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Abstract: Nanoparticles of Zinc oxide are biocompatible, have low toxicity, are sustainable, and cost-effective, 
they have become popular metal oxide nanoparticles and have attracted the attention of researchers worldwide. 
It becomes apparent that they could be a viable option in the fields of mechanical, electrical, food packaging, 
and biological applications because of their special optical and chemical qualities. In the long term, biological 
approaches that use green or natural channels are simpler, less harmful, and more environmental friendly than 
chemical-based and physical techniques. Not only that, but ZnO NPs can significantly increase pharmacophore 
bioactivity while being far less toxic and biodegradable. They play a vital role in the apoptosis of cells because 
they promote the formation of oxygen species that are very reactive and release the ions of zinc, leading to cell 
death. These ZnO NPs also function effectively in combination with other components that support wound 
healing and biosensing, which monitors trace levels of biomarkers linked to a range of diseases. Overall, this 
study covers the production and latest advancements of zinc oxide nanoparticles from green sources such as 
fruits, vegetables, bacteria, fungi, algae, and proteins. It also sheds light on the potential uses of ZnO NPs 
in medicine. Lastly, potential uses of synthesized zinc oxide nanoparticles in research as well as biomedical 
applications are explored.
Keywords: Zinc oxide nanoparticles; Green synthesis; Biomedical applications; Nanotechnology; Photocatalytic 
activity
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1. Introduction

Nanotechnology  focuses  on  par t i c les , 
specifically those with a size between 1 and 
100nm. The word nano first appeared from 

the Latin term nanus. Transdisciplinary scientific 
areas, active and passive nano assembly, common 
nanoparticles, and small-size molecular nanosystems 
are among the four generations of nanomaterials that 
have evolved[1]. This mesoscopic technology is utilized 
to create nano-assemblies found in nature, including 
agricultural goods, nano-medicine, and nanotools for 
the medical sector's treatment and diagnostic needs[2]. 
Other potential manifestations include large-surface 
area nanopores, atomic clusters, nanorods, spots, 
grains, fibers, and films[3].

The predominant form of zinc oxide is a powder that 
is white in color and not soluble in water. It is mostly 
utilized in powder form in industries like paper, paint, 
rubber, ointments, batteries, glass, and cosmetics. 
Many metal nanoparticles can be mixed with Zinc 
oxide to prevent tooth caries[4]. The nanoparticles of 
these semiconducting metal oxides have received great 
attention for research as a photocatalyst[5]. Many zinc 
oxide nanoparticle (ZnO NP) applications require 
precise control of physical and chemical characteristics, 
including structure, size distribution, shape, and surface 
conditions etc[6].

ZnO nanoparticles are robust to high temperatures 
and do not readily react with other compounds in 
the photocatalytic process. ZnO is subjected to UV 
radiation, which causes the electrons to receive light 
energy and migrate from their valence band region 
to the conduction band, where they simultaneously 
form electron-hole pairs. While other carriers travel 
on the ZnO surface, certain electrons emit heat and 
light as they migrate back into the valence band. 
Among these, photo-generated holes and electrons 
both possess significant oxidizing and reducing 
capabilities. To accomplish photocatalytic effects, 
they also react with contaminants[7]. When compared 
to other semiconductors, ZnO nanostructures are 
nontoxic and can be produced at a meager cost. They 
are also extremely photosensitive and photostable[8].
To create nanomaterials without using many dangerous 
ingredients, a process known as "green synthesis" has 
gained popularity as awareness of environmental issues 
rises. Several approaches have been used to create 

different morphologies of zinc oxide nanostructures, 
including the hydrothermal process, microwave 
breakdown, precipitation, and wet chemical approach[9].

1.1 Nanoparticles of Zinc Oxide
ZnO NPs in aqueous solution, which are n-type 
semiconductors, absorbed UV light and showed 
phototoxic action, creating H2O2 and superoxide ions 
(O2

·), which might impede or eliminate microbes via 
interacting with proteins, DNA, and active enzymes[10]. 
While some researchers found that the antibacterial 
activity was unrelated to Zn2+ ion release or levels 
of reactive oxygen species[11] , others hypothesized 
that the destruction of cell membranes was caused 
by electrostatic interactions between negatively and 
positively charged cell surfaces when zinc oxide 
nanoparticles were suspended in water. 

1.2 Crystal Structures of ZnO
ZnO has three different crystal structures: rock salt, 
sphalerite, and wurtzite (Figure 1). As the pressure 
reaches 9 GPa at room temperature, the wurtzite-like 
hexagonal structure of ZnO crystals transforms into a 
rock salt tetragonal structure, that resembles sodium 
chloride (NaCl) crystals. The energy values for three 
distinct ZnO crystal structures are 5.638 eV for the 
wurtzite structure, 5.586 eV for the sphalerite structure, 
and 5.478 eV for the rock salt structure.

Figure 1. Three structures of ZnO (a)Wurtzite (b) Rock Salt 
Structure (c) Zinc Blend Reprinted with permission from[12]. 

Copyright 2024 American Chemical Society.

2. Preparation methods of ZnO Nanoparticles-
based Material
For ZnO NPs, several synthesis techniques have been 
devised; the preparation method used will depend on 
the specificity of the application. Two main approaches 
were typically employed: the bottom-up and top-down, 
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which involve chemical-based, physical, and biological 
preparation of zinc oxide nanoparticles[13]. The 
synthesis of nanomaterials using a Microfluidic reactor 
is one of the non-conventional approaches. The bulk 
materials are physically cut or sliced into nano-sized 
materials using the top-down method. Conversely, 
the bottom-up technique fabricates nanomaterials 
by chemical and biological synthesis using atoms or 
molecules[14]. Compared to the top-down technique, 
it is quicker and less expensive. Table 1 lists several 

strategies for synthesizing ZnO NPs, the benefits and 
drawbacks of each synthesis method.

The traditional methods for synthesizing ZnO NPs 
involve the usage of harmful reducing agents and 
organic solvents[15]. These substances are known to 
be extremely reactive and can pose hazards to the 
environment. However, the adoption of green synthesis 
approaches offers a more environmentally friendly 
alternative.

Table 1: Various methods employed in the synthesis of Zinc Oxide Nanoparticles

Preparation Techniques Advantages Disadvantages

Physical Methods
(Ultrasonic irradiation, Sputtering, 
Laser ablation, Explosion processes 

Mechanical milling and Thermal 
evaporation etc)

Free from catalyst
Industrial manufacture on a large scale

Uncomplicated

Control of parameters
Durable machinery

Intensive energy input
Impedes crystalline structure High 

expenses
Instability in discharge

Chemical Methods
(Solgel processes, Precipitation, Spray 

Pyrolysis, Solvothermal method, 
Chemical vapor deposition etc)

Minimal energy input
Simple management of chemical reagents

Equipment usability Straightforward 
parameter manipulation

Large-scale industrial production

Widespread utilization of Surfactants
Costly precursors

Toxic nature
Limited yield

Slow deposition rate
Poor penetration

Biological
( Plant extracts, algae, fungi, 

Microorganisms and other bio-molecular 
extracts)

Promising substitutes for chemical and 
physical approaches

Eco-friendly
Utilization of affordable organic solvents

Cost-effective
Reproducible

Ambiguous mechanism
Stability of nanoparticles

Microfluidic Reactor
(Co-flow, Segmental flow and 

Continuous flow )
Highly valuable products Reproducible Control of parameters

2.1 Chemical Methods for Synthesis of Zinc Oxide 
Nanoparticles
Chemical processes can be used to create ZnO NPs in 
a variety of ways, some of which are depicted in Table 
2 such as controlled precipitation, solvothermal and 
hydro thermal processes, emulsion and microemulsion 
environments, sol-gel processes, the vapour transport 
method, and mechanochemical processes.

2.1.1 Sol-gel method
This approach is used for producing ZnO NPs because 
of its easy process, high product yield, and quick 
reaction to temperature changes[16]. To address the issue 
of insufficient catalytic as well as reactive capacity, this 
method also yields low-cost, narrow-size-distribution 
ZnO NPs that contain ZnO with a larger surface 
area; typically, an annealing action at a particular 
temperature is carried out following nanoparticle 
formation in sol–gel[17]. 

Because the oxide reforms at elevated temperatures 
throughout the annealing process, metal oxide crystal 
defects may increase. As crystal defects expand, they 
can create active spots on the surface of solids that 
act as donation hubs[18]. These locations can alter the 
overall basicity of surface of the resulting ZnO NPs 
and enhance the size of crystallites. Large surface areas 
of ZnO powder have been successfully created using 
the sol-gel synthesis method, and then calcination 
and drying were carried out. Variables including pH, 
a gelling agent, and the rate of temperature at which 
calcination takes place also affect the dimensions and 
form of ZnO NPs during manufacture[19].

2.1.2 Hydrothermal method
ZnO NPs were synthesized using a hydrothermal 
method with hexamethylenetetramine (HMTA) acting 
as a surfactant. Using various co-surfactants, this 
hydrothermal approach revealed distinct morphologies, 
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such as belt sheet structures that resembled flowers or 
wires, etc[20].The same substance has numerous usages 
as a catalyst in different organic processes and could 
also be employed as a photocatalyst, a fuel cell, and 
a solar cell, or in semiconductors, among other uses, 
depending on their surface shape[21]. The impact of 
key variables (i.e., temperature, time, and surfactant 
concentration) on ZnO particle size as well as form was 
examined using statistical design. This method yields 
ZnO particles with a size range of 55–110 nm[22].

2.1.3 Co-precipitation method
This approach is also used to synthesize ZnO NPs. 
When compared to other traditional ways, the 
precipitation approach offers an easy way to produce 
huge quantities of product at low cost without the need 
for costly raw materials or sophisticated machinery[23]. 
ZnO NPs produced via co-precipitation with precursors 
of sodium hydroxide and zinc nitrate. According to 
the X-ray diffraction analysis, the produced ZnO 
nanoparticles range in size from 35 to 40 nm and 
have a wurtzite structure[24]. Research shows that ZnO 
nanoparticles in co-precipitation have a spherical 
surface shape. The nanoparticles' UV-visible spectrum 
exhibits a red shift in comparison to the bulk sample's. 

2.1.4 Microwave assisted method
A variety of nanoparticles, including oxides, hydroxides 
and sulfides have been produced using microwave-
assisted synthesis techniques[25]. The advantages of this 
method over practical hydrothermal procedures include 
(a) quick response, (b) simple medium, (c) rapid rise 
to reaction temperature, and (d) control over particle 
morphology. Two processes—dipolar rotation and ionic 
conduction—that convert electromagnetic waves into 
heat energy constitute the foundation of microwave 
heating[26]. These processes are closely tied to the 
reaction mixture's chemical composition. Because 
various compounds absorb microwaves in various 
capacities, the reaction mixture's components may be 

heated selectively due to this property[27].
ZnO nanoparticles were created by combining 

glycine and Zn (NO3)2·6H2O at a molar ratio of 1:2, 
respectively. Following a thorough mixing and grinding 
of these two raw ingredients, the resulting white 
liquid was poured into the porcelain crucible Next, the 
prepared mixture was heated at 80% power for two 
minutes in a microwave oven. The mixture ignited and 
produced a lot of foam as it evaporated, leaving behind 
a fluffy, grey-white substance in the container[28]. To 
eliminate unreacted components, the resulting fine 
solid was finally repeatedly rinsed with deionized water 
a few times before being treated with ethanol. The ZnO 
nanoparticles in solid form were dried for three hours 
at 100°C in an oven.

2.1.5 Solvothermal method
The primary goals of the solvothermal method are 
to create metal oxide nanoparticles that have a lot of 
surface area, a lot of crystallinity, and a lot of thermal 
stability[29]. A solvothermal method employing an 
ethylene glycol and ethanol solvent system was used 
to prepare ZnO NPs. By adjusting the liquids' volume 
composition and the synthesis temperature, ZnO NP's 
size and form could be adjusted[30]. The liquids' volume 
ratio was varied to produce spherical and ellipsoidal 
nanoparticles. At a lower synthesis temperature, a 
greater volume percentage of ethylene glycol was 
used to create primarily spherical nanoparticles 
with an average diameter of 4 nm. For the lowest 
nanoparticle size, which is attributed to the quantum 
confined effect, a blueshift during a room temperature 
photoluminescence observation from the free excited 
state transitions is detected[31].

The ammonia gas sensing properties of the 
nanoparticles with the lowest diameter demonstrated 
superior sensit ivity at  a comparatively lower 
temperature in comparison to those of the particles with 
larger diameters[32].

Table 2. Chemical Processes for Zinc Oxide Nanoparticle Synthesis

Method Materials and devices Strengths Weaknesses Reference

Direct precipitation
Ammonium carbonate 

[(NH4)2CO3], ammonium 
hydroxide (NH3·H2O), etc

Purity is high, the operation 
is simple and equipment

Limited dispersibility, 
distribution of the size of 

particles are wide
[33]

Homogeneous 
precipitation

Hexamethylenetetramine 
[(CH2)6N4], urea [CO(NH2)2]

The sediment particles are 
compact, consistent, and 

easily achievable.

The reaction duration is 
excessively long, and the 
required temperature is 

excessively high.

[34]



 Vol 1 Issue 3 2023

Continuation Table:
Method Materials and devices Strengths Weaknesses Reference

Solid phase method ZnSO4·7H2O and anhydrous 
Na2CO3

The reaction conditions 
are moderate, and the 

efficiency of the output is 
outstanding.

It is challenging to grind 
effectively.

[35]

Spray Pyrolysis The zinc acetate aqueous 
solution dehydrates

Excellent dispersibility and 
tiny, very pure particles

Cost and usage of energy 
are high

[36]

Laser-induced chemical 
vapour deposition

A laser system operating in 
a continuous wave mode 

using carbon monoxide, in 
combination with zinc salt and 

an inert gas.

Efficient energy conversion 
rates and a consistent 

particle size.

The yield is limited, and 
the associated costs are 

high.
[37]

Sol-gel method ZnCl2, Zn(NO3)2 and 
Zn(CH3OO)2

Required temperature is 
low, purity of product is 

high

The processes of washing 
and filtering are intricate.

[38]

Microemulsion 
Technique Zn salt emulsion

Particles exhibit uniformity 
and controllability, making 
them straightforward and 
convenient to manipulate.

Cost of material is high [39]

2.2 Green Synthesis Method 
Nanoparticles with biological uses can be synthesized 
by a process called biosynthesis, which involves 
the use of microbes and plants. This method is safe, 
economical, biocompatible, green, and environmentally 
beneficial. Green synthesis comprises the synthesis 
carried out by algae, bacteria, fungi, and plants, among 
others[40]. They make it possible to produce ZnO NPs 
on a big scale without adding any more contaminants. 
Increased catalytic activity and less usage of costly 
and hazardous chemicals are two benefits of using 
biomimetic-synthesized nanoparticles[41]. Some 
naturally occurring strains and extracts from plants 
release phytochemicals that serve as capping or 

stabilizing agents as well as reducing agents. For 
instance, the production of ZnO nanoflowers with 
uniform size from B. licheniformis cell soluble proteins 
demonstrated enhanced photocatalytic activity and 
photostability, as evidenced by the 83% degradation 
of the pollutant dye methylene blue (MB) in the 
presence of ZnO nanoflowers, taking into account 
the fact that MB's self-degradation was blank and 
that after three repeated cycles of the experiment 
at various time intervals, degradation was found at 
74%, clearly demonstrating the photostability of the 
ZnO nanoflowers produced[42]. Figure 2 provides 
a schematic representation of the green synthesis 
technique utilized to create ZnO NPs.

Figure 2. Green Synthesis Method of ZnO NPs
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Biomolecules known as "green sources" serve as 
reducing and capping agents when NPs are being 
synthesized, further solidifying and enhancing their 
properties. Numerous phytoconstituents and secondary 
metabolites found in plants facilitate the bio-reduction 
activity during the production of nanoparticles[43]. 
These molecules also eliminated the need for additional 
chemical capping and reducing agents. In contrast, 
microbial-mediated synthesis of ZnO NPs has an 
advantage over plant-mediated synthesis due to the 
ease of replication of microorganisms. Numerous 
biomolecules and enzymes that are made in the 
suspension or growing medium by microorganisms 
are crucial for the bioreduction of nanoparticles (NPs) 

and for the formation of a variety of morphologies 
with both mono- and polydispersed NPs. However, 
as synthesis techniques are time-consuming, there are 
several drawbacks related to the isolation or screening 
of prospective microorganisms, the use of chemicals 
for the growth medium, and the cost-effectiveness 
of synthesis procedures. Plants are the most viable 
options for green synthesis since they produce more 
stable versions of the same molecules than bacteria[44]. 
During the green synthesis process, many biomolecules 
derived from plants or other environmentally friendly 
sources are mixed to produce stable, nontoxic ZnO 
NPs[45]. Sources for producing ZnO NPs from green 
sources can be found in Table 3.

Table 3: Biological Origins Employed in the Production of Zinc Oxide Nanoparticles

Biological Origin Size(nm) Physical Appearance Applications References
Plants

Cassia fistulia
Citrus limon

Pongamia pinnata
Oak fruit hull

Deverra tortuosa

2.6
38-40
30-40

34
9.2-31.1

Globular
Spherical

Spherical wurtzite
Spherical

Hexagonal wurtzite

Antibacterial
Antibacterial
Antimicrobial

Photocatalytic degradation
Cytotoxicity

[46]

[47]

[48]

[49]

[50]

Bacteria
Staphylococcus aureus

Psedomonas aeruginosa
Serratia ureilytica

Lactobacillus sporogens

10-50
35-80

170-600
145

Acicular
Spherical

Varied
Hexagonal

Antimicrobial
Antioxidant
Antibacterial
Antimicrobial

[51]

[52]

[53]

[54]

Yeast
Xylaria acuta

Pichia kudriavzevii

34-54
10.2-60

Hexagonal
Hexagonal wurtzite

Antimicrobial
Antioxidant

[55]

[56]

Fungi
Aspergillus fumigates

Aspergillus terreus

1.3-6.9
54.2-82

Oblate spherical
Spherical

Agriculture
Antifungal

[57]

[58]

Algae
Ulva lactuca

Alginate

10.5-50.5
20-40

Rod shaped
Cubical or rod

Photocatalytic activity
Antibacterial

[59]

[60]

Other Biomolecules
Soluble starch
Plasmid-DNA

Alanine, threonine and 
glutamine

50
32
16

Spherical
Tetrapod

Hexagonal wurtzite

Antimicrobial
-

Antimicrobial

[61]

[62]

[63]

3. Properties of ZnO NPs
ZnO is a material with outstanding electrical, 
optical, mechanical, photocatalytic, antimicrobial, 
and antifouling characteristics, which is of great 
importance. ZnO NPs behave considerably more like 
TiO2 in terms of both their characteristics and uses. 
ZnO NPs have antiseptic, genotoxic, and cytotoxic 
effects[64]. It is also used in medicines as an anticancer 
and antibacterial agent. There are two ways of looking 
at how ZnO NPs affect both tumor cells and normal 

cells' cytotoxicity. The enhanced antibacterial properties 
of ZnO contributed to a reduction in dirt accumulation 
on oil paintings and improved resistance to microbial 
growth. Furthermore, ZnO nanoparticles were utilized 
to inhibit the biodegradation and deterioration of oil 
paintings supported by paper[65]. The release of Zn2+ 
and generation of Reactive Oxygen Species (ROS) are 
related to the ZnO activities as shown in Figure 3. It is 
currently unclear from the research on the cytotoxicity 
and genotoxicity of ZnO NPs whether they just destroy 
tumor cells or also harm healthy cells.
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Figure 3. Mechanisms of ZnO NPs for Antimicrobial Activity

4. Limitation of ZnO Photocatalysts 
ZnO nanostructures have many remarkable advantages, 
but they also have a few shortcomings that prevent 
them from functioning as effective semiconductor 
photocatalysts. ZnO nanostructures are first referred to 
as UV-light-driven semiconductors (UVLD) because of 
their huge band gap, which can only be triggered by UV 
radiation[66]. As UV light only makes up around 10% of 
solar radiation in total, its photocatalytic efficacy will 
be severely diminished when employed in the sunshine. 
Although UV light is regarded as hazardous, there 
will be less freedom when constructing photocatalytic 
reactors due to the low utilization of visible light in 

practical and industrial applications. 

5. Characterization Of ZnO NPs
ZnO peaks are the only characteristic X-ray diffraction 
(XRD) peaks found in the synthesized nanopowder 
confirming that it was free of impurities. Figure 4 
shows the chemically and biologically synthesized 
ZnO nanoparticles X-ray diffraction pattern. When 
nanoscale particles are present in the manufactured 
material, it is evident from the XRD peaks, which 
considerably widen. This identified the hexagonal 
wurtzite phase of ZnO, which exhibits diffraction peaks 
at 31.84, 34.52, 36.33, 47.63, 56.71, 62.96, 68.13, and 
69.18 with lattice constants of a = b = 0.324 nm and c.

(a)                                                                                                            (b)

Figure 4. XRD Pattern for ZnO Nanoparticles (a) chemically synthesized ZnO NPs and (b) Green synthesized ZnO NPs by 
Ajay Kumar Tiwari[67] available under an open access Creative Common CC BY license, at https://www.mdpi.com/openaccess
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The structure of the produced ZnO nanoparticles was 
examined using scanning electron microscopy. Figure 
5 displays the SEM image of ZnO obtained through 
both chemical and green synthesis methods. The SEM 

images demonstrate that the crystal morphologies are 
rounded and cubical for biologically manufactured 
ZnO NPs (Figure 5b) and are nanorods-like when 
chemically produced (Figure 5a). 

Figure 5. SEM image for ZnO NPs by (a) Chemically synthesized methods (b) Green Synthesis by Ajay Kumar Tiwari[67] 
available under an open access Creative Common CC BY license, at https://www.mdpi.com/openaccess

The hexagonal plane of the produced nanoparticles 
was confirmed by transmission electron microscope. 
Examining the optical characteristics of nano-sized 
particles using UV-visible absorption spectroscopy is a 
common activity. ZnO nanopowder absorption spectra 
show an apparent absorption band at 355 nm[68]. The 
wavelength of the excitonic peak of absorption for ZnO 
nanoparticles is around 258 nm, which is significantly 
shorter than the 358 nm band gap wavelength.

6. Applications Of ZnO NPs In Biomedical 
Engineering 
Nanomedicine is a developing field of science that 
focuses on the use of smart materials for biomedical 
applications. Various nanoparticles are being studied 
and used in this aspect[69]. They have numerous 
applications in the field of biomedical engineering, 
agriculture, and the food industry. Since zinc oxide 
nanoparticles are biocompatible, have low toxicity, are 
sustainable, and are cost-effective, they have emerged 
as a popular metal oxide nanoparticle and garnered the 
attention of researchers worldwide. This is the reason 
ZnO nanoparticles have widespread applications. 
Among them are the most noteworthy uses of ZnO 
NPs in the coating, antimicrobial therapy, cosmetics, 
medicine, photocatalysis, insecticides, sunscreen 
materials, agriculture, and antimicrobial agents as 
shown in Figure 6 ZnO NP's outstanding antibacterial 

potentials have helped with its various uses in antiseptic 
surgical tape applications, shampoos, calamine lotions, 
and creams[70]. 

Figure 6. Applications of ZnO Nanostructures in Medicine

6.1 Bioimaging
Researchers have recently discovered that ZnO 
nanoparticles come in a variety of forms that can be 
used as bioimaging materials. The amphibious ZnO 
Quantum dots (QDs) with blue fluorescence were 
synthesized using hyperbranched polymers and used 
in bioimaging applications[71]. The surfaces of ZnO 
nanoparticles allow modification easily, and they can 
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maintain stability in an aqueous solution, as well as 
the QDs in it increase by roughly 30% after carefully 
considering the modification[72]. The best ZnO is water 
soluble and contains hyperbranched polyethylenemine 
molecules for bioimaging purposes. ZnO nanoparticles 
of pure n-type is also used for bioimaging applications 
with the use of conventional fluorescent techniques 
of microscopy[73]. In general, to generate emissions, 
the majority of nanoparticles need a UV source for 

excitation. Lowering the energy gap enables a 405 
nm laser to adequately stimulate the nanoparticles to 
identify their emission throughout live-cell imaging 
experiments utilizing a confocal microscope. The study 
as summarized in Table 4 establishes the groundwork 
for the application of these nanoparticles to various 
bioimaging objectives. It allows scientists to test the 
interlinkage between pure n-type ZnO nanoparticles 
and human cells via fluorescent imaging techniques.

Table 4: Applications of Zinc Oxide Nanoparticles in Bio-imaging

Material Type Model Reference
Nanoparticles of ZnO (26-30 nm) Cells of rat liver and human skin [74]

Nanoparticles of ZnO (15-30 nm) Examination of cellular structures within skin tissues [75]

Nanoparticles of ZnO (21 nm) Skin structures [76]

Nanoparticles of ZnO (10-300 nm) Bioimaging of zebrafish blood cells, as well as shoots and 
roots of Arabidopsis plants

[77]

Nanoparticles of ZnO (2-200 nm) Plant tissues with a focus on cell implosion events [78]

Nanocrystals of ZnO ( < 100 nm) Bioimaging of KB cells [79]

ZnO nanoparticles show great superiority over 
other metal nanoparticles in the field of bioimaging 
because of these unique characteristics. Fluorescence-
based bioimaging benefits greatly from their high 
photoluminescence, which increases visibility. Because 
ZnO nanoparticles are naturally biocompatible, there 
is less cytotoxicity, which is important to keep cells 
viable throughout imaging processes[80]. Furthermore, 
targeted imaging via particular ligand attachments is 
made possible by the surface functionalization of ZnO 
nanoparticles[81]. ZnO nanoparticles moreover exhibit 
remarkable stability throughout time, guaranteeing 
regular and dependable imaging outcomes for 
prolonged monitoring. In contrast to alternative metal 
nanoparticles, ZnO nanoparticles are a better option 
for bioimaging applications because of these combined 
properties.

6.2 Drug Delivery
NPs made from zinc oxide have been investigated 
as a potential choice for targeted drug delivery 
because of their ability to be easily synthesized from 
inexpensive precursors, their improving drug stability, 
their biocompatibility, and their efficient ingestion by 
endocytosis into cells. Targeted drug delivery methods 
have effectively employed porous ZnO structures, 
including porous nanotubes, porous nanobelts, porous 
nanorods, and porous cages. The enhanced cytotoxic 

potential of ZnO NPs loaded with anticancer drugs is 
based on the pH-dependent discharge of the targeted 
medication and ZnO NPs into the cytoplasm, which 
happens through receptor-mediated endocytosis. 
Additionally, ZnO NPs produce an excess of ROS 
and Zn2+ ions, which causes cancer cells to undergo 
apoptosis[82]. The in vivo toxicity evaluation of 
biologically synthesized doxorubicin-loaded ZnO 
NPs using Borassus fabellifer extract showed low 
cytotoxicity in a murine model system and dose-
dependent cytotoxicity against human cancer of the 
breast (MCF7) as well as cancer of the colon (HT-29) 
cell lines alongside an IC50 value of 0.125 µg ml−1[83].

The advantages of a ZnO nanoparticles-based 
drug delivery system(DDS) are; that it reduces the 
possibility of systemic toxicity by preventing the early 
release of the bound medication into the bloodstream, it 
enhances the water solubility and pharmacokinetics of 
hydrophobic medications[84], by active targeting it aids 
in the drug's transportation to the target cells or organs. 
It has few to no harmful effects on normal, healthy 
organs and tissues. The majority of ZnONP-based drug 
delivery applications are executed there is minimal 
in vivo data on the administration of the hydrophilic 
anticancer medication doxorubicin[85]. Furthermore, the 
majority of DDS are noted to display a pH-responsive 
drug release pattern. Several drug delivery systems that 
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utilize ZnO NPs are summarized in Table 5.
Table 5: Zinc Oxide Nanoparticles based drug delivery systems

Material Type Drug Cellular Model Reference
Chitosan-encapsulated ZnO quantum dots DOX - [86]

Acid degradable ZnO quantum dots Doxorubicin HeLa [87]

ZnO/PEG nanocomposite Doxorubicn Gram-positive bacteria [88]

ZnO quantum dots-conjugated Au 
nanoparticle Camptothecin (CPT) Hela cells [89]

ZnO NPs embedded carboxymethyl 
cellulose (CMC) Curcumin Normal (L929) and cancer (MA104) 

cells
[90]

ZnO quantum dots - HepG2 cells [91]

6.3 Anticancer Activity
The deadly illness that results from uncontrolled cell 
development is cancer. It is projected that there will 
be 16.5 million deaths caused by cancer and 29.5 
million new cases of cancer diagnosed annually by 
2040[92]. Despite long-standing conventional treatment 
methods and technical advancements, cancer still 
exists. Its many drawbacks, such as low bioavailability, 
unfavorable health consequences, and high cost, restrict 
the use of these techniques. Anticancer medications 
have been shown to harm the electron transport 
chain in mitochondria, which has been linked to the 
development of reactive oxygen species (ROS) in cells. 
As a result, it is known that these treatments may cause 
noticeable levels of ROS to arise[93]. Overabundance 
of ROS can also damage mitochondria and disrupt 
protein function, which can lead to cell death. Because 
ZnO NPs are capable of releasing dissolved ions of 
zinc into the cells, boosting the generation of ROS, and 
triggering the apoptotic signaling pathway, they can be 

somewhat deadly to cancer cells[94]. 
ZnO NPs can also target specific cancer cells because 

of their unique electrostatic properties. An excess of 
anionic phospholipids attracts ZnO NPs to cancer cells 
electrostatically, which promotes the cancer cells to 
take in ZnO NPs and cause cytotoxicity[95]. ZnO NPs 
can work inside tumor cells more easily because of 
their small size, which also helps them permeate and 
reside inside the cells. The following are possible 
mechanisms for ZnO NPs' targeted cytotoxicity against 
cancer cells: in an alkaline intracellular environment, 
ZnO NPs dissolve and release Zn2+ ions, which causes 
cancer cells to produce more ROS than normal cells 
and start intrinsic apoptotic pathway in mitochondria, 
which kills cancer cells[96]. ZnONP cytotoxicity 
is caused by a molecular pathway that includes 
disruptions to cellular lipids and proteins, damage to 
DNA, and the formation of ROS, which significantly 
increases the level of oxidative stress. 

Figure 7. ZnO NPs' mechanism of action is as follows: DNA damage is caused by the ROS (reactive oxygen species) generated 
by ZnO NPs, and apoptogenic chemicals are released from the mitochondrial membrane to create apoptosomes, which in turn 

cause apoptosis.
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ZnO NPs impacts and possible therapeutic processes 
were assessed using HepG2 human liver cancer cells. 
ZnO NPs were observed to enhance genotoxicity as 
well as cytotoxicity in HepG2 cell lines, which were 
attributed to mitochondrial malfunction brought on 
by ROS[97]. The activation of caspase enzymes and 
the release of apoptotic molecules of proteins into the 
cytosol, including cytochrome C, occur when the outer 
membrane pores open due to a loss of mitochondrial 
membrane potential. Due to their extreme potency 
and selectivity towards cancer cells, zinc oxide NPs, 
among many other NPs, are demonstrating promising 
applicability and efficacy in cancer therapy. ZnO 
nanoparticles are a promising anticancer agent because 
they can selectively target and kill cancer cells due to 
their enhanced permeability and retention (EPR) effect, 
electrostatic interaction, and selective cytotoxicity 
caused by increased ROS present in cancer cells[98].

6.4 Other Biomedical Applications
When applied as an ointment, green-synthesized 
ZnO NPs have shown a high degree of wound 
healing potential, according to various studies[99]. It 
has been shown that ZnO NPs formed biologically 
possess catalytic, enzyme-inhibition, anti-diabetic, 
and anticholinergic effects. ZnO NPs not only emit 
blue and near-UV light, but they also exhibit green 
or yellow fluorescence, which is indicative of oxygen 
vacancies. The nanoparticles of zinc oxide in the 20–80 
nm size range are widely employed in commercial 
products like doping and catalysis because of their 
unique physicochemical characteristics[100]. ZnO NPs 
would affect the way certain cells and tissues function. 
The unique properties of ZnO NPs make them 
advantageous in a wide range of industries, including 
electronics, gas sensing, environmental remediation, 
catalysis, and biology. These applications also drive the 
use of ZnO NPs in commercial products. 

7. Conclusion and Future Perspectives
This study examines the processes used in the synthesis, 
characteristics and uses of ZnO nanoparticles. These 
nanoparticles are made in a variety of ways and are 
notable for their strength and exceptional qualities. 
The utilization of green production of zinc oxide 
nanoparticles (ZnO NPs) in diverse biomedical 
applications was highlighted in this review, as a 
way to overcome the limitations of conventional 

chemical and physical procedures. Their structures 
are examined using procedures including XRD, and 
SEM. This review is expected to considerably advance 
the topic and make a contribution to the current study. 
To discover more about the most secure methods to 
synthesize ZnO NPs and their potential therapeutic 
uses, it is necessary to take into account the following 
points: toxic surfactants and costly precursors should 
not be used in the chemical synthesis of ZnO NPs, to 
produce ZnO NPs with excellent stability, alternative 
green synthesis techniques had to be used. It is 
important to thoroughly examine ZnO NP's anticancer 
properties utilizing suitable in vivo models. ZnO NPs 
have the potential to be highly effective drug delivery 
vehicles for the targeted distribution of hydrophilic, 
hydrophobic, and immunomodulatory medicines 
in cancer therapy; however, more study is needed 
to confirm this. In addition to PH responsiveness, 
possible medication release caused by light, ROS, and 
ultrasound should be investigated. To investigate the 
clinical usage of zinc oxide nanoparticles, additional 
risk studies through various exposure routes are 
required.

Acknowledgments
I would like to extend my sincere appreciation to 
Miss Samina Anum for her invaluable assistance and 
unwavering support throughout the preparation of this 
review article. Her dedication to meticulous research 
and insightful contributions significantly enhanced the 
quality of the content.

Author’s Contributions
The authors contributed equally to this work. 
All contributors played a substantial role in the 
conceptualization, design, and implementation of the 
review, including the examination and understanding of 
the data.

Conflict of Interest
The authors assert that they do not have any conflicts 
of interest concerning the content of this review article. 
There are no associations, either financial or personal, 
that might unduly affect or predispose the findings 
presented in this article.

References
[1] M. Zain,  H. Yasmeen,  S.  S.  Yadav,  et  al . 



BME Horizon

Applications of nanotechnology in biological 
systems and medicine. Nanotechnology for 
hematology, blood transfusion, and artificial 
blood, ed: Elsevier, 2022, pp. 215-235.

[2] S. Malik,  K. Muhammad, and Y. Waheed, 
Nanotechnology: A revolution in modern industry. 
Molecules, vol. 28, p. 661, 2023.

[3] C.  Buzea ,  I .  I .  Pacheco,  and K.  Robbie , 
Nanomaterials and nanoparticles: sources and 
toxicity. Biointerphases, vol. 2, pp. MR17-MR71, 
2007.

[4] A. Moezzi, A. M. McDonagh, and M. B. Cortie, 
Zinc oxide particles: Synthesis, properties and 
applications. Chemical engineering journal, vol. 
185, pp. 1-22, 2012.

[5] R. Medhi, M. D. Marquez, and T. R. Lee, Visible-
light-active doped metal oxide nanoparticles: 
review of their  synthesis,  properties,  and 
applications. ACS Applied Nano Materials, vol. 3, 
pp. 6156-6185, 2020.

[6] S. Raha and M. Ahmaruzzaman, ZnO nanostructured 
materials and their potential applications: progress, 
challenges and perspectives. Nanoscale Advances, 
vol. 4, pp. 1868-1925, 2022.

[7] B. Abebe, H. A. Murthy, and E. Amare, Enhancing 
the photocatalytic efficiency of ZnO: Defects, 
heterojunction, and optimization. Environmental 
nanotechnology, monitoring & management, vol. 
14, p. 100336, 2020.

[8] Y. Mao, T. J. Park, F. Zhang, et al. Environmentally 
friendly methodologies of nanostructure synthesis. 
Small, vol. 3, pp. 1122-1139, 2007.

[9] V. Parihar, M. Raja, and R. Paulose, A brief 
review of structural, electrical and electrochemical 
properties of zinc oxide nanoparticles. Reviews on 
Advanced Materials Science, vol. 53, pp. 119-130, 
2018.

[10] W. He, H. Wu, W. G. Wamer, et al. Unraveling the 
enhanced photocatalytic activity and phototoxicity 
of ZnO/metal  hybrid nanostructures from 
generation of reactive oxygen species and charge 
carriers. ACS Applied Materials & Interfaces, vol. 
6, pp. 15527-15535, 2014.

[11] S. J. Park, Y. C. Park, S. W. Lee, et al. Comparing 
the toxic mechanism of synthesized zinc oxide 
nanomaterials by physicochemical characterization 
and reactive oxygen species properties. Toxicology 

letters, vol. 207, pp. 197-203, 2011.
[12] D. Debnath, D. Sen, T. T. Neog, et al. Growth 

of ZnO Polytypes: Multiple Facets of Diverse 
Applications. Crystal Growth & Design, 2024.

[13] U. Ashik, S. Kudo, and J.-i. Hayashi, An overview 
of metal oxide nanostructures. Synthesis of 
inorganic nanomaterials, pp. 19-57, 2018.

[14] A. A. Oluwasanu, F. Oluwaseun, J. A. Teslim, 
et al. Scientific applications and prospects of 
nanomaterials: A multidisciplinary review. African 
Journal of Biotechnology, vol. 18, pp. 946-961, 
2019.

[15] T. A. Singh, A. Sharma, N. Tejwan, et al. A state 
of the art review on the synthesis, antibacterial, 
antioxidant, antidiabetic and tissue regeneration 
activities of zinc oxide nanoparticles. Advances in 
Colloid and Interface Science, vol. 295, p. 102495, 
2021.

[16] P. Shafiee, M. R. Nafchi, S. Eskandarinezhad, et 
al. Sol-gel zinc oxide nanoparticles: advances 
in synthesis and applications. Synthesis and 
Sintering, vol. 1, pp. 242-254, 2021.

[17] Y. T. Chung, M. M. Ba-Abbad, A. W. Mohammad, 
et al. Synthesis of minimal-size ZnO nanoparticles 
through sol–gel  method:  Taguchi  des ign 
optimisation. Materials & Design, vol. 87, pp. 
780-787, 2015.

[18] S. Arya, P. Mahajan, S. Mahajan, et al. Influence 
of processing parameters to control morphology 
and optical properties of Sol-Gel synthesized ZnO 
nanoparticles. ECS Journal of Solid State Science 
and Technology, vol. 10, p. 023002, 2021.

[19] N. Abid, A. M. Khan, S. Shujait, et al. Synthesis of 
nanomaterials using various top-down and bottom-
up approaches, influencing factors, advantages, 
and disadvantages: A review. Advances in Colloid 
and Interface Science, vol. 300, p. 102597, 2022.

[20] A. N. P. Madathil, K. Vanaja, and M. Jayaraj, 
Synthesis of ZnO nanoparticles by hydrothermal 
method. Nanophotonic materials IV, 2007, pp. 47-
55.

[21] B. Baruwati, D. K. Kumar, and S. V. Manorama, 
Hydrothermal synthesis of highly crystalline ZnO 
nanoparticles: a competitive sensor for LPG and 
EtOH. Sensors and Actuators B: Chemical, vol. 
119, pp. 676-682, 2006.

[22] D. B. Bharti and A. Bharati, Synthesis of ZnO 



 Vol 1 Issue 3 2023

nanoparticles using a hydrothermal method and a 
study its optical activity. Luminescence, vol. 32, 
pp. 317-320, 2017.

[23] P. G. Devi and A. S. Velu, Synthesis, structural and 
optical properties of pure ZnO and Co doped ZnO 
nanoparticles prepared by the co-precipitation 
method. Journal of Theoretical and Applied 
Physics, vol. 10, pp. 233-240, 2016.

[24] A. J. Ahamed and P. V. Kumar, Synthesis and 
characterization of ZnO nanoparticles by co-
precipitation method at room temperature. Journal 
of Chemical and Pharmaceutical Research, vol. 8, 
pp. 624-628, 2016.

[25] M. Hasanpoor, M. Aliofkhazraei, and H. Delavari, 
Microwave-assisted synthesis of zinc oxide 
nanoparticles. Procedia Materials Science, vol. 11, 
pp. 320-325, 2015.

[26] I. Bilecka, P. Elser, and M. Niederberger, Kinetic 
and thermodynamic aspects in the microwave-
assisted synthesis of ZnO nanoparticles in benzyl 
alcohol. ACS nano, vol. 3, pp. 467-477, 2009.

[27] M. Kooti and A. Naghdi Sedeh, Microwave-
a s s i s t e d  c o m b u s t i o n  s y n t h e s i s  o f  Z n O 
nanoparticles. Journal of Chemistry, vol. 2013, 
2013.

[28] G.  P.  Barre to ,  G.  Morales ,  and M.  L.  L. 
Quintanilla, Microwave assisted synthesis of 
ZnO nanoparticles: effect of precursor reagents, 
temperature, irradiation time, and additives on 
nano-ZnO morphology development. Journal of 
Materials, vol. 2013, pp. 1-11, 2013.

[29] S.  Cimitan,  S.  Albonett i ,  L.  Forni ,  et  al . 
Solvothermal synthesis and properties control of 
doped ZnO nanoparticles. Journal of Colloid and 
Interface Science, vol. 329, pp. 73-80, 2009.

[30] T. Ghoshal, S. Biswas, M. Paul, et al. Synthesis 
of ZnO nanoparticles by solvothermal method 
and their ammonia sensing properties. Journal 
of Nanoscience and Nanotechnology, vol. 9, pp. 
5973-5980, 2009.

[31] X. Bai, L. Li, H. Liu, L. Tan, et al. Solvothermal 
synthesis of ZnO nanoparticles and anti-infection 
application in vivo. ACS applied materials & 
interfaces, vol. 7, pp. 1308-1317, 2015.

[32] M. Zare, K. Namratha, K. Byrappa, et al. Surfactant 
assisted solvothermal synthesis of ZnO nanoparticles 
and study of their antimicrobial and antioxidant 

properties. Journal of materials science & 
technology, vol. 34, pp. 1035-1043, 2018.

[33] M. Vaseem, A. Umar, and Y.-B. Hahn, ZnO 
nanoparticles: growth, properties, and applications. 
Metal oxide nanostructures and their applications, 
vol. 5, pp. 10-20, 2010.

[34] Y.-m. Wang, J.-h. Li, and R.-y. Hong, Large scale 
synthesis of ZnO nanoparticles via homogeneous 
precipitation. Journal of Central South University, 
vol. 19, pp. 863-868, 2012.

[35] S. Ashikuzzaman Ayon, Doping ZnO nanoparticles 
with rare-earth element and investigating its 
photocatalytic activity. 2019.

[36] H. R. Ghaffarian, M. Saiedi, M. A. Sayyadnejad, 
et al. Synthesis of ZnO nanoparticles by spray 
pyrolysis method. 2011.

[37] R. Huang, S. Zhang, W. Zhang, et al. Progress 
of zinc oxide-based nanocomposites in the 
textile industry. IET Collaborative Intelligent 
Manufacturing, vol. 3, pp. 281-289, 2021.

[38] S. Preethi, A. Anitha, and M. Arulmozhi, A 
comparative analysis of the properties of zinc 
oxide (ZnO) nanoparticles synthesized by 
hydrothermal and sol–gel methods. Indian Journal 
of Science and Technology, vol. 9, pp. 1-6, 2016.

[39] T. Alhawi, M. Rehan, D. York, et al. Synthesis 
of zinc carbonate hydroxide nanoparticles using 
microemulsion process. Procedia engineering, vol. 
102, pp. 346-355, 2015.

[40] M. Bandeira, M. Giovanela, M. Roesch-Ely, et 
al. Green synthesis of zinc oxide nanoparticles: 
A review of the synthesis methodology and 
mechanism of formation. Sustainable Chemistry 
and Pharmacy, vol. 15, p. 100223, 2020.

[41] H. Agarwal, S. V. Kumar, and S. Rajeshkumar, 
A review on green synthesis of zinc oxide 
nanopart ic les–An eco-fr iendly approach. 
Resource-Efficient Technologies, vol. 3, pp. 406-
413, 2017.

[42] S. Fakhari, M. Jamzad, and H. Kabiri Fard, 
Green synthesis of zinc oxide nanoparticles: a 
comparison. Green chemistry letters and reviews, 
vol. 12, pp. 19-24, 2019.

[43] Z. Vaseghi, A. Nematollahzadeh, and O. Tavakoli, 
Green methods for the synthesis of metal 
nanoparticles using biogenic reducing agents: a 
review. Reviews in Chemical Engineering, vol. 34, 



BME Horizon

pp. 529-559, 2018.
[44] S. Iravani, Green synthesis of metal nanoparticles 

using plants. Green Chemistry, vol. 13, pp. 2638-
2650, 2011.

[45] T. Gur, I. Meydan, H. Seckin, et al. Green 
synthesis, characterization and bioactivity of 
biogenic zinc oxide nanoparticles. Environmental 
Research, vol. 204, p. 111897, 2022.

[46] M. Naseer, U. Aslam, B. Khalid, et al. Green route 
to synthesize Zinc Oxide Nanoparticles using leaf 
extracts of Cassia fistula and Melia azadarach and 
their antibacterial potential. Scientific Reports, vol. 
10, p. 9055, 2020.

[47] M. S. E.-d. Salem, A. Y. Mahfouz, and R. M. 
Fathy, The antibacterial and antihemolytic 
activities assessment of zinc oxide nanoparticles 
synthesized using plant extracts and gamma 
irradiation against the uro-pathogenic multidrug 
resistant Proteus vulgaris. Biometals, vol. 34, pp. 
175-196, 2021.

[48] B .  M a l a i k o z h u n d a n ,  B .  Va s e e h a r a n ,  S . 
Vijayakumar, et al. Biological therapeutics of 
Pongamia pinnata coated zinc oxide nanoparticles 
against clinically important pathogenic bacteria, 
fungi and MCF-7 breast cancer cells. Microbial 
pathogenesis, vol. 104, pp. 268-277, 2017.

[49] M. Sorbiun, E. Shayegan Mehr, A. Ramazani, 
et al. Green synthesis of zinc oxide and copper 
oxide nanoparticles using aqueous extract of oak 
fruit hull (jaft) and comparing their photocatalytic 
degradation of basic violet 3. International 
Journal of Environmental Research, vol. 12, pp. 
29-37, 2018.

[50] Y. A. Selim, M. A. Azb, I. Ragab, et al. Green 
synthesis of zinc oxide nanoparticles using 
aqueous extract of Deverra tortuosa and their 
cytotoxic activities. Scientific reports, vol. 10, p. 
3445, 2020.

[51] M. A. Rauf,  M. Owais,  R. Rajpoot,  et al . 
Biomimetically synthesized ZnO nanoparticles 
attain potent antibacterial activity against less 
susceptible S. aureus skin infection in experimental 
animals. RSC advances, vol. 7, pp. 36361-36373, 
2017.

[52] B. N. Singh, A. K. S. Rawat, W. Khan, et 
al. Biosynthesis of stable antioxidant ZnO 
nanoparticles by Pseudomonas aeruginosa 

rhamnolipids. PLoS One, vol. 9, p. e106937, 2014.
[53] P. Dhandapani, A. S. Siddarth, S. Kamalasekaran, 

et al. Bio-approach: ureolytic bacteria mediated 
synthesis of ZnO nanocrystals on cotton fabric 
and evaluation of their antibacterial properties. 
Carbohydrate polymers, vol. 103, pp. 448-455, 
2014.

[54] M. Mishra, J. S. Paliwal, S. K. Singh, et al. 
Studies on the inhibitory activity of biologically 
synthesized and characterized zinc oxide 
nanoparticles using lactobacillus sporogens against 
Staphylococcus aureus. J Pure Appl Microbiol, 
vol. 7, pp. 1263-1268, 2013.

[55] B. Sumanth, T. R. Lakshmeesha, M. A. Ansari, 
et al. Mycogenic synthesis of extracellular zinc 
oxide nanoparticles from Xylaria acuta and its 
nanoantibiotic potential. International Journal of 
Nanomedicine, pp. 8519-8536, 2020.

[56] A. Boroumand Moghaddam, M. Moniri, S. Azizi, 
et al. Biosynthesis of ZnO nanoparticles by a new 
Pichia kudriavzevii yeast strain and evaluation 
of their antimicrobial and antioxidant activities. 
Molecules, vol. 22, p. 872, 2017.

[57] R. Raliya and J. C. Tarafdar, ZnO nanoparticle 
biosynthesis and its effect on phosphorous-
mobilizing enzyme secretion and gum contents 
in Clusterbean (Cyamopsis tetragonoloba L.). 
Agricultural Research, vol. 2, pp. 48-57, 2013.

[58] G. Baskar, J. Chandhuru, K. S. Fahad, et al. 
Mycological synthesis, characterization and 
antifungal activity of zinc oxide nanoparticles. 
Asian Journal of Pharmacy and Technology, vol. 3, 
pp. 142-146, 2013.

[59] R. Ishwarya, B. Vaseeharan, S. Kalyani, et al. 
Facile green synthesis of zinc oxide nanoparticles 
using Ulva lactuca seaweed extract and evaluation 
of their photocatalytic, antibiofilm and insecticidal 
activity. Journal of Photochemistry and Photobiology 
B: Biology, vol. 178, pp. 249-258, 2018.

[60] S. K. Basha, K. V. Lakshmi, and V. S. Kumari, 
Ammonia sensor and antibacterial activities of 
green zinc oxide nanoparticles. Sensing and Bio-
Sensing Research, vol. 10, pp. 34-40, 2016.

[61] A. Asokan, T. Ramachandran, R. Ramaswamy, et 
al. Preparation and characterization of zinc oxide 
nanoparticles and a study of the anti-microbial 
property of cotton fabric treated with the particles. 



 Vol 1 Issue 3 2023

Journal of Textile and Apparel, Technology and 
Management, vol. 6, 2010.

[62] L. Nie, L. Gao, P. Feng, et al. Three-dimensional 
functionalized tetrapod-like ZnO nanostructures 
for plasmid DNA delivery. Small, vol. 2, pp. 621-
625, 2006.

[63] M. Ramani, S. Ponnusamy, C. Muthamizhchelvan, 
et al. Amino acid-mediated synthesis of zinc 
oxide nanostructures and evaluation of their facet-
dependent antimicrobial activity. Colloids and 
Surfaces B: Biointerfaces, vol. 117, pp. 233-239, 
2014.

[64] S. Singh, Zinc oxide nanoparticles impacts: 
Cytotoxicity, genotoxicity, developmental toxicity, 
and neurotoxicity. Toxicology mechanisms and 
methods, vol. 29, pp. 300-311, 2019.

[65] O. M. El-Feky, E. A. Hassan, S. M. Fadel, et 
al. Use of ZnO nanoparticles for protecting oil 
paintings on paper support against dirt, fungal 
attack, and UV aging. Journal of Cultural 
Heritage, vol. 15, pp. 165-172, 2014.

[66] S. M. Sukri, K. Shameli, E. M. Isa, et al. Green 
synthesis of zinc oxide-based nanomaterials 
for photocatalytic studies: a mini review. IOP 
Conference Series: Materials Science and 
Engineering, 2021, p. 012083.

[67] A. K. Tiwari, S. Jha, A. K. Singh, et al. Innovative 
investigation of zinc oxide nanoparticles used in 
dentistry. Crystals, vol. 12, p. 1063, 2022.

[68] P. N. Mishra, P. K. Mishra, and D. Pathak, 
The influence of Al doping on the optical 
characteristics of ZnO nanopowders obtained by 
the low-cost sol-gel method. Chemistry, vol. 4, pp. 
1136-1146, 2022.

[69] S. Campora and G. Ghersi, Recent developments 
and applications of smart nanoparticles in 
biomedicine. Nanotechnology Reviews, vol. 11, 
pp. 2595-2631, 2022.

[70] F. Islam, S. Shohag, M. J. Uddin, et al. Exploring 
the journey of zinc oxide nanoparticles (ZnO-NPs) 
toward biomedical applications. Materials, vol. 
15, p. 2160, 2022.

[71] G. M. Demirbolat, L. Altintas, S. Yilmaz, et 
al. Nanodesigning of multifunctional quantum 
dots and nanoparticles for the treatment of 
fibrosarcoma. Journal of Microencapsulation, vol. 
39, pp. 210-225, 2022.

[72] F. S. Youssef, S. H. Ismail, O. A. Fouad, et al. 
Green synthesis and Biomedical Applications 
of Zinc Oxide Nanoparticles. Review. Egyptian 
Journal of Veterinary Sciences, vol. 55, pp. 287-
311, 2024.

[73] A. Alsuraihi, M. A. Salam, and N. Elbialy, 
Phys icochemica l  proper t ies  of  ZnO NPs 
synthesized by chemical, sonochemical, and green 
methods: comparative study. Applied Physics A, 
vol. 129, p. 768, 2023.

[74] M. S. Roberts, M. J. Roberts, T. A. Robertson, 
et al. In vitro and in vivo imaging of xenobiotic 
transport in human skin and in the rat liver. 
Journal of biophotonics, vol. 1, pp. 478-493, 2008.

[75] A. V. Zvyagin, X. Zhao, A. Gierden, et al. Imaging 
of zinc oxide nanoparticle penetration in human 
skin in vitro and in vivo. Journal of biomedical 
optics, vol. 13, pp. 064031-064031-9, 2008.

[76] Z. Song, T. A. Kelf, W. H. Sanchez, et al. 
Characterization of optical properties of ZnO 
nanoparticles for quanti tat ive imaging of 
transdermal transport. Biomedical optics express, 
vol. 2, pp. 3321-3333, 2011.

[77] B. E. Urban, P. Neogi, K. Senthilkumar, et al. 
Bioimaging using the optimized nonlinear optical 
properties of ZnO nanoparticles. IEEE Journal of 
Selected Topics in Quantum Electronics, vol. 18, 
pp. 1451-1456, 2012.

[78] B. E. Urban, P. B. Neogi, S. J. Butler, et al. 
Second harmonic imaging of plants tissues and 
cell implosion using two-photon process in ZnO 
nanoparticles. Journal of Biophotonics, vol. 5, pp. 
283-291, 2012.

[79] A. V. Kachynski, A. N. Kuzmin, M. Nyk, et al. 
Zinc oxide nanocrystals for nonresonant nonlinear 
optical microscopy in biology and medicine. The 
Journal of Physical Chemistry C, vol. 112, pp. 
10721-10724, 2008.

[80] R. Verma, S. Pathak, A. K. Srivastava, et al. ZnO 
nanomaterials: Green synthesis, toxicity evaluation 
and new insights in biomedical applications. 
Journal of Alloys and Compounds, vol. 876, p. 
160175, 2021.

[81] M. Laurenti, S. Stassi, G. Canavese, et al. Surface 
engineering of nanostructured ZnO surfaces. 
Advanced Materials Interfaces, vol. 4, p. 1600758, 
2017.



BME Horizon

[82] M. Akbarian, S. Mahjoub, S. M. Elahi, et al. Green 
synthesis, formulation and biological evaluation of 
a novel ZnO nanocarrier loaded with paclitaxel as 
drug delivery system on MCF-7 cell line. Colloids 
and Surfaces B: Biointerfaces, vol. 186, p. 110686, 
2020.

[83] K. Vimala, S. Sundarraj, M. Paulpandi, et al. 
Green synthesized doxorubicin loaded zinc 
oxide nanoparticles regulates the Bax and Bcl-2 
expression in breast and colon carcinoma. Process 
biochemistry, vol. 49, pp. 160-172, 2014.

[84] M. S. Nasrollahzadeh, R. Ghodsi, F. Hadizadeh, 
et al. Zinc oxide nanoparticles as a potential 
agent for antiviral drug delivery development: A 
systematic literature review. Current Nanoscience, 
vol. 18, pp. 147-153, 2022.

[85] T. A. Singh, J. Das, and P. C. Sil, Zinc oxide 
nanoparticles: A comprehensive review on its 
synthesis, anticancer and drug delivery applications 
as well as health risks. Advances in colloid and 
interface science, vol. 286, p. 102317, 2020.

[86] Q. Yuan, S. Hein, and R. Misra, New generation of 
chitosan-encapsulated ZnO quantum dots loaded 
with drug: synthesis, characterization and in vitro 
drug delivery response. Acta biomaterialia, vol. 6, 
pp. 2732-2739, 2010.

[87] F. Muhammad, M. Guo, Y. Guo, et al. Acid 
degradable ZnO quantum dots as a platform for 
targeted delivery of an anticancer drug. Journal 
of materials chemistry, vol. 21, pp. 13406-13412, 
2011.

[88] R. Hariharan, S. Senthilkumar, A. Suganthi, et 
al. Synthesis and characterization of doxorubicin 
modified ZnO/PEG nanomaterials  and i ts 
photodynamic action. Journal of Photochemistry 
and Photobiology B: Biology, vol. 116, pp. 56-65, 
2012.

[89] T. Chen, T. Zhao, D. Wei, et al. Core–shell 
nanocarriers with ZnO quantum dots-conjugated 
Au nanoparticle for tumor-targeted drug delivery. 
Carbohydrate polymers, vol. 92, pp. 1124-1132, 
2013.

[90] L. Upadhyaya, J. Singh, V. Agarwal, et al. In 
situ grafted nanostructured ZnO/carboxymethyl 
cellulose nanocomposites for efficient delivery of 
curcumin to cancer. Journal of Polymer research, 

vol. 21, pp. 1-9, 2014.
[91] J. Ahmad, R. Wahab, M. A. Siddiqui, et al. Zinc 

oxide quantum dots: a potential candidate to detain 
liver cancer cells. Bioprocess and biosystems 
engineering, vol. 38, pp. 155-163, 2015.

[92] M. M. Rahman, A. A. Reza, M. A. Khan, et al. 
Unfolding the apoptotic mechanism of antioxidant 
enriched-leaves of Tabebuia pallida (lindl.) 
miers in EAC cells and mouse model. Journal of 
Ethnopharmacology, vol. 278, p. 114297, 2021.

[93] S .  Chandraseka ran ,  S .  Anusuya ,  and  V. 
A n b a z h a g a n ,  A n t i c a n c e r,  a n t i - d i a b e t i c , 
antimicrobial activity of zinc oxide nanoparticles: 
A comparative analysis. Journal of Molecular 
Structure, vol. 1263, p. 133139, 2022.

[94] C. Liao, Y. Jin, Y. Li, et al. Interactions of 
zinc oxide nanostructures with mammalian 
cells: cytotoxicity and photocatalytic toxicity. 
International journal of molecular sciences, vol. 
21, p. 6305, 2020.

[95] S. Jha, R. Rani, and S. Singh, Biogenic Zinc 
Oxide Nanoparticles and Their Biomedical 
Applications: A Review. Journal of Inorganic and 
Organometallic Polymers and Materials, pp. 1-16, 
2023.

[96] S. Anjum, M. Hashim, S. A. Malik, et al. Recent 
advances in zinc oxide nanoparticles (ZnO NPs) 
for cancer diagnosis, target drug delivery, and 
treatment. Cancers, vol. 13, p. 4570, 2021.

[97] P. Chen, H. Wang, M. He, et al. Size-dependent 
cytotoxicity study of ZnO nanoparticles in HepG2 
cells. Ecotoxicology and environmental safety, vol. 
171, pp. 337-346, 2019.

[98] G. Bisht and S. Rayamajhi, ZnO nanoparticles: a 
promising anticancer agent. Nanobiomedicine, vol. 
3, p. 9, 2016.

[99] M. Batool, S. Khurshid, Z. Qureshi, et al . 
Adsorption, antimicrobial and wound healing 
a c t i v i t i e s  o f  b i o s y n t h e s i s e d  z i n c  o x i d e 
nanoparticles. Chemical Papers, vol. 75, pp. 893-
907, 2021.

[100] M. Carofiglio, S. Barui, V. Cauda, et al. 
Doped zinc oxide nanoparticles: synthesis, 
characterization and potential use in nanomedicine. 
Applied Sciences, vol. 10, p. 5194, 2020.


	A 3D Printed Embouchure-Assistive Device for Musicians with Facial Palsy
	Ishan Saha1, Shady I. Soliman2, Jeffrey D. Bernstein3, Daniel Brown4, Mark Collier4, Cynthia Guzman4, Marycruz Resendiz4, Jacqueline J. Greene3*


