Materials Today ® Volume 50 © November 2021 RESEARCH

®

Check for
updates

3

ELSEVIER

Bio-acceptable OD and 1D ZnO
nanostructures for cancer diagnostics and
treatment

Brandon Ortiz-Casas ", Andrés Galdamez-Martinez >, Jorge Gutiérrez-Flores *',
Andrés Baca Ibaiiez ¥, Pritam Kumar Panda*", Guillermo Santana?,

Horacio Astudillo de la Vega', Mrutyunjay Suar >, Citlaly Gutiérrez Rodelo ",
Ajeet Kaushik ’, Yogendra Kumar Mishra ®~, Ateet Dutt >

" Healthcare Business and Computer Technology and Nanopharmacia Diagnostica, Tlaxcala No. 146/705, Col. Roma Sur, Cuauhtémoc, Cuidad de México C. P.
06760, Mexico

2 Department of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, United Kingdom

3 |nstituto de Investigaciones en Materiales, Universidad Nacional Auténoma de México, Coyoacan, México City C.P. 04510, Mexico

4Condensed Matter Theory Group, Materials Theory Division, Department of Physics and Astronomy, Uppsala University, Box 516, 75120 Uppsala, Sweden
®>School of Biotechnology, Kalinga Institute of Industrial Technology (KIIT), Deemed to be University, Bhubaneswar, Odisha, India

6KIIT-TechnoIogy Business Incubator (KIIT-TBI), Kalinga Institute of Industrial Technology (KIIT), Deemed to be University, Bhubaneswar, Odisha, India

7 NanoBioTech Laboratory, Health System Engineering, Department of Environmental Engineering, Florida Polytechnic University, 4700 Research

Way, Lakeland, Florida 33805, United States

8 Smart Materials, NanoSYD, Mads Clausen Institute, University of Southern Denmark, Alsion 2, 6400, Senderborg, Denmark

As bioapplications of OD and 1D zinc oxide (ZnO) seem a recent development, they have brought many
exciting proposals showing exquisite signs as sensors and assay platforms offering biomolecular
selectivity and sensitivity for cancer diagnosis and treatment. Cancer researchers are looking for
diagnostic and molecular instruments to identify the cancer-causing agents and subtle molecular
shifts. The inclusion of high-performance ZnO materials due to their intrinsic properties such as
viability, bio-acceptability, high isoelectric point, tunable morphology, etc., is promising for targeted
detection and treatment processes. More specifically, ZnO nanowires (NWs) have offered the
opportunity to yield new types of approaches against targeted cancer in contrast to their OD
counterparts. The ability of ZnO NW sensors to identify the molecular features (i.e., biomarker) of
cancer and their integration portability has the potential to revolutionize cancer diagnosis and patient
health monitoring timely and efficiently. Despite being robust, tunable properties based on surface
chemistry and eco-friendly, scalable opportunities are yet to be explored. This review considers
captivating research advances to identify and understand fundamental properties and examine various
biosensing approaches and nanomedicine (via performing targeted drug delivery or therapeutic)
aspects utilizing them while paying attention to different size regimes of ZnO NWs. The high-
performance role of OD and 1D ZnO as biosensors, capture devices, cell imaging complexes, or
treatment is addressed on the bases of the controlled functions such as enhanced adsorption, reactivity,
surface chemistry, cytotoxicity, and biocompatibility in various biological systems and models. With a
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comparative viewpoint, OD and 1D ZnO nanostructures are going to emerge as breakthrough
candidates for diagnostics and treatment of cancer effectively and efficiently.

Keywords: Zinc oxide; OD and 1D nanostructures; Cytotoxicity and biocompatibility; Cancer nanotechnology; Cancer

management

Trends in cancer nanotechnology

Cancer is classified as a disease emerged and characterized due to
uncontrolled growth and proliferation of abnormal cells [1];
other terms are malignant tumors and neoplasms [2]|. According
to the international standard for the classification of oncology
diseases, cancers are classified based on tissue types in the follow-
ing six categories carcinoma, sarcoma, myeloma, leukemia, lym-
phoma, or mixed [3]. Presently, cancer is the second leading
reason for global deaths and represents one of the critical public
health concerns worldwide [4]. An update of the worldwide can-
cer burden (incidence and deaths) based on the International
Agency for Research on Cancer (IARC) and GLOBOCAN 2020
reports is summarized in Fig. 1 (a and b) [4,5]. The different kinds
of cancer and their mortality rates by gender are illustrated in
Fig. 1 (c-f) [6]. As an estimate, until 2020, around 19.3 million
new cancer cases (18.1 million excluding nonmelanoma skin
cancer) and 10.0 million cancer deaths (9.9 million excluding
nonmelanoma skin cancer) have been reported [7].

Although the causes of cancers are not entirely understood,
but numerous factors are known to increase the existence of
the disease. It has been described that roughly one-third of can-
cer deaths are due to infectious agents, behavioral aspects, and
dietary risks; for example, tobacco use is responsible for approx-
imately 22% of cancer deaths [2]. Cancer-causing infections,
such as hepatitis and human papillomavirus (HPV), are responsi-
ble for up to 25% of cases in low- and middle-income countries.
Other factors (not less important) are inherited genetic muta-
tions [1]. In this matter, the diagnosis of cancer predisposition
syndromes can usually be confirmed with molecular genetic test-
ing of patients based on clinical, pathologic, or family history
indicators [8]. Several procedures and drugs are in practice to
treat and manage cancer depending on the type, cancer stage,
and treatment goals. Therefore, oncologists perform surgery,
radiation therapy, lasers, and cryoablation for local therapy on
specific tumors or relieve symptoms in a particular area (skin can-
cer, breast cancer, and prostate cancer). Another investigated
procedure is systemic therapy, including drug administration,
hormone therapy, chemotherapy, targeted therapy, and stem
cell or bone marrow transplant (for example, lung cancer, leuke-
mia, and metastatic breast cancer). An emerging approach is pre-
cision medicine; the concept refers to a method based on
individual variability in genes, environment, and lifestyle for
each person and is supported by the components of the tumor
microenvironment (TME) at the cellular and molecular levels
(endothelial cells, angiogenic vessels, and other cellular environ-
ments) [9]. At present, the targeted therapy is compelling and a
new method for cancer treatment. Under this category, numer-
ous novel drugs have been approved as of now, including anti-
mutation targeting drugs like the EGFR T790M targeting (osimer-
tinib), drugs with multiple targets like the EGFR/HER2 (neratini),
and drug combinations like (encorafenib/binimetinib and

dabrafenib/trametinib) [10]. The contemporary modalities for
cancer treatment include RNA interference (RNAi) and antisense
techniques, hereditary control of apoptotic and tumor-attacking
pathways treatment, anti-angiogenic therapy, and oncolytic viral
therapy [11]. Some of the complications in cancer cure optimiza-
tion are as follows: (1) response of the patient to immunother-
apy, (2) present tomography approaches cannot distinguish
benign lesions from malignant lesions, (3) the uncovering of
cancer in the initial phase has been hindered by the intrinsic lim-
its of conventional cancer diagnostic methods, and (4) late-stage
presentation and out-of-the-way analysis/treatment of cancer are
ubiquitous.

To investigate and optimize an efficient diagnostics and treat-
ment of higher efficacy, sincere efforts are made by researchers
since 1980 to explore nanoscale materials. An early-stage detec-
tion system is critical for the efficient treatment and monitoring
of cancer. Although unfortunately, there have been several short-
comings with traditional cancer detection approaches. Nan-
otechnology has emerged as a very sensitive, accurate, and
standardized technique for identifying extracellular cancer
biomarkers and cancer cells [12]. Over the past decade, there
have been tremendous developments in cancer detection tech-
nologies focused on nanotechnology and miniaturized electron-
ics i.e., the internet of medical things (IoMT). Several
nanoparticles (NPs)-based assays demonstrated substantial pro-
gress in selectivity and sensitivity compared with the available
cancer diagnostics in the laboratory. This may lead to the cre-
ation of more successful therapies for many cancers since a lim-
ited number of nanotechnology-based cancer detection systems
have progressed to the level of clinical trials.

Nanotechnology offers great potential to advance cancer
detection and treatment, eventually contributing to an increased
cancer patient survival rate. To date, nanotechnology proposes a
novel and highly valuable offering as a vital role in cancer ther-
agnostic, integrating therapy and diagnosis [13]. Numerous NPs
are currently part of ongoing research orients towards investigat-
ing cancer disease detection and its effective treatment, for
instance: liposomes, chitosan, micelles, nanoshells, 0D, 1D,
and 2D nanomaterials, paramagnetic nanoparticles (PMNDPs),
quantum dots (QDs), magnetic nanoparticles (MNPs), etc. [14-
18]. Among them, metal oxides such as titanium oxide (TiO5),
copper oxide (CuO), iron oxide (Fe;Oy,), and zinc oxide (ZnO)
have received a substantial amount of attention in nanoscience
due to their relative ease of nano-structuring and the wide variety
of possible optical, electrical, magnetic, and morphological prop-
erties [19]. For cancer detection, NPs are being employed to cap-
ture cancer biomarkers, such as cancer-associated proteins,
circulating tumor DNA and tumor cells, and exosomes, because
nanomaterials surfaces can be compactly coated with antibodies,
small molecules, peptides, aptamers, and other moieties. Due to
the large surface area, NPs are also pledging candidates for a
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delivery system that can efficiently transport target antigens into
dendritic cells (DCs) and serve as imaging contrast agents [20].
Other emerging systems are biomimetic NPs involving biological
and synthetic materials; for instance, the cancer cell membrane
coating nanoparticles. They comprise of a NP core in a cancer cell
plasma membrane coating that can carry tumor-specific recep-
tors and antigens for cancer targeting with therapeutic or imag-
ing applications [21]. One more advancement on the
nanometric scale is nano surgery because of its immense promi-
nence in removing residual microtumors/single cancer cells that
remain in organs after macro surgery and represent a consider-
able threat for later lethal cancer recurrence [22].

Therefore, to combat targeted cancer, collaboration among
experts is currently required for effective disease control, a crucial
action to scale up inhibition, initial recognition diagnosis, treat-
ment, and care services are also essential. Distant metastasis of
the tumor is regarded as the main reason for death in cancer
patients, and for that reason, an initial detection to plan subse-
quent treatment is one of the principal goals [23,24]. About an
early detection system in cancer prognosis, our review specifi-
cally  shifted gears from  traditional methods to
nanotechnology-based techniques describing why the imple-
mentation of nanotechnologies in cancers has an added and rec-
ommended advantage. This study projects an overview of recent
progress toward the in-vivo application of different nanomaterials
in cancer detection via a selective sensing approach. Addition-
ally, careful analysis of 1D ZnO NWs and a comparison of their
properties with respect to OD NPs is discussed. Besides, molecular
aspects, intrinsic properties, biocompatibility, toxicity mecha-
nism, and environmental factors of both OD and 1D ZnO nano-
materials for biosensing and treatment are also reviewed. These

emerging innovations or methods may not be immediately
applicable to clinical oncology; nonetheless, they are of great sci-
entific interest and may be helpful in the treatment of other
diseases.

Tailoring the interface of cancer-therapies and nanostructures
Nano-systems based various devices and formulations have
already been authorized by The United States Food and Drug
Administration (FDA), for example, liposome-based systems,
the Cathepsin B-sensitive nanoprobe for metastasis detection,
and the folate-functionalized superparamagnetic iron oxide
NPs, for liver cancer treatment [15,25]. In this direction, a
drug-delivery system (i.e., nanomedicine) developed against tar-
geted cancer rely on complemented passive and active targeting
[26-28]. Meanwhile, it has been shown that NPs and their func-
tionalized systems can be uptaken by tumor site due to the
advantage of size, which enhanced permeability and retention
(EPR) effect. This is one of the laying foundations currently
under investigation in anticancer therapy optimization and
development [29]. Once the NPs-ligand enters the tumor
microenvironment via the EPR effect, the ligands cell-specific
binding will further enhance retention on the cell membrane
or stimulate cell internalization and intracellular retention. This
effect is related to cancer tissue anatomy differences compared to
normal tissue (angiogenesis, endothelial cells, and extravasa-
tion). Applying NPs as anticancer agents has shown improve-
ments compared to conventional techniques because of their
ability to target specific locations in the body, reducing the over-
all amount of drug use, diminished side effects, and decreasing
drug concentrations at nontarget sites.
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Magnetic and thermal therapeutic features of NPs along with
phototherapeutic could help to fight cancer via different thera-
pies such as photodynamic therapy (PDT), photothermal ther-
apy (PTT), and magnetic hyperthermia (MH) [30,31]. The PDT
uses photosensitizing agents to produce toxic reactive oxygen
species (ROS), leading to cancer cell death [30,32]. Whereas the
PTT uses light irradiation to heat cancer cells, leading to thermal
ablation with subsequent death of the malignant cells (Fig. 2
[33]). Phototherapeutic treatments are still an experimental pro-
cess but a promising cancer treatment option. It is mediated
mainly by metallic and magnetic NPs like Au, Ag, Cu, CNTs,
and graphene [34,35], and these materials can be stimulated by
either light (near-infrared, NIR) or magnetism with minimal tis-
sue absorption. The advantages of NIR stimulation comprise
excellent tissue penetration, minimal treatment cycles, lowers
the procedure of macroscopic implants. Their size is ideal for
crossing biological barriers, and the procedure generally produces
beneficial heat as close as possible to the injury site [36]. Evi-
dence indicates that tissue heating with magnetic NPs may fur-
ther enhance immune function to benefit cancer treatment
[37]. At present, the most common design of nanostructures
for photothermia (PT) are nanorods (NRs), NWs, nanoshells,
and nanostars [38]. Magnetic iron oxide NPs have demonstrated
potential in preclinical strategies for PTT and PDT therapies, as
well as HT. The only approved thermal nanomedicine is with
magnetic iron oxide NPs [39]. The FDA-approved applications
of iron oxide NPs include cancer diagnosis, cancer HT, and iron
deficiency anemia (parental iron oxide NPs) [40].The clinical suc-
cess of injectable iron feats the interaction between NPs and the
innate immune system [39]. These NPs have already been
approved for human use as MRI contrast agents and have already
reached the clinical practice to treat solid tumors [39,41]. One of
the most studied treatments in bone cancer complications
involves the blend of surgery with HT, PTT, and the utilization
of NPs [42]. The use of magnetic NPs is beneficial because of
the decrease in cytostatic activity and, subsequently, decreased
systemic toxicity [43]. Likewise, for central nervous system
(CNS) disorders, NPs containing metals (Ag, Cu, Al) have shown
less neurotoxicity, better drug targeting, and rapid renal clear-
ance [15,44].

On the other hand, NWs-based sensors impact cancer diagno-
sis, and precision medicine offering high sensitivity [45]. Biosen-
sors based on NWs can be electrochemical, piezoelectric, optical,
and field-effect transistors (FET) biosensors [46]|. The semicon-
ductors NWs composed of Si, SnO,, and ZnO are very useful to
develop FET biosensors of desired properties [47]. The detection
foundation of an NW sensor could involve an electrical or a
memristor signal and the interaction of sensed biological mole-
cules such as enzymes, antibodies, DNA, RNA, proteins, or drugs
[48]. The sensitivity, limit of detection (LoD), and signal-to-noise
ratio are key performance metrics of these devices. The current
biomedical applications for 1D magnetic NWs are magnetic sep-
aration, magnetic HT, and magnetic resonance imaging (MRI).
The main benefits related to NWs are the electrical interaction
between nanomaterials and cells, their low cytotoxicity, biocom-
patibility, shape anisotropy, and cellular internalization. The
research proposes that ZnO NWs could penetrate the cellular
membrane, influencing cytotoxicity and inducing cellular apop-

tosis of cancer cells [49]. Among all the nanomaterials men-
tioned above, ZnO nanostructures due to high iso-electric point
(9.5 useful for high affinity with biomolecules) and surface func-
tionalized features (useful as a viable surface, DDS, and stimuli-
responsive enhanced properties) show promising application
and efficacy in cancer therapy because of highly selective nature
and potency towards cancer cells. The following section impli-
cates the unique properties of ZnO nanostructured materials in
various applications, including the intrinsic properties related
to the cytotoxicity mechanism.

Horizons of OD and 1D ZnO nanostructures

The ZnO nanostructures exhibit a broad spectrum of useful prop-
erties such as high isoelectric point, stability, high exciton bind-
ing energy, effective electron transport, non-toxicity,
piezoelectric and pyroelectric behaviors. For this reason, ZnO
nanostructures have proven to be a promising platform for
addressing challenges found in energy scavenging, photocataly-
sis, biosensing, and theragnostic applications [50-60]. Among
the semiconducting metal oxides, ZnO has significant advan-
tages for biomedical [61,62], gas sensing [63-66], chemical
[67,68], biosensing [69]), photocatalyst [70,71], and other biolog-
ical purposes due to its good biocompatibility, chemical stability,
biodegradability, and biosafety [72] along with its excellent opti-
cal [73], electrical [74] and piezoelectric [75] and pyroelectricity
[76] properties. Also, ZnO is a significant, low-cost, highly abun-
dant, soluble, and non-toxic semiconductor. It has a wide direct
band gap of 3.37 eV [77] and a considerable excitonic binding
energy of 60 meV [78] that makes it a transparent and highly sen-
sitive transductor [79]. The compound has a hexagonal wurtzite
structure under pressure and temperature ambient conditions, in
which each one of the O? ions are tetrahedrally coordinated to
four Zn?* ions and vice versa. Zn>* is a divalent metal cation that
works as a human metabolite, cofactor, and an indispensable
trace element for adults (8.25 mg of Zn>* are required for an aver-
age person per day [72]), controlling more than 300 metabolic
functions [80].

The unit cell of the wurtzite structure belongs to the P63mc
space group and C¢, class and a c/a ratio of 1.6 for the ideal lattice.
However, due to the defects or strain in the system and the pres-
ence of foreign elements (intended or not doping/impurities),
the experimental value of this ratio usually ranges from 1.593
to 1.604 when measured by X-ray diffraction [81]. The spatial
distribution of the interpenetrated Zn** and O~ tetrahedrons
results from the sp® hybridization of the bonding orbitals and
generates a matrix of alternating bilayers of zinc (Zn) atoms
and oxygen (O) atoms. This type of coordination is strongly
related to the highly polar character of the Zn-O bond. The elec-
tronegativity difference between the Zn and O atoms causes the
bond to have a character between a covalent and an ionic bond
[82]. This also produces polarization along the c axis of the
hexagonal structure. The alternation between positive charges
Zn?* and negative charges O%" generates two characteristic faces
of opposite polarity oriented in the c direction. The positive side
(0001) of Zn ions and the negative side (0001) of O ions. On the
other hand, the faces with the same number of positive and neg-
ative charges have a non-polar character, the most common
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Role of nanotechnology in cancer theranostics. Left top (blue arrow), Therapeutics Techniques: Photothermal Therapy (PTT) uses light irradiation to heat
malignant cells, Magnetic Hyperthermia (MH) uses heating magnetic nanoparticles, and Photodynamic therapy (PDT) uses photosensitizing agents to
produce toxic Reactive Oxygen Species (ROS). Orange arrow: Nanowire (NW) drug capturing proposed operation principle: NW picks up the drug-loaded
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[33]. Purple arrow: Foundation for anticancer therapy, the Enhanced Permeability and Retention Effect (EPR effect) in normal and cancer cells. Red arrow, the
principle of operation of a nanowire sensor (FET type nanowire sensors exhibit changes in conductance (source) upon signal transduction in response to the
interaction of immobilized antibody (target) with a soluble antigen (receptor). Green arrow- Biomimetic NPs, cancer cell membrane coated NPs (CCMCNPs)

for cancer theranostics.

being (1120) and (1010), both oriented on the a-axis [83]. This
polar/nonpolar character of different crystal faces is responsible
for the piezoelectric and spontaneous polarization properties. It
is also a deciding factor in crystalline growth [84], defect genera-
tion, and biological functionalization. Selective polarity opens
the possibility of a broad spectrum of chemical reactions in the
nanostructure surface, and this originates from the need for addi-
tional positive or negative charges required in the polar faces
[85].

Many works have reported the direct immobilization of
diverse biomolecules on the surface of ZnO nanostructures by
electrostatic interaction between the surface of the semiconduc-
tor and the biological analyte [86-88]. It has also been found that
the morphology of nanostructure defines the number of adsorp-
tion sites and protein adsorption dynamics [89-91]. As men-
tioned before, ZnO has characteristic optoelectronic properties
that make it a promising candidate for optical biomedical appli-
cations [92]. Additionally, as mentioned above, it exhibits a wide
family of nanostructures such as nanoparticles NPs [93], 1D NWs
[94], nanotubes (NTs) [95], nanorods (NRs) [96], thin films [97],
nanorings (98], nanobelts [99], nanohelix [100], nanoflowers
[101], nanocages [102] among others. These can be employed
as biodegradable and biocompatible nanoplatforms for cancer
detection and treatment applications such as magnetic reso-
nance [103], optical [72], and microwave imaging [104], as well
as optical [69] and electrochemical [84] biosensors.

The numerous physicochemical properties of ZnO nanostruc-
tured materials, along with their low toxicity, have motivated the
study of their performance in biological applications such as
biosensing, antimicrobial agents, DDS, bioimaging, gene ther-
apy, tissue regeneration, and anticancer treatment [105]. The
ZnO nanostructures are a less toxic and cheaper alternative than
conventional QDs used for selective drug delivery. Proper surface
modification of ZnO NPs allows selective endocytosis to target
cells, where the drug release can be controlled by changing the
pH of the system and temperature [106]. This is based on the
chemical stability of the ZnO under general physiological pH
conditions (7.4), while under acid conditions (<5.5), the nanos-
tructures tend to dissolve rapidly in Zn? * ions, which have also
exhibited cytotoxicity towards carcinogenic/tumor cells [107].
Furthermore, in addition to the mentioned biomedical applica-
tions, a considerable effort has been made to implement nanos-
tructured ZnO platforms as systems that increase epithelial tissue
regeneration for wound healing. According to Martinez-
Carmona et al., [108], Zn deficiencies complicate the wound
healing process. Consequently, many researchers seek to imple-
ment nanostructured ZnO in different topical products taking
advantage of the antibacterial and healing properties of the
material [109-111]. Finally, multiple ZnO nanostructures have
been used to prevent DNA degradation in gene therapy applica-
tions [112]. The most reported techniques to improve efficiency
include encapsulation, functionalization, and entrapping of the
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employed ZnO nanostructures in the target cells. One interesting
phenomenon investigated by Moon et al., [113] illustrated the
fabrication of chips deposited with ZnO thin films and character-
ized their anticancer activity by releasing Zn ions in a ZnO depo-
sition cycle-dependent manner, independent of conductivity.
ZnO chips facilitate cell death due to the ability of Zn to cause
oxidative stress and downregulate protein levels of anti-
apoptotic molecules such as IAPs, claspin, p-p53, and HIF-1a in
Raji cells. The IC50 of ZnO for the first time was quantitatively
measured as 121.5 loops. Unfortunately, ZnO NPs at a specific
concentrations have shown liver, intestine, and lung chemical
poisoning in healthy mice [114]. They assumed that the combi-
nation of ZnO-based patches, topical and systemic treatments for
melanoma might have additive effects or synergistic effects on
melanoma [115]. ZnO per se can also be used as a coating for
implants to inhibit bacterial adhesion and encourage osteoblast
growth [116]. The designers of potential biomedical materials
need to understand the cytotoxicity of ZnO-related materials.
ZnO nanostructures possess a completely new cytotoxic behavior
with great potential and are exploitable for developing new effi-
cacious therapeutic strategies. Apart from the above-discussed
biomedical properties, in detection techniques, ZnO nanostruc-
tured biosensors stand out to be effective in disease monitoring
which has been discussed in the next section as a multifunc-
tional entity. ZnO nanostructures operation is based on the gen-
eration of an analytical signal (optical or electrical) product of
the interaction between the analyte to be detected (e.g., infec-
tious diseases, enzymes, antibodies, proteins, specific types of
cells) and the nanostructured probe [117]. They offer several
advantages over conventional analytical bulk platforms, such
as high selectivity and high detection thresholds. Furthermore,
the ease of obtaining ZnO nanostructures of the desired mor-
phology and structural defects allows precise control over the
immobilization of a targeted bio-active molecule and absorption
processes to the surface of the transducer. As a result, ZnO
nanosystems can be a high-quality bio-selective layer. In addi-
tion to its application in biological analyte sensing platforms,
ZnO nanostructures have also been used as DDS for cancer treat-
ment and other chronic diseases [107,118,119].

The synthesis and growth mechanisms of ZnO nanostructures
also play a vital role in various physical, chemical, and biological
applications. There are many physical and chemical growth
methods for the obtention of ZnO nanostructures. For instance,
the biological synthesis of NPs (also referred to in the literature as
green synthesis) has proved to be an effective and cost-beneficial
alternative to the more polluting chemical and physical growth
approaches [120]. Even when the synthesis of NPs through plant
extracts was initially implemented for the obtention of metal
NPs, their application for the obtention of 0-D ZnO nanostruc-
tures has been widely spread recently [121]. The process
described in multiple articles can be summarized as follows: 1)
the plant extract obtention by boiling the rinsed plant parts
(e.g., flowers, leaves, roots, fruits, etc.) into water or alcohol, 2)
the extract is then mixed with various Zn based salts (e.g., zinc
nitrate, zinc acetate [122]) and is kept at a controlled temperature
and pH without adding extra chemical reagents, 3) a centrifuga-
tion process is then used to separate the obtained ZnO NPs from
the rest of the solution. Furthermore, the microorganisms such

as bacteria and fungi have been used to synthesize NPs to mimic
the decomposing role of these creatures in nature [123-141].

Considering 1D nanostructures, they are obtained by promot-
ing the crystallization of solid-state structures along one direc-
tion. Several ZnO nanostructure morphologies can be achieved
with the use of techniques such as sol-gel method [142],
hydrothermal [143], solvothermal growth [144], thermal evapo-
ration [145], chemical vapor deposition (CVD) [146], molecular
beam epitaxy (MBE) [147], metal-organic vapor-phase epitaxy
(MOVPE) [148] and template techniques. Each of these methods
has a consistent set of relevant parameters that control the mor-
phological characteristics of the synthesized 1D nanostructure
[133]. A schematic of different growth techniques for 1D ZnO
nanostructures has been illustrated in Fig. 3.

The ZnO acts as a brilliant emitter compound; for instance,
ZnO tetrapods (ZnO-T) have been used for various biological
applications due to their good biocompatibility, low toxicity,
and innocuity towards healthy cells. The ZnO-T has been used
in all the previously mentioned biological applications from
wound healing, DNA delivery, drug transport, antibacterial/an-
tivirus [149], anti-cancerous agents, and tactile sensors for skill
implants [149]. ZnO-T has proven to be a key nanostructure
within the extended family of ZnO nanostructured materials
due to the precise control over their mechanical, optical, electri-
cal, and chemical properties compared to other 3D nanostruc-
tures systems [150]. In broad terms, a ZnO-T is formed by four
1D ZnO nanostructures (NWs or NRs) interconnected by a com-
mon center so that the other ends coincide with the vertices of a
tetrahedron. Therefore, the high surface and high chemical reac-
tivity features of 1D ZnO nanostructures are inherited from ZnO-
T. These 3D nanostructures spatial arrangement allows the
obtention of highly porous matrices where accumulation is sig-
nificantly reduced. The surface is considered even more available
compared to conventional nanorod systems. However, as is the
case with other ZnO nanostructures, mass production is one of
the most pressing challenges for the practical application of these
materials. In this matter, relatively simple strategies with a high
yield of the ZnO-T production, such as the flame transport syn-
thesis (FTS) technique, offer a suitable solution for incorporating
these structures in multiple theranostics applications [149,150].

Multitarget and multifunctional properties of OD and
1D ZnO nanostructures

ZnO NPs (0D) have been widely employed as anticancer activity
agents by inducing cancer cell apoptosis in different human can-
cers due to their capacity to generate ROS [151] and Zn ions
release [152]. However, the indistinct cytotoxicity (to even
healthy body cells) in ZnO NPs from a range of 4-20 nm must
be minimized by further surface engineering to improve cancer
cell selectivity [153]. Also, ZnO NPs offer transformation of can-
cer treatment by combining the drug delivery to specific cells
with the characteristic imaging visualization modalities attribu-
ted to the NPs [154]. Another successful implementation of
ZnO nanostructures is presented in both the work of Punnoose
et al., [153] and Wang et al., [155], where ZnO NPs and
nanosheets were employed for fluorescence and dual MRI/fluo-
rescence imaging. As mentioned earlier, many authors report
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Schematics of the different ZnO NW growth techniques reported by various authors [134-137]. (a) Solution growth techniques: The growth of the
nanostructures results from the crystallization of hydrolyzed Zn precursor salts in a basic solution. Common mechanisms to enhance anisotropic
crystallization include hydrothermal [138], electrodeposition [139], epitaxial [136], and the use of different capping agents [140], templates [141], and seed
layers[125]. (b) Vapor phase deposition techniques: the precursor elements of the desired nanowire are carried in a gas phase to the substrates surface, where
the formation reactions occur. The nucleation process can be surface induced by thin oxide layers deposition around the semiconductor core [126,127] or by
a metal catalytic metal nanoparticle [128,129,133,135]. (c) Template growth techniques: Metal-organic solutions containing the precursors are used to fill
cylindrical holes templates (anodic alumina oxides, track-etched polycarbonate, nanochannel glass [130,131]) followed by subsequent thermolysis or

electrolysis process to obtain the nanowires structure [132].

the use of different morphologies of ZnO nanostructures in
cancer-related research.

However, 1D ZnO nanostructures such as NRs and NWs have
a substantial advantage over nanoparticle systems in terms of the
electrical and chemical surface properties, so they are at the van-
guard of nanoscience and nanotechnology. A 1D nanostructure
is characterized by having radial dimensions below 100 nm
and a few microns longitudinal dimensions. They usually have
mono or polycrystalline structures depending on the employed
synthesis technique and highly anisotropic properties due to
rapid growth in a preferential direction. Depending on the geo-
metrical shape of the cross-section of the structure, they can be
divided into squares, hexagonal, or cylindrical shapes. Synergis-
tically this works with the spatial distribution of nanostructures,
causing better entrapment of the optical signals to increase the
platforms messages in optical biosensing. In the work of Huang
et al., [156], a localized surface plasmon resonance (LSPR)-based
sensor was used to diagnose prostate cancer. With the implemen-
tation of a ZnO NWs array with Au NPs on their surface, they
reported an enhancement of 404% compared to a simple 2D
Au NPs layer.

Another type of ZnO NW-based biosensors that many
researchers have currently developed is electrochemical and
field-effect transistors (NWFET) [79,156-161], Fig. 4 a and b).
These systems transduce the charge of molecules attached to
the ZnO structures surface into an electrical signal that can be
measured by taking advantage of the high electronic mobility
within the NW [162]. Optical and electrical based ZnO biosens-
ing platforms offer precise/rapid response, selectivity, high sensi-
tivity, and inexpensive biological detection alternatives
implemented in cancer detection devices [163]. A standard com-
parison between OD and 1D nanosystems properties is the effec-
tive confinement (below 100 nm), which will influence the

electron mobility of the material. In the case of ZnO NPs, elec-
tron mobility is low due to the high presence of surface defects
and grain boundaries. While, in NWs or NRs, the electronic
transport in the axial direction of the structure is highly efficient
[164]. For this reason, ZnO NWs are incorporated into electro-
chemical biosensing platforms as they have an advantage over
ZnO NPs due to the large surface area to volume ratio and the iso-
electric point, which helps them to sense diverse biological
analytes.

Size and morphology control over the ZnO NWs, their sharp-
ness, and robustness are among the main requirements to avoid
and prevent cell/tissue damage making it a viable candidate for
in vivo biomedical applications. For instance, in the work of
Hong et al., [72], a positron emission tomography of mice is
reported by using ZnO/%*Cu NWs as an optical agent. The NWs
conjugate was later peptide-functionalized (NW-PEG-DOTA) to
improve biocompatibility and reduce cellular toxicity. In Fig. 4
¢), the nontargeted composite accumulation in the mouse's liver
can be observed. As mentioned before, ZnO NWs-based optical
biosensors have attracted attention due to their fast response,
selectivity, and low detection thresholds. An LSPR biosensor for
the early detection of prostate cancer based on ZnO NWs is pre-
sented by H.-M. M. Kim et al., [165]. In this system, ZnO NWs
were grown on top of an optical fiber to increment the sensing
area and improve the capturing of optical signals. After that,
Au NPs were attached to the ZnO matrix. The NWs based results
showed an increment in the density of Au NPs per unit plane
where the analyte could easily reach the surface of the noble
metal [72,161,166,167].

The ZnO also stands out as a direct and inverse piezoelectric
semiconducting compound. In other words, it can be both polar-
ized by mechanical deformation or by the effect of an external
electric field. As mentioned before, the ZnO piezoelectric proper-
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Properties of ZnO NWs as biosensors. (a) Diagram and (b) micrography of ZnO NWFET with back gate device, Copyright 2020 MDPI [161]. (c) Positron
emission tomography (PET) of mice using ZnO NWs-peptide-64Cu conjugates as an optical agent, Copyright 2011 ACS Publications [72]. (d-g) ZnO-based
thermosensitive, stretchable, and piezoelectric substrate (TSPS). (d) Wet chemical synthesized ZnO NR, (e) Monolayer of aligned ZnO NRs obtained by
unidirectional rubbing process, (f) Calculated piezoelectric potential of the three layers of ZnO NRs sheets embedded in PDMS, (g) Generated piezoelectric
response, Copyright 2017 Wiley [166]. (h—j) Superconducting quantum interference measurements of (h) pristine ZnO NWs, (i) 1%, and (j) 3% Bi doping at 300

and 4 K, Copyright 2020 Royal Society of Chemistry [167].

ties arise from the non-centrosymmetric lattice of tetrahedrally
coordinated Zn?** and O?” ions [168]. Temperature, load fre-
quency, and crystallinity are among the parameters that affect
the piezoelectric response of material [169]. In 1D ZnO nanos-
tructures, nanometric scales also alter the piezoelectric phenom-
ena, making it different from bulk systems. Ghosh et al., [170]
illustrated that wurtzite ZnO NRs prepared by the Sol-gel method
exhibit a piezoelectric charge constant ds3 of 44.33 pm/V, which
is almost 4.5 times the piezoelectric response measured in a ZnO
single crystal [171]. In highly anisotropic ZnO nanostructures,
such as NTs and NWs, a dependence of the piezoelectric constant
as a function of the diameter of the structure has also been
observed [172,173]. Furthermore, multiple works report the
obtention of ZnO NWs on economic substrates to develop flexi-
ble piezoelectric nanodevices [174,175]. In biomedicine, ZnO-
based nanocomposites (multiphase solid material) have been
used to developed piezoelectric responsive tissue scaffolds and

wound healing patches. These systems operate by producing an
adequate electric field that can boost cell proliferation and viabil-
ity [166,176-178]. In the work of Yoon et al., [166], the imple-
mentation of a ZnO piezoelectric substrate to provide
mechanical and electric stimulation to enhance myogenic differ-
entiation is further presented. For the substrate fabrication, three
layers of aligned ZnO NRs were embedded in PDMS, as shown in
Fig. 4 d-g). These devices could be applied for muscle regenera-
tion therapies, whereas their piezoelectric properties have also
been used to reduce the growth of cancer cells [179].

The magnetic behavior of ZnO NWs is yet another essential
property for their biomedical application. During the last decade,
magnetic NWs have been used in drug delivery, magnetic HT,
MRI contrast, and magnetic separator applications [180]. The ori-
gin of ferromagnetism in pristine ZnO is still a matter of debate,
and therefore, many theoretical and experimental works have
been dedicated to study the source of magnetism in ZnO nanos-
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tructures [181-185]. In the theoretical work of Wang et al., [186],
the effect of intrinsic point defects in the ZnO NW lattice (i.e., Vo
and Vyz,) over the magnetic properties of the structure is pre-
sented. No significant change was observed in the NWs magnetic
properties when the Vo concentration was increased to 6.35%.
However, the magnetic moment of the studied supercell was
strongly influenced by the concentration of Vz,. Therefore, it
was suggested that the magnetism of ZnO NWs comes from
the unpaired 2p orbitals of the O atoms in the vicinity of the
Zn vacancy and not from the 3d orbitals of the Zn atoms. Com-
plete control on the defect level to modulate the final properties
of these nanostructures is still a topic of debate [70]. This is a rea-
son why scientists doped ZnO with transition metals such as Mn,
Co, Fe, Ni, Cu [187-191] as well as rare-earth ions such as Dy, Gd,

and Er [192-194]. Such systems, where small concentrations of
trivalent or pentavalent external cations or anions are inserted
in a metal oxide matrix, are commonly known as diluted mag-
netic semiconducting materials (DMS). Kazmi et al., [167]
reported the magnetic properties of hydrothermally prepared
bismuth-doped ZnO NWs. The incorporation of Bi anions at a
1% concentration into the semiconductor lattice significantly
enhanced the systems ferromagnetic saturation when interacting
with small magnetic fields (magnetic saturation at 300 K). This is
attributed to the p-p coupling interaction between the Bi and Zn
orbitals. However, as shown in Fig. 4 h—j), the further increase in
the Bi doping concentration crushes the magnetic response due
to the formation of BiOj3 crystals, whose appearance was corrob-
orated by XPS measurements.

Heterogeneous photocatalysis is recognized as one of the most
promising approaches to enhance the properties of ZnO for
biomedical applications, as discussed above. An investigation of
the photocatalytic activity of nanostructured ZnO films by
Canon et al., [195] showed the effect of morphology on the pho-
tocatalytic activity at different scales, e.g., the role of the thick-
ness of thin films and surface area (aligned vs. random
orientation). As the thickness of fabricated thin films is reduced
to the nanoscale, the photocatalysts region is increased. How-
ever, structural properties and morphology are significant as they
play a key role in how light can interact with the photocatalyst.
The photocatalytic process is broadly defined as enhancing the
reaction rate by the presence of a semiconductor (i.e., photocat-
alyst) and light without participating directly in the reaction. It
begins with the electron-hole pair generation by the absorption
of photons with an energy higher than that of the semiconduc-
tor bandgap. After the charge carriers are generated, these can
either recombine in radiative and non-radiative processes or pro-
duce active species such as hydroxyl (*OH) or superoxide (O3 °)
radicals. These highly reactive radicals have multiple reductions
and oxidation reactions on the photocatalyst surface, converting
harmful and polluting residues to innocuous or mineralized
products. For this purpose, many semiconducting compounds
have been used in photocatalytic applications; for instance,
Cu,O [196], CdS [197], F,05 [198], WO;3 [199], g-C3Ny4 [199]
and TiO, and ZnO [200]. However, novel and simpler techniques
to obtain ZnO nanostructures with improved optical and electric
properties are always required, and a lot of investigation is carried
out for their mass production [195,201]. The OD and 1D ZnO

nanostructures have been widely used in photocatalytic applica-
tions due to their ease of crystallization, anisotropic growth, and
chemical stability [202]. Even when the magnitude of the ZnO
bandgap is such that its photoexcitation requires UV radiation,
the positions of its valence band (VB=+2.7 V) and conduction
(CB = -0.33 V) with respect to the standard hydrogen electrode
(NHE) are suitable for the significant degradation of numerous
organic pollutants like dyes (methyl red, malachite green, acid
yellow, etc.) [203] and antibiotics (cephalexin, ciprofloxacin,
amoxicillin, tetracycline, etc.) [204-206]. Many strategies are also
executed to enhance the photocatalytic performance of the ZnO
nanostructures in the visible region [207]. Among the most
reported non-metal/metal doping [70,208,209], semiconductor
coupling (n-n and n-p heterojunctions) [210], sensitization (us-
ing organic dyes or carbon nanostructures), and noble metal
deposition [211] stand out.

Perspectives of 0D and 1D ZnO nanostructures in biomedical
engineering

ZnO has been vastly explored in recent years for its use in cancer
applications or active drugs, with the surplus advantage of its
controlled fabrication into different morphologies, as mentioned
above [212]. The chemical surface of ZnO NPs permits the func-
tionalization of biochemical species and targets the cancer cells,
and as various studies have shown, ZnO NP photoactivation con-
jugated to tumor ligands might help the targeted destruction of
cancer cells [213]. It has been proved that diverse ZnO-based
composites as nanomotors for drug delivery; among them are
Pt-Au-Pt-Ni-Ag-ZnO [214] and Au-Ni-Au-AgPAu [33]. Also, for
cancer theranostics, researchers have tested in vitro Gd-doped
ZnO QDs and magnetic core-shell Fe3O04-ZnO [215,216], and it
is demonstrated that ZnO NPs can be lethal to cancer cells
[217,218]. ZnO NPs, as mentioned earlier, induce ROS genera-
tion, which can lead to cell death when the antioxidative capac-
ity of the cell is exceeded [219]. Several studies have suggested an
increase in vitro cytotoxicity with nanophase ZnO for several
types of cancers, including glioma, breast, bone, colon, leuke-
mias, and lymphomas [218,220]. Likewise, it has been shown
that ZnO/Au nanocomposites have selectivity for the killing of
leukemic T cells while affording normal immune cells [221]. A
summary of different nanomaterials and their implementation
for detection/treatment for different types of cancers has been
shown in Table 1 [222-249].

1D nanostructures of multiple semiconducting compounds
have been developed for the efficient recognition of both
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) chains
[46,47,250]. ZnO NR-based cancer biomarker assays have been
developed to detect ultra-low levels of telomerase activity for
cancer identification and assessment [154,251]. ZnO NRs
demonstrated suppression of growth and proliferation in human
breast cancer cells (MCF-7) in vitro, suggesting that this may be a
potent and selective formula concentration-dependent in treat-
ing cancer cells [252].

The ZnO nanostructures present a high isoelectric point of 9.5
[253], appropriate for forming a stable bio selective layer for
lower isoelectric point materials (such as proteins) by the electro-
static interactions. It is also broadly accepted that morphology
and the NWs structural properties lay a vital role in the function-
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TABLE 1

Summary of different nanomaterials for cancer applications.

Nanomaterial Morphology Tumor Imaging/Treatment [Ref]

Organic

Polymer NPs Inhibit the growth of MDA-MB-231 tumor in vivo [222]
Poly (lactic-co-glycolic acid) NPs Leukemia K562 cells [223]
7-pep HD micelles MDR tumors-loaded [234]
DOX-ERLP Liver cancer H22 cells [243]
Lipid-coated zinc phosphate hybrid NPs Tumor immunotherapy [244]

Liposomes NPs Breast cancer cells [560]
NPs Breast cancer cells [561]
Liposome (pHCT74-lipo) loaded with doxorubicin Prostate carcinoma cells [562]

Dendrimers Material in general Imaging and treatment [245]
Material in general Imaging and treatment [246]
NPs MCF-7 cells [247]
NPs Colorectal cancer [246]

Inorganic

Gold NP Breast cancer [247]
Nanoclusters Fluorescence imaging and targeted therapies of breast [248]

NPs bioconjugate

Neuropilin-1-targeted gold NPs
NPs
Gold nanorods (Au@HSN-PGEA, AHPs)

Au NPs dendrimers entrapped modified with cyclodextrin

(Au@DENPs-B-CD)

Magnetism-engineered iron oxide (MEIO) NPs
Streptavidin-labeled iron oxide NPs

PEG-SPIO

Fe,O3 NPs

Fe30,4,@KCTS)

polymeric iron oxide NPs

NPs

Fe;0,@Arabic acid@DOX

Iron oxide NPs

Silica DOX/ Fe304-alginate chitosan microsphere
NPs

DOX-loaded functional MSNs

NPs

Mesoporous silica

Mesoporous silica

Se@Au@mSiO,DOX

Chitosan- carbon dots hybrid nanogel (CCHNSs)
Mesoporous NPs

Mesoporous

Carbon

cancer
Computerized tomography (CT) imaging and therapies of [249]
prostate cancer.

Prostate cancer [224]
miR-21 inhibitor [225]
Antioncogene p53/ hepatoma HepG2 and HEK293 cell lines  [225]
Glioma cell line [226]
NIH3T6.7 [227]
LNCaP prostate cancer cells. [563]
Human epithelial mouth carcinoma [228]
Colorectal cancer diagnosis and photodynamic therapy [229]
Lymphatic endothelial cells [230]
Breast cancer cells [231]
Circulating tumor cells (CTCs) [232]
Immunocompromised NOD/SCID mice MDA-MB-231 breast  [233]

cancer cells

MCF-7 cells [235]
Magnetic-enhanced tumor-targeting MRI [236]
improved antitumor activity on both HepG2 and Hela cells. [237]
Efficacy of pancreatic cancer [238]
Cancer theranostics [239]
Cancer imaging [240]
MCF-7 and MDA-MB-231 breast cancer cells [241]
Cancer imaging [242]
4T1 breast cancer cells [242]
Cancer theranostics [239]

alization process. Also, the surface of the nanostructures can
enhance the generation of ROS to work as an anticancer and
antibacterial material [151]. However, one of the shortcomings
is that the ZnO surface can slowly dissolve in both acidic (tumor
cells) and robust essential solutions [254] which has been cov-
ered in the subsequent sections in detail (toxicity aspects). As
the central subject of this review is a general outline of ZnO
NWs properties and applications, the reader is recommended
to consult the reviews made by Vandebriel et al., [255], Liu
etal., [256] and Krdl et al., [257] for a more complete and detailed
view of the toxicity of ZnO nanocomposites.

Toxicity phenomena in 0D and 1D ZnO
nanostructures: concerns and effects

A compounds toxicity is the possible harmful effects that the
substance might have on a given organism under specific condi-

tions. For in vivo applications, it is essential that the nanomate-
rial of interest presents biocompatibility and that its synthesis
methodology generates the least number of hazardous traces. Lit-
erature reports that the nanocomposites allotropic and polymor-
phic structures may or may not significantly impact their
toxicity. Therefore, it is necessary to highlight that the toxic
properties of NPs depend on their: (1) size [258-262], (2) mor-
phology [263-266], (3) exposure dose [258,267-271], among
other factors. It is always advisable to study the toxicity of the
final product since its properties can change [272].

For ZnO nanometric structures, their toxicity has been mainly
correlated to their solubility and the released amount of Zn?*
ions when the ZnO NPs are captured [273-275]. For these NPs,
the main routes of exposure are oral, respiratory, dermal (only
if the stratum corneum is damaged [272]), intraperitoneal and
intravenous routes [255,256], of which the three first are the
most common. Once inside the body, the main organs in which
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NPs are distributed and deposited are the lungs, spleen, liver, and
kidneys [256,276-278]. However, few studies have shown that
some NPs could cross the blood-brain barrier (BBB) due to their
size, inducing neuronal damage [269,279,280]. Additionally, it
has also been shown that ZnO nano-compounds can also affect
cells of the immune system [153,281-283]. An illustration of
the possible cytotoxicity of ZnO NPs has been shown in Fig. 5 a).

After the ZnO NPs are captured by cells, a wide variety of tox-
icological effects can be triggered, ranging from cellular damage
(cytotoxicity) to genetic material (epigenetic toxicity). To better
understand and summarize the key points of how this damage
occurs, crucial steps are illustrated in Fig. 5 b), showing how
the NPs are taken up by the cells and subsequently could further
damage them. The critical concerns for ZnO NPs once inside the
cells are that NPs are endocytosed by the cells [284], which leads
to the formation of lysosomes [274], and their acidic pH causes
the generation of Zn>* ions [285,286]. Subsequently, the Zn>**
ions alter the polymerization/depolymerization of tubulin and
actin, which compromises the production of microtubules and
actin microfilaments, damaging the cytoskeleton and, therefore,
cell viability [287]. Likewise, the Zn?** ions released in the cytosol
cause the generation of ROS. This process (oxidative stress) is
related to the Zn**Zn* redox potential of some amino acids,
which leads to the generation of hydrogen peroxide (H,O;)
and hydroxyl radicals ((OH) [284]. ROS causes damage to the
mitochondrial membrane, altering its function, which can fur-
ther increase ROS production and, therefore, can lead to cell
death [288-291]. Additionally, oxidative stress induces damage
to the nuclear membrane and provokes DNA fragmentation
[292-295] (Genotoxicity).

It has been shown that the oxidative stress associated with the
ZnO NPs can cause significant alterations in DNA methylation
(epigenetic toxicity), leading to the overexpression of some genes
[296]. The latter is related to the development of many types of
cancer. In particular ZnO NPs, a significant amount of research
has been directed to discuss their toxicological properties. For
example, airway exposure to ZnO nano-compounds has been
shown to cause significant toxicity due to dissolution of the
NPs in the acidic environment created by lung-lining fluids
and inside the phagosomes, after they are phagocytized; causing
inflammatory responses, changes in genetic expression, necrosis,
and the generation of ROS [297,298]. In contrast, oral exposure
shows a possible relationship between particle size and cytotox-
icity, in which nanometric particles show higher cytotoxicity
than microparticles in rats [299]. Regarding neurotoxicity, based
on a study in neuroblastoma cells, Liu et al. found that ZnO
nanocomposites can generate ROS, decreasing cell viability and
leading to possible apoptosis based on the NPs size and concen-
tration [300]. Moreover, Yaqub et al., discovered that ZnO NPs
induced functional deficits and motor cortex neuron toxicity in
mice [301]. Additionally, there is considerable evidence suggest-
ing diverse cardiotoxic effects from ZnO NPs. The team of Abdel
Baky et al., found that ZnO NPs, even in low concentration,
increased the serum quantity of associated cardiac biomarkers
to inflammation and myocardial infarction in rats and increased
damage to genetic material and apoptosis in heart tissue [302].
Feris et al., observed that ZnO NPs induced toxicity in a cell-

specific and proliferation-dependent manner employing ROS
generation since activated and cancerous T-cells were more sus-
ceptible to ZnO NPs than healthy T-cells [217]. Regarding the
effect of NPs on spermatogenesis, Pinho et al. used the GC-1 cell
line as a model for monitoring morphological changes in the
cytoskeleton and nucleoskeleton and intracellular levels of ROS
and phosphorylation of y-H2AX to assess DNA damage. The
team observed changes in morphology and protein levels
depending on the dose and time of exposure to ZnO NPs [303],
Fig. 5 c-e). Furthermore, Tae-Keun Hong's team studied both
the effects of ZnO NPs in vitro (using RAW 264.7 murine macro-
phages) and in vivo (with ICR mice). Histological analyzes of the
latter showed mild to severe pathological inflammation in target
organs, (Fig. 5 f) [268].

In the case of ZnO-T, Papavlassopoulos et al., discovered that
the cytotoxicity of these nano-compounds was a function of
their size and morphology. Further, the ZnO-T’s toxicity was
via direct contact with cells due to Zn?* ions release [275]. Com-
pared with other forms of exposure, ZnO NPs do not present
appreciable toxicity in dermal exposures because of a lack of
transdermal absorption, which points to its safe use in creams
and sunscreens [304,305]. A more detailed discussion about the
exposure of ZnO nanostructures on ecological factors has been
presented in subsequent sections. In contrast with NPs, ZnO
NWs toxicity information is more limited. Notwithstanding, sol-
ubility and pH-dependent toxicity (dependent on the level of
internalized material into the cells) have also been found for this
type of nanostructures [285,306]. Li et al.,, showed ZnO NWs
high biocompatibility with concentrations below 100 pg/mL in
Hela and L-929 cell lines after performing MTT assays(3-(4,5-di
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) [105].
Although the micrographs showed an apparent process of bro-
ken NWs phagocytosis by Hela cells, most of the NW matrix is
maintained externally as a support substrate [105]. On the other
hand, Muller et al., discovered that ZnO NWs toxicity was due to
the intracellular release of Zn?* (when the NWs are dissolved in
the lysosomes) in a way similar to spherical NPs [285]. Contrast-
ing with those works, Ning et al.; proposed with their research
that extracellular 1D ZnO structures can cause cytotoxicity and
apoptosis due to the penetration of NWs into the cancer cell
membrane. Added to that, they attribute this phenomenon to
electrostatic interactions between the positive-charged NWs
and the predominantly negative-charged surface of cancer cells
[307]. In this direction, Wang et al., investigated the cytotoxicity
of ZnO NWs in excitable neural and cardiac cells using the MTT
assay, finding a considerable inhibitory effect in the cells meta-
bolisms compared to other substrates for cell culturing [306].

As discussed above, it is evident that ZnO NWs can cause tox-
icity mostly when the nanostructures are highly phagocytosed
due to the high concentrations of Zn** ions generated after their
dissolution [308]. However, the NWs appear to have considerable
biocompatibility when maintained extracellularly, offering a
wide range of uses for both in vitro and in vivo applications. For
example, Cui et al., created a Polydimethylsiloxane (PDMS)
microchip covered with ZnO NWs, showing better biocompati-
bility compared to hydrophobic PDMS alone [309]. Therefore,
beyond the overall risk that NWs pose to healthy cells and tis-
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nuclear DNA. Copyright 2020 MPDI. (d) Relative fluorescence intensity quantification of B-tubulin and F-Actin protein levels. (c and d) Copyright 2020 MPDI
[303]. (e) Effect of ZnO NPs layers & ZnO NWs arrays in the cellular morphology of HepG2 (j, iv, vii), Ca ski (ii, v, viii) & MCF-7 (iii, vi, ix) cell lines. Cell culture in
the ZnO NP layer. (i-iii) and ZnO arrays (iv-vi). Partial enlarged details of iv-vi (vii-ix). White broken lines represent the outline of cell membranes. Black
arrows show mechanical damage in the membrane, and the red arrows show defects in the cytomembrane. Copyright 2014 John Wiley & Sons [307]. (f)
Histological changes of the kidney (i-iii), liver (iv-vi), and lung (vii-ix) after oral treatment of ZnO NPs in male ICR mice after two weeks of treatment.
Respective controls (i, iv, vii). ZnO NPs gastrointestinal administration at 100 ng/mL (ii, v, viii). ZnO NPs intraperitoneal administration at 100 pg/mL (iii, vi, ix).
Mild interstitial inflammation (ii). Focal interstitial edema & inflammation (iii). The early apoptotic change was observed by nuclear pyknosis (v). Focal
inflammation in the central vein area (vi). Patchy and moderate-severe interstitial inflammation and destruction of alveolar wall & hyaline membrane (viii).
Moderate interstitial inflammation (ix). Copyright 2013 Royal Society of Chemistry [268].
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sues, a better understanding of ZnO NWs cytotoxicity will be
critical in developing innovative strategies for implementing
new cancer therapies, Fig. 5 [268,303,307].

One of determining factors for ZnO nanostructures toxicity is
the ease of solubility [310]; this has already been proved in vitro
[311] and in vivo [312]. In human monocyte macrophages
(HMMs), the effects of toxicity are shown to be determined by
the release of Zn%* from the ZnO NW [285]. The studies carried
out by Ho et al.,, [313] and Oberdorster et al., [314] proved that
both mass and surface area might be used as a metric for ZnO
NPs toxicity. As the nanostructures become smaller and more
reactive, the cell uptake increases due to the high surface-to-
volume ratio [315]. When ZnO NP are being dissolved, the ROS
levels in human cells change[316] and ROS generation can also
be triggered when ZnO is exposed to different kinds of excitation
environments, such as UV light [317,318]. Ma et al., showed the
importance of UV radiation in ZnO toxicity, especially when
higher hierarchy organisms are involved in aquatic conditions
[319]. The outcomes of these reports confirm that the conse-
quences of ROS production showed oxidative stress, lipid perox-
idation, Zn ion release, breakdown of the cell membrane,
impairment of mitochondrial functions, and DNA damage
[153,320,321]. Many experiments suggest combining ZnO with
other polymers and different kinds of dressings like hydrogel
[322,323], gelatin/ointments [324], or electrospinning mats
[325] for improving its properties [326]. A pivotal factor that
affects ROS levels is the coating of ZnO nanostructures [327],
and it has been demonstrated that the composition of NP is vital
for toxicity. Hsiao et al., proved that a protein coating could
diminish cytotoxicity and result in a faster cell growth rate
[328]. When the nanostructures core is covered with an imper-
meable shell and a well-passivated surface, the in vitro cytotoxic-
ity can be lowered even on the most sensitive cell lines [329]. The
shape of the nanostructure is also a crucial factor in toxicity, and
it has been found that the toxicity of spherical ZnO nanostruc-
tures is less than that of 1D-shaped ZnO nanostructures
[264,328].

As mentioned before, ZnO NPs have been a successful candi-
date in nanomedicine as they can destroy both prokaryotic and
eukaryotic cells, which implies they hold the inherent capacity
to Kkill cells, and this finding has alarmed us to the use of these
NPs in the human body; this can be applied in diagnostics as well
as helpful in the therapeutic way [330,331]. These results com-
pelled many scientists to glance over NPs behavior to determine
whether there is a human health danger connected with the
usage of these NPs [332]. Incorporated in a certain concentration,
Zn is one of the main trace elements present in the human body
[333]. The Zn concentration in the cells increases from normal
levels with the application of ZnO NPs and the intracellular
release of Zn ions, contributing to the excess of Zn-mediated pro-
tein production. This influences several critical cellular processes,
including replicating DNA, repairing damage to the DNA, apop-
tosis, oxidative stress, electron transport chain, homeostasis, etc.
In host protection against cancer initiation and growth, the Zn is
the co-factor of over 300 mammalian enzymes and plays a vital
role in the host defense mechanism [331]. The tumor suppressor
pS3 gene and caspase enzyme allow cells periodically to search
and avoid cancer. A DNA repair system can repair the altered

DNA if the cell indicates malignancy of some type. If this process
cannot restore the DNA, the cell is exposed to 'programmed cell
death' (‘apoptosis') to stop the altered cell division, which can
then grow in a subsequent cancer cell. Zn is active in all these
cancer-protection mechanisms in one direction or another
[334]. Although apoptosis induction precise mechanism is not
clear, mutation or DNA disruption seems to play a vital role in
activating the p53 gene leading to apoptosis [335]. The unique
p53 domain for DNA binding comprises a dynamic Zn-
stabilized tertiary structure and is an essential part of maintain-
ing pS3 tumor suppressor activity.

Several Zn channels regulate the inherent and free metal con-
centration, providing a critical equilibrium between life and cell
mortality. While low Zn concentrations may trigger cancer to
begin and grow, higher Zn levels have a deleterious impact on
health. Excess Zn beyond the homeostasis systems ability will
result in a breakdown of the plasma membrane transporting sys-
tem, resulting in cell death [336]. Low intracellular Zn has been
noted to trigger oxidative DNA injury, disturb p53, and disrupt
DNA repair in rat glioma cell lines. In patients with kidney,
breast, gastrointestinal, and gynecoid malignancy, serum Cu/
Zn levels have also been found to be improved. Furthermore,
the concentration of Zn in esophageal cancer has been slightly
smaller than usual tissue. Similarly, data shows that Zn aggrega-
tion is a critical factor in the growth and advancement of pros-
tate cancer, often defined by the downregulation of ZIP 1, a Zn
transport protein at a low level in malignant prostate cells. These
research results indicate a drop in Zn volume or altered Zn in
cancer cells [337]. Proteins that rely on Zn have abnormal activ-
ities that cause high levels of oxidative stress and cell death.
Using antioxidants and ROS quenchers to mitigate ZnO NPs
cytotoxicity did not substantially reduce cytotoxicity. This indi-
cates that ROS may not be the primary cytotoxicity pathway
for ZnO NPs, but instead the cytotoxic answer. ROS are also pro-
duced in the process of ROS-mediated cytotoxicity, but the fun-
damental cause may be due to the ZnO cytotoxicity. The
mechanism of cytotoxicity of ZnO NPs is assumed to increase
the protein activity disequilibrium because of the elevated disso-
lution of free Zn ions in the cell [338]. Bogdan et al., suggested
that by ultraviolet (UV) radiation or ultrasound (US) wave,
nanoparticles of ZnO NPs induce ROS-mediated cell apoptosis,
autophagy, or necrosis [339]. An increase in ROS level in the
cytoplasm results in Trx oxidation and ASK1 activation. ASK1
can phosphorylate the ERK, JNK, p38, or Fas death ligands,
thereby facilitating apoptosis. The ERKs promote cell apoptosis
by disrupting the AKT kinase that regulates the NF-xB-mediated
synthesis of Bcl-2 and Bcl-xL proteins. Oxidative damages to
mitochondrion affect AYm and ATP level, accompanied by the
release of cytochrome (Cyt. c) to the cytosol. The Cyt.c binding
with Apaf-1 activates the caspase-dependent apoptosis. The
increase in ROS level in the nucleus contributes to the activation
of mutated ataxia-telangiectasia (MTA) and ataxia telangiectasia
and kinases that induce p53 mediated apoptosis and increase
the DNA double-beam split marker (WH2AX). ROS-induced endo-
plasmic reticulum stress causes increased levels of Beclin-1 and
decreased level of mTOR. All these pathways contribute to autop-
hagy in cells. By oxidative stress, plasma membrane calcium
ATPase is downregulated by the decrease of ATP level and the rise
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of Ca®* level, resulting in cell necrosis. Cells may become dys-
functional and cancer-prone to Zn deficiencies, as it is an essen-
tial factor for malignancy production and growth, proposing that
the treatment and therapy of multiple cancer may also be effec-
tive by Zn-mediated cancer chemoprevention.

Mechanistic insights of molecular mechanism at nano-bio
interface

Learning how the NPs interact with cellular membranes will
improve our knowledge of the processes by which these particles
function. Comprehensive nano-bio interaction studies based on
bioinformatics, in vivo, in vitro have been illustrated in previous
studies for various nanoparticles [340-359]. Nano-bio interface
is a complex physicochemical interaction between the surface
of NPs and the surface of biological elements, which deals with
the thermodynamic and kinetic exchanges [360]. Besides the
interaction between NPs, another vital aspect of their functional-
ity is the interaction between themselves. Interactions influ-
enced the agglomeration of NPs in media, which were
composed of electrostatic force, Van der Waals force, solvation,
and hydrophobic and depletion powers [361]. Understanding
this interaction is essential for the accurate dispersal of nanopar-
ticles with a minimal concentration in the media. The attractive
force is the van der Waals, and the repulsive force is the electro-
static force. Van der Waals forces are caused by changes in the
dipole moment of the electron, which induces an electron-
induced dipole moment in the neighboring atoms. This effect
emerges from the movement of the subatomic particles. The
multiple forces have an important role in the structural and
adhesive interaction of NPs on the cell surface and their passive
absorption inside the cell. It would be strongly affected by the
cell surface molecular receptor and the scale of the NPs relative
to ligands. This process can contribute to increased cytotoxicity,
and it can be found anywhere inside the cell, including the exter-
nal membrane, cytoplasm, lipid vesicles (lipid vesicles), mito-
chondria, nuclear membrane, nucleus, DNA, etc.

Biomedical scientists should know what happens to ZnO NPs
while present in the bloodstream, and this review could provide
necessary information related to the effect of ZnO nanostruc-
tured materials in the human body and the environment. Cell
culture media may be used for in vitro environments, precisely
adapted for specific cell lines or forms (serum, antibiotics, addi-
tional amino acids, growth factors). In both in vitro and in vivo
models, ZnO NPs are processed by the cells long before they join
the bloodstream. The interactions of NPs with biological fluids
alter physicochemical properties, which is the basis to determine
the behavior. In Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory, NP stability is regulated by the equilibrium
between intermolecular and surface forces [362]. The attractive
and repulsive forces are addressed because of Van der Waals
forces and the electrostatic double layer forming around particles
in solution. These forces dictate the transition to NP behavior.
Besides, this behavior is not only dependent on the particle prop-
erties but is also highly affected by the atmosphere in which it is
submerged. The biological media used for in vitro experiments are
also made to imitate the blood chemistry. There are also complex
structures made up of amino acids, ionic salts, and proteins,
which would theoretically interfere with the NP surface. The

behavior of ZnO NPs in some popular culture media was ana-
lyzed in some articles that report the above three aspects: ZnO
NP aggregation, dissolution of ZnO NPs, and formation of some
protein films called protein corona Fig. 6 a-d)[362-365]. Three of
these phenomena often co-exist in biological functions and help
to drive the NPs biological reaction.

Ramani et al., reported the understanding of the nano-bio
interface focused on RNA-based therapeutics developed using
ZnO NPs [366]. They have explored the RNA nano-bio interface
of poly I:C [367], its mononucleotides, and homopolymers with
ZnO NP by UV, fluorescence, and Fourier transform Infrared
(FTIR) spectroscopies, which resulted in greater interaction affin-
ity towards RNA-ZnO NP. The outcomes of this research reported
an important step in the interpretation of pIC-ZnO complexes
with respect to the nano-bio-RNA interface. Excess sodium ions
raise the payload of RNA on the NP and have a greater affinity
for stable complex creation. Modified Stern-Volmer equations
showed higher inosine binding constants than ZnO NP for cyti-
dine, indicating pIC RNA interaction through purine nucleo-
tides. The potential application of multi-functional NPs for the
biomedical field demonstrated that it is essential to consider
the relationship between inorganic and biological NPs at the
atomic level. Saha et al., studied the nano-bio interface of DNA
with ZnO NWs using the Density Functional Theory (DFT)
approach to elucidate the interaction mechanism [368]. The
study provided great insights to the interaction sites where
ZnO preferred to bind through the top site of the nucleobases
or with the ring atom having a lone pair in relative ring N atom
and those for Uracil and thymine, e.g., NH site. From a thorough
geometry inspection, they have observed that in ZnO NWs, all
surface Zn atoms are surrounded by 30 atoms and vice-versa
(as three Zn atoms surround surface O atom). The surface Zn-O
bonding length ranges between A 1.86 and 1.99, while the core
Zn-O bonding lengths are like 1.97 A for an optimized NW
(not including base molecules) (close to bulk value). The local
structure of the ZnO NW is subtly blurred as the base molecules
are adsorbed on the ZnO NW surface. In that case, the Zn-O
bond lengths are extended by a smaller quantity (1.90 to
2.01 A) in the adsorbed NW schemes, and core connections
remain virtually unchanged. The Zn-O interactions are primarily
ionic, and charge transfer occurs from Zn to more electro-
negative O atoms. An accurate and careful study of the
nanomaterial-based interaction mechanism could make this
potential real in cancer diagnosis and treatments. For instance,
as of now, to the best of our knowledge, there is almost no report
based on the nano-bioinformatics approach using ZnO NWs or
NPs in anticancer activities, but the ROS and apoptosis mecha-
nisms have been elucidated using in silico approach in bacteria
[341,346], zebrafish [340,345,352,359] and human cell lines
[343,344]. Therefore, an extensive study exploring ZnO nanos-
tructures interaction (nano-bioinformatics approach) needs to
be investigated in the future to describe the mechanistic molec-
ular interaction that drives the properties exerted by these nanos-
tructures. Although the scientific path is long and full of
difficulties, the aim is to shorten the distance and reduce the
challenges that research studies can face, thus helping nanosci-
entists to choose the right paths.
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Scheme of the NP interaction with biological fluids. (a) depicts the interaction

mechanism of the colloidal NPs in solution. (b) ZnO NP aggregation and

dynamic light scattering measurements of different ZnO NP formulations in ethanol, water, simulated biological fluid (SBF), and Minimal Essential Eagle's
medium (EMEM). (c) Scheme of ZnO NP dissolution and ICP of the amount of free Zn ions from ZnO present in RPMI-1640 media with and without 10 mM
HEPES over 24 h. (d) LC-MS analysis of the corona proteins. Reproduced with permission from Royal Society of Chemistry ref [330]. Copyright 2020 Royal

Society of Chemistry [330].

Environmental risks and benefits of ZnO

nanostructures: public health concerns

Considering public health concerns associated with OD and 1D
ZnO nanostructures, their potential environemental risks should
be fully understood for their global adoption and further clinical
application. The toxicity that emerges from these interaction fac-
tors can be studied by exploring them independently and corre-
lating them with existing tests to understand the phenomenon
better. One crucial point that should be kept in consideration
is that the toxicity of ZnO is a multivariable event. This aspect
is also depending on the type of cell, selected based on the study
model and targeted biomedical application, the ambient (pH,

salinity, UV presence, enzymes, etc.), the kind of ZnO nanostruc-
ture, the concentration of ZnO, duration of exposure, and cas-
cading effects accounting for the presence of ZnO. The type of
cell is vital in toxicity since this will determine if they have the
mechanisms to deal with the oxidative stress or if their cell mem-
brane will be permeable to ZnO nanostructures. The environ-
mental conditions can influence how the cell and ZnO
nanostructures behave, thus affecting permeability, oxidative
stress, and bioaccumulation for the cell while also affecting solu-
bility and stability of the ZnO nanostructure that finally will
influence the toxicity. The multivariable toxicity of ZnO is an
example of different thinking (chemistry into medicine), “The
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dose makes the venom.” By testing how ZnO affects plants (or
algae), invertebrates (crustaceans), and vertebrates (fish) in acute
toxicity, chronic exposure, bioaccumulation, and development
will give us guidelines about the proper usage of ZnO, Fig. 7. A
review of ZnO nanostructures and their toxicity on different eco-
logical chains has been summarized in Table 2 [316,369-374].

Effect of ZnO nanoparticles on toxicity

It is crucial to keep an eye on how plants and especially horticul-
tural species, react to different ZnO concentrations. Singh et al.,
demonstrated that the use of wastewater containing ZnO is fea-
sible up to a concentration of 1000 mg/L when a reduction of
total weight was noted (Table 2) [374]. Zea mays and Spinach oler-
acea also exhibited reduction height by 29% and total weight by
27%, respectively. The toxicity of ZnO nanostructures differs not
only within a targeted species but also in different development
stages and in specialized cells. Table 2 shows that the damage to
fertilization done to each gamete of Scaphechinus mirabilis differs
significantly in terms of the concentration of ZnO and Zn?*. Sim-
ilarly, Hanley et al., showed that ZnO NPs induced high division
due to toxicity [143]. An earlier research demonstrated long-term
ZnO-NPs exposure to innate immunity resulting in the decreased
survival of Caenorhabditis elegans when exposed to a Pseudomonas
aeruginosa PA14 infection (Table 2) [375]. Besides, another inves-
tigation reported that pH is a significant factor in the toxicity of
NPs as it is related to the dissolution and change in concentra-
tion of Zn** from 7.46 x 10°®* M at pH =9 to 5.0 x 10°* M at
pH = 7[376]. Likewise, the saltwater influence was also compared
to deionized water, resulting in accelerated dissolution rates in
seawater. Further, a study demonstrated that Dulbecco’s modi-
fied Eagle’s medium could dissolve 34 mg/L and, in contrast,
for water, 7.18-7.40 mg/L of Zn [377]. This shows that the pH
and ionic force of the medium affects Zn solubility. Moreover,
it has been found that at greater temperatures and salinity,
ZnO NPs formed larger aggregations and released less Zn>*; for
example, the ZnO toxicity to Thalassiosira pseudonana was
observed to be less toxic at 25 °C than at 10 °C [378]. Fig. 8 a
and b) shows that cell viability outcomes do not decrease at
the concentration ranging from 0 and 0.1 mM of ZnO nanostruc-
tures [315].

Acute toxicity hazards and risk minimization factors

The use of ZnO nanostructures in tissues has demonstrated prac-
tical applications aiming at biocompatibility or providing poten-
tialized properties for oncology. Some examples are scaffolding
to tissue, antimicrobial activity, cell growth, proliferation, differ-
entiation, and wound healing applications. This comes from the
development of new engineered nanostructures with a certain
functional group and/or coating of the core-shell structures.
The after-mentioned are obtained through biosynthesis methods
[329,379,380]. New approaches of synthesizing ZnO nanostruc-
tures keeping in mind toxicity properties are called “safety by
design” methods [329]. Using biopolymers like poly(“-
caprolactone) (PCL) has plenty of advantages, such as biocom-
patibility and biodegradability, when combined with ZnO for
tissue-engineering applications [381]. They are already approved
by the FDA and are used in clinical applications [177]. Gastroin-
testinal absorption could become the main point of entry for

ZnO NP in the future. The previous research mimicked the gas-
trointestinal route, demonstrating that ZnO NPs were slightly
soluble (0.6 mg/mL) under acidic conditions. It was also noted
that with phosphate ions, NP dissolution was less than 1%
[382]. In this direction, ZnO distribution was examined after
Intra-gastrointestinal administration, resulting in the liver and
duodenum having the highest concentrations of ZnO NP, fol-
lowed by the kidneys and the brain for last the lungs did not pre-
sent ZnO NP. In contrast, Baek et al., found similar results except
for the difference in disintegration-altering concentration in
plasma [277]. In both studies, the NPs primary excretion from
the body was via feces with a small urine discharge. In relation
to the high concentration of ZnO NP in the liver, a study found
damage to mice hepatocytes by reducing important vital factors
such as kidney index and the degradation of the filtering func-
tions [114].

Dermal exposure has been the most studied out of any tissue
in the human body because of ZnO use in sun creams. As the
EURO NANODERM project showed, ZnO NPs are considered safe
for cutaneal application. Most studies showed no penetration of
ZnO NP beyond the stratum carenum (SC) [305,383]. Even when
there is damage to the skin, like burns caused by UV exposure
[384] or if the skin is being occluded [385]. The ZnO NPs are
not persistent in the skin and are almost entirely removed from
the SC with tape and proper washing. A few challenges regarding
keratinocytes and their decreased mitochondrial activity, loss of
normal cell morphology, and cell-cycle distribution disturbances
were exhibited [343]. Besides, a higher urinary 8-hydroxy-20-
deoxyguanosine (8-OHdG) level with the application of
nanocosmetics leading to ROS generation in the urine was also
observed [386]. Some histological changes have been noted in
different studies after a dose of 1000 mg/kg (ZnO NPs) for 90 days
Fig. 8 (c and d) [387]. The use of ZnO nanostructures for wound
dressing showed several promising potentials. Different opti-
mized systems of ZnO and biopolymers result in antibacterial
activity with reference to Staphylococcus aureus [388), Escherichia
coli [218], Pseudomonas aeruginosa, and Bacillus subtilis. These
developed systems exhibited remarkable antioxidant properties
and faster healing of subcutaneous diabetes-induced rabbits
[389]. The observed histological examinations revealed a greater
cell adhesion, re-epithelialization, and collagen production by
the ZnO-bio composite system [388]. It is observed that an Ag-
ZnO NP nanocomposite in a gel form demonstrated wound heal-
ing ability in adult male Albino Wistar rats after ten days of
administration [324].

Considering inhalation as a case, the respiratory tissue should
be susceptible to exposure to ZnO NP. A detailed research
demonstrated the exposure of different sizes of ZnO NPs (35
and 250 nm) [313]. Different concentrations, 2.4 to 45.2 mg /
m?®, terminated in increased lung inflammation and injury,
increased white blood cell count in peripheral blood, and higher
presence of 8-OHdG. In this direction, another research demon-
strated that when human bronchoalveolar carcinoma-derived
cells were exposed to ZnO, ROS species were created [284]. This
resulted in intracellular oxidative stress, lipid peroxidation, cell
membrane leakage, and oxidative DNA damage. Similar results
were shown by Sahu et al., [390] with a different cell line, the
human lung epithelial cell line (L132). Moreover, damage in
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FIGURE 7

TABLE 2

Exposed species to different types of ZnO nanostructures and their relationship with toxicity.

Species Type Concentration ZnO Size Toxicity Measurement Result to Control [Ref]
Caenorhabditis elegans NP 0.32 mg/L <25 nm Percent Mortality ~ 60 % [369]
Caenorhabditis elegans NP 2 mg/L <100 nm Percent Mortality ~40 % [369]
Scaphechinus mirabilis NP 490 = 6 pg/L <50 nm Fertilizing capacity of sperm 50 % [370]
Scaphechinus mirabilis NP 29 + 4 pg/L <50 nm Fertilizing capacity of larvae 50 % [370]
Scaphechinus mirabilis Zn?* 6526 = 99 pg/L Fertilizing capacity of sperm 50 % [370]
Scaphechinus mirabilis Zn%* 67 + 12 pg/L Fertilizing capacity of larvae 50 % [370]
Zea mays NP 3200 mg/kg 90 £ 10 nm Plant Height decreased 29% [371]
Caenorhabditis elegans NP 0.05 mg/L ~0.9 nm Body bends 17 % [372]
Drosophila melanogaster NP 24 mM 106.55 + 64.79 nm %DNA in tail (Comet Assay) 18.39 + 1.49 [373]
Spinach oleracea NP 1000 mg/L <100 nm) Reduction in total weight 27 % [374]
Lolium perenne NP 50 mg/L 197 nm Biomass 76 % [316]
Lolium perenne Zn* 50 mg/L Biomass 68 % [316]

the lungs due to ZnO NP interaction [114] has been reported, like
inflammation, severe hyperemia in alveoli, and edema. In con-
trast, Morimoto et al., indicated that rats exposed to ZnO NP
(35 nm) with different quantities such as 2 and 10 mg/m?
showed no persistent inflammation of the lung for four weeks,
indicating less toxicity of well-dispersed ZnO NPs [391].

In a research performed by Liu et al., cytotoxicity of ZnO NP
for SHSYSY cells, with apoptosis and cytoskeleton changes was
found [371]. Similar results were found in the same cell line with
the addition of genotoxicity, including micronuclei production,
H2AX phosphorylation, and DNA damage [269]. Besides, geno-
toxicity was also reported, and it is also noticed that NPs may
cause a deficit in normal motor functions [392]. Histopathologi-
cal investigations revealed significantly increased motor cortex
nuclear size, probably resulting from neuroinflammation/neu-
ronal damage [393]. The outcomes of hippocampal proteins-

based studies showed an increment in inflammatory markers,
neurotoxicity was shown to cause long-term memory impair-
ment and spatial cognition problems when excitable cells were
exposed to ZnO NWs [394]. In contrast, ZnO NWs tested with
PC12 cell line, suitable for neuronal cell modeling, concluded
that a well-developed neurite network was formed when exposed
under the right conditions. The same experiments contrasting
results were shown for the H9C2 line used for muscle cell mod-
eling, resulting in a negative differentiation of myotubes [395].

The toxicity of ZnO NP has been found on testicular mouse
cells, where the apoptosis process is likely correlated with DNA
damage caused by an increase in ROS and associated with loss
of mitochondrial membrane. Besides, the injection of ZnO NPs
in male mice caused structural alterations in the seminiferous
epithelium and caused sperm abnormalities [294]. Equally, stud-
ies with human peripheral blood lymphocytes (HPBL) and NPs/
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Study of ZnO NPs toxicity in organisms. (a) and (b) Summary of cell viability with different ZnO concentrations. Copyright 2019 MDPI [315]. Histopathological
changes in the skin after treatment with ZnO NPs. (c) Control group and (d) 1, 000 mg/kg group. Copyrights Dove Medical Press 2014 [387]. (e) ZnO
nanostructures absorption, distribution, and accumulation or expulsion in the human body Copyright 2019 MDPI.
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NRs showed the capacity of ROS generation [396] and displayed
cytotoxicity as size and shape-dependent [306]. In another
report, ZnO nanoflowers generation resulted in sufficient osteo-
blast growth with higher DNA content, ALP activity, and adhe-
sion strength [395]. Similar results were found by Li et al.,
where ZnO/Poly(vinylidene fluoride) showed antimicrobial
activity and increased osteoblast density on the piezo-excited
scaffolds [397]. The ZnO nanostructures osteointegration pro-
cesses and antibacterial properties make them promising materi-
als in harsh applications as dental implants and materials [398].
Augustine et al., demonstrated that a highly branched capillary
network of blood vessels is formed when a Poly (vinylidene
fluoride-trifluoroethylene)/ ZnO nanocomposite tissue is being
utilized in Windsor rats [177]. Also, the piezoelectric properties
of the nanocomposite resulted in a better cellular response. A
ZnO nanostructures interaction mechanisms with the organism
(SNC: the central nervous system; SNP: the peripheral nervous
system is shown in Fig. 8 (e) [315]. ZnO toxicity on the environ-
ment or organisms is case-specific and further needs a lot of
investigation for its implementation in different sectors such as
cancer theranostics.

Nano-enabled oncology therapeutics based on 0D
and 1D ZnO nanostructures

Along with efficient bioimaging agent, ZnO nanostructures have
been investigated for several other remarkable beneficial effects
which can be useful for developing potential therapeutic. Signif-
icant antioxidant [399-403], anti-inflammatory [399,403-406],
and antibacterial [400,402,407-415] activities in ZnO nanostruc-
tures have been studied, but their biomedical applications
needed to be explored more. In this direction, ZnO nanomateri-
als have emerged as a potential nano platform to perform tar-
geted drug delivery to develop nanomedicine of higher efficacy
[404,416-419]. For example, ZnO-based nano-therapeutics has
shown efficacy in treating diabetes and its complications [420-
422]. Furthermore, the ZnO intrinsic anti-cancer, anti-tumor,
and anti-angiogenic activities at the nanoscale have also been
studied in detail [401,402,406,423-428|, making it a big point
of interest for the development of different cancer therapies.
Moreover, there are various reports projecting ZnO nanostruc-
tures for cancer treatment. For example, Barick et al. developed
mesoporous spherical ZnO nano-assemblies, and explored their
potential use on doxorubicin release anthracycline, a widely used
drug in chemotherapy [429]. In this direction, Yasser Selim et al.,
developed green chemistry-assisted ZnO NPs using Deverra tortu-
osa extract. The specificity of these NPs was studied in vitro using
the appropriate cancer cell lines A549 and WI38 and the non-
cancerous WI38 lung fibroblast cell line. As outcomes, this sys-
tem exhibited specific and significant helpful cytotoxicity
against cancer cell growth [430]. However, a common factor
exploited to use ZnO NPs in cancer treatment is the associated
environment with cancer cells, such as the acid pH [431-433]
(which favors the Zn?* ions release [434]) and the cellular mem-
branes negative charge [435,436] (that promotes the interaction
and capture of charged nanoparticles [437]), making more selec-
tive the possible application of ZnO NPs in the oncology area, as
discussed earlier. For example, Fig. 9 (a, b) shows BxPC-3 tumor-

bearing after 18 and 36 days and H&E staining of tumor slices
after 36 days under different treatments, respectively [434,438-
440,20,441-443]. In both cases, Sn-Gf-DOX NPs achieved better
results than other therapies [438]. Roshini et al., demonstrated
that the ZnO quantum dots diminished the cell viability and
inhibited the proliferation of MCF-7 and metastatic MDA-MB-
231 breast cancer cells, Fig. 9 (c) [434]. Paino et al., analyzed
the behavior of ZnO nanoflowers structures against L929 (nor-
mal) and HeLa (cancer) cells, observing certain selective cytotox-
icity in HeLa cells; one route by which these nano-compounds
exerted their toxic effect was via apoptosis, leading to the forma-
tion of condensed nuclei, as demonstrated in Fig. 9 (d) [439].
Wahab et al., utilized the ZnO NRs as possible anticancer agents,
studying their cytotoxicity effects in C,C;, myoblast cancer cells,
finding that their toxicity depend on the dose, exposure time,
and the form of the ZnO NRs, decreasing the cell growth and via-
bility, as shown in Fig. 9 (e) [440]. Additionally, it was observed
that these nanostructures could alter the gene expression (cas-
pases 3 and 7) and increase cell apoptosis [440].

Based on the previous reports on OD nanostructures
[213,416], the use of 1D ZnO nanostructures can be discreetly
explored for oncological applications. The role of different
ZnO-based nanostructures for potential cancer therapies is sum-
marized in Table 3 [20,419,430,444-469]. Yuan et al., explored
polyelectrolyte nanotubes to formulate a DDS where a charged
array of ZnO NWs was utilized. Although this system does not
use ZnO NWs directly, but it demonstrates ZnO useful for onco-
logical treatments [470]. In this direction, the use of piezoelec-
tricity with ZnO NWs and NRs is projected desirable, owing to
recent applications of piezoelectric nanomaterials for developing
stimulation responsive therapeutic approaches [471,472]. Such
systems-based 1D ZnO nanostructures have been useful for cell
differentiation, tissue regeneration, and wound healing
[166,176]. Besides, ZnO NWs based gene delivery and cell trans-
formation have been demonstrated earlier [473]. Even though
this could be a cornerstone in developing new gene therapy tech-
nologies, more concrete evidence is needed for their clinical use.
As shown in Fig. 10, Zhang et al., investigated a strategy of com-
bined ZnO NRs with anti-cancer drug daunorubicin (DNR) in
photodynamic therapy (PDT) in human hepatocarcinoma
SMMC- 7721 cells. They have shown that ZnO NRs could
increase the intracellular concentration of DNR and enhance
its potential anti-tumor efficiency. Fig. 10 (a) depicts the cell
treatment procedures, e.g., a, SMMC-7721 cells were treated with
free DNR; b, ZnO NRs were loaded with DNR for the drug deliv-
ery system, and the corresponding fluorescence intensity curves
are presented in Fig. 10 (b). The photodynamic activity of ZnO
NRs also increased the cancer cell injury through ROS produc-
tion, which is illustrated in Fig. 10 (c) [441]. Li et al., explored
the bio-application of ZnO NPs in PDT, combining the nano
ZnO with DNR as exhibited in Fig. 10 (d). Various optimized con-
centrations of ZnO NPs were administered into the DNR drug
system [442], which decreased electrical impendence with
respect to SMMC-7721 cells. Similarly, Li et al., demonstrated
that the PDT process improves the cytotoxicity of ZnO NPs,
Fig. 10 (e). Moreover, this activity was upgraded with the addi-
tion of DNR. Later, Wang et al., proved that ZnO NPs could be
used as nanocarriers, synergizing the anticancer activity [443].
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Therapeutic studies based on 0D and 1D ZnO nanostructures. (a) and (b) show images of BxPC-3 tumor-bearing after 18 and 36 days and H&E staining of
tumor slices after 36 days under different treatments, respectively. In both cases, Sn-Gf-DOX NPs achieved better results than other therapies [438]. Copyright
2016 ACS Publication group. (c), ZnO QDs showed the diminishment in the cell viability and inhibited the proliferation of MCF-7 and metastatic MDA-MB-231
breast cancer cells [434]. Copyright 2017 Elsevier. (d) The behavior of ZnO nanoflowers against L929 (normal) and Hela (cancer) cells, observing certain
selective cytotoxicity in Hela cells; one route by which these nano-compounds exerted their toxic effect was via apoptosis, leading to the formation of
condensed nuclei, as observed in i-iv [439]. Copyright 2016 ACS. (e) ZnO NRs as possible anticancer agents and their cytotoxicity effects in C2C12 myoblast
cancer cells, demonstrating that their toxicity depended on the dose, exposure time, and the form of the ZnO NRs, decreasing the cell growth and viability
[440] Copyright 2020 Elsevier.
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TABLE 3
List of recent advances in the creation of ZnO-based nanostructures for the development of potential cancer therapies.
Potential Therapy ZnO-based Nanostructure [Ref]
Tumor targeting & drug delivery approaches Chitosan/ZnO NPs [463]
Polyglycerol-grafted, RGD peptide-conjugated ZnO [419]
NPs
ZnO NPs loaded via a mesoporous silica nanolayer and coated onto gold nanostars [464]
ZnO nanocrystals inside extracellular vesicles [465]
ZnO/Quercetin nanocomposite [466]
ZnO-doped graphene oxide nanocomposite [467]
Human serum albumin/ZnO NPs [468]
Lipid-coated ZnO NPs [469]
Folate & PEG ZnO NPs [444]
Phototherapeutic approaches Iron oxide/ZnO NPs [445]
Folic acid-modified ZnO nanosheet [446]
Berberine/ZnO NPs [447]
Lipid-coated ZnO NPs [448]
YAG:Pr / [449]
ZnO/Protoporphyrin nanocomposite
Yb/Tm/ZnO semiconductor NPs 450]
Upconversion NPs/Mesoporous silica/ZnO nanodots nanostructure 451]
Au nanorod core/ZnO shell NPs 452]
Zn/ZnO NPs conjugated with chlorine e6 453]
Ternary modified ZnO nanocomposite 454]
Immunotherapeutic approaches Fe30,4 core/ZnO shell NPs 20]
ZnO NPs with polyinosinic-cytidilic acid RNA complexes 461]
Mesoporous silica/ZnO doped nanospheres 20]
5

Green synthesis approaches

ZnO NPs from Deverra tortuosa extract
ZnO NPs from Capparis zeylanica extract
ZnO NPs from Rheum rhaponticum waste
ZnO NPs from Pandanus odorifer extract
ZnO NPs from Carob extract

ZnO NPs from Anabaena cylindrica extract

[
[
[
[
[
[
[
L
Radially grown ZnO NWs on poly-L-lactide microfibers [45
[
[
[
[
[
[
ZnO NPs from Mussaendra frondosa extract [

Furthermore, these NPs could target cancer cells, macrophages,
and cancer stem cells, aiming, therefore, both cancer cells and
their tumor microenvironment (see Fig. 10 (f)).

Nano-enabled ZnO nanowires-based cancer diagnosis and
monitoring

The unique properties found in the 1D nanomaterials project
them superior for various applications due to their flexibility to
create an interesting myriad of sensors and molecular systems
useful for disease diagnostic, monitoring, and efficacy assessment
[474-481]. Their typical surface-to-volume and aspect ratios are
useful to improve specific optical, electrocatalytic, and electronic
properties. These properties can be tuned and controlled in the
interfacial interactions with cells, potential biomarkers, and
other range of relevant biomolecules [482,483]. In this direction,
1D nanosystems have been employed to investigate the possible
adoption of a targeted diagnostics application [474-481]. Gao
et al.,, projected the potential of silicon NWs for transistor-
based biosensors applied to point-of-care cancer diagnostics
applications. In this work, Si NWs supported tunneling field-
effect transistors detected CYFRA 21-1 (a specific tumor marker
in primary lung cancer) at a low concentration as 0.5 fg/mL
[484]. These outcomes proposed silicon-based 1D materials in
cancer diagnosis, allowing the creation of other array systems
capable of multiplex detection of tumor biomarkers [485,486].

To be on the same track, the application of 1D ZnO NWs for can-
cer diagnosis has been investigated, although in vitro approaches.
These analytical diagnostics can be categorised according to their
functional nature, such as nano-enabled biosensing devices
(Fig. 11 a- if they convert an analyte interaction into quantifiable
signals), capture devices (Fig. 11 b- if its function mainly lies in
extracting and/or isolating cellular elements), or cell-imaging
complexes (Fig. 11). These systems have detected a wide range
of biomarkers such as proteins, nucleic acids, organic com-
pounds, exosomes, and whole cells that have been successfully
detected, extracted, or imaged with highly critical analytical
parameters [72,309,487].

Relationship between the aspect ratio and toxicity

In contrast to their 0D counterparts, it is expected that the intrin-
sic morphology of 1D nanomaterials would play a considerably
different role to produce toxicity. Thus, it is crucial to know in
detail about the fate of any nanomaterial in the body, including
its participation in the molecular mechanisms that might trigger
post-injection/administration toxicity as a function of time.
Since cellular uptake mechanisms such as phagocytosis, pinocy-
tosis, and endocytosis are affected by the morphology and sur-
face properties (charge, pH responsiveness, and alternation in
properties on external stimulation) of the nanomaterial. It is a
point of concern that nanostructures with very high aspect ratios

553

2
A
S
o
«
I
]
-2
<<
w
0
w
o«




RESEARCH Materials Today ® Volume 50 ® November 2021

m

o

>

bl

nN

I

g (®) 460 ; (c)

2 140{ — p ’ OH‘+OH‘ H,0,
G 100 | hv 2
C
1]
£

80 1 g i
h* /e
@

40 4
W 0
20 - 2
o Q_/ ‘

R, “*+H'«— HO,
0 10 20 30 40 50 60 70 \
Pixels 0,
(d) (e) ggggT MHCHT

) » - Polarization OQ) °
-0 = -
s Lot TNF-d AT

x
()
o
£ /'
= Macrophage M1 Macrophage
[0
(@]
g Drug uptake 4
N . —> Penetration § —f—»> T T
g ZnoNPs  Drugefflux |, Ros ca'sPﬁ's‘! 3
g / § Cancer cell
= o
0 N "‘(;*’ = Adhesiony
T T T T T T T T T 1 L cD44 Migration ‘
0 10 20 30 40 50 60 70 80 90 100 o - l_’ Tumorigenesis |
Time/h Sensitivity to drug 4
Cancer stem cell
() ZnO nanoparticle "' U\ light
+ daunorubicin " " \\
: 4 ot
0000000 Ceoll 98" ® 47 0ee e® ¢ o
Membrane
- J 4
< ST Gy ﬁ) 0t B¢ 0s4g E:> 9 e
+
XHTPK Nucleus XOxm @< wx

R
. (§-
FIGURE 10

Interaction of ZnO NWs with drug daunorubicin (DNR) and their toxicity effect. (a) A strategy of combined ZnO NRs with anti-cancer drug daunorubicin (DNR)
in photodynamic therapy (PDT) in human hepatocarcinoma SMMC-7721 cells is shown. In inset a, SMMC-7721 cells were treated with free DNR; b, ZnO NRs
were loaded with DNR for the drug delivery system to enhance its anti-tumor efficiency. (b) Fluorescence intensity curves corresponding to samples
represented earlier in this figure. (c) Proposed mechanism for the photodynamic activity of ZnO NRs to increase cancer cell injury through the production of
ROS [441]. Copyright 2011 Elsevier. (d) Bio-application of ZnO NPs in PDT, combining the nano ZnO with DNR. ZnO NPs with different concentrations were
injected into the DNR drug system, and the electrode impendence is observed to decrease in SMMC-7721 cells apparently; a, negative control ZnO NP-free);
b, DNR; ¢, 2.5 pg/mL of ZnO NPs and DNR; and d, 5 pg/mL of ZnO NPs and DNR. (e) PDT process improved the cytotoxicity of ZnO NPs. Moreover, this activity
was upgraded with the addition of DNR [442]. Copyright 2010 Springer Open. (f) Role of ZnO NPs as nanocarriers showing a synergistic effect in the
anticancer activity targeting both cancer cells and their tumor microenvironment [443], Copyright 2017 ACS.
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FIGURE 11

ZnO NWs applications for cancer diagnosis and monitoring. (a) General design of a ZnO-based nanobiosensor. (b) General concept of capture devices based
on the dissolution of NWs for the release of biomarkers. (c) Macromolecular conjugates for the specific visualization of cancer cells and tissues. (d) ZnO-based
microfluidic immunoassay. Schematic diagram of the antigen-antibody interaction in the ZnO NW array inside de PDMS microfluidic channels (i). Enhanced
fluorescent signals linearly correlated to antigen concentration, achieving LODs up to 100 fg/mL for certain cancer biomarkers (ii) Copyright 2018 Elsevier
[487]. (€) SEM micrographs of Gear-shaped PDMS pillar capturing microchip without (i, iii, v) and with (ii, iv, vi) ZnO NW coating at different magnifications.
Micrograph of single G-PDMS pillar with captured circulating tumor cells (iii & iv). Single CTC is attached to the pillar (v & vi) Copyright 2020 Royal Society of
Chemistry [309]. (f) Serial fluorescence imaging of integrin Rvf33 on U87MG human glioblastoma cell lines, using diverse concentrations of PEGylated and
RGD peptide-conjugated NWs Copyright 2011 American Chemistry Society [72]. (g) Field of application for ZnO NWs of the different types of devices, based
on the biomarkers that have been able to detect/capture/target in the literature.

may express difficulties while internalizing within cells. In this greater ease for cell uptake and their mechanisms. Theodorou
scenario, the role of ZnO nanostructures could be estimated a pri- et al, showed in their experiments that ZnO NWs pre-
ori as higher cytotoxicity for smaller aspect ratios due to the incubated with pulmonary surfactant increased their toxicity
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when cell uptake was also increased, indicating a dependence on
internalization [488]. Similarly, Miiller et al., presented a similar
statement about the dependence of high aspect ratio of ZnO
NWs in internalization and the macrophage lysosomal in high
acidic pH conditions [285]. Shukla et al., performed testing
tobacco mosaic virus nano-assemblies and hydroxylated-multi
walled carbon nanotubes, respectively, finding nanostructures
with lower aspect ratios had higher levels of permeabilization
and cytotoxicity [489,490]. On the contrary, Adili et al., exhib-
ited considerably opposite results testing Si and Ni NWs, respec-
tively, after being compared against NP and salt presentations
[491,492]. However, these findings are not enough to claim
whether a specific aspect ratio-dependent mechanism plays a
role or not in terms of the proportional aspect ratio/toxicity rela-
tionship. Nonetheless, there may be anatomical and physiologi-
cal in vivo cases where the accumulation of high aspect ratio
nanostructures would be associated with higher toxicity levels,
with a few cases in the literature illustrating the latter for long
aspect ratio materials [493,494]. For instance, the endothelial
or epithelial barriers with acidic microenvironments (e.g., the
lung lining fluids) may promote the extracellular accumulation
and dissolution of ZnO nanostructures, yielding the liberation
of high amounts of Zn>* and causing consequent tissue and
organic damage. Ultimately, comprehensive knowledge about
the morphology and biological interfaces needs to be explored
with reference to 1D ZnO applications. In this direction, biocom-
patible and potentially non-toxic diagnostic and therapeutic sys-
tems could be engineered for various biomedical applications.

Nano-enabled biosensing prototypes

Biosensors are analytical devices composed of a recognition sur-
face with biological receptors (antibodies, oligonucleotides,
among others), a transducer that converts the interaction into
measurable signals, and an output system that amplifies and con-
verts the signals obtained into readable data [495-497|. The
introduction of nanostructures in fabricating a biosensing proto-
type is known to improve analytical performance parameters
such as detection at the single-molecule level [498-500]. The pri-
mary role of nano-enabled biosensors in cancer is to detect and
quantify specific biomarkers of clinical interest for rapid and
effective diagnosis [499,501,502]. Niepelt et al., reported ZnO
NWs and organic species biofunctionalization via a covalent
bond on their surface, taking advantage of the negative charge
of DNA molecules for their working as an efficient biosensor
[503].

For prostate-specific antigen (PSA) detection, an immunoassay
was performed using PSA-specific antibodies immobilized onto
Au NPs where an LSPR signal was recorded as a function of PSA
concentrations. This sensor exhibited a LOD of 0.51 pg/mL for
PSA and showed sensitivity compared to other similar optical
nanodevices reported earlier [165,504-507]. Guo, L. et al., devel-
oped a fluorescent-based nano biosensing chip where ZnO NW
are grown inside a microfluidic channel. Authors claimed to
detect various biomarkers related to early-stage cancer stages
(such as a-fetoprotein and carcinoembryonic antigen) through
an ultra-sensitive detection system. This chips backbone consists
of a polydimethylsiloxane (PDMS) structure with microfluidic
channels built through soft lithography. Analogous to an ELISA

assay, the PBS and bovine serum albumin (BSA) solutions were
utilized, and a solution with FITC-conjugated antibodies was
infused and allowed to incubate, Fig. 11 d(i). Ultimately, fluores-
cent signals were recorded using fluorescence microscopy and
latterly quantified, Fig. 11 d (ii). A LOD was standardized as
low as 1 pg/mL for the human a-fetoprotein and as low as
100 fg/mL for carcinoembryonic antigen [487]. Other
nanobiosensing approaches utilizing ZnO NWs are summarized
in Table 4 [72,85,165,309,487,503,508-513].

Capture devices

Capture devices can be described as biomarker collection or iso-
lation systems with research or diagnostic value (the majority
working through microfluidics) [514-516]. In contrast to nano-
enabled biosensors, these devices generally do not have a trans-
ducing mechanism or signal output systems. Detection and
quantification of analytes are usually carried out with external
equipment to the capture system. Additionally, the capturing
efficiency stands out as the most crucial analytical parameter
compared to the LOD of nano-enabled biosensors [515-517].
Moreover, these systems are usually designed to separate more
abundant biological elements such as whole cells or exosomes.
The use of NWs has allowed the creation of an exciting series
of chips, which do not necessarily require a microfluidics archi-
tecture for effective separation. Even though the scientific litera-
ture describes Lab-on-a-Chips that can both actively capture and
detect specific biological elements. However, a state-of-the-art
Takao Yasui et al., developed a ZnO NW-array system for the sep-
aration of extracellular vesicles with valuable miRNAs from can-
cer patients. The engineered capture device proved to exhibit a
higher efficiency for in situ extraction of urine extracellular vesi-
cles than ultracentrifugation, which is the most adopted tech-
nique for this purpose. This work offered an avenue for
determining the markers linked with non-urologic cancers,
although further trials are needed [508].

Similarly, a 3D PDMS chip covered with free-standing ZnO
NW:s to capture exosomes was shown in Fig. 11 (e, f). The porous
3D structure was manufactured according to previous work
methodology, in which they used a Ni foam slide that served
as a scaffold for the PDMS [518]. The coated scaffold was inte-
grated into a microfluidic chip using the sacrificing template
method to obtain the complete ZnO-chip device. Then, a
biotin-labeled mouse anti-human CD63 monoclonal antibody
was introduced into the chip. For the analysis of exomes, serum
or plasma was pumped into the device and then detected by a
colorimetric ELISA. The method showed reliable results in ana-
lyzing exosomes in plasma and demonstrated a compelling
methodology to effectively capture, detect, and recover exo-
somes from clinical samples [512].

Furthermore, Katwal, G. et al., reported a ZnO NT-NW hybrid
structure capable of detecting volatile organic compounds
(VOCs) related to breast cancer, using the chemo receptivity of
these structures Fig. 11(g) [85]. The structures showed chemo
receptivity to 4 different VOCs previously related in the literature
as potential cancer biomarkers: 2-propanol, heptanal, 1-phenyl-
ethanone, and isopropyl myristate (IPM). A response from the
chemoreceptor hybrid structure was found at a concentration
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TABLE 4

ZnO nanowires applications for cancer diagnosis and monitoring.

Archetype Presentation Fundament of Cancer/ Cell  Analyte Synthesis Method LOD*/Capturing Used in clinical  [Ref]
Detection Line Type Efficiency** samples
ZnO NWs with Nanobiosensing device Electrochemical Not specified  DNA oligonucleotides Vapor phase Not specified No [503]
covalently synthesis
functionalized DNA
ZnO NWs with EGFR Cell-imaging Optical/Fluorescence  Squamous Epidermal growth factor Hydrothermal 3840 cells/cm? (in No [510]
antibodies/TiO, NWs cell carcinoma synthesis cell count plate) *
with vimentin
antibodies
nanocomposite
ZnO NW-PEG- Cell-imaging Optical/Fluorescent Theorized for  Integrin o vf3 Vapor phase Not specified No [72]
RGD peptide solid tumors synthesis
conjugate (Melanoma,
late-stage
Glioblastoma,
Breast,
Prostate, &
Ovarian
Cancers),
Studied
with U87MG
& MCF-7 cell
lines
ZnO NWs array chip Nanobiosensing device Electrochemical Breast Cancer Heptanal, Acetophenone, Electrochemical 8.982 ppm No [511]
Isopropyl Myristate & 2-Propanol  Synthesis (Heptanal)*
798 ppb
(Acetophenone)
*134 ppm
(Myristate)
*29.5 ppm (2-
Propanol) *
PDMS-ZnO NW porous Capturing device Optical/ MCF-7 Breast  Exosomes (possible cancer Hydrothermal 2.2 x 104 Yes [512]
chip with exome- Spectrophotometry cancer Cells miRNA carriers) synthesis particles/pL*
specific antibodies (By UV-vis
spectrometry after
extraction)
microfluidic device with  Nanobiosensing device Optical/Fluorescence Theorized for  Human a- Hydrothermal 1 pg/mL* (human a- No [487]
ZnO NWs in the different Fetoprotein & Carcinoembryonic  synthesis Fetoprotein)
channels cancer types.  antigen 100 fg/mL*
Studied in (carcinoembryonic
cancer antigen)
biomarkers.
3D Optical fiber device Nanobiosensing device Optical /LSPR Prostate Prostate-specific antigen Hydrothermal 0.51 pg/mL* No [165]
with a ZnO NW/Au cancer synthesis
NPs composite
MWCNTs/ZnO nanofiber  Nanobiosensing device Electrochemical Ovarian Carcinoma Antigen-125 Electrospinning 0.00113 U/mL* No [513]
biosensor platform cancer

RESEARCH: Review
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TABLE 4 (CONTINUED)
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Archetype Presentation Fundament of Cancer/ Cell  Analyte Synthesis Method LOD*/Capturing Used in clinical  [Ref]
Detection Line Type Efficiency** samples
NW-embedded PDMS Capturing device Optical/Fluorescence  Lung, Extracellular vesicle microRNA Electrochemical 0.194 ng/pL** Yes [508]
substrate device (By fluorometer after ~ Pancreas, from urine samples synthesis
extraction) Liver, Bladder,
& Prostate
Cancers
ZnO NW FET Nanobiosensing device Electrochemical Theorized for  Biotin-Streptavidin Binding Vapor Phase < 2.5 nM* No [509]
different System Synthesis
cancer types.
Studied in
regularly used
molecular
linkers.
ZnO NW-coated PDMS Capturing device Optical/Fluorescence  MCF7 Breast EpCAM positive Circulating Hydrothermal > 93.9% of total Yes [309]
chip (By flow cytometry Cancer & tumor cells synthesis cells
after extraction) SW480 (for EpCam positive
Colorectal Cell cells only)**
lines.
Circulating
tumor cells.
ZnO NWs - ZnO Nanobiosensing device Electrochemical Breast cancer  Heptanal, Acetophenone, Electrochemical 100 ppm (2- No [85]
nanotubes array Isopropyl Myristate & 2-Propanol  Synthesis Propanol,
sensor Heptanal &
Acetophenone)*

100 parts per billion
(Isopropyl Myristate)
*

HOHVY3s3y
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Targeting mechanisms for imaging and drug delivery of nanomaterials. (a) Passive targeting of cancer cells, owing to the enhanced permeability and
retention effect. NPs are diffused into the tumor tissue due to their ease of concentration in the fenestrae (i). Active targeting is aided by using a ligand, such
as an antibody or aptamer (ii and iii). External magnetic fields aid magnetic targeting to enhance ferromagnetic and superparamagnetic nanoparticle
accumulation into the tumor [529]. (b) UV-Vis absorbance & fluorescence spectra of ZnO NWs in solution (i). ZnO NW fluorescence in ethanol, under UV
excitation (ii). Copyright 2011 American Chemistry Society. (c) Fluorescence imaging of integrin avf33 positive cells (U87MG glioblastoma cell line) with ZnO
NWs, PEGylated-ZnO NWs, Arginine-Glycine-Aspartate-conjugated PEG-ZnO NWs & RGD-PEG-ZnO NWs + c(RGDyK) “blocking” aVB3 integrin inhibitor. (B-c)
Copyright 2011 American Chemistry Society [72].

of 100 parts per billion in the case of the IPM and 100 parts per
million for the other substances [85].

Cui et al., created a valuable and low-cost chip for circulating
tumor cells (CTCs) detection, with high capturing and releasing
yields. The pillars were enriched with ZnO NWs on their surface
via a hydrothermal reaction to improve cancer cell adhesion by
providing a rough surface. Subsequent addition of anti-EpCAM
antibodies for EpCAM positive cancer cells was realized to
enhance the capturing yield of cancer cells in the structure. Three
different cancer cell lines and peripheral blood samples of clini-
cal breast cancer patients were used for testing. The ZnO coated
chip showed a capturing efficiency above 75% at different con-
centrations of spiked cells and healthy blood, showing notable
linearity between the spiked and the captured cells. Moreover,
the ZnO NWs degradation via the use of sodium citrate showed
release efficiencies above 90%. Finally, the microchip demon-

strated a potential utility in detecting and quantifying CTCs in
clinical patients [309].

Cell imaging molecular systems

Cell imaging nanoconjugates are macromolecular complexes
used to visualize certain types of cells or tissues. For this type
of device, the fluorescence and photoluminescence of both the
nanostructures and integrated fluorophores play a significant
role in cell and tissue imaging. These systems stand out due to
their potential to be used both in vitro and in vivo. They may play
a fundamental role in the diagnostics of tumors in sifu and ther-
agnostic applications [519-528]. The targeting process of the
molecular nanoconjugates can either be passive (where the irreg-
ular fenestra of the tumor tissue favors the extravasation of some
nanometric complexes) or active (added to the EPR effect, a
recognition element such as an antibody or aptamer is added
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to the nanoconjugate [529], Fig. 12 (a). An example of this kind
of system is the work of Viter et al., who integrated a conjugate of
photoluminescent NRs and anti-SSEA-4 monoclonal antibodies
to detect cancer cells with the expression of this carbohydrate
antigen. ZnO NRs were bound to anti-SSEA-4 and IgG3 antibod-

ies and were tested on HeLa cell lines and in both patient-derived
primary carcinoma and healthy, skin-derived samples. The
nanoconjugate demonstrated a higher binding selectively and
photoluminescent signal for CRC1 and BC1, the former being
a primary colorectal cancer cell sample and the latter a prior
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(b) UV light
Pro-oxidant drug-loaded .,
AU/PEG-ZnO NRs /
ST e
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ROS generation by Au/PEG-ZnO NRs and pro-oxidant Synergistic effects of combined
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breast cancer cell sample. The detection limit of this photolumi-
nescent system was set as 20% plus the baseline signal (consti-
tuted by the ZnO NR-IgG3 isotype control system) [530].
Similarly, Yang et al., proposed another system composed of
ZnO NRs and anti-epidermal growth factor receptor (EGFR) anti-
bodies to detect squamous cell carcinoma (SCC) as an alternative
to fluorescence-based systems. EGFR antibodies were bound to
the NRs to compile the light-emitting nanoprobes and were con-
sequently tested in SCC due to their high EGFR expression. In
this research, the photoluminescence spectrum of SCC cells trea-
ted with ZnO/EGFR nanoprobes showed a strong emission at
377 nm [221]. Hao Hong et al., used functionalized ZnO NWs
with an arginine-glycine-aspartic acid (RGD) peptide for the opti-
cal imaging of positive cells to integrin aVf3. For the functional-
ization of the ZnO NWs, the structures were suspended in
ethanol and eventually suspended in dichloromethane, Fig. 12
(b). The complete molecular conjugate was tested on the
U87MG (integrin aVB3 positive) and the MCEF-7 (integrin aVB3
negative) cell lines, finding a specific fluorescent response to cells
that express the integrin, Fig. 12 (c). Finally, the team conducted
a pilot study with Balb/c mice strain, using a ®*Cu-labeled
nanowire-PEG-DOTA conjugate and PET imaging to study the
biodistribution of the macromolecular structure in vivo; finding
most of the concentration in the liver [72]. A further approach
is presented by Wei-Jen Li and collaborators, who developed a
dichromatic probe based on ZnO and TiO, NWs. Both NW struc-
tures were synthesized using hydrothermal methods, generating
systems with micrometric lengths and diameters between 50 and
100 nm. For the specific detection of cancer cells, the ZnO NWs
were functionalized with EGFR antibodies, in contrast with TiO,
NWs that were treated with Vimentin antibodies. In this
research, the utilized squamous cell carcinoma is expressed with
EGFR high expression, and Hs68 fibroblast cells are expressed
with Vimentin expression. The LOD of cells in the surface for
the ZnO/EFGR complex was 3840/cm? of SCC and 3800/cm? in
the case TiO/Vimentin internalized in Hs68 cells [72,510,529].
Given their versatility and inherent properties such as intrin-
sic fluorescence, high surface area, and pH-dependent solubility,
ZnO NWs are starting to create a noticeable niche within the
field of diagnosis and monitoring, with a relatively extended field
of application among different types of biomarkers. This versatil-

<

FIGURE 13

ity has allowed them to diversify their uses to create different
kinds of devices, nanocomposites, and molecular complexes
with a surfeit of applications. Regarding its use in fabricating
biosensors, ZnO NWs have demonstrated a very significant role,
for example, the desired LOD useful for early diagnostics. The
ZnO NWs have also been useful as substrates for collecting cells
and vesicular particles from biological matrices, with consider-
able capturing capacities. Therefore, its use in maintaining cellu-
lar elements for biomedical practices could provide relevant
progress in the future. Lastly, despite the natural limitations of
NWs internalization due to their selective cytotoxicity, a few
signs of improvement have been made in creating molecular
imaging systems. This opens the possibility for future technolo-
gies with embedded NWs that could detect in vivo tumors.

Phototherapies

The 1D ZnO nanostructures for developing potential cancer ther-
apies are recent ongoing investigations. Considerable progress is
arranged as latent phototherapies, immunotherapies, and a col-
lection of other promising frontiers yet to explore. Considering
the capability of ZnO NWs as efficient optical materials, it sets
the stage for developing specific oncological treatments in syn-
ergy with their structural and chemical properties. Kishwar
et al., studied the potential use of ZnO NRs to develop photody-
namic therapy against skin cancer. In this work, the growth of
ZnO NRs was performed in borosilicate capillaries with sub-
micrometric diameters, and those were subsequently loaded with
protoporphyrin dimethyl ester as a photosensitizer. Single breast
cancer cells from the T-47D cell line were penetrated with the tip,
and cell necrosis was witnessed in those after light exposure
[531], Fig. 13 (a). A second PDT approach is set up by Hong
et al., who created a PEGylated Au/ZnO hybrid nanosystem com-
plexed with piperlongumine to generate a cancer-specific,
chemo-photodynamic therapy. The nanostructure proved effi-
cient in developing ROS upon UV radiation in MCF-7 human
breast cancer cells, in contrast with PEGylated ZnO NRs alone.
This nanosystem can achieve a primarily toxic-specific effect
on cancer cells associated with the specific anti-cancer properties
of piperlongumine [532], Fig. 13 (b). Similarly, Firdous et al.,
reported the possible use of ZnO NRs as photosensitizers in HeLa
cells after observing them in the carcinogenic line through the

Approaches of ZnO NWs uses for potential cancer treatments. (a) SEM micrographs of a borosilicate glass capillary with a 0.5 um tip (i) ZnO NWs growing in
the sub-micrometer tip at different magnifications (ii and iii). Copyright 2010 Springer Nature [531]. (b) Schematic of a combined chemo-photodynamic
cancer therapy proposal, using piperlongumine-loaded, PEGylated Au/ZnO nanorods. Reactive oxygen species are generated by UV light irradiation of the
hybrid nanostructure, and piperlongumine triggers apoptosis in cancer cells. Copyright 2019 American Chemistry Society [532]. (c) Cytotoxic T lymphocyte
activity (CTL) of splenocytes harvested from immunized mice after 2 weeks of a second vaccination, using crystal violet absorbance assay. CTL was generated
by stimulating splenocytes with purified Carcinoembryonic antigen (CEA) for 16 h, followed by incubation with MC38/CEA cells. Measurements for poly-L-
lactic acid (PLLA)/ZnO NWs, PLLA/CEA, and PLLA/ZnO NWSs/CEA vaccine samples were realized (i). Tumor volume of mice (5 mice per group) was injected with
MC38/CEA cells after being immunized with the vaccine samples at 7, 14, and 21 days after tumor cell injection (ii). Representative images of tumors were
collected from the sacrificed mice (iii). Copyright 2019 Royal Society of Chemistry [455]. (d) Exemplification of an NW application for a magnetic-based
therapy. Schematic of the release process of a FeGa@P(VDF-TrFE) wire-structured magnetoelectric nanorobot system for targeted drug delivery via wet
etching of anodic aluminum oxide and gold template. (i) Drug loading and release are assisted by a magnetic field (ii). Copyright 2017 John Wiley & Sons
[538]. (e) Exemplification of a model for a magnetic nanoparticle-based hyperthermia potential therapy. Simulation of a magnetic field generated by a coil
applicator (i), image-based particle density in the liver (i), induced tissue temperature distribution considering perfusion and major vasculature (iii), resulting
ablation as determined using CEM43 thermal dose model (iv). The targeted tumor location is indicated with an arrow. Copyright 2016 Elsevier [539].

561

2
A
S
o
3
I
]
<
<<
w
0
w
x




o
m
w
m
>
£
fa}
X
o
m

s
m

S

RESEARCH

Materials Today ® Volume 50 ® November 2021

use of laser scanning confocal microscopy [533]. Ultimately,
another benefit of light for potential therapies is explained by
Maijenburg et al., where an NW consisting of a series of depos-
ited metals was designed. The multifunctional and multiseg-
mented nanosystem makes use of a ZnO segment as a
photoanode for hydrogen generation (catalysis property Sec-
tion 4 and 5). Given the overall magnetic properties and its capa-
bility to use methanol as a fuel, it is proposed as a possible
nanorobot with a surfeit of uses for in situ treatments [534].

Immunotherapy

Being one of the most promising fields for creating new cancer
therapies, nano-scaled ZnO efficacy as an immune adjuvant
has been investigated. The outcomes suggest that ZnO affects
Th2 response on toll-like receptors, and Src signaling pathway
[20,461,535,536], tetrapods [149,537], and 1D nanostructures.
Prashant Sharma et al., highlighted it as an immune-based treat-
ment using ZnO NWs, and the team engineered a 3D nanostruc-
tured composite formed by radially grown ZnO NWs in Poly-L-
Lactic acid microfibers, with a tumor antigen destined to
antigen-presenting dendritic cells. The nanocomposite could
cause a cellular immunity against an in vitro tumor model by
stimulating cytokines expression, activating diverse surface
markers, reducing immune suppressive T, cells, and by enhanc-
ing the infiltration of T cells into the tumors; positioning itself as
a potential cancer vaccine, Fig. 13 (¢) [455,531,532,538,539].

Hyperthermia therapy

Apart from the above-mentioned properties of ZnO NWs and
NRs, there are other exciting and attractive characteristics worth-
while to be explored for the cancer treatment approach. For
instance, magnetic-based therapies make up an attractive area
to explore 1D nanomaterials due to the new magnetization rever-
sal modes. In the case of 1D ZnO structures, the possibility of
inducing the ferromagnetic properties by introducing Zn vacan-
cies opens an aperture of opportunities to explore magnetism-
based therapies such as magnetic drug delivery based hyperther-
mia (HT) treatments [538,539], Fig. 13 (d, e). Since Zn vacancies
can be inherently inserted into ZnO NWs, the omission of other
transition metals can be achieved [186].

Summary and outlook

This review discusses the opportunity to study and manipulate
macromolecules in real-time and during the earliest cancer pro-
gression stages using nanomaterials. Additionally, this could
consequently generate entirely novel and highly effective thera-
peutic agents based on nanotechnology. Besides, it is shown the
ZnO NWs role on the enhanced adsorption, reactivity, and high
surface-volume ratio are within the must seek properties of
nanostructured materials for their use in cancer biosensing and
treatment applications. In the case of NWs, electronic transport
in the axial direction of the structure is highly efficient. It is
the main reason by which they are incorporated into electro-
chemical biosensing platforms. In addition, the isoelectric point
of the ZnO nanostructures also makes the functionalization of
diverse biological analytes possible. It is also shown beyond
being harmful, the ZnO NWs cytotoxicity can be used to develop
new strategies for treating cancer. This versatility has allowed

them to diversify their uses to create different kinds of devices,
nanocomposites, and molecular complexes with a surfeit of
applications. Detecting cancer at early stages by employing
ZnO NWs could be vital for the treatment, hence, controlling
this deadly disease.

Although the development of ZnO NW-based cancer thera-
pies has not been as prolific as other fields, these structures have
shown an exciting synergy with other devices. Since their syn-
thesis is usually performed on a substrate, in contrast to the syn-
thesis of nanoparticles typically in solution form, they open up
the possibility that NWs would be embedded more frequently
in medical devices with micrometer sub-micron dimensions.
Moreover, due to their high surface volume ratios and growth
tunability, the NWs could become carriers of important drugs
and biomolecules for different types of cancer-related therapies.
It is noteworthy to mention that though adequate research has
been done with nanotechnology in cancer, it is still essential to
focus on the challenge of implementing the clinical trials. Addi-
tionally, investigation regarding the advantageous properties of
nanomaterials like ZnO is necessary for their final implementa-
tion in sensing/treatment devices.

Challenges and future prospects

Due to the inherent limitations of traditional cancer treatments,
numerous nanotechnologies for more effective and safer cancer
therapy are developed and used. Although significant technolog-
ical advancements exhibit in this field, the primary impediments
to nanomedicine becoming a new paradigm in cancer therapy
are the complexity and heterogeneity of tumor biology, an
incomplete understanding of nano-bio interactions, and the
chemistry, manufacturing, and control challenges associated
with clinical implications and marketization.

There is a growing interest in artificial intelligence implica-
tions to improve effective treatments and oncological care. One
of the most recent tools is the convolutional neural network
(CNN), which may have implications for radiotherapy treatment
planning [540], showing achievement in foreseeing complete
response to neoadjuvant chemoradiation with 80% precision
[541]. Besides, Deep Learning is nowadays emerging as a rapid
way to predict possibilities to develop precision medicine
[542,543]. It has been observed that improving the prediction
response to treatment is based on imaging findings, and it can
also predict the toxicity induced due to cancer treatment [544],
predicting toxicity effect by drug-drug interaction after radio-
therapy [545]. Additionally, all can also be linked with top-
notch portable health interfaces, such as smartphones and wear-
able devices, to develop “digital biomarkers” that can describe,
influence, and forecast clinical results. Systemic and local cancer
therapy, at present, continues to be an essential cost burden on
the health system because of the high cost of drugs, expensive
laboratory tests, prolonged hospital stays, and living expenses
through treatment. Besides that, during and post-treatment pro-
cedures generate many toxics, collateral effects, and complica-
tions for patients, including damage of distal organs, nausea
and vomiting, hair loss, anxiety problems, infection predisposi-
tion, peripheral neuropathy, pain, and cognitive issues. Mean-
while, the palliative treatments offer other procedures
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simultaneously to the primary formal medical indication, for
example, hyperthermia, dietary supplements, biosimilar drugs,
and inclusion in clinical trials.

The use of diverse nanomaterials with desired qualities and
recent breakthroughs in the field of drug administration has
revealed substantial cancer therapeutic and management issues.
Nanomaterials are expected to modify the whole healthcare sys-
tem based on the dramatic gains achieved in the drug delivery
business over the previous several decades. However, generating
effective cancer nanotherapeutics remains challenging, with just
a few pharmacologically relevant nano-formulations having
reached clinical trials. Only a few cases of nanotechnology-
based cancer diagnosis have progressed to clinical trials, despite
of much-encouraging success. Many obstacles need to be over-
come to facilitate the translation of nanotechnology into clinical
applications. The first complication in using nanotechnology to
detect cancer is maintaining its accuracy. It is crucial to achieve
accurate and quantitative identification data to be used in the
clinic. Nonspecific NPs/NWs probe coupling, accumulation,
and unfit detection conditions are only a few of the factors that
can impair nanomaterial-based detection signals. Signal varia-
tions may also be related to the dynamic configurations of body
fluids. Until NP-based assays can be used in clinical environ-
ments, nanomaterials reliability and reproducibility need to be
thoroughly studied in large clinical sample pools. The second
issue is finding a cost-effective way to mass-produce nanoprobes
that are highly sensitive, reproducible, and have long-term stor-
age stability. Although most of the present nanoprobes are man-
ufactured in labs under strictly regulated settings, generating
these probes in batches remains a substantial difficulty. Because
of the shape, size, composition, charge, and surface coating of
the nanoprobes, the detection findings vary substantially. Reduc-
ing batch-to-batch variability, the synthesis stages and nanop-
robe functionalization must be condensed. Understanding the
cost-effectiveness of building a nanotechnology-based frame-
work is equally critical.

The third challenge is the accumulation or aggregation of
nanoprobes at the tumor site and surrounding tumor vascula-
tures during targeted therapy [546]. To get a better viewpoint
on this aspect, we refer to surgical resection of tumors by various
clinicians and surgeons. The most frequent treatment approach
for solid tumors is surgical excision, either alone or in conjunc-
tion with chemotherapy or radiation [547]. Surgeons must prop-
erly detect malignant lesions within the surrounding healthy
tissue during tumor removal. Because tumors seldom have
well-defined borders dividing malignant and healthy tissue, sur-
geons may not be able to precisely resect all cancer tissue from
the patient during surgery [548]. Consequently, the leftover can-
cer cells may linger at the tumor perimeter and sprout after sur-
gery, resulting in tumor recurrence. Surgeons often remove the
part of the healthy tissue around malignant tumors to lessen
the likelihood of recurrence after surgery. However, doctors need
to weigh the danger of tumor recurrence against the benefit of
good tissue around the tumor for patient survival [549]. Injected
nanoparticles by intravenous injection interact with a complex
environment prior to reaching the tumor target and destroy for-
eign chemicals. The main barriers to the effective delivery of NPs
on tumors include clearance of the mononuclear phagocyte sys-

tem (MPS), and tumor microenvironment heterogeneity, partic-
ularly physiological barriers such as the expression of antigen
and vascular and tumor permeability [550]. When NPs reach
the bloodstream, they often attach to plasma proteins (opsoniza-
tion) and are taken up by phagocytic cells in the blood, liver,
spleen, and bone marrow [551]. The clearance of this MPS pre-
sents two challenges: firstly, the efficient removal of nanoparti-
cles from the circulation, which makes it possible for tumor
sites to absorb a small fraction, and secondly, long retention peri-
ods of potentially toxic nanoparticles or metabolites, which raise
concerns over the off-targeting and chronic toxicity.

One study examined the potential use of nanoparticle admin-
istration of near-infrared (NIR) dyes to enhance tumor identifica-
tion during intra-operative imaging. NPs accumulate/aggregate
in tumors and in the tumor vasculature after systemic treatment
[552,553] because there is an increased penetration and retention
(EPR) effect [554]. Tumor fluorescence may be improved via
nanoparticle-based systemic delivery for intraoperative imaging.
Since nanoparticles are also found in healthy tissues, such as the
liver or spleen, they might accumulate [555]. One of the recent
examples is the administration of Feraheme (FH) therapies (com-
monly used nanoprobe with the combination of two FDA-
approved chemicals, e.g., Feraheme and indocyanine green
(ICG)), where it has been found that iron can be accumulated
in the liver of patients for many months. In this systemic deliv-
ery, tumor-localized NPs and the NPs within healthy organs both
exhibit fluorescence that could be problematic for further analy-
sis. To overcome this issue, novel and innovative approaches are
required to boost tumor-localized NIR fluorescence signals while
simultaneously quelling the fluorescence of circulating nanopar-
ticles since this may help to reduce tumor recurrence and metas-
tasis after treatment.

The fourth challenge is to develop extremely sensitive,
simple-to-use, and cost-effective nano-assisted analytical devices.
Most of the available tests are research-based, and many are inap-
propriate for clinical usage. Such tests were conducted using
complex confocal Raman microscopes that are seldom utilized
in hospitals or clinical labs. The effective development of
point-of-care (POC) equipment based on nanomaterials will con-
siderably simplify the clinical use of nanotechnology in cancer
diagnostics. Another point to consider is the possibility of
nanomaterial-induced toxicity due to systematic dosage or
administration. This problem is all about the scenario of in vivo
cases where NP/NW-based imaging is a crucial point. Before
new probes are employed for in vivo imaging, their potential tox-
icity should be determined. The shape, size, charge, surface
chemistry, targeted ligands, and composition of nanomaterials
all affect their toxicity. Biodistribution, biodegradability, and
pharmacokinetic aspects of nanomaterials should also be consid-
ered. The physicochemical features of NPs impacted their bio-
compatibility and toxicity in biological systems. Consequently,
the meticulous synthesis and characterization of nanomaterials
for drug administration and delivery are required to avoid
nanocarriers causing unexpected toxicity to healthy cells. Addi-
tionally, since these nanocarriers interact with biomolecules,
they might aggregate and create a protein corona, interfering
with the usual function of nanomedicine formulations and ren-
dering them useless in controlling cancer cell development [546].
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Along with their physicochemical qualities, the storage and sta-
bility of nanomaterials may also exhibit an effect on their medic-
inal efficacy.

In terms of clinical translations (therapies), it is critical to
determine the ideal physicochemical characteristics for the effec-
tive creation of therapeutic NPs/NWs. There has been significant
progress in understanding the individual variables contributing
to efficient immune evasion, tumor extravasation and diffusion,
cell targeting and internalization, and controlled drug release
[546]. Nonetheless, comprehensive parallel screening of the
plethora of NPs/NWs qualities remains challenging due to the
difficulty of rapidly synthesizing nanomaterials libraries with
diverse attributes [360]. In comparison to bulk techniques, tun-
able properties of NPs/NWs have recently gained attention for
their ability to rapidly self-assemble with a narrower size distribu-
tion, tunable physical and chemical properties, and improved
batch-to-batch reproducibility. Such advancements might some-
day aid in identifying NPs/NWs, like how high-throughput
screening of small molecules aided in the identification of drugs.

Fifty-one products based on nanotechnology are currently in
clinical practice in the modern clinical nanotechnology scenario
[556,557]. Notably, these nanomedications are mainly devel-
oped for drugs that are low in the water and highly toxic and
often reduce toxicity by increasing the pharmacokinetic proper-
ties of the medicinal product concerned. According to Caster
et al.,, although the FDA has regulated few nanomedicines,
numerous initiatives are underway with clinical trials indicating
that a large number of new medications based on nanotechnol-
ogy can soon enter the market [558]. Among these nanomateri-
als, 18 for chemotherapy; 15 for antimicrobial agents; 28 for
different medical and psychological applications, autoimmune
conditions, and numerous additional diseases and 30 for nuclear
acid therapy [559]. Nano-assisted theranostic is currently in the
early phases of research (preclinical stage), but they have the
potential to be used for real-time imaging of malignancies while
a patient is undergoing therapy. Monitoring early therapeutic
response indicators may allow treatment regimens to be altered
and tailored based on therapeutic responses. Industries and
biotechnology-driven investment companies are eager to invest
in theranostic compounds because of their potential to become
innovative and effective cancer treatment agents. While image-
guided and tailored drug-delivery agents have solid scientific
explanations and pressing clinical requirements, their complex-
ity makes regulatory approval more challenging than ever.

Another challenge in drug distribution is ensuring human
health safety when nanomaterial-related consequences do not
manifest immediately. Due to the fact that nanocarriers are uti-
lized to treat cancer, they have the potential to produce uninten-
tional harm as a result of undesired interactions with biological
entities. On the other hand, nanoformulations are challenging
to mass manufacture on a large scale due to their batch-to-
batch variation in physicochemical attributes. Additionally, the
sophisticated multistage processing processes required for nan-
otherapeutics, along with the high cost of raw ingredients, make
these nanotherapeutics a costly option. Therefore, well-
considered and well-designed manufacturing procedures are
required, as is a therapeutic value sufficient to offset production
expenses.

Lastly, a significant concern is obtaining regulatory clearance
for nanomedicines/nanomaterials used to study cancer-specific
detection and treatments, as the FDA has not developed any for-
mal standards for products containing nanomaterials. The mea-
sures currently in use are specifically adapted from bulk
product guidance. Regulatory decisions on nano-formulated
products are focused on an individual calculation of paybacks
and risks, making assessments time-consuming and slows com-
mercialization. In addition, as multifunctional nanoplatforms
become more common, approval problems may likely become
more challenging. Thus, before nanomaterial-based therapeutic
agents for cancer therapy are used in medicine for improved
treatment and human survival, design and growth techniques
must be used to minimize the issues associated with them.
Understanding the complexities of cancer cell physiology and
the tumor microenvironment and drug and carrier pharmacoki-
netics is critical for creating novel cancer therapeutics that are
effective. In addition, case-by-case research is expected to realize
the enormous potential of cancer nanotherapeutics fully. A
robust set of regulatory approval criteria is desperately required
to speed up the assessment and acceptance of cancer
nanotherapeutics.
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