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ZnO quantum dots a novel nanomaterial for various applications:
Recent advances and challenges
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Globally, in the recent era of 22™ century, ZnO quantum dots has gained huge attention of researchers towards its various
applications in nano-biotechnology industry. This review article provides substantial approach on several aspects of ZnO
quantum dots,its properties, synthesis process, factors affecting the synthesis process. Recent advances and challenges in
QDs synthesis and their applications. Though the use of ZnO QDs has shown huge progress, but still so many challenges are
there at present like economically cheaper level commercialization of quantum dots, proper in vitro and in vivo application
of ZnO quantum dots, so that it can fulfil the need of the industry for various applications.

Keywords: Biomolecules, Nano-bioconjugation, Quantum confinement, ZnO QDS

Nanomaterials

Nanomaterials are the materials having at least one
of the dimensions in range of 1-100 nm'®.
Nanomaterials, inspired from natural molecules*are
the bridge stone of bio-nanotechnology, i.e.,
interfacing biology with nanotechnology is recently a
powerful tool for application to almost all the fields
of science and technology including health
improvement. Plenty of inorganic and organic
nanomaterials are naturally available to synthesize
nanomaterials of various size and shape.
Nanomaterials are mainly composed of organic® or
inorganic”® materials having covalent, ionic and
metallic bonds with high potential for being applied in
various fields of technologies including health and
diagnosis®, bioimaging'® drug discovery®, drug
targeting'® drug deliveries™, antimicrobial agents™,
wound dressing™, transfection vectors'® and labeling
agents'’. Recently, integrating biomolecules with
biocompatible  nanomaterials  contrast  agents,
diagnostic devices, and important tools in cancer
therapy are developed'®. Some of these nanomaterials
occur naturally, but most are engineered for specific
interest like cosmetics™® %, sunscreens, stain resistant,
clothing?®, tires* electronics®, etc. Thus, the
science and technology of nanomaterials is a wide and
interdisciplinary research which resulted in rapid
transition into the technology with better performance
in the past few years worldwide®.

*Correspondence:
E-mail: awadhe38_cns@jnu.ac.in; dradverma@gmail.com

At this scale nanomaterials have high surface area
to volume ratio®’ than their bulk counterparts leading
to improved chemical, physical, mechanical?®,
magnetic, optical® optoelectronic® and other
properties®. The nanomaterials have potential to
targeted drug delivery which can be controlled
using some externally applied field such as
magnetic, applied electric or irradiated photons®.
Nanomaterials are used as source for renewable and
clean energy to meet the global energy demand®?®.
Nanomaterials as potential candidates are studied
for improved engine efficiency, replacing to light
emitting diode (LED)®, efficient water purification
systems® and defense systems®’. Nanomaterials will
revolutionize technology and industrial processes with
improved performance same as the silicon technology
did.

Zero-dimensional (0D) Nanomaterials

Zero dimensional (0D) nanomaterials have
dimensions of a few nanometers with less than 10 nm
in all direction and exhibit quantum confinement
effect leads to discrete energy levels; known as
quantum dots (QDs)**** QDs are generally referred as
an artificial atom®, where time-space distributions of
the excited electron-hole pairs get confined within a
particular small volume, which results into enhanced
properties®.

One-dimensional (1D) Nanomaterials

1D nanomaterials has size restriction in two
dimensions whereas in third dimensionlimitation
is relaxed and hence, quantum confinement is in
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two directions®. Quantum wires, nanowires,
nanofibrils, nanofibers, nanotubes, etc. are the 1D
nanomaterial. 1D nanocomposite have potential and
are used in nanodevices, nanoelectronics, alternative
energy resources and national securitydata storage,
biochemical and chemical sensors®.

Two-dimensional (2D) Nanomaterials

2D nanomaterials have quantum confinement in
only one direction since there is no size limitation in
two directions®. Quantum well, nanosheet like
structures are the examples of 2D nanomaterials.

Three-dimensional (3D) Nanomaterials/Superlattices

3D nanomaterials are basically dispersions of
nanostructured materials e.g. bundles of nanofibers/
belts etc. making bulk materials in which thefree
electron can move in all three dimensions i.e. X, Y and
Z directions*’. Nanomaterials with 3D architectures,
like nano superlattices show some exceptional
properties and functionalities having wide range of
applications. The distribution of the density of states
for nanomaterials of 0D, 1D, 2D and 3D are shown in
(Fig. 1)
Types of QDs

Nanostructured materials/QDs (QDs) can be
produced for all kinds of materials viz. metals,
semiconductors, insulators and polymers. Their
properties can be tailored as per the requirement such
as magnetic, optical, chemical, catalytic, hydrophobic,
hydrophilic nanostructured materials. Therefore, QDs
are also prepared to have high luminescence
properties at specified energy in different medium.
Semiconductor QDs have wide range of materials like
-1V, I-111, 1-V, 1I-VI, etc. Metal/semiconductor QDs
can exhibit high intensity of fluorescence useful for
various applications including tags, biomarkers and
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Fig. 1 — Schematics of density of states as system dimensionality
is reduced as moving from left to right i.e., from (A) the bulk; (B)
2D quantum well; (C) 1D nanowire; and (d) OD quantum dot. The
valence bands and conduction bands are distributed into
overlapping sub-bands that goes on becoming narrow and narrow
successively as the movement of electron is restricted*®
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probes. The fluorescent QDs unveil transitions having
high polarizability and size scale in accordance with
equation: Egmi/N"? 49%°

QDs depict quantum size effects as their size is of
the order of Bohr’s radius i.e., electron-hole pairs in
solid materials®. The transition energy from highest
occupied molecular orbital (HOMO) tolowest
unoccupied molecular orbital (LUMO) decreases with
size of QDs. The bandgap and emission wavelength
of QDs are tuned between ultraviolet (UV) to near
infrared (IR) by controlling the size and composition
of nanocrystals. The emissions from QDs are bright
and stable at room temperature. These specific
properties make the QDs suitable for manufacturing

LED, photonic  crystals, Single  Electron
Transistor(SET), chromophores in solar cells,
semiconducting  polymer  matrix, bio-imaging

guantum optics®>*%, Fluorescent QDs are also used as
fluorescent indicators to monitor biological reactions
as they can bind/attach to DNA or protein through
sulfide linkage.

Fluorescent QDs

The fluorescent QDs are produced having the
emission at any wavelength in the entire visible and
near infra-red region. In metallic QDs of a few atoms
can give fluorescence which is characterized by intra-
band transitions of free conduction electrons. At this
trivial size, metallic clusters behave as ‘molecular
species’ and discrete states showing very strong
fluorescence™

On the other hand, fluorescent semiconducting
QDs are gaining attention due to sharp single
wavelength and highly intense emission due to
guantization effect. It also hasa possibility of tailoring
the band gap from UV to near IR range of
electromagnetic spectrum, chemical and thermal
stability. The nature of fluorescence strongly depends
on the physical environment of electron-hole pair just
before they recombined. Strong confinement of the
exciton in QDs, yields quantum mechanical effects
with quantization of the fluorescence peaks which
was first discovered in semiconductor nanocrystals by
A. Ekimov in a glass matrix> and L. Brus in colloidal
solutions.
Fluorescent ZnO QDs

Fluorescent ZnO QDs are bio-compatible,
water-dispersible, stable in aqueous medium,
environmentally friendly inorganic material having
strong fluorescence as compared with traditionally
used QDs of CdTe or CdSe, which makes it attractive
for practical applications. Due to their relative non-
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toxicity, ZnO QDs have higher biological importance
including bio imaging, optical imaging, drug delivery,
gene therapy, antigen and allergen detection, DNA
detection, bio-sensing including cancer cell sensing
and antibacterial agents®®®°. The high abundance
of ZnO in nature and its low toxicity makes it
an excellent substitute for 11-VI compound
semiconductor nanocrystals that may produce toxicity
via generation of light induced reactive oxygen
species (ROS). Till date, the most affluent method to
fabricate ZnO QDs in dispersions is sol-gel method
though, colloidal solutions of ZnO nanomaterials have
tendency of aggregation. Zhang et al. has prepared
ZnO QDs using sol-gel method show enhanced
activity of ZnO QDs®™. The diameter of ZnO QDs and
cadmium doped ZnO QDs with wurtzite structures
(hexagonal) were 3-6 nm, exhibit sharp absorption
and fluorescence. The intensity further enhanced

using surface modification of such
QDs using different surfactants like Octadecyl
amine/Trioctylphosphine  oxide (ODA/TOPO).

Different groups synthesize ZnO nano powders via
sol-gel approachof size ~4 nm, aggregated into larger
spherical particles. Jagvir Singh et al., have studied
the importance of alkali metal hydroxide (LiOH,
KOH, NaOH) to control the size of ZnO nanomaterial
in non-aqueous solution and discussed the role of
alkali hydroxide in controlling the size of ZnO
nanoparticle within 10 nm®. Zhang et al. have
modified the surface of ZnO nanomaterials using
various capping agents; like APTMS(aminopropyl
trimethoxysilane), TEOS (tetraethyl orthosilicate), MS
(mercaptosuccinic acid), MPTMS (3-mercaptopropyl
tri-methoxysilane) and PVP (polyvinylpyrrolidone) to
limit the particle size below 10 nm depicted from
transmission electron microscopy (TEM)®.

Properties of ZnO QDs
Optical Properties

ZnO QDs show novel optical properties lead by
guantum confinement. As the size of QDs decreases,
the energy gap between the valence band &
conduction band increases, therefore, QDs of same
material exhibit diverse colorspectrum as a function
of size, as shown in (Fig. 2). ZnO QDs with size less
than 10 nm exhibit strong quantum confinement effect
in three directions hence, density of states of this 0D
structure has limited spatial correlation between
electrons and holes. Fluorescent ZnO QDs exhibit
wide emission range subject to the particle
size having direct band gap having high excitonic
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Fig. 2 — (A) Emission spectra of water soluble CdSe/ZnS QDs
having excitation wavelength 350 nm; and (B) QDs with different
size and formation of electron-hole pairs after excitation
facilitated by fluorescence or relaxing via trap states

binding energy (~60 meV) suggesting the possibility
of excitonic transition at room temperature in
ZnO QDs® %,

Physicochemical Properties

In nano-regime, the physicochemical properties of
ZnO QDs are different from that of bulk counterpart.
ZnO QDs has mainly two distinct crystallized forms
i.e.wurtzite hexagonal structure and zinc blend in
cubic form®. The wurtzite structure in hexagonal
form exists at optimum pressure and temperature
only. The ideal wurtzite structure is close-packed
lattice in hexagonal form, with ¢, = 0.52069 nm and
a,= 0.32495 nm as lattice parameters with ratio c,/a,
=1.602 and sp’hybridized. The polarity of ZnO is
characterized by tetrahedral symmetry arises along
axis of hexagonal symmetry. Piezoelectricity and
continuous polarization are produced due to polar
symmetry of ZnO along axis of hexagonal symmetry.
Based on the first principle Hartree-Focklinear
combination of atomic orbitals(LCAQO) theory, the
wurtzite structure is considered to be most stable
phase among different phases of ZnO. The intrinsic n-
type characteristics of ZnO is mainly due to the
sensitivity of lattice constants of ZnO, existence of
vacancies and interstitials &planar dislocations/
threading which are generally seen in ZnO materials
inducing non-stoichiometric behavior useful for
various applications®.
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Other Properties

ZnO QDs have modest stability in water making
itis useful for cell labeling. At low pH, water
molecules can target the surface states/defects of ZnO
destructing the luminescence properties”’.ZnO QDs
are useful for various biological applications due to
high isoelectric point (IEP) of ~9.5 biomolecules of
low IEP can be immobilization viacoulomb’s
electrostatic attraction. The transparency in visible
light having environmental and electrical stability
makes it suitable candidate for bio-sensing
applications. Prachi Joshi et al. have investigated the
role of surface bound charge species on ZnO QDs for
antibacterial  activity®’.  Authors  show that
antibacterial activity of ZnO-Nt (nitrate) and ZnO-Ac
(acetate) QDs are different relating to surface ionic
charges which is significantly observed under
radiation. The irradiation results photo-excitation of
surface density producing high density of ROS
resulting in the inhibition bacterial growth.
O, +e — Oz_
0" +H" — HO,
‘H02 +e + H+ — H202
OH +H" — «OH

The O* formation results in high density of ROS
leads to lipid peroxidation of cell walls and results the
increased permeability of membrane and internalization
of ZnO QDs.

Bioconjugation of Nanomaterials

ZnO quantum dots in nano-bioconjugations

The binding of nanostructured materials with
biomolecules is known as nano-bioconjugation.
Conjugation of biomolecules such as
oligonucleotides, peptides, and proteins to the QDs
without altering the structure &function of
biomolecules is becoming important to wvarious
applications like bio-sensing, drug designing, test
markers and other bioanalysis. Commonly used
methods for conjugation of QDs with various
biomolecules include covalent linkage, multivalent
chelation, nonspecific adsorption, and mercapto (-SH)
exchange™".

Various biomolecules, like serum albumins,
oligonucleotide andprotein get adsorbed easily on the
surface of QDs dispersed in water’>” The binding is
affected by temperature, pH, ionic strength, and
surface charge on QDs and the biomolecule. The
covalent interaction of functional groups of
biomolecules with QDs forms stable nano-
bioconjugate using cross-linker molecules, for
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example sulfhydryl coupling, formation of amide that
is mediated by carbodiimide, formation of amine
mediated by maleimide ester. These induced
conjugation with -NH, and -COOH groups are
advantageous as proteins contain carboxylic acid and
amine groups which leads conjugation without any
external linkage™ ™. Figure 3 depicts the various steps
(i)-(v) involved for nano-bioconjugation of QDs.

ZnO quantum dots showing various kind of
interactions. lonic interaction between negatively
charged QDs surface and a protein having positive
charge or between a positively charged QDs surface
and an oligonucleotide having negative charge.
Formation of amide bond between -COOH and -NH,
groups by NHS/EDC linkers. Linkage between thiol
(-SH) and amine (-NH,) groups through cross-linker
like Succinimidyl-4-(N-maleimidomethyl) cyclohexane-
1-carboxylate (SMCC). Attachment of hydroxyl
(-OH) and thiol (-SH) groups.Hydrophobic interaction
of lipid or liposome and alkyl on QDs surface.

ZnO QDs-Protein Interaction

The higher surface to volume ratio of nanomaterial
is several orders of magnitude higher than that of bulk
counterpart having high free energy of surface making
nanomaterials highly reactive”. Therefore, upon
exposure to fluid system of protein; the proteins and
other complex biomolecules start binding with the
surface charge on nanomaterial resulting into capping.
The surface adsorption of protein may result into
unfolding and aggregation of protein subject to the
shape size and chemical content of nanomaterials.
Interaction of ZnO nanomaterials with various kinds
of proteins have been studied by enormous groups
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Fig. 3 — Schematic representation of various methods to prepare
QDs-bioconjugates
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worldwide. Bardhan et al. have discussed theground
state complex formation between ZnO nanomaterials
and Bovine Serum Albumin (BSA) showing
static quenching of BSA’’. Prachi Joshi et al.
has discussed functionalized Zn0O QDs
with polyethyleneimine (PEI) conjugated BSA™.
Mandal et al. have discussed the interaction between
ZnO nanomaterial and bovine hemoglobin (BHb)
results into the formation of ground state complex
through static quenching effect”®.Bhogale et al. have
conjugated ZnO nanomaterials (~7.5 nm) with BSA at
different temperature and based on thermodynamic
studies reported that binding sites (n) and binding
constant (K) are inversely related to temperature®.
Bhunia et al. have explained the corona formation and
influence of on same while interacting with ZnO
nanomaterial resulted in quenching of fluorescence and
unfolding of protein®®, Wahab et al. have adopted CD
(circular dichroism) and fluorescence quenching
approach to study the interaction of ZnO QDs with
BSA & BHb and they observed that, quenching occurs
in the fluorescence intensity of BSA as the
concentration of ZnO QDs increases and reported
about 91% decrease in fluorescence intensity at 2 uM
concentration of ZnO QDs with blue shift of 3 nm®.

Surface Modification of ZnO QDs

Enormous reports have been published regarding
monodispersed, stable and fluorescent ZnO QDs in
several organic media. ZnO QDs being highly active
sometimes undergo agglomeration which leads to
poor dispersion and loses all their fluorescence.
Several methods and techniques are therefore,
established to overcome the challenges such as
modification of surface of ZnO nanomaterials making
use of water soluble/organic ligands, silanes or by
capping of ZnO nanomaterials with polymer. Prachi
Joshi et al. have gone through synthesis of highly
fluorescent polyethyleneimine (PEI) capped ZnO QDs
having high stability and dispersibility using
trisodium citrate as a linker between ZnO and PEI.
The fluorescence spectra showed defect related
emission around 555 nm in water as dispersion
medium and no agglomeration of ZnO showing long
range degradation in luminescence. It was evident that
surface modification may produce excellent binding
affinity for several biomolecules like nucleic acid,
monosaccharide and protein etc., which can make the
ZnO QDs as an excellent candidate as fluorescence
contrast agent for bioimaging, bioconjugation and

other applications®*.
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Fluorescent ZnO QDs for Diabetes

Recently, diabetesis a major issue causing death &
disability of human being across the globe, involving
blindness, kidney failure, heart disease etc. and ~200
million people are afflicted with diabetesand is
expected to rise up to 300 million or more by
2030.Therefore, it is important to make an instrument
for monitoring of glucose content in the bodyto
prevent further spreading of disease and protect the
existing patients from sever hazards. Device based on
electrochemistry has a set of problems leading the
scientiststo develop an alternative approach for
sensing glucose and one of the possibilitiesis optical
measurement using fluorescence from UV to near IR
region. Some of the examples are concanavalin A
(Lectin) receptors and various enzymes like GO,
glucokinase/hexokinase and glucose dehydrogenase
have been used to detect glucose in fluorescence-
based biosensors. Fluorescence resonance energy
transfer (FRET) that deals with energy transfer
between coupled donor & acceptor fluorophores are
one of the powerful tools which can be utilized for
glucose detection. FRET is highly sensitive to change
in size, conformation and dielectric properties of the
donor and acceptor, therefore, inter and intra
molecular interactions or changes can be monitored.
Some metal oxide fluorescent QDs like ZnO has high
IEP, good biocompatibility, and simple fabrication
procedure of nanomaterial, high surface to volume
ratio can be used to detect glucose followed by
immobilization of GO, using FRET as biosensor
probe to monitor blood glucose level at nano level®®,

Fluorescent ZnO QDs for cancer diagnosis and therapy

Fluorescent QDs and nanoparticles are widely used
in biomedical and biochemical studies, immunoassays
and contrasting agents for various diagnosis
applications. Photodynamic therapy is promising and
emerging method for non-invasive treatment of
cancer®. Photosensitizers once up taken by cancer
cells, illuminated with light of suitable wavelength
can generate ROS which may induce necrosis or cell
death.

Amongst all, ZnO QDs being highly luminescent
semiconductor  nanomaterials  have  biological
significance for cancer cell detection. A novel ZnO
nanomaterial having red fluorescence and its
conjugation with radioactive Cu®having half-life of
12.7 h & TRC105; a monoclonal chimeric antibody
against CD105 were successfully applicable for
fluorescence imaging like positron  emission
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tomography (PET) imaging of the tumor vasculature.
ZnO nanomaterial are emerging as an important
ingredient for cancer therapy in near future® .

Fluorescent ZnO QDs for drug delivery

Photoluminescent  semiconductor QDs  are
promising candidates in fields of biological and
nanomedicine because of distinct photochemical
properties such as  sharper spectra and
photostability.ZnO QDs are being biocompatible and
economically viable has potential to perform better
for application as drug delivery systems.ZnO QDs are
known to have an ability of rapid dissolution to Zn**
at pH lower than 5.5 therefore, has been accepted as
multifunctional smart drug delivery nano-carriers.
ZnO-chitosan-folate are studied as carrier for delivery
of doxorubicin; an anti-neoplastic material used in
tumor treatment via chemical interactions. Water
dispersible ZnO QDs have been investigated as a
platform for pH based targeted intracellular DOX
delivery and drug release carriers®.

Fluorescent ZnO QDs for Bioimaging

Fluorescent QDs are useful for increasing contrast
and improving the sensitivity in real time imaging and
their use can improve the spatial resolution during
imaging and enable to translate 2D information
into3D surgical field. Therefore, fluorescent QDs e.g.
Gd ion in ZnO QDs are usedin magnetic resonance
imaging as nanoprobes. These nanoprobes due to
sharp emission provide better reliability in clinical
diagnosis through modern medical criteria®*.

Fluorescent ZnO QDs for Other Biomedical Applications

Fluorescent QDs in general and ZnO QDs in
particular are wused for different biomedical
applications such as fluorescence labeling, image
contrasting agent, immunoassays, fluorescence
imaging and other diagnosis and treatment purposes.
Being pH sensitive, ZnO QDs are promising
candidates for drug carriers, delivery and sustainable
drug delivery systems. ZnO QDs have been used as
labeling probes due to its high aspect ratio, electronic
and optical signal amplification and specific coding
property®?’.

Conclusion

ZnO quantum dots has been emerged as a novel
nanomaterial and has been used as diverse range of
applications for so many decades. From defence to
diagnosis, from textiles to cosmetics. It has been used
for various applications in biomedical fields as nano-
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bioconjugates as well. It is a promising candidate for
drug carriers, delivery and sustainable drug delivery
systems. Fluorescent ZnO QDs in particular are used
for different biomedical applications such as
fluorescence labelling, image contrasting agent, nano
probing, bioimaging, immunoassays, fluorescence
imaging and other diagnosis and treatment purposes.
In this review article we are trying to provide
substantial approach on the theory, synthesis process,
various applications of ZnO quantum dots. ZnO
quantum dots has enormous excellent properties and
shown lots of advantages over other nanomaterials.
Though the use of ZnO quantum dots is vast and has
sown huge progress, but still so many challenges are
there like maintain its fluorescence in aqueous
system, commercialization of ZnO quantum dots at
large scale, so that it can fulfil the need of society at
economically cheaper rate. We adventurously imagine
that in coming future there will be advance use of
engineered ZnO quantum dots that can be utilized in
several applications in efficient way.

Acknowledgement

My sincere thanks to the organizers of the "2"
Certificate Course on Nanobiotechnology- 2022",
organized by Kirori Mal College, University of Delhi
and Institute of Nano Medical Sciences (INMS),
University of Delhi, Delhi-110007.

Conflicts of interest
All authors declare no conflict of interest.

References

1 International Organization for Standardization, ISO/TS
80004-1:2015 - Nanotechnologies -- Vocabulary -- Part 1:
Core terms, 2015. https://www.iso.org/standard/51240.html
(accessed December 2, 2017).

2 Khan I, Saeed K & Khan |, Nanoparticles: Properties,
applications and toxicities. Arab J Chem, (2017).

3  Gayathri R & Manju SL, A review on phyto-nanotechnology
for therapy of alzheimer’s disease. Indian J Biochem
Biophys, 59 (2022) 867.

4 Wagner S, Gondikas A, Neubauer E, Hofmann T & von der
Kammer F, Spot the difference: engineered and natural
nanoparticles in the environment—release, behavior, and
fate. Angew Chem Int Ed, (2014) 12398.

5  Griffin S, Masood MI, Nasim MJ, Sarfraz M, Ebokaiwe AP,
Schéfer KH, Keck CM & Jacob C, Natural nanoparticles: a
particular matter inspired by nature. Antioxidants, (2017) 7.

6  Virlan MJ, Miricescu D, Radulescu R, Sabliov CM, Totan A,
Calenic B & Greabu M, Organic nanomaterials and their
applications in the treatment of oral diseases. Molecules, 21
(2016) 207.

7 Rao CN, Vivekchand SR, Biswas K & Govindaraj A,
Synthesis of inorganic nanomaterials. Dalton Trans, 34
(2007) 3728.



1196

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Rao CN, Govindaraj A & Vivekchand SR, Inorganic
nanomaterials: current status and future prospects. Annual
Reports Section" A"(Inorganic Chemistry), 102 (2006) 20.
Kurkina T & Balasubramanian K, Towards in vitro
molecular diagnostics using nanostructures. Cell Mol Life
Sci, 69 (2012) 373.

Gun’ko YK, Nanoparticles in bioimaging. Nanomaterials, 6
(2016) 105.

Tiwari DK, Jin T & Behari J, Dose-dependent in-vivo
toxicity assessment of silver nanoparticle in Wistar rats.
Toxicol Mech Methods. 21 (2011) 13.

Jangowli R, Importance of nanoparticles in targeted drug
delivery system for treatment of cancer: A brief review. Res
Rev J Pharm Nanotechnol, 3 (2015) 1.

Soppimath KS, Aminabhavi TM, Kulkarni AR & Rudzinski
WE, Biodegradable polymeric nanoparticles as drug delivery
devices. J Control Release, 70 (2001) 1.

Mukha I, Eremenko A, Korchak G & Michienkova A,
Antibacterial action and physicochemical properties of
stabilized silver and gold nanostructures on the surface of
disperse silica. J Water Resource Prot, (2010).

Chen J, Han CM, Lin XW, Tang ZJ & Su SJ, Effect of silver
nanoparticle dressing on second degree burn wound. Chinese
journal of surgery, 44 (2006) 50.

Sandhu KK, Mclintosh CM, Simard JM, Smith SW &
Rotello VM, Gold nanoparticle-mediated transfection of
mammalian cells. Bioconjugate Chem, 13 (2002) 3.
Drbohlavova J, Adam V, Kizek R & Hubalek J, Quantum
dots—characterization, preparation and usage in biological
systems. Int J Mol Sci, 10(2009) 656.

Jain N, Bhargava A, Majumdar S, Tarafdar JC & Panwar J,
Extracellular biosynthesis and characterization of silver
nanoparticles using Aspergillus flavus NJP08: a mechanism
perspective. Nanoscale, 3(2011) 635.

YAPAR EA, INAL O, Yapar EA, YAPAR Oi & inal O,
Nanomaterials and cosmetics. J Pharm Istanbul Uni, 42
(2012) 43.

Raj S, Jose S, Sumod US & Sabitha M, Nanotechnology in
cosmetics: Opportunities and challenges. J Pharm Bioallied
Sci, 4 (2012) 186.

Morganti P, Use and potential of nanotechnology in cosmetic
dermatology. Clin Cosmet Investig Dermatol, (2010) 5.
Haydon B & Eng P, Nanomaterials and their applications in
textiles, standards: domestic standardization for Canadian
Manufacturers and Importers and International
Standardization Developments. Industry Canada, (2012).
Mahmud R & Nabi F, Application of nanotechnology in the
field of textile. J Polym Text Eng, (2017) 4.

Felix DG & SivaKumar G, Nano particles in automobile
tires. J Mech Civ Eng, (2014) 11.

Komatsu H & Ogasawara A, Applying Nanotechnology to
Electronics-Recent Progress in Si-LSIs to Extend Nano-
Scale, Science & Technology Trends Quarterly Review
(2005).

Das | & Ansari SA, Nanomaterials
technology. J Sci Ind Res, 68 (2009).
Roduner E, Size matters: why nanomaterials are different.
Chem Soc Rev, 35 (2006) 583.

Balaguru RJ & Jeyaprakash BG, Melting points, mechanical
properties of nanoparticles and Hall Petch relationship for
nanostructured materials. NPTEL—Electrical & Electronics
Engineering-Semiconductor Nanodevices, (2010) 1.

in science and

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

INDIAN J. BIOCHEM. BIOPHYS., VOL. 59, DECEMBER 2022

Mukherjee |, Hajisalem G & Gordon R, One-step integration
of metal nanoparticle in photonic crystal nanobeam cavity.
Opt Express, 19 (2011) 22462.

Lee JY, Shin JH, Lee GH & Lee CH, Two-dimensional
semiconductor optoelectronics based on van der Waals
heterostructures. Nanomaterials, 6 (2016) 193.

Yagnik SV, Dangi K, Biswas L, Singh P & Verma AK,
Nano-therapeutic efficacy of green synthesized gold
nanoparticles (JAuUNPSs) and its antibacterial efficacy. Indian
J Biochem Biophys, 59 (2022) 455.

Kayser O, Lemke A & Hernandez-Trejo N, The impact of
nanobiotechnology on the development of new drug delivery
systems. Curr Pharm Biotechnol, 6 (2005) 3.

Serrano E, Rus G & Garcia-Martinez J, Nanotechnology for
sustainable energy. Renew Sustain Energy Rev, 13 (2009)
2373.

N. Jain, B. Jain, Nanotechnology for Renewable Energy: A
Review, Natl Semin Maharshi Arvind Inst Technol, (2016) 1.
Qasim K, Lei W & Li Q, Quantum dots for light emitting
diodes. J Nanosci Nanotechnol, 13 (2013) 3173.

Saha |, Bhattacharya S, Mukhopadhyay A, Chattopadhyay D,
Ghosh U & Chatterjee D, Role of nanotechnology in water
treatment and purification: potential applications and
implications. Int J Chem Sci Technol, 3 (2013) 59.

Altmann J, Military nanotechnology: Potential applications
and preventive arms control. Routledge (2007) .
Chukwuocha EO, Onyeaju MC, Harry TS, Theoretical
studies on the effect of confinement on quantum dots using
the brus equation. World J Condens Matter Phys,(2012) 96.
Thomas GK, Tuning functional properties: From nanoscale
building blocks to hybrid nanomaterials. Platin Jubil Spec
Publ, (2010) 53.

Rhyner MN, Smith AM, Gao X, Mao H, Yang L, Nie S,
Quantum dots and multifunctional nanoparticles: new
contrast agents for tumor imaging.Nanomedicine, 1 (2006)
209.

Singh K, Chopra SD, Singh D & Singh N, Green synthesis
and characterization of iron oxide nanoparticles using
Coriandrum sativum L. leaf extract. Indian J Biochem
Biophys, 59 (2022) 450.

Ashoori RC, Electrons in artificial atoms. Nature, 379 (1996)
413.

Chamarro M, Gourdon C, Lavallard P, Lublinskaya O &
Ekimov Al, Enhancement of electron-hole exchange
interaction in CdSe nanocrystals: A quantum confinement
effect. Phys Rev B, 53 (1996) 1336.

Kuchibhatla SV, Karakoti AS, Bera D & Seal S, One
dimensional nanostructured materials. Prog Mater Sci, 52
(2007) 699.

Chopra N, Gavalas VG, Bachas LG, Hinds BJ, Bachas LG,
Functional one-dimensional nanomaterials: applications in
nanoscale biosensors. Anal Lett, 40 (2007) 2067.

Nayak PK, Two-dimensional Materials:  Synthesis,
Characterization and Potential Applications. BoD—Books on
Demand; (2016).

Saleh MS, Hu C & Panat R. Three-dimensional micro
architected materials and devices using nanoparticle
assembly by point wise spatial printing. Sci Adv, 3 (2017)
€1601986.

Jasim KE, Quantum Dots Solar Cells. Sol Cells - New
Approaches Rev, (2015).



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

VERMA: ZNO QUANTUM DOTS A NOVEL NANOMATERIAL

Zheng J, Nicovich PR & Dickson RM, Highly fluorescent
noble metal quantum dots. Annu Rev Phys Chem, (2007) 58.
Xavier PL, Chaudhari K, Verma PK, Pal SK & Pradeep T,
Luminescent quantum clusters of gold in transferrin family
protein, lactoferrin exhibiting FRET. Nanoscale, 2 (2010)
2769.

Stokes E, Stiff-Roberts AD & Dameron CT, Quantum dots in
semiconductor optoelectronic devices. Electrochem Soc
Interface, 15 (2006) 23.

Rosenthal SJ, McBride J, Pennycook SJ & Feldman LC,
Synthesis, surface studies, composition and structural
characterization of CdSe, core/shell and biologically active
nanocrystals. Surf Sci Rep, 62 (2007) 111.

A. Dijksman, Non Blinking CdSe/CdS Core-Shell Quantum
Dots Observed with Fluorescence Lifetime Microscopy,
2010. http://blog.espci.fr/qdots/files/2011/11/rapport-stage.
pdf.

Drbohlavova J, Adam V, Kizek R & Hubalek J, Quantum
dots—characterization, preparation and usage in biological
systems. Int J Mol Sci, 10 (2009) 656.

Ekimov Al & Efros AL, Optics of zero dimensional
semiconductor systems. Acta Phys Pol A, 79 (1991) 5.

Zhang Y, R Nayak T, Hong H, Cai W, Biomedical
applications of zinc oxide nanomaterials. Curr Mol Med, 13
(2013) 1633.

Joshi P, Chakraborti S, Chakrabarti P, Haranath D, Shanker V,
Ansari ZA, Singh SP & Gupta V, Role of surface adsorbed
anionic species in antibacterial activity of ZnO quantum dots
against Escherichia coli. J Nanosci Nanotechnol, 9 (2009)
6427.

Martinez-Carmona M, Gun’Ko Y & Vallet-Regi M, ZnO
nanostructures for drug delivery and theranostic applications.
Nanomaterials, 8 (2018) 268.

Rita Kakkar S, ZnO quantum dots for
applications. Adv Mater Lett, 4 (2013) 876.
Zhang L, Yin L, Wang C, Lun N & Qi Y, Sol— Gel Growth
of hexagonal faceted ZnO prism quantum dots with polar
surfaces for enhanced photocatalytic activity. ACS Appl
Mater Interfaces, 2 (2010) 1769.

Singh J, Mittu B, Chauhan A, Sharma A & Singla ML, Role
of alkali metal hydroxide in controlling the size of ZnO
nanoparticles in non-aqueous medium. Int J Fundam Appl
Sci, 1 (2012) 91.

Zhang P & Liu W, ZnO QD@ PMAA-co-PDMAEMA
nonviral vector for plasmid DNA delivery and bioimaging.
Biomaterials, 31 (2010) 3087.

Frasco MF & Chaniotakis N, Semiconductor quantum dots in
chemical sensors and biosensors. Sensors, 9 (2009) 7266.
Soosen Samuel M, Bose L & George KC, Optical properties
of ZnO nanoparticles. Academic Review, 16 (2009) 57.

Samel M, Patil N & Tilak P, Synthesis and Characterization
of Structural and Optical Properties of ZnO Nano-
Particles.Int Nano Lett, 3 (2013) 1.

YuQ, FuW, YuC, Yang H, Wei R, Sui Y, Liu S, Liu Z, Li
M, Wang G & Shao C, Structural, electrical and optical
properties of yttrium-doped ZnO thin films prepared by sol-
gel method. J Phys D: Appl Phys. 40 (2007) 5592.

Jacobsson TJ & Edvinsson T, Absorption and fluorescence
spectroscopy of growing ZnO quantum dots: size and band
gap correlation and evidence of mobile trap states. Inorg
Chem, 50 (2011) 9578.

biomedical

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

1197

Kumari V & Sangal A, Antimicrobial study of Arjuna
Terminalia loaded PLGA nanoparticle. Indian J Biochem
Biophys, 59 (2022) 291.

Catti M, Noel Y &Dovesi R, Full piezoelectric tensors of
wurtzite and zinc blende ZnO and ZnS by first-principles
calculations. J Phys Chem Solids, 64 (2003) 2183.

Alivisatos AP, Gu W, Larabell C, Quantum dots as cellular
probes. Annu Rev Biomed Eng, 7 (2005) 55.

Zhu JJ, Li JJ, Huang HP & Cheng FF, Quantum dots for
DNA biosensing. Springer,(2013).

Xing Y & Rao J, Quantum dot bioconjugates for in vitro
diagnostics & in vivo imaging. Cancer Biomarkers, 4 (2008)
307.

Lakowicz JR, Gryczynski I, Gryczynski Z, Nowaczyk K &
Murphy CJ, Time-resolved spectral observations of
cadmium-enriched cadmium sulfide nanoparticles and the
effects of DNA oligomer binding. Anal Biochem, 280 (2000)
128.

R. Mahtab, H. Hydrick Harden, C.J. Murphy, Temperature-
and salt-dependent binding of long DNA to protein-sized
quantum dots: Thermodynamics of “inorganic protein” -
DNA interactions. J Am Chem Soc, 122 (2000) 14.

Gao X, Yang L, Petros JA, Marshall FF, Simons JW &
Nie S, In vivo molecular and cellular imaging with quantum
dots. Curr Opin Biotechnol, 16 (2005) 63.

Bhunia AK, ZnO nanoparticles: Recent biomedical
applications and interaction with proteins. Curr Trends
Biomed Eng Biosci, 6 (2017)

Bardhan M, Mandal G & Ganguly T, Steady state, time
resolved, and circular dichroism spectroscopic studies to
reveal the nature of interactions of zinc oxide nanoparticles
with transport protein bovine serum albumin and to monitor
the possible protein conformational changes. J Appl Phys.
106 (2009) 034701.

Chakraborti S, Joshi P, Chakravarty D, Shanker V,
Ansari ZA, Singh SP & Chakrabarti P. Interaction of
polyethyleneimine-functionalized ZnO nanoparticles with
bovine serum albumin. Langmuir, 28 (2012) 11142.

Mandal G, Bhattacharya S & Ganguly T, Investigations to
reveal the nature of interactions between bovine hemoglobin
and semiconductor zinc oxide nanoparticles by using various
optical techniques. Chem Phys Lett, 478 (2009) 271.

Mandal G, Bhattacharya S & Ganguly T, Mode of bindings
of zinc oxide nanoparticles to myoglobin and horseradish
peroxidase: A spectroscopic investigations. J Appl Phy, 110
(2011) 024701.

Bhogale A, Patel N, Sarpotdar P, Mariam J, Dongre PM,
Miotello A & Kothari DC, Systematic investigation on the
interaction of bovine serum albumin with ZnO nanoparticles
using fluorescence  spectroscopy. Colloid Surf B:
Biointerfaces, 102 (2013) 257.

Bhunia AK, Kamilya T & Saha S, Temperature dependent
and kinetic study of the adsorption of bovine serum albumin
to ZnO nanoparticle surfaces. Chemistry Select, 1 (2016)
2872.

Bhunia AK, Samanta PK, Saha S & Kamilya T, ZnO
nanoparticle-protein interaction: Corona formation with
associated unfolding. Appl Phys Lett, 103 (2013) 143701.
Wahab R, Dwivedi S, Khan MS, Al-Senaidy AM, Shin HS,
Musarrat J & Al-Khedhairy AA, Optical analysis of zinc
oxide quantum dots with bovine serum albumin and bovine
hemoglobin. J Pharm Innov, 9 (2014) 48.



1198

85

86

87

88

89

90

91

Wu YL, Lim CS, Fu S, Tok Al, Lau HM, Boey FY & Zeng
XT, Surface modifications of ZnO quantum dots for bio-
imaging. Nanotechnology, 18 (2007) 215604.

Xu C, Yang C, Gu B & Fang S, Nanostructured ZnO for
biosensing applications. Chin Sci Bull, 58 (2013) 2563.

J.R. Gavin, The Importance of Monitoring Blood Glucose,
US Endocrinol, (2007) 42.

Pickup JC, Hussain F, Evans ND, Rolinski OJ & Birch DJ,
Fluorescence-based glucose sensors. Biosens Bioelectron, 20
(2005) 2555.

Wilson BC & Patterson MS, The physics, biophysics and
technology of photodynamic therapy. Phys Med Biol, 53
(2008).

Hong H, Shi J, Yang Y, Zhang Y, Engle JW, Nickles RJ,
Wang X & Cai W, Cancer-targeted optical imaging with
fluorescent zinc oxide nanowires. Nano Lett, 11(2011) 3744.
Zhang H, Chen B, Jiang H, Wang C, Wang H, Wang X, A
strategy for ZnO nanorod mediated multi-mode cancer
treatment. Biomaterials, 32 (2011) 1906.

92

93

94

95

96

97

INDIAN J. BIOCHEM. BIOPHYS., VOL. 59, DECEMBER 2022

Vinardell MP & Mitjans M, Antitumor activities of metal
oxide nanoparticles. Nanomaterials, 5(2015) 1004.

Yuan Q, Hein S & Misra RD, New generation of chitosan-
encapsulated ZnO quantum dots loaded with drug: synthesis,
characterization and in vitro drug delivery response. Acta
biomaterialia, 6 (2010) 2732.

Liu Y, Ai K, Yuan Q & Lu L, Fluorescence-enhanced
gadolinium-doped zinc oxide quantum dots for magnetic
resonance and fluorescence imaging. Biomaterials, 32 (2011)
1185.

Bridot JL, Faure AC, Laurent S, Riviere C, Billotey C,
Hiba B, Janier M, Josserand V, Coll JL, Vander Elst L &
Muller R, Hybrid gadolinium oxide nanoparticles:
multimodal contrast agents for in vivo imaging. J Am Chem
Soc,129 (2007) 5076.

Penn SG, He L & Natan MJ, Nanoparticles for bioanalysis.
Curr Opin Chem Biol, 7 (2003) 6009.

Rosi NL & Mirkin CA, Nanostructures in biodiagnostics.
Chem Rev, 105 (2005) 1547.



