Peppas
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Fig. 12. A) IVIS imaging of DiD control, and DiD loaded-NPs at 10 min, 2 hr, 4 hr, 6 hr, and 24 hr after intravenous administration on B(a)P administered lung
carcinoma model, and B) graph illustrating the radiant efficiency. C) Animals’ hearts and lungs that have been extracted after 24 hr of intravenous injection and D)

graph illustrating the radiant efficiency.

exponential model, denoted as Mt/Moo= Kt". In this model, 't repre-
sents the fraction of the drug released after time ’t,” 'K’ stands for the
kinetic constant, and 'n’ is the release exponent that defines the drug
transport mechanism. The drug releases were further indicated by the
values 'n’ being in the range of 0.380 to 0.531, which is consistent with
the Quasi Fickian diffusion control mechanism (Table 5).

Polymeric micellar NPs have the potential to encapsulate pharma-
ceuticals and release them in a regulated manner, making them attrac-
tive candidates for drug delivery. Drug release from micelles can occur
through both diffusion and disintegration from intact NPs. In Higuchi’s
model, the square root of the drug release from an insoluble matrix
describes a process that changes over time and is based on Fickian
diffusion (Paarakh et al., 2018). This explains the phenomenon known
as square root kinetics, or Higuchi’s kinetics, where the medication
diffuses at a somewhat slower pace as the diffusion distance increases
(Mohammadi et al., 2023).

3.3.2. In-vitro cytotoxicity study

The data show that, compared to the CBZ control, cytotoxicity pro-
duced by the TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-
NPs is a tremendous exaggeration (Fig. 8). The data obtained demon-
strates that at lower concentrations, the viability of cells is not signifi-
cantly affected by CBZ control. The ICsy value of CBZ were found at
17.54 + 3.58 ug/ml while TPGS-CBZ-NPs, were found at 12.80 + 2.45
ug/ml while TPGS-SS-CBZ-NPs, shows 9.28 + 1.13 pg/ml, and the CTX-
TPGS-SS-CBZ-NPs was found most effective as 4.013 + 1.05 pg/ml
(Fig. 8A). Targeted CBZ delivery to A549 cells, where the EGFR receptor
is overexpressed, can significantly improve the drug’s anticancer effi-
cacy. However, the encapsulation in either a TPGS-CBZ-NPs or TPGS-SS-
CBZ-NPs system increases their efficacy by 1.37 and 1.89 folds,
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respectively, in A549 cells. Furthermore, the efficiency of NPs drugs is
increased by a factor of 4.37 folds when they are delivered via receptor-
mediated drug delivery (i.e., CTX-TPGS-SS-CBZ-NPs) (Fig. 8B).

3.3.3. Invitro cellular uptake study

Images of CMN6-loaded NPs and pure CMNG6 as well as merged im-
ages were captured to illustrate their uptake into cells. Endocytosis of
CMNG6-loaded formulations is shown in green, and the nucleus is shown
in red. A measure of the prevalence of green channels in the cellular
uptake was performed with Image-J (Fig. 9B). There was a total of 0.598
=+ 0.086 % of pure CMNG6, 2.11 + 0.04 % of TPGS- CMNG6 -NPs, 4.096 +
0.120 % of TPGS-SS- CMNG6 -NPs, 18.713 + 0.167 % of CTX-TPGS-SS-
CMNG6 -NPs, and 0.799 + 0.094 % of CTX-pretreated. Green channels
are more prevalent in receptor-targeted NPs than in pure CMN6 (p <
0.001), but they are also more prevalent in TPGS-CMN6-NPs and TPGS-
SS-CMNG6-NPs. Confocal micrographs depicting the uptake of pure
CMN6, TPGS-CMN6-NPs, TPGS-SS-CMN6-NPs, and CTX-TPGS-SS-
CMNG6 -NPs by A549 cell lines in-vitro are shown in Fig 9A. These im-
ages show that compared to TPGS- CMN6 -NPs and pure CMN6, TPGS-
SS-CMN6-NPs, and CTX-TPGS-SS-CMNG6-NPs significantly increase the
confocal intensity produced by A549 cells. Since EGF receptors showed
an endocytic pathway, the dramatic increase in CTX-TPGS-SS-CMN6-
NPs uptake in A549 cells is plausible (via-caveolae). After incubation
with CTX-TPGS-SS-CMNG6-NPs, cells that were pretreated with CTX
showed significantly reduced confocal fluorescence.

3.3.4. DAPI/PI staining for apoptosis

An investigation of DAPI and PI colocalization using CLSM was
carried out to provide further evidence that the impact on cell viability
was caused by apoptosis produced by the free drug and



A. Setia et al.

International Journal of Pharmaceutics 653 (2024) 123881

Fig. 13. Histopathological images of the rat’s vital organs after treatments with saline control, CBZ control, TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-

CBZ-NPs.

nanoformulations distribution into the cytoplasm. As part of this
research, we stained cell nuclei with DAPI and PI following treatment
with free CBZ, TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-
CBZ-NPs. The PI stains compacted and fragmented chromatin depend-
ing on nuclear fragmentation, whereas DAPI stains the cellular nucleus.
As a result, cells that co-localize DAPI and PI following incubation with
CTX-TPGS-SS-CBZ-NPs are confirmed to be dead cells. When exposed to
free drug or other nano formulations, however, very few cells display PI
and DAPI colocalization, and even fewer cells exhibit strong PI staining.
In addition, compared to the free drug and other nano formulations,
CTX-TPGS-SS-CBZ-NPs showed a greater number of apoptotic cells in
A549 cells (Fig 10).

3.4. In vivo evaluation

3.4.1. Lung biodistribution of nanomedicine in mice via ultrasound/
photoacoustic imaging

After 30 min of intravenous (i.v) administration, the in vivo distri-
bution of the MB-loaded NPs and MB control was visualized using
photoacoustic images of the lungs of the animals (Fig. 11A-D). The
presence of the NPs was revealed by green photoacoustic signals. B(a)P
induce model treated with MB control, TPGS-MB-NPs, TPGS-SS-MB-NPs,
and CTX-TPGS-SS-MB-NPs showed photoacoustic signal intensities in
the lung areas of 3.544 + 0.345 %, 5.064 + 0.367 %, 6.076 + 0.145 %,
and 11.238 + 0.697 %, respectively. In contrast, CTX-TPGS-SS-MB-NPs
resulted in a percentage of photoacoustic signals of 1.053 + 0.1450 % in
healthy mice (Fig. 11E). It is possible to infer the distribution of MB and
MB-loaded NPs in the body by analysing the fraction of photoacoustic
signals (Fig. 11F) Based on the results of the study, CTX-TPGS-SS-MB-
NPs showed greater photoacoustic signals than MB control and MB
loaded formulations (p < 0.001).
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3.4.2. Targeting lungs by live imaging with IVIS

Mice injected with B(a)P were imaged with IVIS in real-time using
DiD-control and DiD-loaded NPs. Radiant efficiency, measured as the
intensity of fluorescence per unit area per unit time, was compared
across different time points and treatment groups using the Tukey’s test.
At 10 min post-injection, mice treated with DiD control found no
discernible variations in radiant efficiency compared to mice treated
with DiD-loaded-NPs. After 2 hr post-injection, the radiant efficiency
decreased in each of the groups receiving therapy; in comparison to the
mice with DiD control, the TPGS-DiD-NPs did not show any significant
difference, while the TPGS-SS-DiD-NPs and CTX-TPGS-SS-DiD-NPs
showed a significant increase. After 24 hr of post-injection, the DiD
control-treated animal’s lung radiant efficiency was lower than that of
the TPGS-DiD-NPs treated animal (Fig. 12A). Although in the case of
TPGS-SS-DiD-NPs provides a higher radiant efficiency signal as
compared to TPGS-DiD-NPs. Moreover, CTX-TPGS-SS-DiD-NPs provided
alarger radiant efficiency signal in comparison to the DiD control, TPGS-
DiD-NPs, TPGS-SS-DiD-NPs, and CTX-TPGS-SS-DiD-NPs (Fig. 12B).
Furthermore, after 24 hr we harvested the lungs of animals that were
treated with DiD control, TPGS-DiD-NPs, TPGS-SS-DiD-NPs, and CTX-
TPGS-SS-DiD-NPs (Fig. 12C). It has been shown that in DiD control,
the radiant efficiency signal was lesser as compared to the CTX-TPGS-SS-
DiD-NPs. Fig. 12D shows a statistically significant difference between
DiD-control, TPGS-DiD-NPs, TPGS-SS-DiD-NPs, and CTX-TPGS-SS-DiD-
NPs with a p-value less than 0.001 (p < 0.001).

3.4.3. Histopathology analysis

The lungs, liver, kidneys, heart, and brain were extracted from ani-
mals that had received free CBZ, TPGS-CBZ-NPs, TPGS-SS-CBZ-NPs, and
CTX-TPGS-SS-CBZ-NPs at a dose of 6.5 mg/kg, and then subjected to H &
E staining. The organ specimen was examined under a microscope, and
the resulting images are shown in Fig. 13. To determine, if any of the NPs
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formulations were harmful, histopathology pictures of CBZ-control and
NPs-treated rats were examined. In the CBZ control group, no patho-
logical abnormalities were seen in any of the vital organs, as evidenced
by the histology study. Histopathological pictures show that the drug’s
safety profile is marginally better in nontargeted NPs. Moreover, tar-
geted NPs did not cause any toxicity in the essential organs, and the
resulting images were identical to those seen in the control group.

3.4.4. In vivo anticancer efficacy

Fig. 14 shows the processed pictures of stained slices of histology
using H&E of a B(a)P administered lung carcinoma model following a
course of treatment with saline control, CBZ control, TPGS-CBZ-NPs,
TPGS-SS-CBZ-NPs, and CTX-TPGS-SS-CBZ-NPs. Here, the nucleus and
cytoplasm were separated using the ImageJ software, so that the
quantitative evaluation of lung cancer after therapies could proceed.
After the given amount of time had passed during treatments, the H&E
sections were examined using the ImageJ software. The lung cancer
nuclei counting was done by ImageJ software. The statistical signifi-
cance of the data were determined by a one-way ANOVA (P < 0.05).

4. Conclusion

CBZ loaded CTX functionalised novel redox sensitive TPGS based
NPs was developed for EGFR targeted delivery to NSCLC. The thiolated
TPGS was prepared and evaluated by FTIR and NMR spectroscopy.
Physicochemical characteristics, in vitro, and in vivo analysis were con-
ducted on the developed formulations. Particle entrapment efficiency,
size, charge, and polydispersity all fall within acceptable ranges. The
XPS analysis confirmed that cetuximab coats the surface of the redox-
sensitive NPs. The GSH levels are related to drug release, which fol-
lows from studies conducted in vitro at pH 5.5 and 7.4 where in vivo
redox potentials of > 20 mM are evident in cancer microenvironments.
Cancer selectivity was confirmed by an MTT experiment, and the
involvement of EGF receptors in actively targeted administration with
subsequent prompted release of CBZ due to its redox-sensitive properties
was approved. It has been demonstrated that targeted NPs are more
cytotoxic in vitro. Increased uptake of CMN6-loaded CTX-decorated
redox-sensitive NPs was demonstrated in in vitro cellular uptake tests
compared to uptake of free CMN6 and nontargeted NPs. However, in
comparison to alternative NPs, the targeted redox-sensitive NPs showed
significantly greater anticancer activity and prolonged longevity in a
mice model of lung tumour development. Alternatively, a B(a)P
administered lung carcinoma model showed better targeting in the lungs
when formulations contains DiD dye as the fluorescent material were
imaged in real time using IVIS, and enhanced lung biodistribution for
EGFR-targeted redox-sensitive NPs was demonstrated using ultrasound/
photoacoustic imaging with MB as a contrast agent. Also, the histopa-
thology study confirmed that the NPs were safe to use. According to in-
vivo tumour reduction experimental work conducted on B(a)P-
administered lung carcinoma model concluded that targeted redox
sensitive NPs significantly reduces cell number compared to non-
targeted NPs, and formulations prove to be more effective against can-
cer than the CBZ control. After further clinical validation, the redox-
sensitive TPGS-SS nanomedicines show promise as candidates for the
administration of antineoplastic medications.
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