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ARTICLE INFO ABSTRACT

Keywords: Zinc oxide (ZnO) nanostructures can be synthesized in nanoforms of spheres, rods, flowers, disks, walls, etc.,
Metal oxide nanoparticles, Zinc oxide among which nanoflowers have gained special attention due to their versatile biomedical and pollutant remedial
nanoflower applications in waste water and air. ZnO nanoflowers have an ultrasmall size with a huge surface area to volume
ELfteorglflysis ratio due to their hexagonal petal structures which render them superior compared to the nanoparticles of other
Bionanotechnology shapes. The ZnO nanoflowers have bandgap energy equivalent to a semiconductor that makes them have unique

photophysical properties. We have used the appropriate keywords in Google Scholar and PubMed to obtain the
recent publications related to our topic. We have selected the relevant papers and utilized them to write this
review. The different methods of synthesis of ZnO nanoflowers are chemical vapor deposition, facile hydro-
thermal, thermal evaporation, chemical reduction, bio route of synthesis, and solvothermal method, etc. which
are mentioned in this review. ZnO nanoparticles are used in paints, cosmetics, and other products due to their
high photocatalytic activity. The different applications of ZnO nanoflowers in the diagnosis of disease bio-
markers, biosensors, catalysts, and the therapeutic process along with wastewater remediation and gas sensing

Biomedical application

applications will be discussed in this review.

1. Introduction

Nanotechnology is one of the major developing fields which has
versatile applications in various fields of biomedical sciences, chemical
catalysis, nano-enabled drug delivery, nanoformulations of drugs,
contrast agents in biomedical imaging, biosensors for different disease
biomarkers detection, antimicrobial agents, and therapeutics such as
bone regeneration [43], etc. Nanostructures can be synthesized using
various physical and chemical methods, and the nanoparticles can be
altered or modified using simple methods to yield enhanced physical
and chemical properties [45]. Among various types of metal oxide based
nanoparticles, zinc oxide nanoparticle (ZnO NPs) is mostly used because
of their applications in various fields such as beauty products, bio-
sensors, antibacterial cream, and biomedical applications. ZnO NPs are
naturally white and thermally stable, have a typical bandgap which
gives them the semiconductor properties and because of these kinds of
properties, it has a wide range of applications. ZnO NPs is a promising
metal oxide nanoparticle, as zinc (Zn) can act as both an active element
as well as a strong reducing agent, which is very much helpful in the
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synthesis of ZnO NPs. ZnO has unique optical properties, chemical
sensing ability, semiconducting nature, piezoelectric, and electrical
conducting properties. The ZnO NPs have a direct wide bandgap of
nearly 3.3 eV which falls in near UV wavelength and high excitation
binding energy at 60 meV at room temperature.

ZnO NPs were coated with different types of polymers, e.g., natural
polymers like chitosan and synthetic polymer like polyethylene glycol
(PEG), and has been exploited for their UV light scavenging activities. It
was found that chitosan coating was superior in UV light scavenging as
well it had high biocompatibility [24]. The biosynthesis of
nano-structure-based biomaterials is eco-friendly, mostly biocompatible
and non-toxic, and is also cost-effective. Green synthesis of ZnO NPs
have been carried out using a wide range of metabolites from natural
sources, which can act as both reducing agent as well as stabilizing agent
[56]. Researchers have shown that ZnO nanoparticles can also be used
as nanofertilizers [60]. The biogenic synthesis of ZnO and its effect on
maize seed germination was also studied earlier and at 100 mg/L con-
centration, the ZnO primed seeds showed maximum germination [32].
Anti- bacterial wound healing agents were also developed by entrapping
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ZnO NPs in sodium alginate to make a nanocomposite [7].

ZnO NPs can be synthesized in various morphologies like spherical,
nanocombs, nanorings, nanohelices, nanobelts, nanowires, nanocages,
and nanoflowers. The ZnO NPs and ZnO nanoflowers (ZnO NFs) can be
synthesized using various physical, chemical, and biological processes
such as chemical vapor deposition, facile hydrothermal, thermal evap-
oration, chemical reduction, bio route of synthesis, and solvothermal
method [37]. The various applications of the nanoflower structure of
ZnO have been elaborately discussed which is schematically represented
through a diagram shown in Fig. 1.

2. Zinc oxide nanoflowers synthesized using different methods
and their applications

ZnO NFs have many petals which provide more surface area to vol-
ume ratio that renders more active sites for the analyte molecule
adsorption. This property of the ZnO NFs makes it more sensitive than
any other ZnO NPs and thin films [4]. The thermal evaporation method
was utilized for the synthesis of ZnO NFs, using pure Zn powder in the
presence of a catalyst, for ZnO NFs growth on a silicon surface. At
high-temperature heating (850 °C) with a continuous flow of Argon gas,
the ZnO NFs started to grow on the silicon wafer yielding the size of
60-200 nm wide nanoflowers [1]. The synthesized ZnO NFs were
characterized using different photophysical tools like SEM, XRD, spec-
trophotometry, etc. A research group has reported the synthesis of ZnO
NFs at low temperature using zinc acetate dehydrate as a precursor and
sodium hydroxide as reducing agent, by solution process at 90 °C. The
nanoflowers had hexagonal-shaped petals with sharp tips as visualized
under SEM. They had a good crystalline structure with minimum
structural defects as wurtzite hexagonal phase, exhibiting unique optical
properties [69]. Another group of researchers has synthesized rose like
ZnO NFs by using the chemical vapor deposition method. The nano-
flowers were grown over SiC substrate and characterized using SEM,
TEM, and XRD. At different parts of the substrate, some other types of
structures were also observed like micro-plates, self-assembled nano-
sheets, and micro-palmerworms due to differences in Zn gas concen-
trations during synthesis. The PL spectrum of the ZnO NFs showed an
emission peak at nearly 491 nm representing a crystal defect-related
emission [80]. Single-step synthesis of one-dimensional ZnO NFs by
the hydrothermal method was executed at different time of reactions. At
15 min, the petals were rod-like obelisk-shaped, but for a longer time of
reactions like 30 min, 2 h, and 4 h the tips of the petals were tapered,
although the base of the petals was hexagonal rod in shape. At 6 h and
48 h, the tips of the flowers were also hexagonal in shape but again at 72
h reaction time, the petals became rod-like obelisk shaped. The length of
the rod was maximum at 30 h of reaction and the ZnO NFs kept for a
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lower time like 5 min or 10 min produced perfect flower structure but
contained impurities [15]. A layer of polystyrene beads was deposited
by colloidal lithography over a Si substrate which was then coated with
a ZnO nanoparticle layer. These nanoparticles acted as a seed to grow
the ZnO nanowires, which gave an overall appearance of a nanoflower
resembling a sunflower. The petal rods were perfectly hexagonal in
shape, making these structures useful for designing different optoelec-
tronic devices [73]. Facile succinate and PEG-supported hydrothermal
process was used to synthesize ZnO NFs and were characterized using
XRD, SEM, UV-visible spectroscopy, and PL spectroscopy. Keeping the
concentration of PEG constant, the precursor, succinate, and sodium
hydroxide concentrations were varied for tuning the shape and size of
the synthesized nanostructures. Apart from ZnO NFs, the other struc-
tures formed were sheet-like, vesicular and some undefined shapes (a
mixture of rod and walls). The shape of the flower also varied between
wall-like petals and hexagonal rod-shaped petals. The synthesized
nanoflowers were also shown to reduce Rhodamine B through photo-
catalysis [2]. ZnO NFs were synthesized using an ultrasonic-assisted
hydrothermal method at a temperature of 95 °C to yield ZnO NFs with
hexagonal rod-shaped petals. The synthesized NFs exhibited UV light
emission and three visible light emissions in the range of violet,
blue-green and yellow [35]. Gamma radiation was used to synthesize
ZnO and zinc sulfide nanoparticles with the help of polyvinyl pyrroli-
done and their antifungal activity was observed pre and post-harvesting
of the orange and pomegranate seeds. The combination of nano ZnO and
zinc sulfide showed antifungal activities against Aspergillus niger (A.
niger) and Penicillin digitatum (P.digitatum) [29]. Studies exist where
ZnO NFs were grown atop nanosilver coated glass substrate by using
spherical ZnO nanoparticles as a seed for the flower growth. The com-
plete characterization showed perfect crystal structure and hexagonal
shaped petals. It was used to design a biosensor for the detection of
insulin amyloids [3]. Another application of ZnO NFs was its use for the
dissociation of insulin amyloids. The degradation was monitored with
an increase in its zeta potential values in magnitude. The electrokinetic
potential was used as a measure of amyloid degradation [21]. Thus, it
was shown in the above-mentioned studies that ZnO NFs could be syn-
thesized using different routes with different flower morphology and its
size can be tuned by controlling the experimental conditions.

3. Photocatalytic activity of zinc oxide nanoflowers-uses in
wastewater remediation

Photocatalysis is the reaction in which light is used to accelerate the
speed of the reaction. ZnO NFs and zinc oxide nanorods (ZnO NRs) were
used in the photocatalytic degradation of 4-chlorophenol. The reaction
of ZnO NFs and ZnO NRs with the 4-chlorophenol was compared and the
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Fig. 1. Application of ZnO Nanoflowers in biomedical sciences.
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results showed that the ZnO NFs exhibited higher photocatalytic prop-
erties than ZnO NRs. The Raman and photoluminescence spectrum of
ZnO revealed that ZnO NFs have more oxygen valances than ZnO NRs.
This showed that the change in the morphology of the ZnO NPs can
possess superior photocatalytic activity due to the presence of higher
oxygen valancies [72]. The doping of elements with ZnO NFs can also
provide enhanced photocatalytic activity. A small amount of cadmium
(Cd?") doped with ZnO nanostructures could capture photo-generated
electrons as well as holes on the surface. This could restrain the car-
rier recombination process, which improved the photocatalytic activity
of the ZnO NFs doped with Cd2*. It was evidenced that there was an
expansion in the absorption range and the spectral range of response of
the ZnO NFs to the visible spectrum and the solar energy utilization was
enhanced by the addition of Cd*" to ZnO NFs [77]. The photocatalytic
activity of ZnO NFs synthesized via green route using Calliandra hae-
matocephala leave extract for the photodegradation of methylene blue
(MB) under visible light was studied. The sample was stirred for 30 min
under dark conditions to reach adsorption-desorption equilibrium and
the degradation of the dye with and without catalyst was compared. The
dye with ZnO NFs as catalyst showed 88% of dye degradation within
270 min, whereas no degradation was observed without the catalyst
[76]. Lanthanum is a heavy metal and it was used to dope ZnO NFs at
different doping amounts. The resultant La-doped ZnO NFs were tested
for the degradation of the dye MB under UV light irradiation. The dye
degradation capacity of the La-doped ZnO NFs was compared with pure
ZnO NPs, and it was found that the La-doped ZnO NFs were more effi-
cient in the MB dye degradation. The optimum concentration of La
dopant was 3 mol% which showed maximum dye degradation within 60
min irradiation to UV light [30]. Doping of Copper (Cu) in ZnO NFs was
synthesized using a facile hydrothermal route taking PEG and sodium
citrate. A detailed study was done on the effect of OH™ ions, metal ion
concentration, and synthesis conditions of the surface morphology of the
Cu doped ZnO NFs. MB dye degradation potential was monitored for the
Cu doped ZnO after sunlight exposure and it was found that 100 mL of
100 pm dye was completely degraded within 30 min of treatment with
the synthesized nanostructure (sample CZ-01) [40]. Dye-sensitized solar
cell (DSSC) was fabricated using ZnO NFs as photoanode because of the
unique structure of the flower which increased the amount of light ab-
sorption increasing the short-circuit current density. This made the ZnO
NFs a good candidate for high-efficiency ZnO-based DSSCs [13].
Reduction of textile dyes using ZnO NFs has been shown by many
researchers using the green synthesis methods for the preparation of
ZnO NFs and directing the research towards wastewater remediation.
The panos plant extract was taken from a group of four plants namely-
Kalopanax septemlobus, Panax ginseng, Dendropanax morbifera, and
Acanthopanax senticosus, and was utilized for the synthesis of ZnO NFs
which appeared in shape like a quaker ladies flower and was named as
ZnO/QNF. The ZnO/QNF was further used for the degradation of dyes
like malachite green, Eosin Y, MB, after exposure to UV light. The syn-
thesized ZnO/QNF was efficient in the degradation of all the above-
mentioned dyes and was also reusable for another five cycles without
losing its dye degradation capacity significantly [34]. The same group
also investigated the dye degradation capacity of ZnO NFs synthesized
through bio route using sea buckthorn fruit extract. The dyes used for
the degradation study were-eosin Y, Congo red, malachite green, and
MB at a concentration used in the previous study (15 mg/L). The syn-
thesized ZnO NFs were added to the respective dyes followed by UV light
exposure resulting in dye degradation up to 99% for all the dyes used.
The ZnO NFs were also recycled and reused for dye degradation and
could show equal efficiency up to 5 cycles of use. The study yielded an
effective nanocatalyst for wastewater treatment [54]. Another study has
shown the green synthesis of ZnO NFs using the aqueous extract of the
leaves of the plant Calliandra haematocephala. The synthesized ZnO NFs
were investigated for the degradation of the dye MB (20 mg/L) in the
presence of sunlight. Within 270 min, 88% of the MB dye was degraded
after exposure to sunlight and catalytic action of the synthesized ZnO
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NFs [67]. Researchers have shown that ZnO NFs synthesized through
bio-route using Thlaspi arvense I plant extract as a reducing agent could
be used to degrade harmful dyes like MB and 4-nitrophenol (4- NP). The
synthesized ZnO NFs possessed a size of 70-90 nm, whereas the zeta
potential was +31 mV, showing high stability. A complete degradation
was achieved within 49 min for MB. The conversion of harmful 4-NP to
benign 4-aminophenol (4-AP) was also seen when treated with the
synthesized ZnO NFs [65]. Tripathi et al., synthesized ZnO NFs using bio
route by utilizing the extracts from the bacteria Bacillus licheniformis
MTCC 9555. The size of the ZnO NFs was in the range of 250 nm to 1 ym
and it exhibited MB dye degradation with high efficiency compared to
the earlier reports. The reason for enhanced photocatalytic activity was
proposed to be due to the higher content of oxygen vacancy. The pho-
tocatalyst was reusable for 3 cycles of MB dye degradation [63]. Green
synthesis of ZnO NFs were conducted using the pod extract of Pelto-
phorum pterocarpum with high specific surface area 19.61 m?/g as
revealed by BET analysis. The synthesized NFs also showed its dye
degradation properties on methylene blue [68]. Thus, it could be
concluded that ZnO NFs can be utilized for the efficient degradation of
harmful dyes and can be a possible wastewater remediation agent.

4. Applications of zinc oxide nanoflowers as a sensor

The detection of different toxic chemicals, gases, and metabolites
related to different diseases can be effectively executed by sensors or
biosensors. Biosensors are miniaturized devices that uses the target
analyte reaction for detecting different bioanalytes with high specificity
and sensitivity. Biosensors contain a basic structure as shown in Fig. 2,
with a biorecognition element that can specifically bind to the analyte of
interest and convert the binding event into a signal which is converted
using a transducer to a measurable signal. The analytes to be detected
can be enzymes, antibody, cells, microbes, gases, membrane, cofactors,
DNA, miRNAs, protein, toxin, peptide, vitamin, sugar, metal ions etc.
The energy transducer is attached to the biorecognition element which is
a chemical or physical transducer that converts the output of the reac-
tion between bioanalyte and biorecognition element into a form of en-
ergy that can be measurable like conductance, impedance, potential,
current, heat, change in absorbance, change in fluorescence mass
change etc.

There are different types of biosensors classified based on the prin-
ciple of transduction, such as, electrochemical (amperometric, conduc-
tometric and potentiometric), optical (Surface plasmon resonance
biosensors, Localized surface plasmon resonance, Evanescent wave
fluorescence biosensors, Optical waveguide interferometric biosensors,
Surface-enhanced Raman scattering biosensors), piezoelectric, calori-
metric and magnetic biosensors [22, 23, 41, 62]. The principle of these
biosensors is described briefly below:

(i) Electrochemical Biosensors: The electrochemical biosensors uti-
lize predominantly the enzyme substrate reaction to detect the
analyte because this biocatalysis reaction is highly specific. When
the recognition element (enzyme) detects the analyte (substrate),
the reaction results in generation of a measurable current
(amperometric), or can cause accumulation of charge or potential
(potentiometric) that can be measured, or can influence the
conduction of the medium (conductometric) that is measurable.
These changes in current, conductance and potential are
measured in reference to standard electrodes available. The more
the amount of analyte present in the sample, the more signal is
detected as current, potential or conductance respectively for the
amperometric, potentiometric and conductimetric biosensors. In
field- effect biosensors, transistor technology is used to assess the
current due to the potentiometric effect in gate electrode.

(ii) Optical Biosensors: In optical biosensors, the recognition element
reacts with the analyte to produce an optical signal with change
in absorbance or change in fluorescence signal which is recorded
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Fig. 2. The basic structure of a biosensor. The analyte is detected by the recognition element which converts the event to a measurable signal through the transducer.

using spectrophotometer, fluorimeter or plate readers. The fluo-
rescence biosensor works on the principle of switch-on or switch-
off based on the signal enhancement or decrease respectively, of
the fluorochrome molecule attached to the analyte. In case of
DNA based biosensors, one of the strands is immobilized on a
solid surface and the sample containing the target strand is made
to hybridize with the immobilized DNA. After hybridization the
fluorochrome and the quencher which were tagged at the two
ends of the single strand, gets separated and the fluorescence
signal enhances.

(iii) Piezoelectric Biosensors: Piezoelectricity is a physical phenome-
non where a piezoelectric material can produce voltage if there is
application of a mechanical stress. This process is applicable in
the reverse situation also, e.g., if we apply voltage to the surface
of a piezoelectric material, it will cause mechanical stress leading
to oscillation in the crystal. Piezoelectric biosensors are based on
this principle of detection of signals, i.e., after the binding of the
analyte with the recognition element immobilized on a piezo-
electric crystal, there will be a mass change which will be pro-
portional to the number of binding events. As the mass will
change the potential generated across the crystal will also change
and the change will be proportional to the concentration of the
analyte present in the sample.

(iv) Calorimetric: Calorimetric or thermometric biosensors are based
on the principle that in many biological reactions, heat is either
evolved or absorbed and the amount of such heat is proportional
to the total number of molecules present in the product. Calori-
metric biosensors can measure the heat change and convert it to
electrical signal.

(v) Magnetic biosensors: This type of biosensors utilizes the para-
magnetic or super-paramagnetic particles, also known as mag-
netic nanoparticles. The particles detect the biological
interactions leading to change in the magnetic properties such as,
coil resistance, inductance or magneto-optical parameters. There
is involvement of many technologies for particle detection in
magnetic biosensors that includes GMR devices, Hall Effect de-
vices, coils and different optical and imaging techniques.

There are many types of nanomaterials such as, carbon tubes,
semiconductor metal oxides (SMO) and polymers, which are used for
sensing different gases because these materials offer changes in elec-
trical properties when the gas molecules get adsorbed over them. Apart
from electrical properties, these materials also show differences in
acoustic, optic, calorimetric and gas chromatographic properties when
certain gas molecules are adsorbed atop them. As per the method of

signal measurement gas sensors can be classified as (i) Field Effect
Transistors (FET) based gas sensors, (ii) Photoluminescence based gas
sensors (iii) DC conductometric gas sensors [14].

ZnO NFs based sensors have shown to be highly efficient and have
been used to design many types of sensors. The ZnO NFs were doped
with Gallium to form Gallium zinc oxide (GZO) nanostructures. This
preparation of GZO could be done using various known methods and this
was used in various research areas like sensors, photocatalysis, and dye-
sensitized solar cells. The main advantage of these GZO and undoped
ZnO nanoparticles is they are non-toxic semiconducting nanoparticles.
In this study, the fluorescent spectroscopy confirmed that the Green
Fluorescent Protein was immobilized on the GZO nanodisks and nano-
flowers. The prepared nanomaterial showed definite activity as a UV
light sensor and exhibited green color fluorescence with high sensitivity
[52]. The sensing property of the ZnO NFs is high compared to other zinc
oxide structures. The sensors with ZnO NFs coating showed great
sensitivity of 5.75 pm/ (ug e L ~ !) and selectivity for ammonia gas
detection at room temperature. This study showed that ammonia gas can
be sensed using sensors coated with ZnO NFs and high sensitivity levels
were obtained due to the high surface area to volume ratio [81].

The other types of sensors using ZnO NFs are given in Table 1.

The huge surface area of the ZnO NFs petals imparts it with superior
gas sensing ability and also for its use as other sensors.

5. Zinc oxide nanoflowers as diagnostic biosensor

The understanding of amyloid protein was fascinating and made
many researchers to work on it because of the protein folding dynamics,
self-assembly, and the pathogenic mechanism of some human diseases.
Amyloidosis defines the spectrum of diseases which involve the accu-
mulation of amyloidogenic protein aggregates in the parts of the brain
and different organs of the body like Alzheimer’s disease, Parkinson’s
disease, Creutzfledt Jakob syndrome, type II diabetes, etc. Alzheimer
disease is one of the neurodegenerative diseases caused by misfolding of
amyloid protein and its aggregation in the neuropil of the brain and
forming neurofibrillary tangles [53]. Alzheimer’s disease is considered a
worldwide health problem and also as late-life dementia. Due to strong
neurotoxicity, amyloid-p protein (Af 1-42) was proved that it was
responsible for the pathogenesis of Alzheimer’s disease compared to Ap
1-40. The ceria doped ZnO NFs (Ce:ZONFs) were used for designing a
luminol-based electrochemiluminescence (ECL) immunosensor for the
detection of amyloid-f protein (Ap). The Ce:ZONFs were synthesized by
the green method using lysine as a reducing agent and this ECL immu-
nosensor has shown high sensitivity for detection of Af having a broad
linear range from 80 fg/mL to 100 ng/mL. The lowest limit of detection
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Table 1

The different types of sensors based on the ZnO NF structure.
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S
No.

Type of nanostructure used

Finding of the study

Method of detection

References

1.

10.

11.

ZnO nanoworms, nanoflowers,
nanowalls, and nanorods

ZnO nanodisk, nanoflower, and
nanospindle

Micro-patternable double-faced (DF)
zinc oxide nanoflowers (ZnO NFs)

ZnO NFs

ZnO nanowires, nanorods and
nanoflowers

ZnO NFs

ZnO NFs

ZnO NFs

Ag-doped ZnO NFs

ZnO-Ag hybrids

Ag-doped ZnO NFs

Nanoworms, nanorods, and nanowalls were prepared by the pulsed laser ablation
(PLD) method. During nanoworm and nanowall synthesis secondary intermittent
product which was ZnO NF was formed. The PLD-grown ZnO nanostructures were
elaborately explained according to the different growth planes and experimental
conditions. ZnO nanowall due to its very high surface area to volume ratio was
immobilized on Al;03 and has shown its high-efficiency gas sensor capacity for CO
and ethanol gases detection. The detection limit was 50 ppm at 350 °C for CO and
400 °C for ethanol gas.

Aqueous chemical route was used to synthesize ZnO nanostructures like nanodisk,
nanorod, nanoflower and nanospindle by varying the pH from 5.0 to 10.0. The
acetone gas sensor was designed using the above nanostructures and the results
showed that compared to nanodisks the nanoflower gave higher limit of detection for
acetone gas. The lower response of the nanodisks was attributed to the sporadic
distribution of the nanodisk over the total substrate which reduced the active surface
area required for the adsorption of oxygen resulting low gas response. On the other
hand, for the ZnO NFs, the effective surface area was higher due to the extended
flower petals which facilitated elevated interaction of acetone gas the molecules of
oxygen that were adsorbed.

On a polyimidie substrate, ZnO nanoshells were laid at regular intervals over which
the nanorods were grown inside and outside the shells to give a maximum surface
area. The three-dimensional structure contained many gas diffusion channels and was
used efficiently as a gas sensor for NO, detection with Single-walled carbon nanotubes
(SWCNTs) as electrodes. The high selectivity for NO, gas was observed showing a
stable response of 218.1, with rapid rising and decay timings as 25.0 s and 14.1 s
respectively. The recovery percentage of the gas sensor was 98% after exposure to
NO,.

An amperometric biosensor based on ZnO NFs was designed to detect hydrogen
peroxide (H202). A modification was made in the glassy carbon electrode by
electrodeposition of ZnO NFs over a thin film of multi-walled carbon tubes
(MWCNTs). Hy0, was detected with high sensitivity at —0.11 V in a liner range from
9.9 x 10 ~7t0 2.9 x 10 ~ ® mol/L with a very short response time of less than 5 s. The
rapid response time, excellent stability, and a linear range of response were observed
in this H,0, sensor.

One dimensional nanostructure of ZnO was employed to design an oxygen sensor. The
nanostructures used were nanowires, nanorods, and nanoflowers which were grown
on substrates of silicon and alumina to assess the gas sensor activity under different
conditions. The results revealed that alumina substrate was superior compared to
silicon substrate for gas sensing abilities. Different temperatures and gas flow of
oxygen were used to determine the gas sensing sensitivity and it was found that the
maximum sensitivity was near ambient temperature using a nanowire structure.

A simple co-precipitation method was used for the synthesis of ZnO NFs for designing
an electrochemical sensor for detection of Sunset Yellow (SY) dye in which the carbon
paste electrode was modified by coating it with the synthesized ZnO NFs. The
modified electrode had a higher surface area which yielded an enhancement of
electrochemical oxidation of SY and a linear detection of SY was executed in the range
of 0.50-10 pg/L and 10-70 pg/L.

ZnO NFs composed of ZnO nanorods were synthesized by facile one-step
hydrothermal method and its application was studied for sensing flammable gases as
well as corrosive vapors. The sensor was highly sensitive, had fast response-recovery
characteristics, and was stable.

The ZnO NF was immobilized on an indium tin oxide (ITO) electrode using
hydrothermal decomposition method and utilized for detection of heavy metal lead
(Pb*2) by Pb(**)-dependent DNAzyme based biosensor. The detection was done using
fluorescence emitted after DNA hybridization and the sensor was linear in the range of
0.5-20 nM and had a limit of detection of 0.1 nM.

Low temperature hydrothermal synthesis of Ag-doped ZnO NFs was achieved with
high density and they possessed a well-crystalline structure. The fabricated
nanostructure was used as a chemical sensor for the detection of phenylhydrazine by
employing a current-voltage (I-V) technique. The detection was achieved with high
sensitivity ~ 557.108 + 0.012 mAem(~?)(mol L(1)() and detection limit of ~ 5 x
10(—9) mol L(" ).

A surface-enhanced Raman scattering (SERS) spectroscopy-based sensors designed by
4-aminothiophenol (4-ATP) functionalized ZnO-Ag hybrid NFs was used for the
detection of explosives (Trinitrotoluene, TNT). The sensor provided excellent
sensitivity for TNT detection with concentrations as low as 5 x 10~° M. The sensor
was also sensitive for other derivatives of TNT detection compared to the available
sensors.

A low-cost hydrothermal synthesis of an ultraviolet-enhanced (UV-enhanced) nitric
oxide (NO) sensor engineered by silver-doped zinc oxide (ZnO) nanoflowers was
established. Ag ions improved the sensitivity of NO detection and the limit increased
from 73.91 to 89.04% post-exposure to UV light-emitting diode (UV-LED). The UV-
enhanced Ag-doped ZnO NFs sensor exhibited lower response time which was

Electrochemical
(conductometric)

Electrochemical
(conductometric)

semiconductor metal
oxides (SMO)

Amperometric

Conductometric

Electrochemical
(Amperometric)

Conductometric

Photoelectrochemical
sensor

Current-voltage (I-V)
technique

Surface-enhanced Raman

scattering (SERS)
spectroscopy

Field Effect Transistor
(FET)

[38]

[50]

[36]

[6]

[42]

[74]

[39]

[78]

[31]

[28]

[64]

(continued on next page)
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Table 1 (continued)
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S Type of nanostructure used
No.

Finding of the study

Method of detection References

reduced to 60 s from 120 s without Ag. The temperature for detection of NO was also
reduced to 150 °C from 200 °C with an increase in detection amount to 15.13%. The
gas sensor property was also possible to be calibrated by using the self-photoelectric

effect under the illumination of UV light.

was 52 fg/mL which made this sensor useful for effective detection of Ap
[71]. The biosensor for the detection of insulin amyloid was also
developed using ZnO NFs grown on different substrates and the effi-
ciency was compared between them. Insulin amyloid, being structurally
similar to other amyloids related to neurodegenerative disorders, was
used as model amyloid for the study. The ThT (Thioflavin T) dye which
can bind to amyloids specifically to emit fluorescence was adsorbed over
the ZnO NFs and the detection sensitivity enhanced nearly 10 folds
compared to fluorescence emitted from the bare glass substrate. Thus, an
enhanced sensitivity was observed in this engineered biosensor for in-
sulin amyloid detection [3]. In Fig. 3 we can see that on an Ag coated
glass substrate, the ZnO NPs are seeded and ZnO NFs were grown taking
the NPs as seeds to design a biosensor. The nano Ag film coating helps in
fluorescence enhancement by metal enhanced fluorescence (MEF) [11].

In another study, the ZnO NFs were used for the detection of dia-
betes. The Na element acting as a p-element was incorporated in ZnO
lattice. The Na:ZnO nanoflower was a p-type semiconductor and was
utilized as a gas sensor and its sensing ability was activated by the
illumination of UV light. The Na:ZnO nanoflower sensor showed a high
response to acetone gas. In cancer and type-1 diabetes patients, it was
found that the acetone gas was exhaled by them exceeded the range
between 1.0 ppm and 1.8 ppm while in normal person the acetone gas
present in the exhaled air was found in the range from 0.3 to 0.9 ppm.
The solid-gas reaction was prompted by the metal oxide activation
through UV illumination and consequent ionosorption of the oxygen
species over the surface of metal oxide was found. The prepared gas
biosensor exhibited hole transport of electrons and showed a high level
of sensitivity to acetone gas [33].

Facile solution-based synthesis of ZnO NFs was done and its effi-
ciency as a highly sensitive non-enzymatic sensor for glucose measure-
ment was assessed. The ZnO NFs were found to be an efficient electron
mediator and the biosensor had a sensitivity of ~411 yA M~* cm™2. The

ZnO nanoflower with
hexagonal rod shaped
petals grown from ZnO
nanoparticles

ZnO nanoparticle (Seed)

limit of detection of the sensor was ~1.25 mM and it had a quick
response time of nearly 10.0 s [66]. Oxygen plasma treated ZnO NFs
were used as a coating of electrode designed to detect dopamine (DA),
and diclofenac sodium (DS) in an electrochemical biosensor. The
different photophysical tools were used for the characterization of ZnO
NFs and the large surface area of the petals demonstrated good elec-
trochemical performance. The cyclic voltammetry in the potential range
of 0.3-1 V showed a linear response in the range of 0.1-300 uM for DA
and 0.01-40 pM for DS with sensitivities of 0.26 pAepM *cm ™2 and 0.37
uMepM em 2 for DA and DS respectively with the limits of detection
0.28, and 0.11 pM. The sensor could detect both DA and DS simulta-
neously in urine samples with good sensitivity [79]. The sonochemical
technique was used to synthesize graphene oxide covered ZnO NFs (ZnO
NFs@GOS) to be utilized as a modified electrode for the detection of
8-hydroxy-2'-deoxyguanosine (8-HDG) in the urine sample. 8-HDG is a
biomarker related to oxidative stress and cancer. The range of detection
of the electrochemical biosensor was 0.05-536.5 uM with a detection
limit of 8.67 nM [25]. In another research work, gold nanoparticles were
spotted on ZnO NFs, to design a nanohybrid that was used to detect
pathogenic Leptospirosis-causing strain’s DNA through hybridization
technique and mismatch analyses. Using impedance spectroscopy, the
limit of detection was as low as 100 fM [51]. Nicotine is a potent
carcinogen and its detection was achieved by a SPR based fiber optic
sensor. The sensor was composed of coatings of Ag and graphene doped
four types of ZnO nanostructure over the unclad core of the optical fiber.
The four types of ZnO nanostructures used were nanocomposites,
nanotubes, nanoflowers, and nanofibers. The ZnO nanostructure-based
core produced high sensitivity for the detection of nicotine compared
to other available methods [61]. A three-dimensional (3D) cloves bud
resembling gadolinium doped ZnONFs speckled with reduced graphene
oxide (GZO@rGO) was used to modify the glassy carbon electrode for
the detection of 1-Dopa. The electrochemical sensor showed r-Dopa

Nano Ag coated glass
substrate

Nano Ag thin film deposited on a glass substrate and
ZnO nanoparticles were immobilized on it to act as a
seed for the ZnO nanoflower growth. This nanoflower
mmmbolized on a Ag thin film was used as a biosensor
for detection of insulin amyloids

Fig. 3. An illustration showing the growth of ZnO nanoflower from ZnO nanoparticles as a seed which is immobilized on an Ag thin film coated glass substrate. This

nanostructure was used to design biosensor for detection of insulin amyloids [3].
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oxidation current response to be directly proportional to the r-Dopa
concentration giving a linear range of response from 10 to 100 nM. The
designed sensor was sensitive at 0.1 pA nM ! em~2 and had a limit of
detection of 0.82 nM [16]. The other electrochemical sensors based on
different ZnO nanostructures have been reviewed earlier [44]. The
development of biosensors for the detection of various biomarkers
related to different diseases was thus shown to be designed using the
unique properties of ZnO NFs. ZnO NFs are also useful in therapeutics.
Some of the therapeutic applications of ZnO NFs are discussed.

7. Therapeutic applications of zinc oxide nanoflowers
7.1. Formation of blood vessels by zinc oxide nanoflowers

Angiogenesis is the process of new blood vessel formation from the
pre-existing blood vessels. It is a very complex process and it involves
many major steps like the stimulation of endothelial cells induced by the
growth factors, the proliferation of endothelial cells, migration of
endothelial cells followed by the formation of intravenous blood vessels.
The cell proliferation assay was conducted for endothelial cells with ZnO
NFs. The endothelial cells were stimulated by the ZnO NFs, exhibiting
the proangiogenic nature of the ZnO NFs. The chick embryo angiogen-
esis assay showed new intravenous blood vessel formation from the pre-
existing blood vessels when exposed to ZnO NFs. The results showed that
H,0,, the signaling molecule may be one of the reasonable mechanisms
for the induced formation of blood vessels by the ZnO NFs. The same
group reported that the angiogenesis executed by the ZnO NFs was
mediated through the nitric oxide formation through MAPK/Akt/eNOS
pathway where the nitric oxide acted in a cGMP dependent manner [9,
49].

7.2. Zinc oxide nanoflowers in cerebral ischemia

Neuritogenesis is a major process in which the differentiation of
neurons, exons and several dendrites takes place. After seeing the
angiogenetic property of the ZnO NFs researchers conjectured that these
nanoflowers can also be used as a therapeutic agent for improving the
neuritogenic activity by increasing the mRNA expressions of different
neurotrophins. Cerebral ischemia can lead to decreased brain function
and sometimes brain death. There are few therapies available to restore
the function and structure of the damaged neuronal tissue related to
cerebral ischemia. Some of the therapies include thrombolytic tissue
plasminogen activator, pro-angiogenic growth factors as well as nerve
growth factors. Cerebral ischemia was induced in the Fischer rat model
and the ZnO NFs possessing pro-angiogenic properties were injected into
the cerebral region. The ZnO NFs showed neuroprotective ability as
evidenced by the neuronal studies and staining of the Golgi-Cox in
sections of brain tissue. The results showed improved synaptic connec-
tions with improved dendritic spine density, establishing the important
role of neurabin-2 and NT3 protein. This is a regenerative approach
directing possible cerebral ischemia treatment through in vivo process.
This study showed that ZnO NFs not only had angiogenetic properties
but also demonstrated neuroprotective and neuritogenic properties [8].

7.3. Zinc oxide nanoflowers on osteoblast growth and osseointegration

Osteoblasts are the cells that are responsible for the formation of
bones. The fabrication of nanomaterials with biomaterials could make
the material more biocompatible and more effective. In a study, the
surface effect of MC3T3-E3 osteoblast growth and osseointegration for
applications in bone tissue engineering were studied. The ZnO NFs were
prepared on a silicon substrate in the presence of a layer of photoresist to
manipulate the inter-distancing in the nanoflower structure. The Si
substrate was coated with the ZnO NFs and the electron holes were made
by photolithography. The substrate was aligned and oxygen plasma
treatment was done to remove the organic residues present on the
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patterned holes and the substrate was dipped in the nutrient solution for
the ZnO NFs growth. Then the photo resist layer was removed by
treating with acetone. The MC3T3-E1 osteoblast cells were cultivated on
the top of TCPS, ZnO film, and ZnO NFs respectively. After 16 days it
showed that the ZnO NFs had an increased amount of DNA content and
ALP activity. After centrifugation, it was concluded that ZnO NFs
showed enhanced surface effects on differentiation, adhesion, and
growth of the osteoblast cells compared to other substrates. The ZnO NFs
on the substrate were used for implantation to the calvarial bone defect
in the SD rat model and covered with HA-PLGA films. After an incuba-
tion period of 4 weeks, the X-ray tomography showed that the bones
have started to regenerate on the surface of the ZnO NFs substrate. This
showed that ZnO NFs could promote cell proliferation, adhesion,
growth, as well as osseointegration in a superior way compared to ZnO
film. This novel concept can be used in dental implants and other
medical applications [47]. This unique method for the growth of ZnO
NFs structure on biomaterials has raised interest in various tissue engi-
neering applications.

7.4. Enhanced toxicity of zinc oxide nanoflowers for killing cancer cells

The ZnO NFs were synthesized at low temperature and its cell killing
capacity was monitored for human cervical carcinoma (HeLa) cells as
well as towards a noncancerous murine fibroblast cell line (L929). The
nanoflowers were synthesized using different reaction times like 0.5 h, 2
h, and 4 h and the hydrodynamic diameter in cell culture medium with
serum was minimum (7.53 £ 0.53 nm) for the ZnO NFs grown for 4 h.
The cellular uptake of the different ZnO NFs was monitored using flow
cytometry and the uptake was higher for the HeLa cells compared to
L1929 cells for all the different ZnO NFs. The cell killing through
apoptosis and necrosis was also monitored for HeLa and L929 cells after
exposure to the different concentrations of the different types of ZnO
NFs by flow cytometry post staining with Annexin V, FITC/propidium
iodide. Ten times more apoptosis and necrosis were induced in HeLa
cells compared to 1929 cells. A similar result was obtained when studied
using fluorescence microscopy. Although the production of ROS was
significantly higher than negative control in both HeLa and L929 cells
for all the doses (0.1, 1.0, and 10.0 pM) of the three types pf ZnO NFs
(named as ZnO NP 4 h, ZnO NP 2 h, and ZnO NP 30 min), but the
response was more pronounced in case of HeLa cells compared to L929
cells. Thus, from the above study, it was concluded that the ZnO NFs
could induce higher cell killing in cancer cells compared to normal cells
[46]. Cai et al., [10] have shown that the different morphologies of the
petals in ZnO NFs, like fusiform flowers, rod flowers, and petal flowers
have shown toxicity towards HeLa cells. ZnO NFs along with other
self-styled ZnO nanostructures like nanoplates (NPls), nanosheets (NSs),
and nanorods (NRs) were exploited for their effect on cancer cells in a
study by [70]. Human T98G gliomas, kidney HEK293, and MRC5
fibroblast cells were used to study the induction of apoptosis at a fixed
pH. The results demonstrated that all the nanostructures were capable of
inducing cell death in the malignant T98 G glioma cells, although the
nanorods exhibited higher killing by inducing caspase dependent
apoptosis in these cells. Chronic low dose exposure to oxidative stress
plays a pivotal role in the etiology of cancer [12]. Inhibition of caspase
dependent apoptosis was also seen in Chinese hamster fibroblasts cells,
conditioned with chronic low dose exposure to HyO5, when exposed to
gamma radiation [19] or cisplatin, a chemotherapeutic drug [18].

8. Antimicrobial activity of zinc oxide nanoflowers

The ZnO nanoparticles showed growth inhibition properties in many
of the Gram- positive and gram-negative bacteria. The facile solution
based synthesis of ZnO NFs was tested for the antimicrobial activity
against E.coli bacteria. The minimum inhibitory concentration for killing
E. coliwas 25 pg/mL of ZnO NFs. The interaction of the ZnO NFs with the
bacteria is responsible for the disruption of the cell membrane as a result
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of ROS production from water and oxygen leading to cell killing [66].
Graphene oxide was coated with metal and metal oxide nanoparticles
like Ag, ZnO NFs, and TiO; to give GO-Ag, GO-TiO,@ZnO, and
GO-Ag-TiO2@ZnO nanocomposites. The synthesized nanocomposites
were tested for the antimicrobial activities of Gram-positive bacteria
(B. anthracoides and S. aureus) as well as strains of Gram-negative bac-
teria (P. multocida and E. coli) by using the disc diffusion method. The
study showed both the Gram-positive and Gram-negative bacteria were
strongly inhibited by GO-Ag and GO-TiO2@ZnO nanocomposites and
higher killing activity was performed for the Gram-negative bacteria.
Although, GO-Ag, GO-TiO2@ZnO, and GO-Ag-TiO2@ZnO nano-
composites have shown antimicrobial activity towards both
Gram-positive and negative bacteria, but only Ag NPs exhibited mini-
mum inhibitory effect against all the bacteria tested [17]. In wastewater
treatment green synthesized ZnO NFs using Carica papaya milk were
used. These ZnO NFs showed more antibacterial activity against Pseu-
domonas aeruginosa and Staphylococcus aureus compared to Klebsiella
aerogenes and Pseudomonas desmolyticum. The culture was cultivated
with the bacteria and the disk loaded with ZnO NFs was placed on the
culture and incubated. After the incubation period, the Gram- negative
bacteria showed a maximum zone of inhibition compared to Gram-
positive bacteria. This is because the outer membrane of the Gram-
positive bacteria is made of a thick peptidoglycan layer which consists of
linear polysaccharide chains with short peptide cross- links making the
membrane rigid but in Gram- negative bacteria the cell wall possesses
only layers of peptide-glycan. The ZnO NFs could not penetrate the rigid
cell membrane of the Gram-positive bacteria but entered the
Gram-negative bacteria ruptured them using reacting species like O3,
OH"®", H20 generated by the surface of ZnO NFs. This experiment was
conducted in the dark because white light may enhance the generation
of electron-holes by the activation of ZnO NFs. The holes were generated
which split the HoO molecules present in the suspension of ZnO into
hydroxyl radicals (OH ™) and hydrogen ions (H"). Further, the oxygen
molecules that are dissolved in the solution are converted to superoxide
radicals (03”) which react with H' ions to form hydrogen peroxide
radicals (H203). The hydroxyl radicals collide with electrons to yield
hydrogen peroxide anions (H203) which further react with hydrogen
ions for the production of H,O5 molecules. The HyO, can penetrate into
the cell membrane and disrupt the bacteria while the OH™ and O3~
cannot penetrate into the bacteria as they possess a negative charge. The
small-sized nanoparticle could easily penetrate into the cell wall of the
bacteria. The ZnO NFs were synthesized and characterized by XRD and
the size of 11 nm was obtained which was optimal to investigate the
antibacterial activity. The UV visible spectroscopy results showed the
band-gap energy of the ZnO NFs has significantly increased. This study
showed that the small crystallite size, shape, and concentration were the
essential features responsible for the improved antibacterial activity of
the ZnO NFs [58].

Yittrium doped 3D ZnO NFs with ZnO nanorod shaped petals were
synthesized using the hydrothermal method with Yittrium doping at 2%
and 4% to give YZO. The antibacterial activity against E.coli and
S. aureus was evaluated for the ZnO and YZO. There was a complete
elimination of both the bacteria, Gram- negative and Gram- positive
after 6 h of incubation with YZO. Thus, an inhibitory effect was estab-
lished for Yittrium doped ZnO NFs [58,59]. Surface functionalized
eggshell membranes (ESM) were used as a template to grow ZnO NFs
decorated with Ag nanoparticles through sonochemical synthesis to
prepare a nanobiocomposite. The bactericidal properties of the synthe-
sized nanobiocomposite were monitored for Gram-negative, E. coli, or P.
aeruginosa along with Gram-positive, S. aureus, or B. subtilis. Excellent
bactericidal activity was observed with cell killing up to 97% for both
Gram- positive and Gram- negative bacteria. The biocompatibility was
tested by using NIH 3T3 fibroblast cells which showed lower cell killing
after exposure to the nanocomposite. The reason was justified as the Ag
got agglomerated when it was exposed to the cells because the culture
medium containing the nanobiocomposite was not changed for three
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days. It is known that if the Ag nanoparticles have a higher size, which
happened due to agglomeration, it can exert higher killing of the
mammalian cells. Under such a situation it can be considered that the
synthesized ZnO NF decorated with Ag nanoparticles grown over ESM,
can be used as a bactericidal agent [26]. In a recent study, bioinspired
synthesis of ZnO NFs was done using Withania coagulans extract as a
reducing agent, and its antibacterial ability and high efficiency algae
harvesting was assessed. The ZnO NFs have typical triangular shaped
petals with asteroideal projections as visualized under TEM. The pres-
ence of phenolic and amino group on the surface of the synthesized
nanoflowers was observed which acted as a stabilizing agent and the
antibacterial activity was more pronounced for the Gram-positive bac-
teria Staphylococcus aureus in comparison to Gram-negative bacteria
Pseudomonas aeruginosa. The ZnO NFs were porous in nature which
could entangle with the algae for its harvest. The algae harvesting effi-
ciency was nearly 96% which was very useful for the production of
bioethanol and has shown a promising industrial application [27]. In
another study, green synthesis of ZnO NFs was done by facile method
using extracts from the plant Thlaspi arvense. Complete characterization
of the as-fabricated ZnO NFs was done using UV- visible spectrometry,
FTIR, XRD, SEM, HRTEM, and EDS. The bactericidal activity of the
synthesized ZnO NFs was done for MDR bacterial strain Escherichia coli
(E. coli, BL21 DE3) and was compared with that of ZnO nanoparticles
which were commercially available. The killing was found to be higher
for the ZnO NFs which was demonstrated due to excess generation of
ROS and higher membrane damage induced by the nanoflowers. The
SEM images have shown that the E. coli cells were completely ruptured
after exposure to biosynthesized ZnO NFs. Moreover, the photocatalytic
activity of the ZnO NFs was also demonstrated which has been discussed
in earlier sections [65]. Three types of flower petal structures namely
fusiform, petal, and rod-shaped petal was synthesized controlling the
experimental conditions for ZnO NFs and their antibacterial activity was
found to be promising for all the petal structures [10]. An in silico study
exploring the molecular electrostatic potential study of ZnO NPs and
bacteria has shown that the ZnO NPs have a high surface area along with
structural defects that allows the bacterial protein to bind electrostati-
cally weakly or in an adsorbed state with ZnO [55]. A recent study re-
ported the synthesis of Phyto-reflexive surface decorated ZnO NFs which
exhibited antimicrobial activity against Gram-negative Pseudomonas
aeruginosa and Gram-positive Staphylococcus aureus, and also anti-
fungal activity against Aspergillus niger and Candida Albicans [57].
Among a wide range of research studies discussed above, it was observed
that ZnO NFs could act as a potent antibacterial agent with their effect
extended for both Gram-positive and Gram-negative bacteria.

9. Molecular and mechanistic insights into zinc oxide
nanoflower-protein interactions

To study the interaction of ZnO nanoflowers with the proteins BSA
and human insulin (HI), researchers have synthesized ZnO nanoflowers
and used wet lab as well as in silico tools for the analysis. Solvothermal
route was used to synthesize ZnO nanoflowers and microwave assisted
route was employed for polyol-coated ZnO NPs (ZnO@PEG NPs) syn-
thesis which was smaller in size (40 nm) compared to the nanoflowers.
The fibrillation and antifibrillation of the proteins BSA and HI after the
addition of these nanostructures were monitored by Thioflavin T (ThT)
fluorescence measurement. Both the structures exhibited their role in
amyloid formation and dissociation, but the ZnO NFs could degrade
both the proteins with high efficiency. Acetylsalicylic acid (ASA) was
used as a positive control to induce the fibrillation. The insulin fibril-
lation was inhibited to 47% by the ZnO NFs and 44% by the ZnO@PEG
NPs. Molecular docking studies were done to find the structural in-
teractions between the nanostructures and the two proteins. The global
binding energies of the ZnO NPs when docked with BSA and the HI
targets were calculated and was found to be —5.44 kcal.mol ™! for BSA
and —1.56 kcal.mol™! for HI. The data showed that ZnO NPs had a
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higher capacity to bind with BSA and they can act as catalysts during the
process of fibrillation of the albumin monomers [20]. ZnO NPs are
incorporated in foodstuffs as a dietary source of zinc and have the
possibility of interacting with the biological molecules which may
impart some toxic effects. In a study, the interactions between ZnO NPs
and skim milk, a representative protein food matrix, were monitored
with emphasis on the different components of the skim milk such as the
protein, minerals, and saccharides. Cellular uptake, cytotoxicity, struc-
tural deformation of the proteins, intestinal transport, and the efficiency
of digestion was assessed. Fluorescence quenching of tryptophan was
used to study the interaction of the protein casein, a component of skim
milk, with the ZnO NPs. HPLC was employed to find out the amount of
saccharide, lactose, adsorbed above the ZnO NPs. This was done to study
the interaction between the saccharides and the ZnO NPs. The adsorp-
tion of the mineral calcium over the ZnO NPs was observed for skim milk
containing calcium and only calcium solution. The calcium adsorption
was only 10-29% for skim milk, whereas it was 60% for only calcium
solution. All the above data for the interaction between ZnO NPs with
saccharides, proteins, and minerals present in skim milk did not show
any significant difference with different times of ZnO NP incubation.
Along with the data of molecular as well as cellular interactions, the ZnO
NPs were found to be safe for human consumption [5]. The interaction
of ZnO NPs with biomatrices was studied in another study by the same
group of researchers to reveal its effect on oral absorption, distribution,
and toxic effect of ZnO NPs. The effect of ZnO size was assessed on the
different physicochemical properties such as quenching of protein
fluorescence, solubility, particle-protein corona, and transport inside
simulated gastrointestinal (GI) and plasma fluids. The outcome of the
study showed that the protein fluorescence quenching was more pro-
nounced for ZnO nanoparticles compared to the bulk particles. On the
other hand, the solubility of ZnO and the mechanism of intestinal
transport were not affected by the particle size. Proteomics studies were
done to establish that fibrinogen, albumin, and fibronectin play an
important role in the particle-plasma protein corona, independent of the
size of the particle. The ZnO nanoparticles had a more strong interaction
with fibrinogen and fibronectin, the proteins responsible for the innate
immune system. Thus, ZnO nanoparticles may influence the immune
system [75]. On the other hand, another group of researchers has re-
ported the deleterious effect of ZnO nanostructures (nanoneedles and
nanoflowers) on different blood components such as erythrocytes,
human serum albumin (HSA), and human isolated primary neutrophils.
There was no significant difference found in the intrinsic and extrinsic
fluorescence and circular dichroism of HSA after incubation with ZnO
nanostructures showing that these nanostructures did not cause any
denaturation of this protein. The drug carrying capacity of the HSA was
also not altered after treatment with the ZnO NFs and ZnO nanoneedles.
Neutrophil activation was also not elicited by any of these ZnO nano-
structures as documented by the lucigenin- and luminol-dependent
chemiluminescence as well as by the release of hydrogen peroxide in
the extracellular medium. However, it was found that the ZnO—NFs
could induce hemolysis of the erythrocytes which was not observed for
the ZnO nanoneedles. This finding of ZnO NF made an exception for the
capacity of ZnO nanostructures to be used in biomaterials [48]. Thus,
there was a differential effect of ZnO nanostructures on the proteins in
biological fluids.

10. Conclusion

Nanomaterials of metals and their oxides have been found to have
immense potential application in healthcare. Of particular importance is
the ZnO nanoparticles, where it has been observed that the varied shapes
and sizes have distinctive advantages. Important among them are the
NFs because of the enhanced surface area due to the multifaceted petal
like appearance, which enables them to be functionalized with versatile
applications. The various routes of synthesis for obtaining differently
shaped NFs have been discussed. Small defects in the crystal structure
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have given the ZnO NFs high oxygen availability on the surface and
could act as a photocatalyst with high efficiency. In many cases, the ZnO
NFs were doped with Ceria or decorated over a GO layer to enhance
their efficiency. The gas sensor application has been discussed elabo-
rately for the nanostructures and composite that contained ZnO NFs. For
different harmful dye remediation, ZnO NFs have shown their promising
photocatalytic activity and have been used for wastewater remediation.
Its use in designing biosensors is significant for their high selectivity. It
has been possible to detect Af, insulin amyloids, acetone gas which is
usually evolved for patients with diabetes and cancer, etc., and the ef-
ficiency was higher with high sensitivity. The induction of angiogenesis,
osteoblast growth, and osseointegration, and probable killing of cancer
cells have also been observed to be induced by ZnO NFs. A wide range of
Gram-positive, as well as Gram-negative bacteria are killed by the ZnO
NFs or doped ZnO NFs, showing its role in killing bacteria. The inter-
action of ZnO NFs and ZnO NPs was also briefly discussed with different
biological macromolecules. The review aims to provide the researchers
an insight into ZnO NF technology. The future perspective of ZnO NFs
directs the researchers to develop different therapeutic strategies, bio-
sensors with more accuracy and sensitivity, environmental remediation
applications using bare or surface functionalized ZnO NFs.
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