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ABSTRACT

Correspondence:
Prof. Pamela Rose
Flores Bremner, RMT

Chemotherapy and radiation therapy have long been known as standard treatments for cancer.
Despite the fact that these treatments appeared to be extremely effective against cancer cells,
these non-selective therapies often lead to the failure of many biological processes, resulting in
serious side effects. Recent studies have shown the capacity of nanoparticle-based treatment to
target specific oncotic cells, thus overcoming these adverse side effects. The principal focus on
the cytotoxic mechanism of these nanoparticles to induce apoptosis towards cancer cells makes
them a promising anti-cancer agent. Zinc oxide nanoparticles (ZnO NPs) are one of the widely
explored nanoparticles in cancer treatment methodology. This review outlined ZnO NP’s unique
physiochemical properties including its mechanisms with an essential focus given in size- and
shape-induced cytotoxicity. The initial selection process identified a total of 3,204 literature works
published from 2016 to the present year in various online databases such as ScienceDirect,
PubMed, NCBI, and ResearchGate. The accumulated literature expound on the unique properties
of the ZnO NPs, mechanism of cytotoxicity, and cytotoxic evaluation of the ZnO NPs towards cancer
cells. Throughout the extensive analysis, the data gathered from this review had reported evidence
of ZnO NP’s anti-proliferative activity via different mechanisms of apoptosis-induced cytotoxicity.
Smaller-sized nanoparticles appeared to be more potent than their large counterparts due to
easier cell migration. The results of this review also concluded no direct correlation between the
shape and cytotoxic potency, however, further studies are recommended to have a definite set of
biological and exposure conditions when investigating shape-induced cytotoxicity.
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INTRODUCTION

Since the introduction of the nanotechnology field in
1959, there has been a steadily growing attraction to
nano-based materials accompanying the creation of
revolutionary research that provides an array of novel
applications and improved technologies in biology and
medicine. Nanoparticles (NPs) which are defined as
‘tiny solid colloidal particles’ with a dimension of less
than 100 nm, are the most widely used nanomaterials
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largely as they offer ease of production from a variety
of sources. Among its properties, the reason behind
the intense interest in nanotechnology is because of
its capacity to allow controlled synthesis of wide class
matetials at a nanoscale level.l! The ultra-small size of
nanoparticles, comparable to the size of the proteins
and biomolecules that naturally occur in the cell, and
smaller than many human cells, allows internalization
and interaction of NPs within the cell surface, thus,
enabling them to potentially influence cellular responses,
dynamically and selectively.” This is why nanoparticles,
especially metal oxide NPs, are used in many biomedical
applications, including biosensing, targeted drug and
gene delivery systems, bioimaging, and as well as in the
provision of therapeutic interventions for cancer.!”!

Cancer, accompanying second place as the leading
cause of mortality worldwide, is a disease wherein cells
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of the body multiply abnormally and potentially spread
throughout other parts of the body. There are various
key differences between a normal and cancerous cell.
One of which s their ability in cell signaling, also referred
to as signal transduction, that controls basic cellular
processes through various complex responses.” In
normal cells, this signal transduction pathway generally
ensures the coordination and constant intercellular
communication between cells, thus, allowing cells to
divide, differentiate, and even die. Unlike normal cells,
the signal transduction pathways that regulate cell
growth are usually disrupted and overridden in cancer
cells. The overexpression and activation of oncogenes
and the inhibition of the tumor suppressor genes that
help cancer cells grow and metastasize results in the
autonomous replication and resistance to apoptosis
of cells. Other hallmark characteristics of cancer cells
include abnormal metabolism, DNA damage, increased
oxidative stress, and the ability to evade the body’s
immune cells.F® Understanding the mechanisms of
these characteristics has long been the focus of cancer
research and is the key to finding a more effective cancer
treatment.

In the past decades, chemotherapy and radiation therapy
have long been commonly known as the standard
treatments for cancer, which is characterized by the
unchecked growth of malignant cells. However, even
though these treatments appear to be extremely effective
at killing cancer cells, many serious side effects have
been associated with them, including myelosuppression,
hair loss, neurotoxicity, and gastrointestinal reactions.!”
This is due to the
these treatments, which often leads to the failure of
many biological processes. Although the surfacing of
selective therapy has made its path, unavoidable adverse
effects and the developing issue of drug resistance
have still been a problem. Recent studies have shown
that nanomaterial-based nanomedicine can overcome
these chemotherapeutic side effects due to their high
biocompatibility and a high degree of cancer cell
selectivity.™

indiscriminate mechanism of

Zinc oxide (ZnO) nanoparticles, a remarkable wide
optical bandgap (3.63 eV) semiconductor, are one of the
most widely explored NPs in terms of cancer treatment
methodology. This is due to the excellent cytotoxic
ability of the ZnO NPs to induce selective apoptosis
in cancerous cells with the liberation of dissolved metal
ions leading to the high levels of Intracellular Reactive
Oxygen Species (ROS) and oxidative stress.”) Excess
cellular ROS production causes damage in the cell and
therefore, activates cell death such as apoptosis. The
characteristic features of ZnO NPs that make them

potent for cancer cells include: (1) Biocompatibility; (2)
High selectivity; (3) Easy synthesis; and (4) Enhanced
cytotoxicity. Additionally, with zinc as one of the most
plentiful trace metals in human nutrition after iron, it
plays a significant role in carrying cellular processes
by responding to the repair and replication of DNA,
oxidative stress, and the progression and apoptosis of
the cell cycle."”! With this, an increased alteration in zinc
concentration can cause deleterious effects on cancer
cells as an excess amount of zinc can cause disruption by
exceeding the capacity of the zinc homeostasis system,
ultimately activating apoptosis, hence the cell death.

A thorough understanding of the human body today,
unfortunately, is not in part with the therapeutic cancer
options provided to patients. Modern cancer therapies
often fail to completely exhibit anti-cancer responses
to drug resistance or their oversight in distinguishing
between cancerous and normal cells. In response to
this issue, this systematic review focuses on assessing
the ZnO NPs’ practical use as cancer treatments, which
will greatly benefit medical institutions. If proven
safe and effective, this may be utilized independently
or in conjunction with existing cancer therapies such
as radiation therapy, immunotherapy, chemotherapy,
and other cancer treatments. Furthermore, given that
nanoparticles can exist in various types of morphology
due to their variation in synthesis, putification, and
functionalization, an essential focus was given to their
influence on the cytotoxic activity in terms of size- and
shape-induced cytotoxicity.

MATERIALS AND METHODS
Literature Search

In conducting this review, the authors made use of
research articles and journals to retrieve information
regarding the cytotoxic effects of ZnO nanoparticles
against cancer cells. Different search engines such
as ScienceDirect, PubMed, National Center for
Biotechnology Information (NCBI), and ResearchGate
were used to collect data. Research articles and journals
that were retrieved from these online databases were
accessed in March 2022 and were consulted in April
2022 to verify the accumulated information.

Eligibility Criteria

The systematic review of Cytotoxic Effects of Zinc
Oxide Nanoparticles Against Cancer Cells includes
articles that met the following criteria: (1) cytotoxic
effects of ZnO NPs against cells that are cancerous; (2)

published studies from credible search engine sites such
as ResearchGate, National Center for Biotechnology
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(NCBI), PubMed, and Science Direct; (3) studies that
were published in full-text English; and (4) studies that
were published in 2016 and present year from credible
search engine sites as aforementioned. Published studies
that were excluded in this systematic review, however,
have one of the following criteria: (1) articles that were
published before 2016; (2) studies that are published
from non-credible/predatory search engine sites; (3)
studies that were produced in a foreign language other
than English; and (4) studies that are not focused on the
cytotoxic effectivity of the said nanoparticle.

Selection Strategy

Related literature were retrieved by inputting the
combination of the following terms on credible search
engines, including “Zinc Oxide,” “Nanoparticles,”
“Cytotoxicity,” “Cancer,” and “Cancer cells.” The dates
of publication were also put into consideration in
filtering the used sources, considering the requirement
of only accessing articles and journals in the years 2016
to 2022. Additionally, the language chosen in the study
is only English as it is the most convenient medium
for a swift understanding of the published studies.
Abstracts, potentially of foremost importance and value
to the study conducted, were also reviewed and assessed
thoroughly by the criteria given.

b2

Data Extraction

The authors assessed the eligibility and anomalies of
the chosen papers identified for inclusion. Further, both
exclusion and inclusion criteria were established and
taken into consideration before each eligible research
article was chosen. Data from the eligible articles were
further extracted with the use of appropriate study
characteristics, which includes: (1) the title of the study
or research article, (2) the year of publication, (3) the
size and/or shape of the ZnO NPs, (4) specific cancer
cell lines, (5) studies that utilized MTT assay as their cell
viability assay, and (6) 1C, values of the cytotoxicity
evaluation at 24 hr exposure. Detailed data extractions
of each eligible article are shown in Table 1.

RESULTS

During the initial screening, a total of 3,204 research
articles retrieved from the chosen search
engines, namely NCBI, ScienceDirect, PubMed, and
ResearchGate. Duplicated studies identified
manually, removing a total of 86 duplicates and leaving
a total of 3,118 literature sought for retrieval. Before
the formal screening process, a total of 101 studies
that are not available in full-text version were removed,
with a total of 3,017 studies left to be screened. Based

were

were

on the predetermined inclusion and exclusion criteria,
the authors screened the title, abstract, and the year of
publication of each literature, excluding 2,896 studies
and leaving 121 articles to be assessed for eligibility.
Each potential eligible research article was assessed
using appropriate study characteristics, which were
explicitly based on the size and/or shape of the ZnO
NPs, cancer cell lines, and IC,  values of the cytotoxicity
evaluation. After a full-text assessment for eligibility,
a total of 15 studies were included in this review. A
schematic diagram of the study selection process is
shown in Figure 1.

Cytotoxicity of ZnO Nanoparticles against Various
Cancer Cell Lines

The data of cytotoxicity of the eligible literature, which
explicitly includes the shape, average particle size of
ZnO NPs, specific cancer cell lines, and findings of
each related literature, are presented in Table 1. With
the precise evaluation using the MTT assay and half-
maximal inhibitory concentration (IC, ) values, all studies
demonstrated a reduction of cancer cell viability in a
dosage-dependent manner following a 24 hr exposure.
Additionally, the increased apoptotic activity through
the formation of intracellular Reactive Oxygen Species
(ROS), reduced levels of Mitochondria Membrane
Potential (MMP), and cancer cell proliferation also
contributed to the ZnO NPs-induced cytotoxicity.
Breast cancer cell lines (MDA-MB-231 and MCF-7);
Prostate cancer cell line (DU-145); Human leukemia cell
line (MOLT-4); Lung cancer cell line (A549); Cervical
carcinoma cell line (Hela); Osteosarcoma cell line
(MG-63); Hepatocellular carcinoma cell lines (HUH-7
and HepG-2): Colorectal cancer cell lines (HCT-
116 and Caco-2); Human multiple myeloma cell line
(RPMI82206).

Cancer cell lines

At present, there have been various cancer cell lines that
were used to evaluate the 7z vitro cytotoxicity of ZnO
NPs. In this review, a total of 12 different cell lines were
documented, including cell lines of prostate cancer,
lung cancer, colorectal cancer, breast cancer, human
leukemia, human multiple myeloma, cervical carcinoma,
osteosarcoma, and hepatocellular carcinoma. As shown
in Figure 2, the majority of the studies in this review
make use of breast cancer (MCF-7) cells (15%) and
colorectal cancer (HCT-116) cells (15%) against ZnO
NPs to demonstrate its cytotoxicity. However, the cancer
cell lines such as DU-145, MG-63, MDA-MB-231,
RPMI-8226, HepG-2, and HUH-7 were the least used
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3204 records retrieved from
credible search engines

* NCBI (n = 2066) Records removed before screening:

. o i

* ScienceDirect (n = 898) * Duplicates from other databases (n = 86)

* PubMed (n = 140)

+ ResearchGate (n = 100)
3118 total records screened |

l Reports not retrieved:
1) Research articles that are not available in full
Reports sought for retrieval text (n=101)
(n=3118)

l

Reports screened for eligibility 2896 reports excluded
(m=3017) 2) Reports and studies that are published before

2016 (n=9)

3) Reports and articles that are published in
foreign language (other than English) (n = 0)

4) Research studies that are not focused on the
cytotoxicity of ZnO NPs (n = 2096)

5) Research studies that are not focused on the
cytotoxic effect against certain cancer cell line
(791)

Reports accessed for eligibility 106 reports excluded
(n=121) 6) Research studies that did not specified
information regarding the shape and/or size of
the ZnO NPs, specific cancer cell line, ICsy
values of the cytotoxicity evaluation at 24 h,
and studies that did not utilized MTT assay as
their cell viability assay. (n = 103)

Total research studies included
in the review (n = 15)

wervve [ pucmery W scrmwve [l mevnncaros

Figure 1: Schematic Diagram of Study Selection Process.

Cancer Cell Lines
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MG-63:1-5.0%
MDA-MB-231:1 - 5.0%
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HepG-2

HCT-116
RPMI-8226

MOLT-4
I DU-145

HUH-7

Figure 2: Cancer Cell Lines.

cell lines accounting for only 5% of all studies included
in this review.

Size and cytotoxicity

The cytotoxicity results of ZnO NPs showed that the
ZnO NPs induce an anti-metabolic activity and reduced
cell viability against different-sized NPs. Among the
ZnO NPs tested, smaller-sized NPs had shown higher
cytotoxicity against cancer cells in terms of proliferation
and viability inhibition.
cytotoxicity tests, the viability of cells is evaluated using

Generally, in cell-based

the half-maximal inhibitory concentration (IC, ) value.

The IC, value is defined by the dosage of inhibitor
against cell survival where the response is reduced by
half (50%). Table 2 lists the IC,  values of ZnO NPs
on various cancer cell lines against different-sized
NPs. About the table, while the particle size of ZnO
NPs ranged from 12 to 80 nm, with an average size of
34.29 nm, the IC_ values ranged from 1 pg/mlL to
96.67 ng/mlL.

Breast cancer cell lines (MDA-MB-231 and MCF-7);
Prostate cancer cell line (DU-145); Human leukemia
cell line (MOLT-4); Lung cancer cell line (A549);
Cervical carcinoma cell line (Hela); Osteosarcoma
cell line (MG-63); Hepatocellular carcinoma cell lines
(HUH-7 and HepG-2): Colorectal cancer cell lines
(HCT-116 and Caco-2); Human multiple myeloma cell
line (RPMI8220).

To demonstrate the cytotoxicity of ZnO NPs, the
IC,, values of ZnO NPs were plotted against their
respective particle size (Figure 3). Based on the Figure,
it can be seen that there is a direct relationship between
the particle size and IC_ values of ZnO NPs, which
indicates that with smaller-sized nanoparticles, a lower
concentration is required to reduce the cell viability by
50%, and therefore, demonstrates a higher cytotoxicity
potency. This cytotoxic behavior is observed in all 12
types of cancer cell lines, although a minor discrepancy
was observed in the study of Patnaik ez @/ (2021),
wherein smaller-sized (32.11 * 7.659 nm) ethanolic
ZnO NPs induced a higher IC, value (34.356 £ 2.71)
when compared to the larger-sized methanolic ZnO
NPs (33.27 £ 5.851 nm) that requires a lower IC,  value
(32.856 % 2.99 pg/mlL) against HCT-116 cells.
Furthermore, based on Figure 3, the lowest IC, value
(1 pg/mL) was observed in ZnO NPs with a particle size
of 26 nm against the cell line of breast adenocatcinoma
(MDA-MB-231). However, with 80 nm in size against
cancer cell line A549, ZnO nanoparticles yielded
the highest IC, value: 96.67 £ 10.75 pg/mlL. This
further justifies the inverse relationship between the
cytotoxicity and particle size of the ZnO NPs, as well as
their corresponding IC_ value. According to the review
of Bisht et al. (2016), the higher potency of smaller-
sized nanoparticles is due to their increased capacity to
enter tumor cells and manipulate the cellular function
of the cell, hence leading to cell death. Additionally,
smaller-sized nanoparticles have a larger specific surface
area (SSA). This creates more available space for
cellular components to interact within the cell.” Such
interaction of the ZnO NPs within the cell allows ROS
concentration to increase, which leads to its cytotoxicity
through the increased oxidative stress in the cell.
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Table 2: Size-Dependent Cytotoxicity of ZnO NPs.
Cancer Cell Lines

IC,, results

Title

Size

HCT-116 cells

20 pg/mL

Sl. No.
Anticancer and apoptotic activity of
biologically synthesized zinc oxide
nanoparticles against human colon

cancer HCT-116 cell line-in vitro study!”

Facile green synthesis of ZnO-RGO
nanocomposites with enhanced
anticancer efficacy!'¥

Bio-green synthesis ZnO-NPs in Brassica
napus pollen extract: biosynthesis,
antioxidant, cytotoxicity and pro-apoptotic
properties!'"!

Employment of Cassia angustifolia leaf
extract for zinc nanoparticles fabrication
and their antibacterial and cytotoxicity!'”!

Green synthesis of zinc oxide
nanoparticles using Elaeagnus
angustifolia L. leaf extracts and their
multiple in vitro biological applications??!

Crotalaria verrucosa Leaf Extract
Mediated Synthesis of Zinc Oxide
Nanoparticles: Assessment of
Antimicrobial and Anticancer Activity!'?

Zinc oxide nanoparticle synthesized from
Euphorbia fischeriana root inhibits the
cancer cell growth through modulation
of apoptotic signaling pathways in lung

cancer cells!'™

Zinc oxide nanoparticles induce human
multiple myeloma cell death via reactive
oxygen species and Cyt-C/Apaf-1/
Caspase-9/Caspase-3 signaling pathway
in vitro\®!

Green Synthesis of Zinc Oxide
Nanoparticles (ZnO-NPs) Using
Arthrospira platensis (Class:
Cyanophyceae) and Evaluation of their
Biomedical Activities!®

Cytotoxic Potential of Biogenic Zinc
Oxide Nanoparticles Synthesized
From Swertia chirayita Leaf Extract on
Colorectal Cancer Cells??*

10

Bougainvillea flower extract mediated
zinc oxide’s nanomaterials for
antimicrobial and anticancer activity!'®!

1

Zinc oxide nanoparticles from Cassia
auriculata flowers showed the potent
antimicrobial and in vitro anticancer
activity against the osteosarcoma MG-63
cellst'®

Zinc oxide nanoparticles synthesized
from Aspergillus terreus induce oxidative
stress-mediated apoptosis through
modulating apoptotic proteins in human
cervical cancer Hela cells?"

12

13

Anticancer therapeutic efficacy of
biogenic Am-ZnO nanoparticles on 2D
and 3D tumor models®!

14

12-24 nm

MCF-7 and HCT-

17 nm
116 cells

26 nm MDA-MB-231 cells

26 nm MCF-7 cells

HUH-7 and HepG-

26 nm
2 cells

HelLa and DU-145

27 nm
cells

30 nm A549 cells
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Cytotoxicity of ZnO NPs on Various Cancer Cell Lines
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Figure 3: The correlation between the particle size and IC,,
values of ZnO NPs against various cancer lines.

Shape and cytotoxicity

Aside from the particle size, the synthesis of ZnO NPs
also allows them to be obtained in various types of
morphology which have been theoretically considered
to influence the cytotoxic activity of the ZnO NPs
by affecting the capacity of the nanoparticle in cell
migration. In the study of Fadoju e a/ (2019),*" it was
observed that spherical nanoparticles migrate more easily
in the cell than other irregularly-shaped nanoparticles
due to their higher kinetics rate and diffusion coefficient.
To date, the are diverse shapes of ZnO NPs used in
cytotoxic studies ranging from spherical, hexagonal, rod-
shaped, star-shaped, cylindrical, and cuboidal shapes,
with spheroid ZnO NPs being the most common. Table
3 lists the shape of synthesized ZnO nanoparticles with
their corresponding IC, values against various cancer
cell lines.

Breast cancer cell lines (MDA-MB-231 and MCF-7);
Prostate cancer cell line (DU-145); Human leukemia cell
line (MOLT-4); Lung cancer cell line (A549); Cervical
carcinoma cell line (Hela); Osteosarcoma cell line
(MG-63); Hepatocellular carcinoma cell lines (HUH-7
and HepG-2): Colorectal cancer cell lines (HCT-116 and
Caco-2); Human multiple myeloma cell line (RPMI8226).
Figure 4 presents the forms of ZnO NPs used in
various cytotoxic studies of this review. Out of the 15
eligible studies included in this review, only spherical
and hexagonal shapes of ZnO NPs were documented,
wherein the majority of these are in spheroid form
(66.7%). Meanwhile, four out of 15 studies (26.7%)
synthesized hexagonal-shaped nanoparticles, with
the remaining study (6.7%) did not specify any shape
characterization of the ZnO NPs.

The ZnO NPs
activity against cancer cells in terms of shape. Figure 5
represents the cytotoxicity of ZnO NPs against MCF-7

demonstrated variable cytotoxic
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cells and Hela cells of both hexagonal- and spherical-
shaped ZnO NPs. Against MCF-7 cells, spherical ZnO
NPs (11 pg/mlL) have lower IC_ values than hexagonal
ZnO NPs (17.9 pg/mL), therefore exhibiting higher
cytotoxicity. Interestingly, against Hel.a cells, the
spherical ZnO NPs give an opposite cytotoxicity result.
The IC_ values of spherical ZnO NPs (20.43 pug/mlL)
are higher than hexagonal ZnO NPs (7.07 pg/mL),
exhibiting lower cytotoxicity. This opposite result might
be because both hexagonal- and spherical-shaped ZnO
NPs have different particle sizes, which could affect
their cytotoxicity results.

DISCUSSION

The systematic review found evidence that ZnO
nanoparticles have a potential for alternative cancer
treatment because of their cytotoxic properties against
cancer cells while still being selective and biocompatible.
Primary concerns on biomedical uses of nanoparticles
include their biocompatibility and selectivity as they raise
potential use for drugs and therapy. Because of its small
size, ZnO NP can pass and travel to the bloodstream
unto the different parts of the body — that is why it is
crucial that they must not induce cytotoxicity in healthy
cells. Remarkedly, existing studies proved that ZnO NPs
are highly selective, which is confirmed by a significantly
higher dose and longer exposure requirement to reduce
normal cell viability, such as in human red blood cells,*
mesenchymal stem cells,” 3T3-I.1 adipocytes,™ as
compared to cancer cells. While zinc is known to play
critical roles in enzyme function and gene transcription,
ZnO NP also exhibits biocompatibility, as shown by
its efficient absorption and rapid distribution in body
tissues.’! In this review, all studies proved that ZnO NPs
have size-dependent cytotoxicity that induces cell death
via different mechanisms such as intracellular ROS,
mitochondria membrane potential, and cell migration.

Intracellular ROS Production and Oxidative Stress

Once ZnO NPs have penetrated cancer cells, one of
the three mechanisms is to produce cytotoxic effects
in malignant cells, one of which is the generation of
apoptosis-inducing species such as the intracellular
Reactive Oxygen Species (ROS). The surface features of
ZnO NPs make them a suitable candidate for a redox-
reactive system to generate ROS. Lipid peroxidation
is the most common cause of oxidative stress, which
is caused by an overabundance of free radicals. The
increased amounts of LPO and attenuation are widely
recognized characteristics of oxidative stress-induced
cell damage and include the presence of antioxidant

indicators.”!
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Table 3: Shape-Dependent Cytotoxicity of ZnO NPs.
SI. No. Title Shape
1 Green Synthesis of Zinc Oxide

Cancer Cell Lines IC,, results
Spherical Caco-2 cells
Nanoparticles (ZnO-NPs) Using Arthrospira
platensis (Class: Cyanophyceae) and

9.95 pg/mL
Evaluation of their Biomedical Activities!'
2

Facile green synthesis of ZnO-RGO Spherical MCF-7 and HCT-116 cells MCF7 = 11 pg/mL
nanocomposites with enhanced anticancer
efficacy!'¥l

HCT116 = 12 pg/mL
Zinc oxide nanoparticle synthesized from

Spherical
Euphorbia fischeriana root inhibits the
cancer cell growth through modulation
of apoptotic signaling pathways in lung
cancer cells!'

A549 cells 14.5 pg/mL

Anticarcinogenic effect of zinc oxide Spherical Molt-4 cells 15 pg/mL
nanoparticles synthesized from Rhizoma
paridis saponins on Molt-4 leukemia
cellst'®

Anticancer and apoptotic activity of Spherical HCT-116 cells 20 pg/mL
biologically synthesized zinc oxide
nanoparticles against human colon cancer
HCT-116 cell line-in vitro study??”!
6

Zinc oxide nanoparticles synthesized from Spherical 20.43 £ 0.98 pg/mL
Aspergillus terreus induce oxidative stress-
mediated apoptosis through modulating
apoptotic proteins in human cervical
cancer Hela cells®"

Hela cells

Green synthesis of zinc oxide Spherical HUH-7 and HepG-2 cells HuH-7 = 29.8 pg/mL
nanoparticles using Elaeagnus angustifolia HepG2 = 21.7 pg/mL
L. leaf extracts and their multiple in vitro
biological applications?
8 Cytotoxic Potential of Biogenic Zinc Oxide Spherical HCT-116 and Caco-2 cells Ethanol:
Nanoparticles Synthesized From Swertia HCT-116 = 34.356 + 2.71
chirayita Leaf Extract on Colorectal Cancer Caco-2 = 52.15 + 8.23
Cellst? Methanol:
HCT-116 = 32.856 + 2.99 pg/mL;
Caco-2 = 63.1 £ 12.09 pg/mL
9 Zinc oxide nanoparticles induce human Spherical RPMI-8226 cells 33. 83 pg/m
multiple myeloma cell death via reactive
oxygen species and Cyt-C/Apaf-1/
Caspase-9/Caspase-3 signaling pathway

in vitro®!
10

Anticancer therapeutic efficacy of biogenic Spherical A549 and MOLT-4 cells A549 = 96.67 + 10.75
Am-ZnO nanoparticles on 2D and 3D
tumor models
1

MOLT-4 =60.13 +7.13
Bio-green synthesis ZnO-NPs in Brassica

Hexagonal MDA-MB-231 cells
napus pollen extract: biosynthesis,
antioxidant, cytotoxicity and pro-apoptotic

1 pg/ml
properties!'"!
12 Crotalaria verrucosa Leaf Extract Mediated ~ Hexagonal Hela and DU-145 cells Hela cells = 7.07 pg/mL
Synthesis of Zinc Oxide Nanoparticles: DU145 = 6.30 pg/mL
Assessment of Antimicrobial and
Anticancer Activity!'?
13 Employment of Cassia angustifolia leaf Hexagonal
extract for zinc nanoparticles fabrication
and their antibacterial and cytotoxicity!'”!
14 Zinc oxide nanoparticles from Cassia Hexagonal MG-63 cells 20 pg/mL
auriculata flowers showed the potent
antimicrobial and in vitro anticancer activity
against the osteosarcoma MG-63 cells!'!

MCEF-7 cells 17.9 £ 1.4 ug/mL
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Shape of ZnO NPs

No specified:1-6.7%

Hexagonal: 4 - 26.7%

Spherical: 10 - 66.7%

I spherical Hexagonal No specified

Figure 4: Shape morphology of the ZnO NPs.

Shape-dependent cytotoxicity

25 pg/mL

20.43
20 pg/mL

16 pg/ml

1"

1C50 values

10 pg/mL

5 pg/mL

0 pg/mL

MCF-7 Cancer cell line Hela

Hexagonal Spherical

Figure 5: Cytotoxicity of hexagonal- and spherical-shaped
ZnO NPs against MCF-7 and Hela cells.

In the study of Li ef al (2020), when MM cells were
exposed to ZnO NPs for 24 hr, the levels of ROS
considerably rose. ROS are both a source and a target of
ROS playing a crucial role in maintaining a cell’s normal
physiological function. Excessive ROS production,
on the other hand, will disrupt the physiological
equilibrium inside cells, leading to the loss of MMP,
lysosomal activity, nuclear coagulation, and finally, cell
apoptosis. Human MM cells treated with ZnO NPs can
produce a lot of reactive oxygen species (ROS), which is
a significant cause of cell death. The primary culprit of
the oxidative stress-induced mitochondrial dysfunction
is the activated Caspase-dependent signaling pathway
which causes the apoptosis of multiple myeloma cells
induced by the ZnO NPs. Due to the spherical shape
of about 30nm in size of the nanoparticle, It has
contributed to the decreased cell viability via intracellular
ROS levels producing an IC, value of 33.83 ug/mL
against RPMI8226 cells.”*!

These findings suggest that a ZnO nanoparticle size of
approximately 10-40 nm is a plausible reason for the
higher cytotoxicity effect of the nanoparticle against

cancer cells as they accumulate more efficiently and
penetrate cell tumors than larger counterparts. Smaller
sizes of less than 10 nm, however, might not be effective
in inducing cytotoxicity as they can also be toxic in
normal cells other than malignant cells.

Mitochondria Membrane Potential

The cytotoxicity impact indicates a variation in the
MMP, a pre-apoptosis occurrence. In the entire living
phase of cells, mitochondria utilize oxidable substrate
to generate an electrochemical proton grade on the
membrane to yield ATP and create vitality for cellular
events. The assessment of the MMP of intact cells
may require the essential data to measure their physical
and systemic level.”! Current interpretations in various
cancer units have indicated that ZnO NPs augment the
weakening of mitochondria; especially in mitochondrial
layers, these compromise the capacity of a PI3K-like
protein kinase to provoke mitochondria membrane
potential and the delivery of apoptogenic proteins.*)
Aside from that, results showed that PINK1 expression
increased following the treatment of ZnO NPs. This
shows that the decreased levels of MMP in the damaged
mitochondria further stabilize the PINK1 in the exterior
parts the mitochondria.

The small dimension of ZnO NP, at the same
time, facilitates the infiltration and preservation of
nanoparticles in cancerous units, permitting them
to take action. Metal zinc ions are released when
ZnO nanoparticles interact and penetrate the plasma
membrane in cancer cells and eventually enter their
cytoplasm. This disrupts the membrane permeability,
eventually causing damage to DNA structure, hence the
cell death. Furthermore, given that biosynthesized ZnO
NPs are semiconducting, cytotoxicity is also activated
with the release of apoptosis-inducing species such
as the intracellular ROS. ROS generation through the
release of Zn*" ions provides a more direct interaction
between the NPs and cancer cell membrane eventually
leading to increase oxidative stress and, ultimately
causing apoptosis.l'?

Cell Migration

In the cytotoxicity of ZnO NPs, there is a difference
in effectiveness due to different variations of sizes in
NPs. The smaller the size of ZnO NPs (<10 nm) is
more effective than the larger NPs. Smaller NPs can
easily induce or penetrate through the body or blood
vessels. Cells treated with concentrations of 10 to
15 pg/mL inhibit and increase the cell migration
potential of the nanoparticle. Cell migration and invasion
show great significance in metastatic diseases. There are
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various approaches for cancer cells to disseminate and
migrate across locations. These comprise amoeboid,
mesenchymal, and collective cell migration (Wu e/ af,
2021). With this, cell migration exhibits an integral part
in the context of cancer cell invasion.

In line with this, studies conducted by Zhang et al.
(2020) and Sana e al (2020) showed similar findings.
The study of Zhang ez al. (2020) presented a significant
inhibition of cell migration when cells were treated
with the EF-ZnO NPs with a particle size of 30 nm.
Contrary to that, the absence of treatment to the cells
with EF-ZnO NPs showed increased proliferation.
Additionally, Sana e a/ (2020) concluded that the
nanosized ZnO with an average particle size of 27 nm
obstructs cancer cells’ cell invasion and migration when
proliferating. In fact, the study accumulated lower cell
migration levels for the cancer cell lines when treated
with ZnO NPs and higher levels of cell migration when
they remained untreated. The two studies have utilized
smaller-sized-ZnO NP and showed similar results of
increased inhibition of cancer cell migration upon
treating the cancer cell lines with ZnO NPs.

Shape and Size-induced Cytotoxicity

Against various cancer cell lines, the result of this
review showed that the cytotoxic behavior of the zinc
oxide nanoparticle is different in the type of cell lines
they are exposed to. In the data presented, although the
26 nm-sized ZnO NP exposed against MDA-MB-231
cells is not the smallest nanoparticle to be documented,
the lowest IC_ value (1 ug/ml.) was obtained from this
study. Therefore, although the cytotoxicity is highly
dependent on the morphological characteristics of
the nanoparticles, the malignancy of the cell line they
are exposed to also plays a crucial role in the potency
determination of the ZnO NPs.

Concerning cell viability and proliferation, it has been
found that the particle size is directly proportional to
IC, values of ZnO NPs. This means that in smaller-
sized nanoparticles, a lower dosage of the ZnO NPs is
needed to induce cytotoxicity and reduce cell survival by
half (50%). Therefore, the cell viability and proliferation
are reduced in a higher cytotoxic environment as
induced by smaller-sized nanoparticles. Additionally, the
larger surface area of small-sized ZnO NPs that allows
for such interaction within the cell, causes an increased
apoptotic activity through ROS release, and reduced
levels of MMP, leading to increased oxidative stress
within the cell hence its cytotoxicity.

Likewise, although not proven yet, variations in shape
have theoretically been believed to influence the
cytotoxicity of nanoparticles by affecting the capacity

of the nanoparticle in cell migration. There are diverse
shapes of ZnO NPs used in various cytotoxic studies,
with the spherical form being the most common. In
the study of Fadoju ez 4/ (2019),P7 it was observed that
spherical nanoparticles migrate more quickly in the
cell than other irregularly shaped nanoparticles due to
their higher kinetics rate and diffusion coefficient. Both
shape and size are directly related to the internalization
process within the cell, which is primarily based on the
principle of endocytosis. However, this review found no
direct correlation between the shape and cytotoxicity of
Zn0O NPs as it is difficult to compare biological results
of nanoparticles that are based on different exposure
conditions.

CONCLUSION AND RECOMMENDATION

In conclusion, data from the gathered literature resulted
in excellent cytotoxic activities of ZnO nanoparticles
againstvarious cancerlines via differentmechanisms such
asincreased intracellular ROS production, cell migration,
and reduced levels of mitochondria membrane potential.
This review also concluded that apart from the time
and dosage, the cytotoxicity of ZnO NPs is also highly
dependent on its size, as smaller particle size results in a
lower dose required to induce cell death. Furthermore,
despite the morphological characteristics of the ZnO
NP itself, the potency of ZnONPs varied according
to the malignancy of different cancer lines they are
against which played a crucial role in determining their
potency. Before this review, it has been hypothesized
that shape would influence the cytotoxicity of the ZnO
NPs. However, this review found no direct correlation
between the shape and cytotoxicity of ZnO NPs as it is
difficult to compare biological results of nanoparticles
that are based on different exposure conditions (e.g,
time, dosage, cancer cell line, the particle size of NPs,
its method of synthesis, and purification). Therefore,
when investigating the effect of various shapes on the
cytotoxicity of nanoparticles, it is recommended for
further studies to have one set of synthesis protocols
and biological evaluation parameters. Additionally,
it is also important to note that there is still a vague
understanding of nanoparticles that are less than 10 nm
in size. Extensive research is, therefore, necessary
as they may have toxic issues in healthy cells and the
overall body.
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Reactive Oxygen Species; SOD: Superoxide Dismutase;
and SSA: Specific Surface Area.

SUMMARY

The selective targeting capabilities of nanoparticles
are becoming intrinsically significant in modern
cancer treatments overshadowing the adverse effects
of traditional cancer therapies such as chemotherapy
and radiation therapy. ZnO nanoparticles, with their
unique properties such as their high selectivity and
biocompatibility, are the widely explored nanoparticles
in cancer treatment methodology. This review article
outlines the unique physiochemical properties, its
shape and size, and the mechanisms of cytotoxicity
of the ZnO NPs to assess its potential as a cytotoxic
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agent against cancer cells. Articles and journals that
were collated from various databases were thoroughly
screened and assessed by the predetermined eligibility
criteria. Given that nanoparticles can exist in various
types of morphology, due to the variation in synthesis,
purification, and functionalization, chosen studies in
this review centered on the morphological influence
of the ZnO NPs in terms of size- and shape-induced
cytotoxicity. The results generated had reported
evidence of anti-proliferative activity of the ZnO
NPs through a different mechanism of apoptosis-
induced cytotoxicities such as increased intracellular
ROS production, cell migration, and reduced levels of
mitochondria membrane potential. Results from this
review also suggested that smaller-sized nanoparticles
are more potent than larger-sized nanoparticles as they
accumulate and penetrate more efficiently than larger
counterparts. Moreover, although no direct correlation
was observed between shape and cytotoxicity, further
studies are recommended to have one set of evaluation
parameters when investigating shape-induced cytotoxicity.

Author’s Contributions

All the authors participated equally from the first outline
up to the last revision of the manuscript. Author I
led the group and set the cadence in theorizing the initial
concept, which was similarly examined by Authors ].B.,
LR, AE., BE, LL, J.T, and J.V. While Author K.E
accomplished the original proof-of-concept, this was
then expanded by Authors J.B. and L.L., who centered
on cancer cells and several cancer therapies, Authors J.V.
and J.T., who indicated the function of zincin cancer and
its discerning cytotoxicity, and Authors A.E. and L.R.
who emphasized its significance by briefly discussing
ZnO NPs as therapy for cancer and provided a brief
explanation of the eligibility criteria. The information
sources and search strategies followed were then devised
by J.V. and J. T., with many valuable recommendations on
the selection process from Authors K.E. and B.F. Author
K.E, however, wrote the data extraction and led the
justification of results, including the creation of charts,
Figures, and tables. In the discussion part, everyone had
a fair share of subsections. Author ].B. wrote the first
part of the discussion, while Authors BE, A.E., L.L,,
J.V,, LR, and ].T. wrote the mechanisms of cytotoxicity
of the ZnO NPs, and data regarding the shape and
size-induced cytotoxicity of ZnO NPs was discussed by
Author K.F. Finally, Authors J.B. and K.F. provided the
conclusion and recommendation of this paper. Author
P.B. provided critical feedback, insights, and guidance in
developing the manuscript. All authors have reviewed
and authorized the final version of the paper.

247



Florece, et al.: Cytotoxic Activity of ZnO Nanoparticles against Cancer Cells

REFERENCES

1.

Soetaert F, Korangath P, Serantes D, Fiering S, Ivkov R. Cancer therapy
with iron oxide nanoparticles: Agents of thermal and immune therapies. Adv
Drug Deliv Rev. 2020 Jan 1;163-164:65-83. doi: 10.1016/j.addr.2020.06.025,
PMID 32603814.

Rasmussen JW, Martinez E, Louka P, Wingett DG. Zinc oxide nanoparticles
for selective destruction of tumor cells and potential for drug delivery
applications. Expert Opin Drug Deliv. 2010 Sep 1;7(9):1063-77. doi:
10.1517/17425247.2010.502560, PMID 20716019.

McNamara K, Tofail SAM. Nanoparticles in biomedical applications. Adv
Phys X. 2017 Jan 2;2(1):54-88. doi: 10.1080/23746149.2016.1254570.
What is cancer? [internet]. National Cancer Institute. [cited 2022Apr26].
Available from: https://www.cancer.gov/about-cancer/understanding/what-
is-cancer.

Cancer cells [internet]. Cancer Research UK; 2021 [cited 2022Apr26].
Available from: https://www.cancerresearchuk.org/about-cancer/what-is-
cancer/how-cancer-starts/cancer-cells.

Seelige R, Searles S, Bui JD. Innate sensing of cancer’s non-immunologic
hallmarks. Curr Opin Immunol. 2018 Feb 1;50:1-8. doi: 10.1016/j.
€0i.2017.09.005, PMID 29032295.

Zhang S, You ZQ, Yang L, Li LL, Wu YP, Gu LQ, et al. Protective effect of
Shenmai injection on doxorubicin-induced cardiotoxicity via regulation of
inflammatory mediators. BMC Complement Altern Med. 2019 Dec;19(1):317.
doi: 10.1186/s12906-019-2686-2, PMID 31744501.

Anjum S, Hashim M, Malik SA, Khan M, Lorenzo JM, Abbasi BH, et al. Recent
advances in zinc oxide nanoparticles (ZnO NPs) for cancer diagnosis, target
drug delivery, and treatment. Cancers. 2021 Jan;13(18):4570. doi: 10.3390/
cancers13184570, PMID 34572797.

Pinho AR, Martins F, Costa MEV, Senos AMR, Silva OABDCE, Pereira ML,
et al. In vitro cytotoxicity effects of zinc oxide nanoparticles on spermatogonia
cells. Cells. 2020;9(5):1081. doi: 10.3390/cells9051081, PMID 32357578.
Bisht G, Rayamajhi S. ZnO nanoparticles: A promising anticancer agent.
Nanobiomedicine. 2016;3:9. doi: 10.5772/63437, PMID 29942384.

Shahraki F, Tabrizi MH, Moghaddam MN, Hajebi S. Bio-green synthesis ZnO-
NPs in Brassica napus pollen extract: Biosynthesis, antioxidant, cytotoxicity
and pro-apoptotic properties. IET Nanobiotechnology. 2019;13(5):471-6. doi:
10.1049/iet-nbt.2018.5164.

Sana SS, Kumbhakar DV, Pasha A, Pawar SC, Grace AN, Singh RP,
et al. Crotalaria verrucosa leaf extract mediated synthesis of zinc oxide
nanoparticles: Assessment of antimicrobial and anticancer activity. Molecules.
2020;25(21):4896. doi: 10.3390/molecules25214896, PMID 33113894.
El-Belely EF, Farag MMS, Said HA, Amin AS, Azab E, Gobouri AA, et al.
Green synthesis of zinc oxide nanoparticles (ZnO-NPs) using Arthrospira
platensis (Class: Cyanophyceae) and evaluation of their biomedical activities.
Nanomaterials (Basel). 2021;11(1):95. doi: 10.3390/nano11010095, PMID
33406606.

Ahamed M, Javed Akhtar M, Majeed Khan MA, Alhadlaq HA. Facile green
synthesis of ZnO-RGO nanocomposites with enhanced anticancer efficacy.
Methods. 2022;199:28-36. doi: 10.1016/j.ymeth.2021.04.020, PMID 33930572.
Zhang H, Liang Z, Zhang J, Wang WP, Zhang H, Lu Q. Zinc oxide nanoparticle
synthesized from Euphorbia fischeriana root inhibits the cancer cell growth
through modulation of apoptotic signaling pathways in lung cancer cells. Arab
J Chem. 2020;13(7):6174-83. doi: 10.1016/j.arabjc.2020.05.020.

Xu Z, WuY, Song L, Chinnathambi A, Ali Alharbi SA, Fang L. Anticarcinogenic
effect of zinc oxide nanoparticles synthesized from rhizoma paridis saponins
on Molt-4 leukemia cells. J King Saud Univ Sci. 2020;32(3):1865-71. doi:
10.1016/j.jksus.2020.01.023.

Albrahim JS, Alosaimi JS, Altaher AM, Aimulayfi RN, Alharbi NF. Employment
of Cassia angustifolia leaf extract for zinc nanoparticles fabrication and
their antibacterial and cytotoxicity. Saudi J Biol Sci. 2021;28(6):3303-8. doi:
10.1016/j.sjbs.2021.02.075, PMID 34121868.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ahmar Rauf M, Oves M, Ur Rehman F, Rauf Khan A, Husain N. Bougainvillea
flower extract mediated zinc oxide’s nanomaterials for antimicrobial and
anticancer activity. Biomed Pharmacother. 2019;116:108983. doi: 10.1016/j.
biopha.2019.108983, PMID 31125822.

Seshadri VD. Zinc oxide nanoparticles from Cassia auriculata flowers
showed the potent antimicrobial and in vitro anticancer activity against
the osteosarcoma MG-63 cells. Saudi J Biol Sci. 2021;28(7):4046-54. doi:
10.1016/j.sjbs.2021.04.001, PMID 34220263.

Majeed S, Danish M, Ismail MHB, Ansari MT, Ibrahim MNM. Anticancer and
apoptotic activity of biologically synthesized zinc oxide nanoparticles against
human colon cancer HCT-116 cell line-in vitro study. Sustain Chem Pharm.
2019;14. doi: 10.1016/j.scp.2019.100179, PMID 100179.

Chen H, Luo L, Fan S, Xiong Y, Ling Y, Peng S. Zinc oxide nanoparticles
synthesized from Aspergillus terreus induces oxidative stress-mediated
apoptosis through modulating apoptotic proteins in human cervical cancer
HelLa cells. J Pharm Pharmacol. 2021;73(2):221-32. doi: 10.1093/jpp/
rgaa043, PMID 33793807.

Igbal J, Abbasi BA, Yaseen T, Zahra SA, Shahbaz A, Shah SA, et al. Green
synthesis of zinc oxide nanoparticles using Elaeagnus angustifolia L. leaf
extracts and their multiple in vitro biological applications [sci rep]. Sci Rep.
2021;11(1):20988. doi: 10.1038/s41598-021-99839-z, PMID 34697404.

Li Z, Guo D, Yin X, Ding S, Shen M, Zhang R, et al. Zinc oxide nanoparticles
induce human multiple myeloma cell death via reactive oxygen species and
Cyt-C/Apaf-1/Caspase-9/Caspase-3 signaling pathway in vitro. Biomed
Pharmacother. 2020;122:109712. doi: 10.1016/j.biopha.2019.109712, PMID
31918281.

Khan MI, Chakraborty R, Lavudi K, Penchalaneni J, Mohapatra B, Mishra A,
et al. Cytotoxic Potential of Biogenic zinc oxide Nanoparticles Synthesized
From Swertia chirayita Leaf Extract on Colorectal Cancer Cells. Berehu HM,
S A. Front Bioeng Biotechnol. 2021;9:1276. doi: 10.3389/fbioe.2021.788527,
PMID 34976976.

Chabattula SC, Gupta PK, Tripathi SK, Gahtori R, Padhi P, Mahapatra S,
et al. Anticancer therapeutic efficacy of biogenic Am-ZnO nanoparticles
on 2D and 3-D tumor models. Mater Today Chem. 2021;22. doi: 10.1016/j.
mtchem.2021.100618, PMID 100618.

Huang YW, Cambre M, Lee HJ. The toxicity of nanoparticles depends
on multiple molecular and physicochemical mechanisms. Int J Mol Sci.
2017;18(12):2702. doi: 10.3390/ijms18122702, PMID 29236059.

Fadoju O, Ogunsuyi O, Akanni O, Alabi O, Alimba C, Adaramoye O, et al.
Evaluation of cytogenotoxicity and oxidative stress parameters in male Swiss
mice co-exposed to titanium dioxide and zinc oxide nanoparticles. Environ
Toxicol Pharmacol. 2019;70:103204. doi: 10.1016/j.etap.2019.103204, PMID
31200344.

Khan AK, Renouard S, Drouet S, Blondeau JP, Anjum I, Hano C, et al. Effect
of UV irradiation (A and C) on Casuarina equisetifolia-mediated biosynthesis
and characterization of antimicrobial and anticancer activity of biocompatible
zinc oxide nanoparticles. Pharmaceutics. 2021;13(11):1977. doi: 10.3390/
pharmaceutics 13111977, PMID 34834392.

Moratin H, Scherzad A, Gehrke T, Ickrath P, Radeloff K, Kleinsasser N, et al.
Toxicological characterization of ZnO nanoparticles in malignant and non-
malignant cells. Environ Mol Mutagen. 2018;59(3):247-59. doi: 10.1002/
em.22156, PMID 29150876.

Chandrasekaran M, Pandurangan M. In vitro selective anti-proliferative effect
of zinc oxide nanoparticles against co-cultured C2C12 myoblastoma cancer
and 3T3-L1 normal cells. Biol Trace Elem Res. 2016;172(1):148-54. doi:
10.1007/s12011-015-0562-6, PMID 26563419.

Kielbik P, Kaszewski J, Dominiak B, Damentko M, Serafiriska |, Rosowska J,
et al. Preliminary studies on biodegradable zinc oxide nanoparticles doped
with Fe as a potential form of iron delivery to the living organism. Nanoscale
Res Lett. 2019;14(1):373. doi: 10.1186/s11671-019-3217-2, PMID 31823131.

Cite this article: Florece KP, Bondoc JR, Espejo AR, Felix BP, Liberato LA, Ramirez LR, Tolentino JC, Vargas JM, Bremner
PR. Cytotoxic Activity of Zinc Oxide Nanoparticles against Cancer Cells: A Systematic Review. Asian J Biol Life Sci.
2022;11(2):237-48.

248

Asian Journal of Biological and Life Sciences, Vol 11, Issue 2, May-Aug, 2022



