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Green Chemical Approach for the Synthesis of ZnO
Nanoparticles and Investigation of their Cytotoxicity

Hemra Hamrayev, Seyed Davoud Jazayeri, Mostafa Yusefi, Brianna, Sin-Yeang Teow,
Yuan Seng Wu, Ayaz Anwar, Serdar Korpayev, Aras Kartouzian, and Kamyar Shameli*

In this study, zinc oxide nanoparticles (ZnO-NPs) are synthesized and
combined with chitosan (Cs) to create Cs/ZnO-NPs nanomicelles, aiming to
investigate their potential as a novel cancer treatment. The ZnO-NPs are
produced through a sintering process at temperatures ranging from 300 to
700 °C. The most effective nanoparticles are obtained at 600 °C, as
determined by X-ray diffraction (XRD) and Fourier-transform infrared
spectroscopy (FTIR) analyses, which confirmed their crystallinity and purity.
Transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) are employed to characterize the size and shape of the nanoparticles,
revealing predominantly spherical and hexagonal structures with stable
dimensions. The cytotoxic effects of the Cs/ZnO-NPs are evaluated against
various cancer cell types. The results show that at a concentration of 125 pug
mL~", the Cs/ZnO-NPs demonstrate significantly higher cancer cell toxicity
compared to ZnO-NPs alone, while remaining non-toxic to normal cells. This
indicates that Cs/ZnO-NPs have a superior ability to selectively target cancer
cells. These findings suggest that Cs/ZnO-NPs nanomicelles hold promise as
an effective and safe nanotherapeutic approach in the realm of cancer
treatment, meriting further exploration for clinical applications.

1. Introduction

Nanotechnology has become a significant
and appealing area of research, offering
distinct features and broad applications
in diverse sectors including agriculture,
food, and biomedicine. The properties at-
tributed to nanoparticles, such as their
small size, large surface area to volume ra-
tio, and versatile optical, magnetic, chem-
ical, and mechanical characteristics, have
positioned them as promising candidates
for pioneering applications in biomedicine.
Their well-documented effectiveness as an-
tibiotic, antioxidant, and anticancer agents
underscores their potential in this field.[]
Zinc oxide nanoparticles (ZnO-NPs) are an
attractive choice for numerous biomedi-
cal applications as inorganic semiconduc-
tors. They possess favorable characteris-
tics such as a substantial binding en-
ergy, a wide bandgap, a hexagonal wurtzite

crystal structure, and notable anticancer

H. Hamrayev

Malaysia-Japan International Institute of Technology
Universiti Teknologi Malaysia

Kuala Lumpur 54100, Malaysia

S. D. Jazayeri

School of Biochemistry and Immunology
Trinity Biomedical Sciences Institute
Trinity College Dublin

Dublin 2, Ireland

M. Yusefi

Institute of Biological Sciences

Faculty of Science

Universiti Malaya

Kuala Lumpur 50603, Malaysia

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/ppsc.202400009

© 2024 The Authors. Particle & Particle Systems Characterization
published by Wiley-VCH GmbH. This is an open access article under the
terms of the Creative Commons Attribution-NonCommercial License,
which permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for
commercial purposes.

DOI: 10.1002/ppsc.202400009

Part. Part. Syst. Charact. 2024, 41,2400009 2400009 (1 of 13)

Brianna

Department of Medical Sciences
School of Medical and Life Sciences
Sunway University

Selangor Darul Ehsan 47500, Malaysia

S.-Y. Teow

Department of Biology

College of Science

Mathematics and Technology

Wenzhou-Kean University

Zhejiang 325060, China

S.-Y. Teow

Wenzhou Municipal Key Laboratory for Applied Biomedical and
Biopharmaceutical Informatics

Ouhai, Wenzhou, Zhejiang 325060, China

S.-Y. Teow

Zhejiang Bioinformatics International Science and Technology
Cooperation Center

Ouhai, Wenzhou, Zhejiang 325060, China

S.-Y. Teow

Dorothy and George Hennings College of Science
Mathematics and Technology

Kean University

1000 Morris Ave, Union, NJ 07083, USA

© 2024 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH


http://www.particle-journal.com
https://doi.org/10.1002/ppsc.202400009
http://creativecommons.org/licenses/by-nc/4.0/

ADVANCED
SCIENCE NEWS

Particle

Particle Systems Characterization

www.advancedsciencenews.com

and antibacterial properties.[>3] The US Food and Drug Admin-
istration (in accordance with 21CFR182.8991) and various scien-
tific studies affirm ZnO’s safety and biocompatibility, making it
a promising material for treating conditions like kidney diseases,
ischemic ailments, microbial and fungal infections, cardiovascu-
lar disease, diabetes, and cancer.[*7]

ZnO-NPs can be produced through various methods,
including solvothermal and hydrothermal processes,®!
precipitation,®1%  polymerization,['!] laser ablation,['”] sono-
chemical techniques,**! sol-gel synthesis,[**'°] and microwave-
assisted approaches.['®l Among these methods, the sol-gel
procedure has garnered significant attention due to its ability to
tailor the shape, physicochemical properties, and patterning of
ZnO nanostructures effectively.!’]

The utilization of green materials has gained popularity in the
production of metal and metal oxide nanoparticles (NPs), includ-
ing ZnO-NPs.['®] For instance, extracts from Ailanthus altissima
fruit, ! phoenix dactylifera waste,!?’] Lawsonia inermis plant,!?!]
Punica granatum,!??] and Justicia procumbense leaves,[?*] have re-
cently been employed in the eco-friendly green synthesis of ZnO-
NPs. Furthermore, high molecular weight macromolecules like
polysaccharide hydrocolloids (such as alginate, starches, pectin,
pullulan, and gums) are readily available and offer a sustainable
approach to the green synthesis of ZnO-NPs.[?]

The utilization of a green sol-gel approach, coupled with high
calcination temperatures and the involvement of biopolymer me-
diators, represents a less hazardous and more eco-friendly strat-
egy for synthesizing biocompatible ZnO-NPs. During the green
synthesis process, biopolymer components could not only hy-
drolyze metal salt solution but also present onto the metal NPs to
decrease particle agglomeration to improve thermodynamic sta-
bility, water permeability, biocompatibility, biodegradability, and
tolerable toxicity.2527:22]

Carrageenan, a naturally occurring linear polysaccharide de-
rived from marine red seaweeds, is gaining prominence as an
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environmentally friendly choice in the food industry, where it
serves as a crucial gelling and stabilizing agent.®) Specifically,
k-carrageenan, a sulfated polysaccharide, stands out due to its
distinctive linear composition, which consists of D-galactose and
3,6-anhydro-D-galactose units.

The intrinsic biological activity of carrageenan as a natural
polysaccharide has led to a substantial upswing in its human-
oriented uses, attributed to its specific chemical and physical
attributes. Harnessing its affordability and the presence of a
negatively charged backbone, k-carrageenan demonstrates its
effectiveness in the synthesis of ZnO-NPs by serving as both a
stabilizing and capping agent.[3%24]

This biopolymer finds application in altering the surface prop-
erties of both metal and metal oxide NPs.?!l Coating by biopoly-
mers such as chitosan (Cs) with a positively charged backbone
can increase the dispersion and colloidal stability of NPs to im-
prove antimicrobial and anticancer effects.[*?! Chitosan, a natu-
rally occurring amino-polysaccharide, can be derived from chitin.
It possesses a linear structure and carries a positive charge,
making it a cationic substance.?3] In medically-related applica-
tions, chitosan with high biocompatibility and water-rich struc-
ture can be used as a coating agent for ZnO-NPs.3#%] Al.
beit, it should be noted that the polymer coating procedure
could be complicated, laborious, and time-consuming.**! Of
this, the simple and quick immersing of the ZnO-NPs in the
chitosan solution could form a thin chitosan layer around the
NPs to enhance the biocompatibility and biodegradability of the
NPS.[37'38]

Traditional cancer therapies, including chemotherapy and ra-
diotherapy, are associated with adverse effects that can cause
harmful side effects. These effects may encompass symptoms
like vomiting, delirium, insomnia, fatigue, and nausea.® To
overcome these problems, the utilization of polymeric metal
nano-complexes presents a promising avenue for improving fac-
tors such as circulation duration, targeted therapeutic efficacy,
and the safe delivery of drugs. Interestingly, -OH groups of the
ZnO surface lead to gently dissolving ZnO in both the acidic- and
basic environments.l*"] Thus, ZnO and ZnO coated by biopoly-
mer have gained immense interest for potent anticancer ac-
tions against various cancer cells, including breast MCF-7.141]
gastric AGS,*] cervical HeLa,*3] liver Hep-G2,2!) and colorectal
HCT116,1* and caco-2.[4

Considering the anticancer properties of Zn, ZnO-NPs re-
ceived much attention in recent years. Some studies indicated
that ZnO-NPs could target the critical mechanisms of cancer
chemoresistance and enhance the effectiveness of chemother-
apy drugs. These studies showed that ZnO-NPs reduced the
activity of ATP-binding cassette (ABC) transporters, increased
DNA damage and apoptosis, and attenuated stemness in can-
cer cells, leading to enhanced chemo-sensitivity. Other studies
also demonstrated that ZnO-NPs in low doses were helpful in
minimizing the harmful side effects of chemotherapy drugs.[*¢!
Hu et al. found ZnO-NPs induced autophagy, causing tumor cell
death via intracellular dissolution and reactive oxygen species
(ROS) generation. They promoted autophagy related 5-regulated
autophagy flux, resulting in cancer cell death. Co-localization
with autophagic vacuoles indicated ZnO-NPs’ link to autophagy.
ZnO-NPs enhanced chemotherapy efficacy and overcame drug
resistance.l*’]
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Figure 1. Schematic illustration of ZnO-NPs synthesis and chitosan coating process aimed at increasing cytotoxic effects on cancer cells.

This study aims to fabricate ZnO-NPs and Cs/ZnO-NPs and
to investigate their physiochemical and cytotoxic effects against
cancer cells. Utilizing carrageenan as the polymeric medium, a
green chemical approach was utilized for ZnO-NPs synthesis, of-
fering the flexibility to finely tune NPs size by adjusting the reac-
tion sintering process. Following the production of nanomicelles
composed of Cs/ZnO-NPs, a subsequent step involved immers-
ing these fabricated ZnO-NPs in a solution containing Cs. Thor-
ough characterization of the synthesized NPs was conducted us-
ing a comprehensive array of techniques, including XRD, UV-
vis, SEM, TEM, EDS, FTIR, and TGA, as well as assessments
of zeta potential ({-potential) and polydispersity indices. The un-
derlying hypothesis posits that both ZnO-NPs (S4) and the corre-
sponding Cs/ZnO-NPs nanomicelles would exhibit noteworthy
cytotoxicity against various cancer cell types. Particularly notable
is the anticipation that Cs/ZnO-NPs would outperform ZnO-NPs
in their ability to trigger cellular demise, emphasizing their po-
tential as a more formidable strategy in the fight against cancer.
To further investigate, the in vitro assessment extended to ap-
praising the samples’ toxicity on breast, lung and muscular can-
cer cells, in comparison with embryonic normal kidney cells.

2. Results and Discussion

In this current investigation, we employed the sol-gel method
to synthesize ZnO-NPs, as illustrated in Figure 1. During this
procedure, the vinyl sulfonic acid functional groups within car-
rageenan engage with the Zn?* ions.3% When the zinc nitrate
solution is mixed with carrageenan solution, the OH groups can
interact with the metal cations. The heating declines the presence
of water and the smaller amylose molecules cause the formation
of a network with water to enhance the mixture’s viscosity.!*?!

Part. Part. Syst. Charact. 2024, 41,2400009 2400009 (3 of 13)

This procedure is named carrageenan gelatinization. Finally,
the zinc nitrate decomposed to oxygen and nitrogen dioxide dur-
ing the heating process and was subsequently eliminated from
the mixtures. As depicted in Figure 1, the color of the ZnO-NPs
obtained through the sol-gel process underwent a transformation
as the calcination temperature increased from 300 to 700 °C. To
create a simple and environmentally friendly composite, ZnO-
NPs annealed at 600 °C were immersed in a chitosan solution,
resulting in Cs/ZnO-NPs.

2.1. X-Ray Diffraction (XRD) Analysis

The XRD results (Figure 2) revealed distinct peaks at 20 val-
ues 32.00°, 34.53°, 36.35°, 47.65°, 56.68°, 63.05°, 66.53°, 68.05°,
and 69.27° for ZnO-NPs which are attributed to (100), (101),
(002), (102), (110), (103), (200), (112), and (201) crystal planes,
respectively. These data clearly signify the formation of the
ZnO wurtzite structure (JCPDS #036-1451).122] Different calcina-
tion temperatures applied to ZnO-NPs can lead to the intensity
growth of the peaks associated with distinct crystalline sizes. For
example, Equation (1)-based calculation estimated the crystallite
size of 25 + 35, 29 + 61, 35 + 31, 42 + 26, and 42 + 73 nm for
the samples S1-S5, respectively. Consistent findings have been
reported in a separate study.[*®! Based on the XRD data; the crys-
talline size exhibited an upward trend with increasing the calci-
nation temperature up to 600 °C.

2.2. UV-vis Spectroscopy Analysis

Utilizing the UV-vis data depicted in Figure 3a, it is evident
that ZnO-NPs subjected to calcination at 300 °C (S1) exhibited
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Figure 2. XRD data of ZnO-NPs calcined at 300, 400, 500, 600, and 700 °C
(S1-S5), respectively.
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Figure 3. a) UV-vis absorption spectrum and b) bandgap energy of ZnO-

NPs calcined at 300, 400, 500, 600, and 700 °C for the S1-S5 samples,
respectively.
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a notably low UV-vis peak intensity. In contrast, ZnO-NPs that
underwent calcination at 400, 500, 600, and 700 °C (S2-S5)
displayed distinct absorption peaks at 369, 371, 372, and 376 nm,
respectively.

This is related to the characteristic band associated with the
synthesized ZnO, occurring at a wavelength of 370 nm. This phe-
nomenon results from electron transitions occurring between
the valence band and the conduction band, specifically involv-
ing O2p and Zn3d orbitals.*”) This peak indicates that the par-
ticles are in the nano-size range, and the distribution of particle
size is narrow.*!] The data showed that as calcination tempera-
ture increases, the wavelength value for S2-S5 also increases.>!
Figure 3D indicates the presence of a bandgap in the absorbance
spectra of the ZnO-NPs. The magnitude of this gap can be as-
certained from the absorbance spectra by computing the deriva-
tive of absorbance concerning photon energy and pinpointing the
peak in the derivative spectrum situated at the lower-energy re-
gion. The S1-S5 samples indicated the bandgap values of 3.221,
3.251, 3.258, 3.268, and 3.265 eV, respectively, which are compa-
rable to the bandgap energy values of bulk ZnO (3.29 eV).l>!]

2.3. Thermal Analysis

The findings from the TGA and differential thermogravimetric
analysis (DTGA) are presented in Figure 4, indicating the final
residue of 85.58, 98.34, 99.02, 98.13, and 99.74 weight% at 800 °C
for the S1-S5 samples, respectively. The first and the second
weight loss could be due to the presence of water and the de-
composition of chemically bound groups, respectively.

The third and final step is attributed to the decomposition of
the organic groups and the formation of the pyrochlore phases.48
These data indicated that the thermal stability of the samples was
attributed to the presence of ZnO-NPs.

2.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy determines the presence of functional groups
in the synthesized samples. Carrageenan exhibits strong peaks
in the 1200-1250 cm™" and 800-900 cm™ regions, representing
the stretching vibrations of the sulfate (SO,) groups present in
its structure. Carrageenan exhibited peaks ~1040-1080 cm™,
indicating the presence of glycosidic linkages (C—O—C) in the
structure. Furthermore, characteristic peaks within the range
of 900-1000 cm™~! may correspond to the anhydrogalactose and
galactose units present in the carrageenan’s composition. As
shown in Figure 5, the peaks situated at 821, 1106, 1113, and
1640 cm™! are attributed to the stretching of C—H, C—0 or C—N
bonds, —OH groups, and N—H bending, respectively.[*®! The
band at 844 cm™! represents the C,—O—S stretching vibration.>!
The FTIR spectra also indicated a reduction in intensity and a
shift of the carrageenan —OSO,— absorption band from 1446
to 1387 cm™! following its interaction with Zn*2.53 The peaks
~1106, 1370, 1381, and 1383 cm™! are related to C=0 absorption
bands due to atmospheric carbon dioxide (CO,) in the air.
Broader peaks were detected between 3400 and 3600 cm~! for
all samples, which correspond to the asymmetric and symmetric
stretching of H—O—H vibrations with visible shifts across the

© 2024 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.particle-journal.com

ADVANCED
SCIENCE NEWS

Particle

Particle Systems Characterization

www.advancedsciencenews.com

100 | (s1) [12 =
97 1 \\ 10&
\ -
. 93 8 E
5 \- . §
S 9 4 * 6 £
) £
3 87 || 8107% 4 2
s 84 - N "\‘K Residue: 85.58 % | 2 B
I\ ) \Y_(165.5 mg) 2
81 | — “ ooy &
=)
0O 200 400 600 800 1000
Temperature (°C)
0.10 ~
100 X
] £
&
I 0.05 ¥
£ £
% 99.5 ®
S 0.00 =
2
-
) |’ Residue: 99.02 % A
| (124 mg)
99.0 v ' ' v -0.05
0 200 400 600 800 1000

Temperature (°C)

www.particle-journal.com

03 ~
100 g
=
_ 0.2 E
£ ] i L
£ 0.1

:§ 99 ] :‘E’o
9 [
3 | 00 3
2
Residue: 98.34 % -
98 (168.4 mg) 01 &8

0 200 400 600 800 1000

Temperature (°C)
04 __
100 1 ;\?
] £
o 3
IS 02 ¥
£ =
Bog ®
@
z P 3
0.0 F]
1 esidue: 99.23 % g
98 ' ' (13?.9 mg) . 01
0 20" 400 600 800 1000

Temperature (°C)

1 0.0 =
100.0 b
; =
002 ©
T 999 e
S 998 0.00 2
1 H Residue: 99.74 % E
149.9 1]
99.7 _Qasomg) -0.02 8

0 200 400 600 800 1000

Temperature (°C)

Figure 4. TGA and DTA curves of ZnO-NPs calcined at 300, 400, 500, 600, and 700 °C for the S1-S5 samples, respectively.
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Figure 5. FTIR results of ZnO-NPs calcined at 300, 400, 500, 600, and
700 °C for the S1-S5 samples, respectively.

samples.”?] The peaks detected at 821, 1323, 1387, and 1640
cm™! originate from the asymmetrical and symmetrical stretch-
ing of the zinc carboxylate.®* Characteristic ZnO absorption
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bands are evident in the peaks between 407 and 487 cm™! for S3,
S4, and S5, indicating the successful production of ZnO-NPs.

2.5. Transmission Electron Microscopy (TEM) Analysis

Figure 6 presents TEM images for S3, S4, and S5 following
calcination at 500, 600, and 700 °C, respectively. S3 and S4
showed spherical shapes, whereas, S5 displayed larger and irreg-
ular shapes. The mean diameters of S3, S4, and S5 were mea-
sured at 49 + 12, 54 + 13, and 62 + 21 nm, respectively. The
particle size observed in the TEM images aligns with the crystal-
lite sizes obtained from XRD results. Notably, ZnO-NPs calcined
at 600 °C (S4) showed the least aggregations and more favorable
morphology than other samples. Consequently, it was chosen for
further analysis.

2.6. Field Emission-Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy (EDX) Analyses

Figure 7a,b showed the SEM images of the ZnO-NPs (S4) cal-
cined at 600 °C. The images revealed consistent spherical shapes
with narrow size distributions for the NPs, as clearly observed
in the SEM photographs of sample S4. The particles exhibited
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Figure 6. TEM images of ZnO-NPs calcined at 500, 600, and 700 °C for the S3—S5 samples, respectively.

an approximate size of 55 nm, which closely corresponds to the
particle size observed in the TRM images of the S4 sample.
Furthermore, in Figure 7c, the EDX spectrum indicated the
presence of characteristic O (25.64 wt.%) and Zn (74.36 wt.%) el-
ements within the sample, providing further confirmation of the
successful fabrication of ZnO-NPs. Comparable results were re-
ported in a study involving ZnO-NPs stabilized by Ixora Coccinea
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leaf extract.>! Figure 8a—c displayed the SEM images of Cs/ZnO-
NPs nanomicelles fabricated from S4, demonstrating success-
ful integration within the polymeric matrix. Additionally, ele-
mental mapping images and EDX analysis diagram revealed the
composition percentages of C, N, O, and Zn to be 15.67, 18.65,
23.45, and 42.23 wt.%, respectively. These outcomes confirmed
the presence and distribution of the respective elements within
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Figure 7. a,b) SEM images and c) EDX images of ZnO-NPs calcined at 600 °C (S4).

the nanomicelles. The significant proportion of Zn elements sig-
nifies the successful incorporation of ZnO-NPs into the nanomi-
celles, a facet of particular interest for medical applications due
to their unique properties. Furthermore, the characterization of
Cs/ZnO-NPs nanomicelles using SEM and EDX analysis pro-
vided valuable insights into their structure and composition, en-
hancing our understanding of their potential applications.

2.7. Physiochemical Analyses of ZnO-NPs and Cs/ZnO-NPs

Based on previous characterizations, ZnO-NPs calcined at 600 °C
(S4) were identified as the optimal sample to be immersion in
chitosan solution to fabricate Cs/ZnO-NPs. The ZnO-NPs syn-
thesized at 600 °C (S4), exhibited high crystallinity, proper ab-
sorption peak in UV-vis spectra, clear Zn-O band in FTIR analy-
sis, and superior morphological properties in comparison to the
other samples. Figure 9a presents the FTIR spectra for Cs alone,
ZnO-NPs, and Cs/ZnO-NPs.

In the FTIR spectra, Cs alone exhibited peaks at 653, 901,
1076, 1598, and 1657 cm™" attributed to (N-H), ring stretching,
(C—OH), (N—H), and —NHCO—, respectively. The presence of
pure Cs is identified by a strong peak in the 3300-3500 cm™!
region, indicating the stretching vibration of the amine (—NH,)
group. It also exhibits a peak ~3200-3400 cm™, corresponding
to the stretching vibration of the hydroxyl (—OH) group. Addi-
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tionally, a peak at ~1650-1655 cm™! corresponds to the carbonyl
(—C=0) stretching vibration. Furthermore, Cs displays a peak in
the range of 1040-1080 cm™!, indicating the presence of glyco-
sidic linkages (C—O—C) within its structure. In the Cs/ZnO spec-
tra, the peak at 3430 cm™! was shifted to lower wavenumbers,
suggesting possible intermolecular interaction between chitosan
and ZnO-NPs. The Zn-O stretching band ~400-500 cm ™ in non-
coated ZnO-NPs was absent in the Cs/ZnO-NPs spectra. Thus,
both Cs and ZnO-NPs may have undergone structural modifi-
cations during the copolymerization process. This could involve
changes in the crystalline structure, molecular conformation, or
polymer chain arrangement.

These structural changes can lead to shifts in the FTIR peaks
associated with specific functional groups in both chitosan and
ZnO-NPs. Figure 9b displays the X-ray diffraction patterns of
pure chitosan, Cs/ZnO-NPs and ZnO-NPs in the 26 range of 5°—
80°. The characteristic chitosan peaks were observed at 10.07°
and 20.53°.1°¢] In the case of Cs/ZnO-NPs, the presence of peaks
at 26 angles of 32.00°, 34.53°, 36.35°, 47.65°, 56.68°, 63.05°,
66.53°, 68.05°, and 69.27° can be attributed to specific crys-
tal planes, namely (100), (002), (101), (102), (110), (103), (200),
(112), and (201). These findings signify the crystalline nature
of ZnO-NPs, with all diffraction peaks aligning with the hexag-
onal wurtzite structure characteristic of ZnO (JCPDS card 36—
1451).1%) In Figure 9¢, no distinct absorption peaks were detected
from the UV-vis analysis of pure chitosan. Nonetheless, both
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Figure 8. a) SEM image, b) elemental mapping images, including C, N,
O, and Zn, together with c) EDX analysis diagram.

ZnO-NPs and Cs/ZnO-NPs displayed a shared absorption peak
at 370 nm. These findings collectively indicate that chitosan en-
veloped the ZnO-NPs.

2.8. Zeta Potential and Polydispersity Indices for ZnO and
Cs/ZnO Nanoparticles

The ¢-potential, as presented in Table 1, offers a quantification
of the surface charge, taking into consideration the poten-
tial variance between the fixed layer adhered to the surface of
nanoformulations and the mobile dispersion medium. This char-
acteristic is crucial, as it influences the cellular absorption of NPs
and their stability in a colloidal environment.’’} The NPs dis-
persion often flocculated through and formed rapid coagulation
when ¢-potential values were low, indicating aggregation ten-
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Figure 9. a) FTIR, b) XRD, and c) UV-vis spectroscopy analysis of ZnO-
NPs (S4), Cs/ZnO-NPs, and chitosan.

dencies, particularly for Cs/ZnO-NPs composed of large- sized
ZnO-NPs. All the Cs/ZnO-NPs samples displayed ¢ -potential val-
ues over +21 mV, indicating a positive charge on their surfaces,
which encourages stability and prevents aggregation through
electrostatic repulsion. The size of ZnO-NPs observed in the
TEM analysis showed an increasing trend from S3 to S5 (49.39,
54.75, and 62.12 nm, respectively). The use of polymer medium
to prepare Cs/ZnO-NPs nanomicelles enhanced the stability of
the nanocolloid and prevented the precipitation of ZnO-NPs. The
zeta potential results confirmed the well stability of nanomicelles
across all above three samples. However, it was evident that S4
outperformed S3 and S5 in terms of colloidal stability, indicating
a successful production of nanomicelles with potential applica-
tions in various therapeutic fields. These findings are promising,
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Table 1. Optimal {-potential values for Cs/ZnO-NPs.

ZnO-NPs {-potential
R1 R2 R3 Average Mean + SD
S3 1 +23.31 +24.25 +23.68 +23.50 +23.19 £ 0.31
2 +24.74 +22.19 +22.69 +23.21
3 +22.57 +23.44 +22.61 +22.87
S4 1 +27.75 +28.11 +28.63 +28.16 +27.96 £ 0.18
2 +27.71 +28.14 +27.88 +27.91
3 +26.95 +28.05 +28.42 +27.81
S5 1 +21.31 +20.75 +20.15 +20.74 +21.16 + 0.60
2 +20.47 +21.72 +20.53 +20.91
3 +21.74 +22.14 +21.67 +21.85

SD, Standard deviation; R, Replicate.

displaying the potential of Cs/ZnO-NPs in medical research and
offering opportunities for diverse therapeutic applications.

In addition to measuring size, the polydispersity indices (PDI),
which range from 0.0 (completely uniform size) to 1.0 (extremely
polydisperse with numerous sizes), were used to evaluate the
uniformity of the particle. A high PDI value indicated that in-
homogeneity in the sample made the ZnO-NP size function less
useful, and thus the average size was considered to describe na-
nomicelle performance. This comprehensive approach provided
a clearer understanding of sample homogeneity and helped to
effectively evaluate its potential applications. Therefore, a lower
PDI value showed a uniform size distribution and resulted in
increased colloidal stability.’”] Conversely, higher PDI reflected
a wider size range and decreased stability. Results herein indi-
cated that the polydispersity index (Table 2), was high for the
Cs/ZnO-NPs nanomicelles for S5, compared to S3 and S4. This
topic revealed a substantial lack of uniformity in size distribution,
clearly demonstrated by the increase in particle size observed in
S5, as evident in TEM images. PDI results showed that Cs/ZnO-
NPs nanomicelles for S3 had an average value of 0.61, which
decreased to 0.41 for S4, indicating high colloidal stability. As a
ZnO-NPs particle size increased in S5, the PDI value increased to
0.74, which indicated a decrease in nanomicelle stability. These

Table 2. Optimal polydispersity indices values for Cs/ZnO-NPs.

ZnO-NPs PDI
R1 R2 R3 Average Mean + SD
S3 1 0.646 0.631 0.583 0.623 0.61+0.02
2 0.618 0.633 0.502 0.581
3 0.647 0.575 0.643 0.624
S4 1 0.411 0.375 0.468 0.418 0.41+0.01
2 0.369 0.410 0.462 0.414
3 0.331 0.430 0.407 0.389
S5 1 0.701 0.684 0.735 0.707 0.74 + 0.06
0.741 0.622 0.711 0.691
3 0.780 0.712 0.929 0.807

SD, Standard deviation; R, Replicate; PDI, polydispersity indices.
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Table 3. Inhibitory concentration (IC)s, values of ZnO-NPs and Cs/ZnO-
NPs in the tested cell lines in 2D monolayers and 3D spheroid models.

Cells Model ICso [ug mL™"]

ZnO Cs/ ZnO
293T (normal) 2D monolayer >125 >125
A549 2D monolayer >125 37.18

3D spheroid 41.17 24.71
MCF7 2D monolayer >125 38.38
3D spheroid 46.99 45.05
RD 2D monolayer 65.87 25.25
3D spheroid >125 >125

achievements highlight again the crucial relationship between
PDI and nanocolloidal stability. Therefore, the optimization of
achieving lower PDI values has led to the preparation of more
stable nanocolloids that have been useful for cancer treatment
applications.

2.9. Cytotoxicity Activities of ZnO-NPs and Cs/ZnO-NPs

ZnO-NPs showed promise in cancer treatment by selectively tar-
geting tumor cells through enhanced uptake via leaky mem-
branes, intracellular disruption via ROS generation, DNA dam-
age, mitochondrial interference, and tailored properties such
as size and surface chemistry. Also, binding target molecules
to ZnO-NPs surfaces aimed to boost selectivity and efficacy in
treatment.’®#’] In this study, both ZnO-NPs (S4) and Cs/ZnO-
NPs exhibited negligible cytotoxic effects of 11.3% and 18.7%, re-
spectively at 125 pg mL~1, which is the highest test concentration,
in embryonic normal human kidney cells (293T) as shown in
Figure 10a. In contrast, the NPs showed dose-dependent killing
effects on A-549, MCF7, and rhabdomyosarcoma (RD) cancer
cells (Figure 10b—d).

Coating ZnO-NPs with chitosan was found to enhance killing
effects on the cancer cells in both models, except in RD 3D
spheroid models. At 125 ug mL~", Cs/ZnO NPs exhibited 62.8%,
73.1%, and 75% killing in A549, MCF7 and RD monolayer cells,
respectively. The anticancer effect was retained in A549 spheroids
(64%) and slightly reduced in MCF spheroids (66.6%). However,
the anticancer effect in RD spheroid model was greatly reduced to
20.3%. Interestingly, the uncoated NPs showed a higher killing
effect (35.3%). This could be due to the highly complex tissue
architecture of tumor spheroid that poses a challenge for the
Cs/ZnO NPs to penetrate and enter the necrotic core of spheroids
to completely kill off all the cancer cells. Table 3 summarizes the
IC,, concentrations against all the tested cells. When comparing
the IC;, of two NPs in 3D spheroids models, Cs/ZnO showed
the lowest ICy, in A549 (24.71 pg mL™!) followed by in MCF7
(45.05 ug mL™1), but the IC, in RD spheroids was more than
125 pg mL7.

Numerous studies have pointed out that a prevalent bio-
chemical function of NPs involves elevating ROS, which in
turn heightens oxidative stress within cells, potentially causing
harm to cellular components like proteins, lipids, and DNA.
Recently, similar results have been reported the anticancer
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Figure 10. Cytotoxicity effects of ZnO-NPs and Cs/ZnO-NPs against a) 293T normal cell, and cancer cells b) A-549, c) MCF7 and d) RD in 2D monolayer
(left panel) and 3D spheroid (right panel) models. Statistical significance was assessed using a two-way ANOVA analysis. “P < 0.05.

effects of curcumin-loaded zinc oxide against RD cell lines.!
In a separate study, zinc oxide nanorods (NRs) exhibited multi-
functional properties in killing C2C12 myoblast cancer cells by
upregulating caspases 3 and 7 which induce cell apoptosis.*®!
The cytotoxic effect of ZnO-NPs against colorectal cancer cells,
Caco-2 was also demonstrated.[®®) Song and co-workers also
reported that the ZnO-NPs depleted the superoxide dismutase
(SOD) level and increased the ROS level in the Caco-2 intestinal
cells, which suggested of accumulated oxidative stress.[®! In
another study, significant cytotoxic effect was observed on MCF7
and metastatic MDA-MB-231 breast cancer cell lines treated

Part. Part. Syst. Charact. 2024, 41,2400009 2400009 (10 of 13)

with ZnO quantum dots (QD) with high biocompatibility toward
HEK-293 normal cells.®] The ZnO QD induced nuclear frag-
mentation, induced apoptosis through Bax and Bcl-2 proteins,
induced cell cycle arrest at GO/G1 phase, and decreased cell pro-
liferation and migration in both breast cancer cells.l®?] Increased
level of anticancer effect of Cs/ZnO-NPs compared to ZnO-NPs
indicates a remarkable biocompatibility between ZnO-NPs and
the cells. The therapeutic efficacy of chitosan-based NPs might
stem from the interaction between the positive charge of chitosan
and the negative charge on the surface of tumor cells.3?] The
use of chitosan increased the surface charge, hence improving
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cell absorption and antitumor action.[®*] The increase molecular
weight of chitosan in the Cs/ZnO-NPs could also improve the
water solubility and potentially the circulation time in blood.[**]
Our results strongly suggest ZnO- and Cs/ZnO-NPs as potential
biocompatible NPs for anticancer applications. However, further
studies are required to evaluate the target specificity, cellular
uptake and bio-distribution of these NPs. The bioavailability,
stability, and blood circulation experiments of the Cs/ZnO must
also be studied to further explore the potential of the NPs.

3. Conclusion

In conclusion, this study explored the fabrication and character-
ization of ZnO-NPs, as well as their nanomicelles of Cs/ZnO-
NPs for potential application in cancer treatment. The ZnO-NPs
were successfully synthesized using a carrageenan medium and
subjected to annealing at various temperatures. XRD and FTIR
analyses confirmed the high crystallinity and purity of ZnO-NPs,
particularly evident at annealing temperatures of 500, 600, and
700 °C. The most suitable temperature for further investigation
was determined to be 500 °C (S3), based on XRD and FTIR data.
TEM and SEM results revealed spherical and hexagonal shapes
of the ZnO-NPs synthesized within 500 to 700 °C. The successful
formation of Cs/ZnO-NPs was confirmed using FTIR, XRD, and
EDX analysis. Notably, the nanomicelles exhibited favorable col-
loidal stability, particularly at 600 °C (S4), as evidenced by a low
PDI value of 0.41. The ZnO-NPs demonstrated potent cytotoxi-
city against diverse cancer cell lines. The Cs/ZnO-NPs showed
higher killing activity compared to ZnO-NPs against the cancer
cells. This effect was especially pronounced at a concentration
of 125 pug mL~!. Overall, these findings highlight the potential
of green-synthesized nanomicelles of Cs/ZnO-NPs as a promis-
ing and cost-effective nano-therapeutic agent for innovative and
complementary cancer treatment in the clinical stage. The well-
controlled synthesis and enhanced cytotoxicity exhibited by this
type of nanomicelles pave the way for exciting avenues of re-
search and development in the field of nanomedicine for com-
prehensive cancer care.

4. Experimental Section

Materials: ~ Zinc nitrate hexahydrate (Zn(NO3),-6H,0) at a purity of
98% was acquired from R&M Chemicals, located in the United Kingdom.
The k-carrageenan was obtained from Sigma, grade type (CAS 9000-07-
1) (95%). Low molecular weight chitosan and glacial acetic acid (HAC,
purity 99%) were sourced from Sigma—Aldrich in the USA. Furthermore,
all aqueous solutions were meticulously prepared using double-distilled
water.

Green Synthesis of ZnO Nanoparticles: The synthesis of ZnO-NPs
involved the utilization of both sol-gel and combustion methods. To
commence the process, a solution was prepared by dissolving 4.5 g of
Zn(NO3),-6H,0 in 10 mL of distilled water. Subsequently, this solution
was combined with another solution consisting of 0.2 g of k-carrageenan
dissolved in 40 mL of water. The resulting mixture underwent stirring at
60 °C for 12 h, yielding a gel-like solution. This gel was subsequently dis-
tributed across five separate Petri dishes and subjected to annealing at dis-
tinct temperatures (300, 400, 500, 600, and 700 °C) in an oven for 60 min,
resulting in the production of powdered ZnO-NPs designated as S1, S2,
S3, S4, and S5 respectively. These ZnO-NPs were preserved at 4 °C for
subsequent experimentation.
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Preparation of Chitosan-Coated ZnO Nanoparticles: Chitosan-coated
ZnO-NPs, denoted as Cs/ZnO-NPs, were formulated through a process
involving the dissolution of 0.2 g of ZnO-NPs (S4) in 20 mL of a 1% acetic
acid (HOAC) solution containing 0.02 g of chitosan. After being subjected
to 2 h of stirring at 60 °C, the NPs were subsequently precipitated by cen-
trifugation at 6000 rpm for 10 min. Subsequently, they were rinsed with
distilled water and dried at 50 °C in preparation for further analysis.

Characterization of ZnO and Cs/ZnO Nanoparticles: The structural
properties of the NPs were examined using PANalytical X’Pert PRO-XRD
equipment, employing Cu Ka radiation (4 = 0.15406 nm), with an applied
current of 20 mA and an accelerating voltage of 45 kV. The analysis covered
a 26 range from 5° to 80°, with a scanning rate of 26 min~". The crystalline
size (D) of the NPs was determined using Scherrer’s Equation (1).[6%]

Crystallite size = 09 x4 m
p X cos @

With a wavelength (1) of 0.1540 nm, a correction factor (k) of 0.91, 6 rep-
resenting the diffraction angle in radians, and g indicating the full width
at half maximum, the crystalline size (D) of the NPs was calculated using
Scherrer’s equation. To affirm the nature of the ZnO-NPs, UV-vis spectra
were obtained using a UV-1800 spectrophotometer from Shimadzu Japan,
covering the wavelength range of 220-800 cm™". The determination of the
samples’ bandgap was performed through Tauc’s plot, utilizing the follow-
ing Equation (2):

(ahv) 2 = A (hv — Eg) 2

A is a constant, E, represents the optical bandgap energy, h signifies
Planck’s constant for light energy, and a denotes the absorption coeffi-
cient. TEM (JEM-2100F-Japan) was used to determine the sample’s mor-
phology, particle size, and structure. To achieve this objective, a sample so-
lution of 1.5 mg in 10 mL of distilled water was dropped onto 300-mesh
copper grids. Following the drying process, TEM images were captured
and subsequently analyzed.

The morphology of the samples, weighing ~2 mg each, was assessed
using a JSM-7800F Prime Schottky SEM. To this end, an accelerating volt-
age of 5.0 kV was employed, with a standard magnification set at 40 kV.
Subsequently, SEM data was integrated with EDX analysis to characterize
the chemical composition of the samples.

The functional groups present in the samples were identified using an
IR Tracer-100 FTIR spectrometer (Thermo Nicolet) within the wavelength
range of 400-4000 cm~'. Each sample, weighing ~5 mg, was mixed with
potassium bromide (KBr) powder (500 mg) at a ratio of 1:100 w/w to cre-
ate a pellet. Thermal analysis was conducted via thermogravimetric analy-
sis (TGA) using a TGA instrument (STA F3 Jupiter) Q50 V20, employing a
heating rate of 10 °C min~" under a nitrogen atmosphere (10 mL min~").
The {-potential and polydispersity index of Cs/ZnO-NPs, at a concentra-
tion of 100 ug mL~", were determined using a Zetasizer Nano ZS instru-
ment from Malvern Instruments Ltd., based in Malvern, UK. The analysis
was conducted at 25 °C, with measurements taken for 10 s each, repeated
three times.

Cell Lines and Cell Culture Reagents: Rhabdomyosarcoma (RD, CCL-
136), breast adenocarcinoma (MCF7, HTB-22), lung carcinoma (A-549,
CCL-185), and embryonic normal human kidney (293T, CLR-3216) cell
lines were acquired from the American Type Culture Collection (ATCC)
and cultured following ATCC's recommended protocols. These cell lines
were maintained in high-glucose Dulbecco’s Modified Eagle’s medium
(DMEM) (#12 800, Thermo Fisher Scientific), supplemented with 10%
fetal bovine serum (FBS) (#10270-106, Thermo Fisher Scientific), and 1%
penicillin/streptomycin (#15140-122, Thermo Fisher Scientific).

Cytotoxicity Assay: ~ Cytotoxicity assays were conducted to verify the cel-
lular killing effect of the synthesized NPs using CellTiter-Glo 2.0 Lumines-
cent Cell Viability Assay (#G9241, Promega) and according to the manu-
facturer’s instruction.[®8] In summary, 5000 cells per well (100 uL per well)
were plated onto a 96-well plate and incubated for 12-16 h at 37°Cina 5%
CO, and 95% humidified incubator. Subsequently, the cells were exposed
to samples that had been serially diluted by a factor of 2, with concentra-
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tions ranging from 0 to 125 ug mL~" (in 7.81 ug mL~" increments), each
administered at a volume of 100 pL per well. This incubation took place
for a duration of 72 h at a temperature of 37 °C within a CO, humidified
incubator. Following this, 100 L of the detection reagent was introduced
into the wells. After an incubation period of 1 h at 37 °Cin a CO, incuba-
tor, the absorbance values were quantified using a multimode microplate
reader from Tecan. Ultimately, the dose-response curve was constructed
by determining the percentage of cell viability through the utilization of the
equation provided below Equation (3):

%Cell viability = (relative luminescence unit (RLU) of sample well (mean))

/ (relative luminescence unit (RLU) of control well (mean)) x 100 (3)
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