View Article Online

View Journal

M) Cneck tor updates

Nanoscale
Advances

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: T. Goel, S.
Sewariya, M. Tiwari, R. Chandra and S. Singh, Nanoscale Adv., 2026, DOI: 10.1039/D6NA00034G.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Nanhoscale
Advances

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
B o conery shall the Royal Society of Chemistry be held responsible for any errors
= OF CHEMISTRY S or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/nanoscale-advances
OF CHEMISTRY

(3


http://rsc.li/nanoscale-advances
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6na00034g
https://pubs.rsc.org/en/journals/journal/NA
http://crossmark.crossref.org/dialog/?doi=10.1039/D6NA00034G&domain=pdf&date_stamp=2026-05-11

Page 1 of 39

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

View Article Online
DOI: 10.1039/D6NA00034G

ZnO@PDA@Ag Nanocomposite-Mediated Delivery of 9-Bromonoscapine,
an Anticancer Agent, for Enhanced Lung Cancer Therapy

Tanya Goel® ¢, Shubham Sewariya®®, Manisha Tiwari®*, Ramesh Chandra®><*, Snigdha Singh®*

“Dr. B. R. Ambedkar Center for Biomedical Research (ACBR), University of Delhi, Delhi-110007, India

b Institute of Nano Medical Sciences (INMS), University of Delhi, Delhi-110007, India

¢ Drug Discovery and Development Laboratory, Department of Chemistry, University of Delhi, Delhi-110007,
India

*Corresponding author

Dr. Snigdha Singh, M. Tech, Ph.D.

Drug Discovery and Development Laboratory,
Department of Chemistry, University of Delhi, Delhi-110007
Email: ssingh3@chemistry.du.ac.in

Institute of Nano Medical Sciences (INMS),
University of Delhi, Delhi-110007, India
Email: deputydirector(@inms.du.ac.in

Prof. Ramesh Chandra, FAMS, FRSC (London)

Institute of Nano Medical Sciences (INMS),
University of Delhi, Delhi-110007, India
Email: director@inms.du.ac.in

Drug Discovery and Development Laboratory,
Department of Chemistry, University of Delhi, Delhi-110007
Email: rchandra@chemistry.du.ac.in

Dr. B. R. Ambedkar Center for Biomedical Research (ACBR),
University of Delhi, Delhi-110007, India
Email: acbrdu@hotmail.com

Prof. Manisha Tiwari, Ph.D.

Dr. B. R. Ambedkar Center for Biomedical Research (ACBR),
University of Delhi, Delhi-110007, India
Email: mtiwari07@gmail.com



mailto:ssingh3@chemistry.du.ac.in
mailto:deputydirector@inms.du.ac.in
mailto:director@inms.du.ac.in
mailto:rchandra@chemistry.du.ac.in
mailto:acbrdu@hotmail.com
mailto:mtiwari07@gmail.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00034g

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

View Article Online
DOI: 10.1039/D6NA00034G

Abstract

Lung cancer continues to be a global threat to mankind responsible for gigantic mortalities
across international boundaries, underscoring the pressing need for improved therapeutic
alternatives. Recently, multifunctional nanocomposites have developed as promising platforms
for anticancer therapy, offering targeted drug delivery and better intrinsic therapeutic properties
owing to enhanced solubility, stability, and targeted release of hydrophobic drugs. In the present
work, a biocompatible Silver-modified PDA-coated zinc oxide nanocomposite was synthesized
and loaded with the hydrophobic anticancer ‘9-bromonoscapine’ drug (9-Br-Nos) to develop
‘ZnO@PDA@Ag@9-Br-Nos’ nanocomposite for lung cancer treatment. The characterization
of the nanocomposites was done using techniques namely DLS, TEM, Zeta Potential, FESEM-
EDX, TGA, PXRD, FT-IR, which confirmed the nanocomposite’s size, charge, stability, and
functional integrity. Moreover, drug loading and release were quantified via high-performance
liquid chromatography (HPLC), demonstrating an efficient 69.4% drug loading and sustained
release of 9-Br-Nos drug at physiological pH 7.4 and enhanced release at acidic pH 5.5. The in
vitro cytotoxicity studies revealed that ZnO@PDA@Ag@9-Br-Nos exhibited an ICsy of
33.51+4.54 pg/mL against H1299 lung cancer cells, while cytotoxicity tests on HEK-293
normal cells and hemocompatibility assay on human erythrocytes confirmed its
biocompatibility and non-toxicity to healthy cells. These findings collectively demonstrate that
ZnO@PDA@Ag@9-Br-Nos is an effective nanocarrier for hydrophobic drug delivery and

shows improved therapeutic promise in the treatment of lung cancer.

Keywords: 9-Bromonoscapine, Lung cancer, Biocompatible, Zinc-Oxide nanoparticles,

drug delivery

Abbreviations:

9-Br-Nos: 9-Bromonoscapine

Ag: Silver

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NSCLC: Human Non-small cell lung cancer

PDA: Polydopamine

Zn0O: Zinc Oxide
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AgNOs: Silver Nitrate

1. Introduction

Lung cancer is among the deadliest cancers around the globe, posing a significant challenge
to public health. As per the recent 2025 report by the American Cancer Society, United
States, there will be approximately 2,26,650 new lung and bronchus cancer cases and around
1,24,730 deaths from this disease.! Globally, according to GLOBOCAN 2022, lung cancer
accounted for nearly 2.48 million new cases and 1.82 million deaths, being the primary cause
of cancer-related mortality for both men and women.? The global burden of lung cancer is
expected to increase further in 2025, with an estimated 2.55 to 2.65 million new cases and
roughly 1.9 million fatalities.>* Lung cancer patients continue to have a minimal survival
rate despite improvements in traditional chemotherapy and radiation therapy because of
delayed diagnosis, multidrug resistance, and systemic toxicity.>® Therefore, it is imperative
to investigate new therapeutic approaches that might enhance medication effectiveness,

reduce side effects, and deliver drugs precisely to the tumor sites.”$%-10.11

Nanocomposites composed of nanoscale materials can be used to develop advanced drug

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

delivery systems.!?!3:14 They are reported to interact more effectively with the biological
membranes and precisely transport drugs to targeted tumor cells, paving the way for more

personalized and targeted therapies.!>1%17 Among the diverse nanomaterials explored for
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biomedical applications, ZnO nanoparticles have sparked widespread interest because of
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their distinctive physicochemical characteristics, including high surface area, excellent
biocompatibility, biodegradability, and inherent anticancer & antimicrobial activities, and
are further endorsed by the U.S. FDA based on safety standards.!®!° ZnO nanoparticles
demonstrate selective toxicity towards cancer cells, making them promising candidates for
combination therapies?*?! but their application in pharmaceutics is often challenged by
issues such as poor dispersion, instability in physiological environments, and rapid
breakdown.??23 Surface functionalization of nanoparticles with various molecules such as
polymers, antibodies, or drugs, also minimizes toxicity, increases dispersion, and enables
controlled release of therapeutic agents, making ZnO nanoparticles more effective for

applications like cancer therapy.?*?3
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In a recent study, A. Das and colleagues (2025) created a new ZnO nanocomposite that was
functionalized with doxorubicin (DOX) and encapsulated in a polymethyl methacrylate
(PMMA) biopolymer. The resulting DOX-ZnO-PMMA nanocomposite demonstrated
improved efficacy and selectivity against ‘MCF-7" breast cancer cells while reducing
negative effects on healthy tissues.?® Similarly, to enhance gemcitabine drug delivery,
periodic mesoporous organosilica/zinc oxide (PMO/ZnO) nanocomposites were synthesised
using rice bran extract. This system showed enhanced anticancer effects, indicating its
potential as an effective targeted chemotherapy platform for cancer treatment.?’ Cisplatin
(Cp) and gemcitabine (Gem) co-loaded ZnO NPs were further developed by Hu et al. (2020)
to target non-small cell lung cancer (NSCLC) cells. These nanocomposites decreased
systemic toxicity and increased drug stability, demonstrating their promise as a synergistic
chemotherapy for lung cancer treatment.?® Kazemi et al. (2025) synthesized metal-organic
frameworks (MOFs) nanocarriers ‘Zn-MOF-74" and ‘RA-MOF-74" (acetate derived) at
ambient temperature with increased porosity. RA-MOF-74 showed superior performance
with high 5-fluorouracil (5-FU) loading, and pH-responsive release. Biocompatible ALG and
PDA coatings further stabilized the nanocarrier for potential cancer therapy applications.?®
In another study, the same group developed PDA-coated Zn-MOF-74 nanocarriers with
~96% drug-loading efficiency, improved stability, and faster doxorubicin (DOX) release
under acidic conditions, resulting in 85.73% inhibition of MDA-MB-231 breast cancer

cells.30

The naturally occurring phthalide isoquinoline alkaloid, ‘Noscapine’ (C,,H»3NO5), obtained
from poppy extract is commonly used as a cough suppressant and has recently gained
considerable interest as an anticancer agent against lung?®!, breast’?, leukemia?3, glioma3*
and ovarian cancer®® due to its multifaceted mechanisms of action.?> Noscapine acts on
tubulin, the building block of microtubules that are vital for proper cell division. Unlike
conventional drugs that completely destabilize or rigidly stabilize microtubules, noscapine
takes a gentler approach by fine-tuning their ‘dynamic instability’. It slows down the normal
building and breaking of microtubules inside cells, this controlled disruption interferes with
normal mitotic progression, causing cells to stall at the G2/M checkpoint, limiting their
ability to divide and migrate.367 Studies have reported that it also reduces the levels of

hypoxia-inducible factor-1 (HIF-1) and vascular endothelial growth factor (VEGF), which

4

Page 4 of 39


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00034g

Page 5 of 39 Nanoscale Advances

View Article Online
DOI: 10.1039/D6NA00034G

are key regulators of angiogenesis. By doing so, it acts as an antiangiogenic agent, disrupting
the formation of blood vessels that tumors require for grow and metastatis.*® At the molecular
level, noscapine through multiple signaling routes activates a series of caspase enzymes
(caspase-2, -3, -6, -8, and -9), which execute the cell death program, while also promoting
chromatin condensation and DNA fragmentation (classic hallmarks of apoptosis) that drives
cancer cells toward apoptosis, or programmed cell death. In addition, it triggers the pro-
apoptotic JNK pathway while suppressing ERK signaling, shifting the balance in favor of

cancer cell death.3’

Previous studies revealed that 9-Br-Nos, a halogenated derivative of noscapine, exhibits
markedly greater anticancer potency than its parent compound ‘noscapine’ 3?40 It effectively
inhibits microtubule dynamics, cell proliferation, migration and angiogenesis at lower
concentrations, and its enhanced efficacy combined with minimal toxicity highlights its
promise as a superior candidate for cancer therapy.*! Noscapine exhibited moderate
anticancer effects, with ICsy values of 36.16 = 3.76 uM and 42.7 + 4.3 uM against MDA-
MB-231 and MDA-MB-468 breast cancer cells.?? Its cytotoxicity is also time-dependent,
with values of 73 uM,*? (128.82 £ 2.87) uM at 48 h and (95.81 + 11.46) uM at 72 h against

A549 lung cancer cells.®® In comparison, noscapine derivatives such as Cl-noscapine (11.87

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

uM), Br-noscapine (6.9 uM), and folate-noscapine (6.79 uM) demonstrated markedly higher

potency. These derivatives not only suppress proliferation more effectively but also inhibit
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angiogenesis, cord formation, and cell migration/invasion, underscoring their superior
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therapeutic promise.*® Both noscapine and its derivative 9-Br-Nos exhibit promising
anticancer activities but are constrained by specific limitations. Noscapine suffers from
relatively low potency, poor water solubility, and a short biological half-life, necessitating
higher or more frequent dosing.?3 9-Br-Nos, despite showing improved potency, still faces
hurdles such as limited solubility, stability concerns, rapid metabolism, non-specific

distribution and insufficient clinical data on long-term safety or resistance mechanisms.**

Bhoi et al. (2025) prepared a methyl-f-cyclodextrin inclusion complex of 9-bromo-
noscapine to improve its aqueous solubility and therapeutic performance. The optimized
formulation produced stronger growth inhibition in MDA-MB-231 and MCF-7 cells, with
ICso values of 12.87 pg/mL and 13.07 pg/mL, respectively.*> In another study, Jyoti et al.
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(2015) developed inhalable 9-bromo-noscapine nanostructured lipid particles for targeted
pulmonary delivery. The formulation demonstrated enhanced cellular uptake, apoptosis
induction, and superior anticancer activity against A549 when compared with the free drug.?°
While 9-Br-Nos represents a significant advancement over noscapine, both compounds
require optimized drug delivery strategies to overcome pharmacokinetic and formulation

challenges before reaching full clinical potential.”

To address these limitations, this study aims to utilize water dispersible ZnO@PDA@Ag
nanocomposites as a multifunctional platform for 9-Br-Nos drug delivery to achieve
sustained and targeted drug release, thereby enhancing therapeutic efficacy. ZnO serves as
the core material, providing a nanoscale platform with inherent anticancer potential and pH-
responsive drug release tailored to the acidic tumor microenvironment.*4’ The PDA coating
forms a biocompatible interface that enhances colloidal stability and facilitates efficient drug
loading via n—n stacking and hydrogen bonding. The incorporation of silver (Ag) on the
ZnO@PDA nanocomposite contribute additional therapeutic effects and enhance
cytotoxicity through synergistic interactions.*® Furthermore, the incorporation of 9-Br-Nos,
a poorly water-soluble anticancer agent, benefits from improved aqueous dispersion,
sustained release within this nanocarrier system, and cytotoxicity against lung cancer cells
leading to improved therapeutic performance. The synthesized ZnO@PDA@Ag@9-Br-Nos
nanocomposites were characterized for their physicochemical properties and further
evaluated for their anticancer efficacy against H1299 lung cancer cells, including effects on
proliferation and migration. Biocompatibility was confirmed through hemolysis of RBCs
and normal cell toxicity assessments on HEK-293 cells, ensuring safety for therapeutic
applications. By addressing the limitations of conventional drug delivery methods and
leveraging the synergistic properties of the nanocomposite components, this work highlights
the potential of ZnO@PDA@Ag@9-Br-Nos nanocomposites as a reproducible, and highly
effective nanoplatform for lung cancer therapy, offering prospects for future clinical

translation.

2.Experimental Section

2.1. Materials and Reagents

Page 6 of 39
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ZnCl, (= 98% purity, Sigma-Aldrich); AgNO; (= 99.0% purity, Cas No: 7761-88-8, Sigma-
Aldrich); Dopamine Hydrochloride (extrapure 98%, Cas No: 62-31-7, M.W: 189.64, SRL);
S, R-Noscapine (> 98% purity, Cas No: 128-62-1, Sigma-Aldrich); and Thiazolyl Blue
Tetrazolium Bromide dye (98% purity, Cas No: 298-93-1, Sigma) were purchased for
experimental work. Phosphate-buffered saline (1x PBS, pH 7.4), Tris Buffer (pH 8.5) and
‘9-Br-Nos’ were prepared in laboratory. Throughout, milli-Q water (>18.2 MQ.cm) was
utilized throughout all synthesis and washing steps. All additional solvents and chemicals
employed in the study were analytical or HPLC grade (> 99.9%, Merck), depending on the
experimental needs. The synthesized ZnO@PDA@Ag@9-Br-Nos nanocomposites and 9-

Br-Nos were kept at 4 °C for long-term storage.

2.2. Preparation of ZnO@PDA@Ag nanocomposite

The synthesis of Silver functionalized Polydopamine-coated Zinc Oxide nanocomposite, as
described in our previous work®3, involved a multi-step process and was performed following
a reported method. Initially, ZnO nanoparticles were synthesized by adding 0.2 M sodium
hydroxide dropwise to an aqueous solution of zinc chloride, followed by continuous stirring
at 60 °C until white precipitation occurred. The precipitate was centrifuged, washed, dried
and calcined at 250 °C for 3 h. The ZnO NPs (150 mg) were then coated with polydopamine
(PDA) by using Tris buffer (0.01 M, pH 8.5), along with Dopamine HCI (150 mg), and
stirring at 50 °C overnight. The resulting black-colored ZnO@PDA were filtered, washed,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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and dried. Finally, silver (Ag) doping was achieved by dispersing the ZnO@PDA NPs in

(cc)

milli-Q water, followed by the dropwise addition of 0.5 M silver nitrate solution and
continuous stirring overnight in the dark. The successful reduction of Ag* to metallic Ag®
and its anchoring onto the ZnO@PDA surface was confirmed by XPS analysis in our
previous study.*® The resulting black-colored ‘ZnO@PDA@Ag’ nanocomposite was
collected by filtration, washed with milli-Q water and acetone, and dried in an oven at 60
o(.48.49

2.3. Synthesis of ‘9-Br-Nos’ anticancer drug

As per the reported procedure, Noscapine (1.0 eq.) was dissolved in minimal amount of HBr
and subsequently, a solution of Br,/H,O (0.2 mL/10 mL) was added to the reaction mixture
dropwise using additional funnel at 0-5 °C. After complete addition of the Br,/H,O solution,

the reaction mixture was made to stir at RT overnight for 12 h. The reaction progress was

7
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monitored by TLC and upon completion of the reaction, the organic layer was extracted by
adding chloroform 2-3 times (brine work-up). The filtrate was dried over anhydrous Na,SO,
and evaporated using a rotatory evaporator to give the crude product. Finally, the crude was
purified by column chromatography on alumina in 5-10% EtOAc: Hexane to give the desired
9-Br-Nos as yellowish brown crystalline solid in 97% yield. The complete structural and
purity confirmation characterization of 9-Br-Nos are included in Supplementary Information

(Figure S1-S3).

aq. HBr, Bry/H,0

0°C-RT,12h
97%

Noscapine 9-bromo-noscapine
Scheme 1. Synthesis of 9-Br-Nos
2.4. Synthesis of 9-Br-Nos drug loaded ZnO@PDA@Ag nanocarriers
ZnO@PDA@Ag nanocomposites (50 mg) were vigorously stirred for 30 min in 10 mL
milli-Q water, followed by dropwise addition of 9-Br-Nos solution (50 mg in 2 mL DMSO).
The suspension was stirred overnight at RT in dark. The nanocomposites were centrifuged
and separated at 8000 rpm for 10 min. The product was washed with milli-Q water and
acetone to remove the excess extract components. Finally, ZnO@PDA@Ag@9-Br-Nos

nanocomposites were obtained after overnight drying at 50 °C and were stored at 4 °C.

3. Characterization of synthesized ZnO@PDA@Ag@9-Br-Nos nanocomposite

3.1. Powder X-Ray diffraction pattern (PXRD)
The crystalline nature of the nanocomposite was confirmed using a Rigaku Ultima IV X-
ray diffractometer. The instrument employed Ni-filtered Cu Ka radiation, operating at a
voltage of 40 kV and current of 40 mA. Data were collected by scanning at a rate of 1°/min
over a diffraction angle (20) range of 10° to 50°. The crystal lattice structures of the
ZnO@PDA@Ag and ZnO@PDA@Ag@9-Br-Nos nanocomposites were successfully

characterized through this analysis.

3.2. Fourier-Transform Infrared (FT-IR) Spectroscopy

8
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About ~2-3 mg of powdered samples of ZnO@PDA@Ag and ZnO@PDA@Ag@9-Br-
Nos nanocomposites were analyzed using a Shimadzu II FT-IR Spectrometer. The spectra
were recorded across the range of 400-4000 cm! to identify and understand the functional
groups and compositional characteristics of the nanocomposites, providing insight into
their chemical structure and bonding.
3.3. Dynamic Light Scattering (DLS) and Zeta Potential ({)
A solution of ZnO@PDA@Ag@9-Br-Nos nanocomposites in milli-Q water (1 mg/mL) was
prepared. The sample was sonicated for 15-20 min to ensure proper dispersion before being
transferred into a quartz cuvette for analysis. The nanocomposite size distribution and surface
charge were measured using SZ-100V2 Series Nanoparticle Analyzer (HORIBA Scientific,
Japan).
3.4. Electron microscopy
3.4.1. Transmission Electron Microscopy (TEM) Analysis
Transmission Electron Microscopy (TEM) was used to determine the size and morphology
of synthesized ZnO@PDA@Ag@9-Br-Nos nanocomposite. For TEM sample preparation,
carbon-coated copper grids (PELCO®, Ted Pella Inc., USA) were used. Nanocomposites (0.5
mg) was diluted with 70% Ethanol and sonicated for 30 min before depositing on grids. The

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

prepared sample was dried well for analysis by High Resolution Transmission Electron

Microscope. Image J software (Fiji, NIH, USA) was used to calculate the average size of

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

nanocomposite.
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3.4.2. Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-
ray Spectroscopy (EDX) Analysis and Elemental Mapping

The surface morphology, elemental composition and mapping of ZnO@PDA@Ag@9-Br-
Nos nanocomposites were examined by FESEM-EDX using a Zeiss GeminiSEM 500
thermal field emission microscope. An aq. suspension of ZnO@PDA@Ag@9-Br-Nos
nanocomposites (I mg/mL) was sonicated, drop-cast onto a glass slide, and dried for

analysis.

3.5. Estimation of in vitro 9-Br-Nos drug loading and release efficiency using High

Performance Liquid Chromatography (HPLC)
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Reverse phase HPLC analysis was done to determine the drug loading content and in vitro
release efficiency of 9-Br-Nos using a Dionex Ultimate 3000 system (Thermo Scientific,
USA) having a photodiode array detector. Data acquisition and processing were carried out
with Chromeleon software version 6.80 SR13 (Dionex, USA). HPLC-grade acetonitrile and
water were sonicated and filtered through 0.25 um nylon membranes prior to use. A 2 mg/mL
stock solution of 9-Br-Nos was prepared, from which working standards of 100, 150, 200,
300, and 400 pg/mL were obtained to construct the calibration curve. All samples were
filtered through 0.25 pum filters, and 20 pL aliquots were injected for analysis.
Chromatographic separation was achieved on a Thermo Scientific™ Acclaim™ 120 C18
column (250 x 4.6 mm, 5 pm particle size) using acetonitrile: water (65:35, v/v) as the mobile
phase at a flow rate of 1 mL/min. The total run time was 6 min/sample, and detection was
carried out at wavelength of 272 nm. The percentage of drug loading (DL) was calculated

using the following equation:

Weight of 9—Br—Nos Drug in Nanocomposite
g f g 14 x100

% Drug Loading =
% g 9 Weight of ZnO@PDA@Ag@9—Br—Nos Nanocomposite

(1)

The in vitro ‘9-Br-Nos’ drug release from ZnO@PDA@Ag@9-Br-Nos nanocomposite was
carried in 1x PBS (pH 7.4) and was measured for 48 h. 1 mg/mL of nanocomposite with
bound 9-Br-Nos drug solution was transferred in a dialysis bag (MWCO: 12 kDa, flat width
25 mm; Sigma-Aldrich, St. Louis, MO, USA). The dialysis bag was then immersed in a
beaker containing a magnetic bead in 1x PBS, stirred at 600 rpm, and the temperature was
maintained at 37°C £ 5 °C. After different interval of time (0, 2, 4, 6, 8, 12, 24, and 48 h), 5
mL samples were withdrawn and the same volume was replaced by fresh 1x PBS. The
samples were filtered through 0.25 pm filters before analysis by HPLC to find the
concentration of released 9-Br-Nos drug. The release kinetics was expressed by plotting %

drug release from the nanocomposite against time.

4. Cellular Experiments
The H1299 cell line was used as an in vitro model for lung cancer due to its origin from
human non-small cell lung carcinoma (NSCLC). It exhibits a p53-null status, which is

associated with aggressive tumor behavior and reduced responsiveness to standard

10
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treatments. These characteristics makes H1299 an appropriate and widely accepted model
for assessing the effectiveness of new anticancer agents and nanocarrier-based drug delivery
systems. Human embryonic kidney cells ‘HEK-293" served as the non-cancerous control to
assess biocompatibility of the nanocomposite. Both cell lines were obtained from the
National Centre for Cell Science (NCCS), Pune, India and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. The cells were maintained at 37 °C in a humidified atmosphere

containing 5% CO, and sub-cultured at 70-80% confluency.

4.1. Cytotoxicity analysis by MTT Assay
The cytotoxic evaluation of ZnO@PDA@Ag@9-Br-Nos nanocomposite was performed
using the H1299 lung cancer cell line and the normal HEK-293 cell line. Both the cells were
grown in DMEM media and were maintained in incubator. The H1299 and HEK-293 cells
were seeded to 96 well plates at a density of 8x103 cells/well and 15x103 cells/well
respectively, and was allowed to grow for 24 h. An aqueous solution of ZnO@PDA@Ag@?9-
Br-Nos nanocomposites (2 mg/mL) was prepared and sonicated for 10 min. The cells were

then treated with varying concentrations of this stock (2, 10, 20, 40, 60, 80 and 100 pg/mL)

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and incubated for 48 h to assess the cytotoxic effects. 10 mg/mL concentration of 9-Br-Nos

drug in DMSO solvent was used as a positive control in the experiment. Following the

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

completion of incubation period, 20 pL of MTT reagent (5 mg/mL stock solution) was added

(cc)

to each well, which was then further incubated for 3 h in a CO, incubator at 37 °C. After the
incubation, MTT reagent was discarded and 100 uLL DMSO was used to dissolve the formed
formazan crystals. Spectrophotometric measurement of the color’s intensity reveals a
proportional relationship between it and the quantity of viable cells. The absorbance value
was recorded using a BioTek 800 TS microplate reader at 570 nm and reference at 630 nm.
The effect of the ZnO@PDA@Ag@9-Br-Nos nanocomposites on the H1299 and HEK-293

cell proliferation was expressed as the % Cell Viability, using the following formula:

0D (570—630)treament
OD (570—630)control

% Cell Viability = x 100 )

4.2. Nanoparticle-Induced Morphology Changes in H1299 Cells
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To assess the morphological changes in H1299 cells due to the drug and nanocomposite, the
cells were seeded in 6-well plates at a density of 5x10 cells/well. Following a period of 24 h,
the cells were treated with 9-Br-Nos drug and ZnO@PDA@Ag@9-Br-Nos nanocomposites
with their respective 1Cs, values. A phase-contrast inverted microscope at 20x magnification
was used to examine cellular morphology and assess structural alterations caused by drug and

nanocomposites treatments after 48 h.

4.3. Clonogenic Survival Assay
For Cell proliferation analysis, H1299 cells (1500 cells/well) were seeded in 6 well plates and
stabilized in a CO, incubator. After 24 h of incubation, cells were treated with sub-ICs,
concentrations of 0, 5, 15, 25 pg/mL of ZnO@PDA@Ag@9-Br-Nos nanocomposites. The
media was changed into fresh media after 24 h of treatment, and cells were cultured for a
week. The cells were washed twice with PBS for 3 min each, then fixed with methanol for 5
min at RT. After fixation, they were again washed twice with 1x PBS for 3 min and
subsequently stained with 0.1% crystal violet solution for 30 min at RT. The Colonies were
imaged after washing with water to remove any excess CV and colonies were counted using
Image J software (Fiji, NIH, USA). Data were plotted using GraphPad Prism 8.4.2, and results
were analyzed by Dunnett’s multiple comparisons test. For clonogenic assay, the percentage

of colony formation was calculated using the following formula:

. No. of colonies in treatment
% Colony Formation = ! — x 100 3)
No. of colonies in control

4.4. Migration Inhibition Potential Assay

A wound healing assay was employed to evaluate the migration potential of treated and
untreated H1299 cells. The cells were allowed to grow in 6 well plate, with 1x10° cells/well
in 2 mL of growth DMEM medium and incubated until ~90-95% of confluency is achieved.
The cell monolayer was scratched in a single direction using a sterile 200 pL pipette tip to
create a uniform wound and then the wells were washed with 1x PBS twice to remove detached
cells from the plates. Cells were kept in incubator at 37 °C for 24 h with or without treatment
with sub-ICsy concentrations of 0, 5, 15, 25 pg/mL ZnO@PDA@Ag@9-Br-Nos
nanocomposites in DMEM medium. After 24 h of incubation, the wound gap was imaged

using a phase-contrast inverted microscope at 20x magnification and quantitatively analyzed

12
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with ImagelJ software (Fiji, NIH, USA). For migration assay, the percentage of wound closure

was calculated using the following formula:

No. of migrated cell in treatment

% Cell Migration = x 100 4

No. of migrated cells in control
4.5. Flow Cytometry Apoptosis Analysis

To evaluate cell apoptosis, H1299 cells were collected from untreated cells, and treated with
9-Br-Nos drug (10 pg/mL) and ZnO@PDA@Ag@9-Br-Nos nanocomposite (~ICs
concentration). Following 48 h of treatment, H1299 cells were harvested from each well using
Trypsin-EDTA and washed with 1x PBS. Flow cytometry analysis was conducted using an
Annexin V-APC/7-AAD Apoptosis Detection Kit. The cells were re-suspended in 150 puL of
Annexin V binding buffer containing 2.5 pL of Annexin V-APC and incubated in dark for 30
min at room temperature. Then, the cells were washed and re-suspended in 500 pL of binding
buffer containing 2.5 pL of 7-AAD and incubated in darkness for 15 min. Flow cytometry
analysis was perfomed using BD FACSymphony™ S6 instrument, determined the percentage
of apoptotic cells. Annexin V-APC was detected in APC channel while 7-AAD was detected
in PE/Cy5 channel. The results obtained were analysed using BD FACSDiva 9.5.1 software.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

4.6. In vitro Hemocompatibility Assessment by Hemolysis Assay

The hemolytic activity of the ZnO@PDA@Ag@9-Br-Nos nanocomposite was evaluated
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using freshly collected human erythrocytes (RBCs). To separate RBCs, whole blood taken

(cc)

from a healthy volunteer was washed thrice with phosphate-buffered saline (1x PBS, pH 7.4)
and centrifuged at 3500 rpm for 5 min. The RBC pellet formed was diluted with 1x PBS to
obtain a 4% RBC suspension. 100 pL of different concentrations of ZnO@PDA@Ag@9-Br-
Nos nanocomposite suspension (30, 150, 250, 350, 450, 550, and 650 pg/mL) were incubated
with 100 puL of diluted RBC suspension at 37 °C for an hour. 1x PBS served as the negative
control (0% hemolysis), while 1% Triton X-100 was used as the positive control (100%
hemolysis).

Following incubation, the samples were centrifuged at 3500 rpm for 10 min, and the resulting
supernatants were collected in a 96-well plate. Absorbance was recorded at 405 nm using a
BioTek 800 TS microplate reader. Hemolysis (%) was determined using the formula below

and plotted as a function of nanocomposite concentration (pg/mL):
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OD (test)—OD (negative) X 100

% HemolySlS - oD (pOSitive)_OD (negative) (5)

4.7. Statistical analysis

All biological experiments were done in triplicate (n = 3), and the results are provided as mean
+ SD. The Graphs were plotted using GraphPad Prism 8.4.2 and the statistical analysis was
carried out using one-way ANOVA followed by Dunnett’s of or Tukey’s multiple comparisons
test to evaluate the significance between each treatment group and the control. Statistical
significance was considered at p < 0.05. Levels of significance were reported as follows: p* <

0.05, p** < 0.01, p*** < 0.001, and p**** < 0.0001.

5. Result and Discussion
5.1. Characterization of synthesized ZnO@PDA@Ag@9-Br-Nos nanocomposite
5.1.1. Powder X-ray diffraction pattern (PXRD)

The chemical nature of the so formed nanocomposites ‘ZnO@PDA@Ag’ and
‘ZnO@PDA@Ag@9-Br-Nos’ was evaluated through Powder X-ray diffraction analysis.
XRD peaks obtained at 20 values were 31.84°(100), 34.44°(002), 36.32°(101), 46.28°(102),
56.70°(110), 62.92°(103), 67.98°(112) which correspond to ZnO peaks indicating the wurtzite
hexagonal structure and the 26 values 38.16°(111), 44.36°(200), 64.56°(220), 77.46°(311)
correspond to Ag peaks.*®3% XRD determined the crystalline nature of the synthesised
nanoparticle, lattice planes (100), (002), (101), (111) indicate the presence of pure form of
nanocomposite as shown in (Figure 1). However, upon the addition of ‘9-Br-Nos’ drug to the
ZnO@PDA@Ag nanocomposite, the peak's strength was reduced as compared to the
nanoparticles itself. The decrease in XRD peak intensity resulted from drug-nanocomposite

interactions that alter the crystal structure or surface chemistry.>!
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Figure 1. PXRD of ZnO@PDA@Ag and ZnO@PDA@Ag@9-Br-Nos nanocomposites

5.1.2. Fourier-Transform Infrared (FT-IR) Spectroscopy

FT-IR was used to study the successful immobilization of various functionalities at each step

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of nanocomposite preparation. The stretching frequency of ZnO@PDA@Ag as well as
ZnO@PDA@Ag@9-Br-Nos have been recorded in the range 400-4000 cm! (Figure 2). The

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

bonds that appeared at 3443 cm™! correspond to stretching of the O-H group of absorbed water

(cc)

on the surface. The peak located at 1379 cm™! was attributed to the bending vibration of C-H
in the methyl group. The absorption band at 464 cm™! was attributed to the stretching mode of
Zn-0.3? The broad peaks at PDA peaks located at 1284, 1490, 1579, 3452 cm™! correspond to
C-0, C=N or/and C=C, C=0 and —OH or/and N-H vibrational modes.>? The 9-Br-Nos drug
exhibited characteristic peaks at 2922, 1747, 1440, 615 correspond to C-H stretching vibration,
C=0, N-CH3, and C-Br groups.*®
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Figure 2. FT-IR Spectra of ZnO@PDA@Ag and ZnO@PDA@Ag@9-Br-Nos
nanocomposites
5.1.3. Dynamic Light Scattering (DLS) and Zeta Potential (C)
Using DLS and =zeta potential measurements, the ZnO@PDA@Ag@9-Br-Nos
nanocomposite's hydrodynamic size and surface charge were assessed. The DLS results
(Figure 3a) showed a narrow size distribution with a hydrodynamic diameter of ~80.7 nm and
polydispersity index (PDI) value of 0.502, indicating a single size population with relatively
moderate polydispersity and well-dispersed nanocomposites in water. The relatively small and
consistent particle size suggested that the PDA coating, along with the Ag doping and 9-Br-
Nos loading, did not cause significant aggregation, which is important for maintaining
colloidal stability and promoting cellular uptake in biological systems.
A surface charge of -31.5 mV was found by zeta potential measurement (Figure 3b),
suggesting that the nanocomposite suspension was strongly electrostatically stabilized. A zeta
potential magnitude above = 30 mV is typically considered to prevent particle aggregation via
electrostatic repulsion, confirming the excellent colloidal stability of the ZnO@PDA@Ag@?9-
Br-Nos nanocomposite. Additionally, the negative surface charge may influence interactions

with cell membranes and biomolecules, which is crucial for effective drug delivery.
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Figure 3. (a) DLS and (b) Zeta Potential of ZnO@PDA@Ag@9-Br-Nos

5.1.4. Electron microscopy

nanocomposites

5.1.4.1. Transmission Electron Microscopy (TEM) Analysis
The morphology and structural features of the synthesized ZnO@PDA@Ag@9-Br-Nos

nanocomposite were investigated using TEM. The low- and high-magnification TEM

images as shown in Figures 4(a, b) displayed the nearly spherical nanocomposites with

slight aggregation and a clear contrast between the darker ZnO core and lighter PDA

shell, confirming a core—shell structure. Figure 4c, represents the SAED pattern

exhibiting concentric diffraction rings indexed to wurtzite ZnO and fcc Ag, indicating a

polycrystalline nature. Particle size distribution (Figure 4d) showed sizes between 30-

80 nm with a mean diameter of 46.40 + 1.01 nm, reflecting uniformity and controlled

synthesis. The observed structural features and nanoscale dimensions are expected to

support improved cellular uptake, highlighting their potential for biomedical

applications.
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Figure 4. TEM images of ZnO@PDA@Ag@9-Br-Nos nanocomposites at (a) 50 nm
and (b) 100 nm; (c) SAED pattern & (d) Histogram representing mean particle

diameter

5.1.4.2. Field Emission Scanning Electron Microscopy (FESEM), Energy
Dispersive X-ray Spectroscopy (EDX) Analysis and Elemental Mapping

The FESEM images of ZnO@PDA@Ag@9-Br-Nos nanocomposites as shown in
Figure 5 (a-c) were taken at different scales 1 pum, 100 nm and 200 nm and
magnification of 30 KX, 100 KX, and 75 KX respectively, suggesting that the
nanocomposites have a roughly spherical shape and are present in chain like

confirmation.
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Figure 5. FESEM images of ZnO@PDA@Ag@9-Br-Nos nanocomposites at (a)
Ium, (b) 100 nm, and (c) 200 nm

The EDX analysis of ZnO@PDA@Ag@9-Br-Nos nanocomposite displayed the
presence of elements like Carbon (C), Nitrogen (N), Oxygen (O), Bromine (Br),
Silver (Ag) and Zinc (Zn) in 21.18 wt %, 0.21 wt %, 7.88 wt %, 5.43 wt %, 27.64
wt %, and 37.69 wt % respectively as shown in (Figure 6). The presence of Bromine
confirmed the successful loading of 9-Br-Nos drug on the nanocomposite. Also, the
elemental mapping performed confirmed the homogenous distrubution of the

constituent elements throughout the nanocomposite (Figure 7).
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Figure 6. EDX analysis of ZnO@PDA@Ag@9-Br-Nos nanocomposite

19


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00034g

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

(cc)

Nanoscale Advances

Page 20 of 39

View Article Online
DOI: 10.1039/D6NA00034G

CK_ROI (13) & NK_ROI (8)

BrL_ROI (9) 45 um AgL_ROI (19)

OK_ROI {18) 05 um

Figure 7. Elemental Mapping of ZnO@PDA @Ag@9-Br-Nos nanocomposite

5.1.5. In vitro 9-Br-Nos drug loading and release efficiency using HPLC

HPLC is a standard analytical method for determining the amount of drug loaded or the
encapsulation efficiency in nanoparticle formulations. In this study, HPLC was utilized to
assess the drug loading of 9-Br-Nos within ZnO@PDA@Ag@9-Br-Nos nanocomposites.
The retention time identified for 9-Br-Nos was 3.5 minutes. The calibration curve for this
drug (Figure 8a) was linear over concentrations ranging from 100 to 400 pg/mL, with a
regression equation of Y = 0.0495X — 1.35632 and a correlation coefficient (R?) of 0.9932.
By applying this equation to the chromatogram peak areas from the nanocomposite sample
(Figure 8c¢), the drug loading was calculated to be 69.40% for 9-Br-Nos in the
ZnO@PDA@Ag@9-Br-Nos  system.> The drug loading on ZnO@PDA@Ag
nanocomposite's is primarily controlled by non-covalent interactions. The 9-Br-Nos
aromatic rings allow m—m stacking with the PDA coating's catechol and indole groups.
Furthermore, hydrophobic interactions and hydrogen bonding between functional groups (—

OH, —-NH) support the drug's stable adsorption onto the nanocomposite surface.

The drug release study of ZnO@PDA@Ag@9-Br-Nos nanocomposites was performed in
phosphate-buffered saline (1x PBS) at pH 7.4 and 5.5 to mimic physiological and tumor
conditions. The 9-Br-Nos release profile from ZnO@PDA@Ag@9-Br-Nos
nanocomposites showed pH-dependent behavior. At acidic pH (pH 5.5), the nanocomposite
releases more drug than it does at physiological pH (pH 7.4). The release pattern exhibited

a biphasic profile where there was an initial rapid burst drug release within the first 2-6 h,

20
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likely due to desorption of drug molecules loosely bound on the surface. This was followed
by a slower, sustained release phase, during which the drug release gradually increased to
~44% (pH 7.4) and ~47% (pH 5.5) over 48 h. The gradual disintegration of the
nanocomposite structure and diffusion controlled drug transport via the PDA covering are
reflected in this slower phase. Such a release profile is crucial for anticancer treatment
because the sustained release helps to maintain effective drug concentrations over time,
while the first burst rapidly reaches therapeutic drug levels at the tumor site. The
hydrophobic ‘9-Br-Nos’ bioavailability is increased by this regulated delivery, which also
lowers systemic side effects and frequency of dosing, potentially enhancing therapeutic
outcomes overall. The basic kinetic analysis of 9-Br-Nos drug-release behavior, including
fitting to standard release models (zero-order, first-order, Higuchi, and Korsmeyer-Peppas),
is provided in the Supporting Information (Figure S5) for detailed quantitative evaluation.
With the highest correlation coefficients, the Korsmeyer-Peppas model demonstrated the
best fit among them. The diffusion exponent (n < 0.45) indicates that Fickian diffusion is the
primary mechanism governing the release of 9-Br-Nos from the nanocomposite. This
suggests that drug release occurs mainly through diffusion from the PDA matrix, with

enhanced release under acidic conditions (pH 5.5) due to partial destabilization of the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

nanocomposite.

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

(cc)

21


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00034g

Open Access Article. Published on 11 May 2026. Downloaded on 6/23/2026 1:50:13 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Page 22 of 39

View Article Online
DOI: 10.1039/D6NA00034G

(a) 9-Br-Nos Calibration Curve (b)
= 48
164 46 1
B g
12 < 444
‘g ¥ =0.0495x - 135632 ::I,
g - R:=0.9932 3
:5 54 5 42
< il 2
s © 40+
I & pH55 -8~ pH74
! ' T 5 T 1 T 38 T T T T T T T
100 150 200 250 300 350 400 2 4 6 8 12 24 48
Drug Concentration (ug/mL) Time (h)
(€)| 7o

9-Br-Nos

1-3.577

5.00

2 -4.360

Absorbance (mAU)

T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 8.00

Retention Time (min)

Figure 8. Represents (a) Calibration curve, (b) Drug Release Profile at pH 7.4 and 5.5,
and (c¢) HPLC chromatogram depicting retention time of 9-Br-Nos drug

6.1. Cytotoxicity analysis by MTT Assay

To validate the use of ZnO@PDA@Ag@9-Br-Nos nanocomposite for biomedical
applications, toxicity assessment was performed against human lung cancer cell line
H1299 compared with normal HEK-293 kidney cells using the MTT assay (Figure 9).
Free ‘9-Br-Nos’, a hydrophobic drug with poor aqueous solubility, reduced H1299 cell
viability to ~55% at 10 pg/mL concentration after 48 h treatment, confirming its inherent
anticancer activity. However, the ZnO@PDA @A g@9-Br-Nos nanocomposite, which is
water dispersible due to the PDA polymer coating, exhibited a much stronger and dose-
dependent cytotoxic effect, decreasing H1299 viability from ~70% at 10 pg/mL to ~25%
at 100 pg/mL.

The IC5p of ZnO@PDA@Ag@9-Br-Nos nanocomposite on H1299 cells was calculated
as 33.51 £4.54 ug/mL, which is lower than the 1Cs, value obtained for ZnO@PDA@Ag

nanocomposite in our previous work (42.42 +4 ug/mL)*, indicating enhanced cytotoxic
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efficacy upon drug loading. In contrast, HEK-293 cells retained >75% viability even at
the highest concentration, confirming good biocompatibility and selective cytotoxicity
towards lung cancer cells. Statistical analysis showed highly significant differences
(****p < 0.0001) in cell viability across treated groups of both H1299 and HEK-293
cells. Differences between treated groups and the control were indicated as (*p < 0.05,
#p < 0.01, ##p < 0.001, and ###p < 0.0001. These findings highlight the potential of
ZnO@PDA@Ag@9-Br-Nos as a water dispersible, selective nanotherapeutic system

for lung cancer treatment.
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Figure 9. Graph showing comparative cytotoxic effect of ZnO@PDA@Ag@9-Br-Nos
nanocomposite against H1299 and HEK-293 Cells.

6.2. Nanoparticle-Induced Morphology Changes in H1299 Cells

Phase-contrast microscopy (20x) revealed distinct morphological differences between
control and treated H1299 cells after 48 h. Untreated or control cells retained the normal
epithelial-like, polygonal morphology, and intact cell-cell contacts (Figure 10a).
However, the cells treated with 9-Br-Nos at its ICsy concentration (10 pg/mL) showed
reduced confluence, rounding, and partial detachment, along with visible extracellular

precipitates of the drug, consistent with its poor aqueous solubility (Figure 10b).>>
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These observations indicate cytotoxic effects of the free drug but also suggest limitations
in its bioavailability. In contrast, H1299 cells treated with ZnO@PDA@Ag@9-Br-Nos
nanocomposites as shown in (Figure 10c¢) at their ~ICsy concentration (30 pg/mL)
displayed pronounced morphological alterations. These includes extensive rounding,
cell shrinkage, loss of adhesion, and floating cells, indicating mid to late-stage apoptotic
changes. Unlike the free drug, no precipitation can be seen in case of nanocomposite
treated, confirming enhanced cytotoxicity, improved solubility and drug delivery offered

by the nanocomposite as compared to the free drug.

P8 T

@ lw

Control/Untreated (0 pug/mL) 9-Br-Nos Drug (10 ng/mL) ZnO@PDA@Ag@9-Br-Nos NP (30 ng/mL)

Figure 10. Phase-contrast microscopy (20x) images showing morphological alteration
in H1299 cells after 48 h of treatment with (b) free drug and (¢) ZnO@PDA@Ag@?9-

Br-Nos nanocomposites

6.3. Clonogenic Survival Assay

To further validate the cytotoxic potential and long-term proliferative capacity of of free
9-Br-Nos drug and its nanocomposite-based formulation ZnO@PDA@Ag@9-Br-Nos
against H1299 cells, clonogenic assay was performed. As shown in Figure 11a,
untreated control cells exhibited dense colony formation, confirming their high survival
potential. Treatment with free 9-Br-Nos drug significantly reduced clonogenic survival
to ~59.4% of the control at 2 pg/mL concentration, indicating strong inhibition of
reproductive viability (Figure 11b). In contrast, cells exposed to ZnO@PDA@Ag@9-
Br-Nos nanocomposites demonstrated a concentration dependent reduction in colony
formation at sub-1Cs levels, with survival fractions of ~85.4%, 72.6%, and 41.5% at 5
pg/mL (~0.15 x ICsp), 15 pg/mL (~0.45 X ICsg), and 25 ug/mL (~0.75 x ICsg)
respectively. While the inhibition at the lowest concentration (5 pg/mL) was less

pronounced compared to the free drug, the higher concentration (25 pg/mL) produced a
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substantial suppression of colony formation as shown in Figure 11 (c-e). This can be
attributed to the sustained and controlled intracellular release of 9-Br-Nos drug from the
ZnO@PDA@Ag nanocomposite, which prolongs cytotoxic effects and enhances long-
term efficacy.

Overall, these findings confirm that ZnO@PDA@Ag@9-Br-Nos nanocomposite
effectively suppress the clonogenic survival of H1299 cells in a dose-dependent manner.
The stronger inhibition observed at higher concentrations highlights the therapeutic

advantage of nanoparticle-mediated drug delivery compared to the free 9-Br-Nos drug.
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Figure 11. Clonogenic assay of H1299 cells showing colony formation in (a) control,
(b) free drug, and (c-e) ZnO@PDA@Ag@9-Br-Nos nanocomposite treated; (f)

Quantitative % colony growth relative to control.

6.4. Migration Inhibition Potential Assay
The anti-migratory potential of ZnO@PDA@Ag@9-Br-Nos nanocomposite was
evaluated using a wound healing assay (Figure 12). In the untreated control group,

H1299 cells exhibited rapid wound gap closure, with nearly > 95% migration into the

wound gap within 48 h (Figure 12a). In contrast, cells treated with the positive control
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‘9-Br-Nos’ drug (5 pg/mL) displayed reduction in cell migration after 24 and 48 h,

consistent with its established microtubule-modulating properties.

Additionally, treatment with nanocomposite resulted in a dose and time dependent
H1299 cells migration inhibition. At 5 pg/mL, a partial reduction in wound closure was
observed, while at 15 and 25 pg/mL, a pronounced inhibition was evident, with wider
wound gaps persisting even after 48 h. Quantitative analysis revealed a significant
reduction in the percentage of wound closure compared to the untreated group, with 25
pg/mL treatment showing the strongest inhibitory effect (Figure 12b). These findings
indicate that the prepared ZnO@PDA@Ag@9-Br-Nos nanocomposite effectively
suppressed the migration of H1299 cells. The results highlight its potential to limit
cancer metastasis and invasion, and suggesting its promise as a rapid therapeutic

approach for lung cancer.

9-Br-Nos Drug InO@PDA@Ag@9-Br-Nos

Control 5 pg/mL 5 ng/mL 15 pg/mL 25 pg/mL (b)

EE 24h Bl 48h

% Cell Migration

Zn0@PDAGAZ®9-Br-Nos

Concentration (ng/mL)

Figure 12. (a) Microscopic images (10x) of cell migration at 0, 24, and 48 h after
treatment with free 9-Br-Nos and ZnO@PDA@Ag@9-Br-Nos compared to control on
H1299 cells. (b) Quantitative analysis of % cell migration at 24 and 48 h.

6.5. Flow Cytometry Apoptosis Analysis

The apoptotic effects of free ‘9-Br-Nos’ and its loaded nanocomposite form
'"ZnO@PDA@Ag@9-Br-Nos' was assessed using flow cytometry based apoptosis study
on H1299 cells. After 48 h treatment, the untreated or control group exhibited
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predominantly 95.9% viable cells, with minimal early apoptosis (0.7%), late apoptosis
(3.3%), and necrotic population (0.1%), confirming normal cell health in basal
conditions (Figure 13a). Treatment with 9-Br-Nos alone significantly increased the
apoptotic fraction, to 33.8% while viable cells decreased to 66% as shown in (Figure
13b). Furthermore, the ZnO@PDA@Ag@9-Br-Nos nanocomposite significantly
increased apoptotic induction, with early apoptosis of 5% and late apoptosis reaching
67.5%, accompanied by a considerable decrease in the viability of cells to 22.3%
(Figure 13c¢). This synergistic apoptotic effect, further supported by quantitative bar-
graph analysis, confirms that nano-enabled delivery of 9-Br-Nos substantially
potentiates its anticancer efficacy. This synergistic apoptotic result is validated by
quantitative bar-graph analysis (Figure 13d), demonstrates that 9-Br-Nos is
significantly more effective against lung cancer when delivered by nanocomposite.
Overall, these results highlight the superior apoptotic activity of the ZnO@PDA@Ag
mediated ‘9-Br-Nos’ delivery system in comparison to the free drug, establishing the
nanocomposite as a promising platform for enhanced and effective lung cancer therapy.
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Figure 13: Cell Apoptosis Assay on H1299 cancer cells (a) Control, (b) free drug
treated, (¢) ZnO@PDA@Ag@9-Br-Nos treated, and (d) Bar graph depicting %
Apoptotic cells.

6.6. In vitro Hemocompatibility Assessment by Hemolysis Assay

The hemocompatibility of ZnO@PDA @Ag@9-Br-Nos nanocomposite was assessed by
a hemolysis assay using human red blood cells, with 1% Triton X-100 and 1x PBS
serving as positive and negative controls, respectively. 1% Triton X-100 induced 100%
hemolysis, while 1x PBS showed no hemolysis, confirming the stability of erythrocytes
under physiological conditions. Figure 14, shows the nanocomposites exhibited a
concentration-dependent hemolytic effect. The image shows visual confirmation of
hemolysis in corresponding samples after centrifugation, where red coloration in the
supernatant correlates with RBC lysis. At lower concentrations of 30 and 150 pg/mL,
hemolysis was negligible (< 2-5%). However, with increasing concentrations, hemolysis
gradually increased, reaching ~8% at 250 pg/mL to ~34% at 650 pg/mL. These results
were further supported by the photographic evidence of RBC suspensions, which
showed growing redness or lysis at higher dosages and clear supernatants at lower
concentrations. Notably, at the ICsy value of 33.51 + 4.54 ng/mL against H1299 lung
cancer cells, the nanocomposite induced less than 2-5% hemolysis, demonstrating good
selectivity towards cancer cells while maintaining blood compatibility. The findings
indicate that the nanocomposite holds considerable potential for biomedical and

therapeutic applications.
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Figure 14. Biocompatibility assay of ZnO@PDA@Ag@9-Br-Nos nanocomposites

assessed via hemolysis in human RBCs at various concentrations (30-650 pg/mL).
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In the present study, only hemolysis was performed for blood compatibility, while other
parameters such as involving long-term cytotoxicity, platelet aggregation, oxidative
stress, and inflammatory response were not evaluated. These assessments will be
included in future investigations to achieve a more comprehensive evaluation of
systemic biocompatibility. Additionally, in vivo toxicity and biodistribution analyses
could not be performed due to the unavailability of ethical approval during the study
period. This limitation restricted the evaluation of pharmacokinetics, organ
accumulation, and long-term biocompatibility of the nanocomposite, which remain
important directions for future investigation. Furthermore, the current synthesis method

yields relatively small batch quantities, and scaling up the process may introduce
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difference in particle size, polymer coating uniformity, and drug-loading efficiency,

indicating the need for further optimization to enable larger-scale production.

8. Conclusion

This research work extends our previously developed ZnO@PDA @Ag nanocomposite
synthesized via co-precipitation. To address limitations of conventional cancer
therapies, a multifunctional ZnO@PDA@Ag system was employed as a nanocarrier for
the hydrophobic drug 9-Br-Nos. The biological performance of the
ZnO@PDA@Ag@9-Br-Nos nanocomposite is closely linked to its physicochemical
properties. Its nanoscale size supports cellular uptake, while the negative zeta potential
(—31.5 mV) ensures good stability and uniform dispersion in biological media, which is
critical for effective interaction with cells. The presence of the PDA coating provides
functional groups for efficient drug loading through non-covalent interactions, while
also contributing to sustained drug release. Additionally, Ag nanoparticle decoration
may further enhance therapeutic efficacy through synergistic effects. This combination
subsequently increases cytotoxicity against lung cancer cells while also ensuring
efficient medication release at the target site. ZnO@PDA@Ag@9-Br-Nos efficiently
reduced H1299 lung cancer cell viability, colony formation, and migration, as
demonstrated by in vitro MTT, clonogenic, and wound healing assays. This suggests
that ZnO@PDA@Ag@9-Br-Nos has a great potential to limit tumor development and
metastasis. Furthermore, the ZnO@PDA@Ag based 9-Br-Nos delivery system
outperforms the free drug in terms of apoptotic activity. Importantly, cytotoxicity tests
against HEK-293 normal cells and hemocompatibility against RBCs validated the
nanocomposite's biocompatibility and safety, highlighting its potential for clinical use.
Overall, our study establishes ZnO@PDA@Ag@9-Br-Nos as a promising platform for
targeted lung cancer therapy. Through the integration of regulated drug administration,
improved anticancer efficacy, and reduced off-target toxicity, this approach tackles
important issues with traditional chemotherapy. Future research will focus on advancing
this nanocomposite to in vivo evaluation by performing comprehensive
pharmacokinetic, biodistribution, and acute and long-term toxic assessments in

appropriate animal models. This could present a multipurpose, safe, and efficient
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strategy to enhance lung cancer patient outcomes. Its multifunctional design highlights

this nanocomposite's promise as a next-generation cancer treatment approach.
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