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ABSTRACT 

Quantum dots (QDs), highly luminescent semiconductor nanocrystals, have found extensive applications in different fields, 
ranging from optoelectronic to bio-imaging. Numerous applications are emerging daily. Among these, ZnO QDs have higher 
biological significance because of their relative non-toxicity. The primary aim of this review is to overview the literature based 
on the biological applications of ZnO QDs, including gene therapy, drug delivery, optical imaging, allergen and antigen 
detection, cancer cell sensing, antibacterial agents and DNA detection. The luminescent properties of ZnO nanoparticles have 
attracted considerable attention for numerous applications like ultraviolet light emitting devices, flat panel displays, as low 
voltage phosphors and biosensing devices. The review throws light on the developments in fabrication techniques of nanometer-
sized, water-dispersible, bio-compatible and stable ZnO QDs in aqueous medium for biological applications, including 
employing organic ligands, coating nanoparticles with inorganic shells, doping with a suitable element and capping 
nanoparticles surfaces with polymers. The low toxicity of ZnO and its high natural abundance make it a good alternative to 
cadmium based II-VI semiconductors, which cause toxicity via photoinduced reactive oxygen species (ROS) generation. 
Copyright © 2013 VBRI press.  
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Introduction  

Quantum dots are a special class of materials, which are 
nanocrystals of inorganic semiconductors composed of 
atoms of periodic groups of II-VI, III-V, or IV-VI. The 
term quantum dots was first coined by Mark A. Reed in 
1988 and developed in the early 1980s by Louis Brus at 

Bell laboratories [1], along with Alexander Efros and 

Alexei I. Ekimov [2] of the A. F. Ioffe Physical Technical 
Institute. Quantum dots (QDs) exhibit unique properties 
which include broad excitation and narrow size-tunable 
emission spectra (usually 20–40 nm full width at half 
maximum intensity), negligible photobleaching, and high 

photochemical stability [3, 4]. During the past few decades, 
the work on semiconductor nanocrystals has immensely 
improved due to their remarkable optical, electrical and 
catalytic properties. The surface chemistry behavior of 
luminescent quantum dots is of immense interest as it has 
strengthened the development of multiple probes based on 
linked recognition molecules, such as peptides, nucleic 
acids or small-molecule ligands. These highly luminescent 
semiconductor nanocrystals have found extensive 
applications in different fields, ranging from optoelectronic 
to bio-imaging.  

This review analyses the biomedical applications of 
ZnO quantum dots. The scope of this article is focused on 
the application of ZnO quantum dots in various fields such 
as gene therapy, drug delivery, optical imaging, allergen 
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and antigen detection, cancer cell sensing, antibacterial 
agents and DNA detection.  

 

Quantum dots in biology 

During the past decade, the photoluminescent 
semiconductor quantum dots have received considerable 
attention as biological labels and fluorescent biosensors 

(Fig. 1). Such quantum dots possess several advantages in 
comparison with the organic dyes and fluorescent proteins, 
such as unique optical and electronic properties, size 
tunable light emission, improved signal brightness, 
resistance against photobleaching and simultaneous 
excitation of multiple fluorescence colors. In contrast, 
organic dyes do not show such tunability. A very broad 
absorption spectrum enables the excitation of a mixture of 
quantum dots of different emission colors with a single 
excitation wavelength, while different excitation 
wavelengths are needed to excite each organic dye in a 
solution containing several dyes due to their narrow 
absorption spectra.  
 

 

 
 
Fig. 1. Examples of QDs’ bioanalytical and biomedical applications [5].  

 

Nanocrystals of CdSe and CdTe [6] and CdTe/ZnTe [7] 
are reported to be the most popular biolabels in imaging 
and detection. Recent works have highlighted the acute 
toxicity of Cd based core materials on biological systems 

[8, 9] due to the release of toxic heavy metal ions from the 
core of the material, and formation of reactive oxygen 
species (ROS). The toxicity of Cd-related compound is an 
urgent concern as it limits the use of these visible or near IR 
emitting nanocrystals, especially for applications directly 
related to human health. Therefore, searching for non-toxic 
substitutes is the most challenging aspect of working with 
these materials in the biomedical field.  

 

The ZnO quantum dot: An alternative and 

promising quantum dot 
 
A promising alternative to Cd-free QDs is ZnO. Different 
aspects of Zn-based quantum dots ranging from the 
materials aspects in terms of nanocrystal shapes (wire, rod, 
cone and spherical), lattice structures, doping and surface 

modifications [10-13] to optoelectronic aspects such as 
luminescence properties, banding energy and band gap 

studies [14, 15] have been studied recently. Due to its wide 
bandgap (3.37 eV) and high exciton binding energy (60 
meV), the importance of zinc oxide (ZnO), among other 
metal oxides has been increasing tremendously in various 
fields. It is one of the versatile materials with extensive 
applications in medicines, pigments, photo-catalysts, solar 
cells, chemical sensors, piezoelectric transducers, 

transparent electrodes, electroluminescent devices and 
ultraviolet laser diodes. The ZnO quantum dot is an 
environmentally friendly material and has great potential 
application in the field of biology such as bio-imaging and 
cancer detection. Low material cost and excellent 
biocompatibility makes the ZnO QD an excellent candidate 
for biomedical applications. 

 

Properties of ZnO quantum dots 

Quantum confinement 

Compared to their bulk counterparts, ZnO nanostructures 
exhibit novel optical and electronic properties due to the 
quantum confinement of excitons and phonons in 

nanostructures [16-19]. The phenomenon of quantum 
confinement arises once the diameter of the particle is of 
the same magnitude as the wavelength of the electron wave 
function. Quantum confinement generally results in 
widening of the band gap, i.e. the gap between the 
conduction band and the valence band, increases as the size 

of the nanostructure decreases (Fig. 2). It is because of the 
quantum confinement effect that quantum dots of the same 
material with different sizes exhibit various colors.  

ZnO QDs having sizes <3.6 nm experience strong 
quantum confinement in all the dimensions, i.e. movements 
of electrons and holes are restricted in all three directions. 
Thus, the density of states for this zero dimension (0D) 
system will be delta functions. Small spatial correlation 
between electrons and holes produce a significant change in 
the optical properties of these quantum dots. 

 

 
 
Fig. 2. Illustration of size-tunable quantum dots and creation of the 
exciton (electron-hole pair) upon photoexcitation followed by radiative 
recombination (fluorescence emission) or relaxation through trap states 

[20]. 

 
Luminescence properties 

As already discussed, ZnO quantum dots have received 
considerable attention owing to their unusual electronic and 
optical properties. The optical and electronic properties of 
semiconductor nanoclusters arise from the interaction 
between electrons, holes, and their local environments. 
Quantum dots absorb photons when the excitation energy 
exceeds their bandgap and after absorbing energy, an 
electron may jump from the ground state to a higher excited 
state. The energies associated with such optical absorptions 
are directly determined by the electronic structure of the 
material. The excited electron and hole forms an exciton. 
The electron may recombine with a hole and relax to a 
lower energy state, ultimately reaching the ground state. 
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The excess energy resulting from the recombination and 
relaxation may be either radiative (emit photon) or non- 
radiative (emit phonons). Radiative relaxation results in 
spontaneous luminescence from quantum dots. 
Luminescence may result from band-edge or near band-
edge transitions.  

For wurtzite ZnO, there are normally two 
photoluminescent emission bands; one is centred in the UV 
region and the other in the visible region. The UV emission 
arises due to photo-generated electron recombination with 
holes in the valence band or in traps near the valence band 

(Fig. 3), while the mechanism for the second component 
i.e. visible emission (also called deep-level emission) is 
controversial.  

 

 
 
Fig. 3. UV component of ZnO nanoparticles. 

 
Different plausible luminescence mechanisms have been 

proposed to explain the origin of the visible emission [21]. 
The two most cited mechanisms, (A) recombination of a 
shallowly trapped electron with a hole in a deep trap, (B) 
recombination of an electron in a singly occupied oxygen 
vacancy with a photo-generated hole in the valence band 

[22], are shown in Fig. 4. 
 

 
 

Fig. 4. Visible component of ZnO nanoparticles. 
 

The size of ZnO quantum dots is used to tune the band 
gap across a major portion of the visible spectrum. A 
progressive blue shift from 3.43 to 3.65 eV was observed as 

the size of the ZnO quantum dot decreases [23]. This ability 
of using “size” as a variable in tailoring the optical 
properties of the ZnO QDs has made these quantum dots 
excellent candidates for biosensing applications owing to 
their unique optical properties. 
 

Surface modification  

ZnO QDs are promising alternatives for diagnosis and 
imaging due to their non-toxicity, thermal and chemical 
stability, but their aqueous instability has markedly limited 
their use. Conventional ZnO quantum dots are not very 
stable in water. This instability is related to their surface 

luminescent mechanisms, as water will exchange the 
organic protecting groups on the ZnO surface attacking the 
luminescent centers and destroy them rapidly. In recent 
years, different strategies for their surface modification 
have been developed for the transfer of hydrophobic ZnO 
QDs in water with preservation of their luminescent 
properties. Highly luminescent (visible to the naked eye on 
UV illumination), transparent, chemically pure, and 
crystalline ZnO QDs using LP-PLA (liquid-phase pulsed 
laser ablation) without the aid of any surfactant have been 

reported [24]. The emission wavelength was tuned by 
varying the native defect chemistry of ZnO QDs and the 
laser fluence. These highly luminescent, nontoxic and bio-
friendly ZnO QDs have exciting application potential as 
fluorescent probes in biomedical applications by easily 
attaching biomolecules to the bare surface of these quantum 
dots. 

Surface effects significantly influence the functionality 
of semiconductor nanocrystals. Studies on the surface 
morphology of semiconductor nanoparticles indicate that 
the irregular morphology and defects affect the luminescent 
property of ZnO quantum dots. Surface modification of 

ZnO quantum dots by mercaptoacetic acid (MAA) [25] 
resulted in a major impact on the luminescence properties 
of ZnO quantum dots because it can strongly adsorb and 
etch quantum dots through its mercapto-functional group, 
thus modifying and reducing the surface defects 
significantly, which improves the exciton emission peak 
and luminescence properties by preventing reunion. 

 
 

 
 
Fig. 5. Surface functionalization of quantum dots using various capping 

ligands [26]. 

 

In MAA modified ZnO QDs, electrons get transferred 
to the lowest unoccupied orbital of mercaptoacetic acid 
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through non-radiative transitions from the conduction band 
and exciton energy, thus decreasing the probability of 
electronic transition for transfer from the exciton energy 
back to the valence band, because of the enhancement of 
non-radiative transition of electrons. This modification 
results in exciton fluorescence quenching with decreased 
fluorescence intensity and provides stability and certain 
ability to resist electrolytes, which is an important reference 
value for using ZnO QDs as bio-analysis markers. 
Passivation with ligands or high band gap semiconductor 
shells is necessary to reduce surface trap densities, which 
causes enhancement in the quantum yield and thus 

increases photostability (Fig. 5). Because of its large band 
gap and large excitation binding energy, ZnO can also be 
used for new applications in bio-imaging after careful 
surface modifications. ZnO has high surface-to-volume 
ratio at the nanometer scale, and hence surface defects play 
an important role in its properties. An essential surface 
modification needs to be done for each of the desired 
applications. In order to protect ZnO nanoparticles and 
improve their optical properties, polymers, alkoxysilanes, 
oleic acid, etc. are mixed with ZnO QDs or ZnO surfaces 
are passivated with these surface modifying agents to 
produce various nanocomposites. These ligands have been 
used to stabilize the ZnO QDs by coordinating with the 
metal atoms on the ZnO surface. The subsequent section 
will highlight how the surface modification of ZnO 
quantum dots brings about drastic changes in their 
luminescent properties, quantum yields and photostability. 
 

Polymer-capped ZnO quantum dots 

The stabilization of the photophysical properties of the core 
can be effectively achieved by coating ZnO QDs with a 
polymer shell. Ultrastable (ZnO) polymer core–shell 
nanoparticles with core diameter of 2.1 nm have been 
synthesized by co-polymerization of these nanoparticles 

with methyl-methacrylate [27]. A similar strategy was 
proposed to prepare water-stable poly(methacrylic 
acid)(PMMA)-capped ZnO QDs by co-polymerization with 
methacrylic acid to produce ZnO@PMMA microspheres 
(about 150 nm in diameter), exhibiting blue fluorescence 
with photoluminescence quantum yield (PL QY) = 22% 

[28]. Small-sized ZnO@polymer core-shell nanoparticles 
(diameters of ca. 3-4 nm) were reported in 2008 for 

labeling live cells [29]. Small-sized 2-(dimethylaminoethyl) 
ethyl methacrylate (DMAEMA) coated ZnO quantum dots 
(diameter ca. 4 nm) exhibiting strong yellow luminescence 

with PL QY of 21% have been reported [30]. Such small 
size nanoprobes of ZnO have been used for cell imaging, 
and are very critical for successful in vivo application, since 
large-sized probes are not suitable for the biological and 
medical fields, especially for labeling functional subcellular 
or proteins as they significantly reduce biostability, 
diffusion and circulation processes, and increase undesired 
non-specific binding.  

A different kind of polymer (biodegradable) that can 
also be used to stabilize the photophysical core of ZnO has 

been proposed [31]. Hollow nanospheres of chitosan-ZnO 
nanoparticles (CS-ZnO NPs) consisting of a cationic 
polymer CS and an anionic monomer acrylic acid (AA) 
with an average diameter of ca. 150 nm exhibiting strong 

blue-emission, centered at 440 nm were prepared. 
Therefore, the CS-ZnO NPs with tunable and bright 
fluorescence were expected to be simultaneously used as 
carriers for guest materials and for biological fluorescent 
labeling. Because of their inherent biocompatibility and 
biodegradability, such materials (CS-ZnO NPs) have many 
potential applications in bio-medicine, including tissue 
engineering, drug delivery and bio-sensors. For example, 

Shukla et al. [32] have used core-shell nanocomposites 
based on zinc oxide encapsulated chitosan-graft-poly(vinyl 
alcohol) (ZnO/CHIT-g-PVAL) for glucose sensing. The 
authors propose that the biosensor system could also be 
used for the effective determination of cholesterol, 
triglycerides, etc. in micro/nano molar concentrations. 
 
Siloxane and poly(amidoamine) capped ZnO quantum dots 

Organosilanes are highly interesting candidates for surface 
modification and stabilization of ZnO nanocrystals in order 
to inhibit decomposition in aqueous media. Owing to the 
ability of silane molecules to form covalent siloxane bonds 
with the metal oxide surface, these molecules are found to 

create a shielding barrier [33, 34] of cross-linked silanes 
(polysiloxanes) that protect the nanocrystal at the core. ZnO 
quantum dots were modified with 3-
amminopropyltrimethoxysilane, where the ammine groups 
at the periphery contribute to the stability of these quantum 

dots [35]. In order to improve the PL intensity and to red-
shift the fluorescence emission peaks, a second capping 
(SiO2 or TiO2) was introduced at the periphery of 
ZnO@APTES nanocrystals. A strong fluorescence was 
observed in the cell walls of the vascular cylinder when 
mungbeans seeds were germinated in the presence of these 

ZnO colloidal dispersions [36]. These observations indicate 
a good uptake of the nanocrystals and their great potential 
in bio-imaging studies.  

Highly luminescent water-soluble ZnO quantum dots 
were synthesized by covalent attachment of PAMAM 
(poly(amidoamine)) dendrons having the siloxane group at 

the focal point [37]. PAMAM dendrimers have been 
significantly used as carriers for enhancing bioavailability 
of drugs and nanoparticles due to their branched nature, 
high water affinity and multivalent surface groups, 
providing easier attachment of surface moieties. The PL 
QY of ZnO@PAMAM reached 59% after 20 days, 
probably due to a surface-ordering of the siloxane-capping, 
which results in ZnO QDs with more efficiently protected 
luminescent centers from water attack. These highly 
luminescent ZnO QDs were successfully used for imaging 
of the gram positive bacteria staphylococcus aureus and the 
biocompatibility of these quantum dots was markedly 
improved compared to Cd-based ones, as growth inhibition 
tests showed that these dots could be used with 
concentration up to 1 mM without altering the cell growth. 
 
Carboxymethyl β-cyclodextrin capped ZnO quantum dots 

In an alternative method of surface passivation of ZnO 
quantum dots, highly stable and water soluble ZnO/MgO 
nanocrystals were prepared by capping these nanocrystals 

with carboxymethyl β–cyclodextrin (CMCD) cavities [38]. 
Capping the nanocrystals by cyclodextrin cavities renders 
the nanocrystal surface hydrophilic due to the existence of 
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hydroxyl groups on the rim of the cyclodextrin cavity [39]. 
The surface-anchored cyclodextrin was found to retain its 
host capabilities for inclusion of small hydrophobic 
molecules. Herein, fluorescence resonance energy transfer 
(FRET) occurs from the visible light emitting ZnO/MgO 
nanocrystals to Nile Red in the noncovalent supramolecular 
CMCD ZnO/MgO-Nile Red assembly, showing ZnO/MgO 
QDs to be excellent donors in FRET to Nile Red. The Nile 
Red emission following resonance energy transfer exhibits 
a pronounced thermochromic shift (linear blue shift with 
increasing temperature). Thus, the CMCD-capped 
ZnO/MgO quantum dots Nile Red assembly could be used 
as thermometers in aqueous solutions. 
 
Phospholipid-micelle-encapsulated ZnO quantum dots  

Successful encapsulation of ZnO nanocrystals within the 
nonpolar core of phospholipid micelles has been reported 

[40]. Due to their specific properties, such as low critical 
micelle concentration and high aqueous stability, such 
micelles act as stabilizers of nanoparticles and also make 
them capable of site-specific drug delivery. These micelle 
encapsulated zinc oxide (ZnO) optical probes ensure longer 
cell viability and ultimately longer imaging times, and they 
are ideally suited for bioimaging applications due to 
accurate selection of the input wavelength, photobleaching 
resistance and no heat dissipation into the cells. The 
successful internalization of ZnO-FA nanoparticles in live 
cells further highlights the great potential of these micelles 
encapsulated ZnO nanoprobes for photochemical 
interactions inside the cells, such as photodynamic therapy.  
 
Doped ZnO quantum dots 

Doping with suitable elements is an effective approach to 
modify the electronic, optical and magnetic properties of 

semiconductor nanocrystals [41, 42]. Rare-earth (RE) 
elements, as dopants of semiconductors, have a great 
possibility to efficiently modulate the emission in the 
visible range due to their unique optical properties and 

excellent qualification to be radiative centers [43]. 
Recently, the luminescence properties of ZnO 
nanostructures doped with various rare earth like Ce 

[44], Eu [45], Dy [46, 47], Tb [48], Yb and Tm [49] have 
been widely studied, as they have distinct advantages over 
heavy metal-containing QDs. ZnO quantum dots with high 
luminescent properties can be used in many applications 
such as cell imaging, light-emitting diodes, and anti-
counterfeiting purposes. Gd-doped ZnO QDs through 
surface modification with N-(2-aminoethyl) 

aminopropyltrimethoxysilane [50] have been reported. 
These Gd doped ZnO QDs were successfully used for the 
fluorescence imaging of HeLa cells, as the MTT cell 
proliferation assay indicated such dots to be nontoxic up to 
1 mM. 

In another work, luminomagnetic (luminescent and 
magnetic, simultaneously) Fe-doped ZnO nanoparticles, 
which seemed to possess the relevant properties like small 

size, luminescence and good magnetism [51], were 
reported. The surface of the luminomagnetic nanoparticles 
was modified with N-(2-aminoethyly) aminopropyl 
trimethoxysilane and next conjugated with folic acid using 
EDC and N-hydroxysuccinimide. Because folate receptors 

are over-expressed on numerous human cells (breast, 
ovaries, lungs, kidneys), the folic acid conjugated ZnO:Fe 
luminomagnets have great potential for various biomedical 
applications. Thus, surface modification with folic acid 
makes these doped ZnO QDs feasible nanocarriers for bio 
imaging applications by combining the specificity of folate 
receptors on cancer cells with the unique optical and 
magnetic properties of ZnO nanoparticles in order to 
develop biocompatible molecular imaging agents, drug 
delivery systems, and hyperthermia agents.  
 

Biological application of ZnO quantum dots 

This section will highlight the biological applications of 
ZnO quantum dots in various fields. 

 
Table 1. Comparative study of the features of nanoparticle vectors with 

regard to conventional viral and non-viral vector [52]. 
 

Features Viral-vectors Non-viral vectors
Nanoparticle 

vectors

Efficiency High Low Can be high

Synthesis  and 

modification

Function determined 

by viral structures 

and not easily 

modified

Hard to incorporate 

multiple functions

Easy to 

incorporate 

different functions 

on    a single 

particle

Immunogenicity
Elicit strong immune 

response
Can be controlled Can be controlled

Size
Size restricted (30 -

100 mm)

Individual    

dendrimers (< 2 nm) 

polymers (> 50 nm)

Size tunable from 1 

nm         to 200 nm

 
 
Polycation-capped ZnO quantum dots: A new type of 
transgenic vector 
 
Gene therapy is defined as delivery of functional genes to 
target cells for achieving therapeutic effects. It is 
considered as a potential medical revolution. The 
application of gene therapy in the suppression or 
replacement of malfunctioning genes holds great promise 
for the cure of a number of disease at the genetic level. 
Gene delivery systems are categorized as viral and non-
viral based. The viral gene delivery system shows a high 
transfection yield. However, a number of disadvantages, 
such as oncogenic effects and immunogenicity lead to the 
development of non-viral gene therapy, an efficient safe 
vector for gene therapy. It has advantages, such as low host 
immunogenicity and relatively simple production, forming 
stable complexes with plasmid, and enhancing 
cytocompatibility. A new gene delivery system based on 
various nanoparticulate approaches like cationic lipids, 
cationic polymers, gold nanoparticles, magnetic 
nanoparticles, quantum dots, silica nanoparticles, 
fullerenes, carbon nanotubes, and supramolecular systems 

[52] has been reported. Table 1 demonstrates the 
comparison of various features of nanoparticle vectors with 
regard to conventional viral and non-viral vector in gene-
delivery systems. 

Recent work on surface modification of QDs has led to 
the development of a new generation of probes for 
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traceable targeted drug/gene delivery [53-55]. CdSe QD-
amphipol technology for intracellular delivery and real-time 
imaging of siRNA into cancer cells with significantly 

reduced cytotoxicity [56] has been reported. 2-vinyl 

pyridine functionalized silicon quantum dots [57] and QD-

peptide conjugates [58] were also developed for SiRNA 
transfection and therapeutic imaging. Water soluble and 
cysteamine capped CdTe QD vectors, conjugated with 
plasmid DNA via electrostatic interaction, have been 
reported. The formation of QD-DNA complexes allows 
controllable release of DNA and gene expression in 

HEK293 cells in the visible mode [59]. 
QD-decorated plasmid DNA has been utilized for long-

term intracellular and intranuclear tracking of CHO-K1 
cells by conjugating plasmid DNA to 
phospholipid/polyethylene oxide-encapsulated CdSe/ZnS 

QDs via PNA–SPDP linker [60]. The problem associated 
with CdSe QDs was addressed by developing low cytotoxic 
ZnO QD based non-viral vectors with dual functions of 
delivering plasmid DNA and labeling cells through surface 
modification with PDMAEMA (poly(2-
(dimethylamino)ethylmethylacrylate)). Herein, three 
PDMAEMA-ZnO QDs, namely QD-1, QD-2, and QD-3, 
respectively, were prepared on the basis of increasing MAA 
(methacrylate) content. The PDMAEMA–modified ZnO 
quantum dots can be used as nonviral vectors for gene 
delivery due to the ability of the external positive 
PDMAEMA and internal negative polymethacrylate to 

condense DNA (Fig. 6). 

 
 

 
 

Fig. 6. ZnO QD/pDNA complex formation [61]. 

  
Among all the three QDs, QD-3 fails to protect DNA 

effectively (exhibiting lower transfection efficiency) due to 
weak electrostatic interaction between ZnO QDs and DNA 
resulting from higher content of the MAA unit in the 
copolymer, which profoundly weakens the ability of tertiary 
amines in PDMAEMA to condense DNA due to the 

reduction of net positive charge density [61]. It is 
anticipated that the polycation capped ZnO QDs hold great 
potential as a new type of transgenic vector, as they could 
mediate an efficient transfer of plasmid DNA into CoS-7 
cells with much lower toxicity, and allowed real imaging of 
gene transfection in live cells. 

 
Chitosan encapsulated ZnO quantum dots: A smart drug 
delivery nanocarrier 
 
Semiconductor quantum dots, known as tiny light-emitting 
nanoparticles, are a new class of fluorescent labels for drug 
delivery systems and for imaging applications. In many 
cases, the malignancy of tumors is detected only at 
advanced stages when chemotherapeutic drugs become 

increasingly toxic to healthy cells. To improve this 

condition, both targeted drug delivery [62] and early 
detection of cancer cells need to be extensively investigated 

[63]. Tumor targeting drug delivery systems generally 
combine a tumor recognition moiety such as folate 
receptors that are overexpressed on tumor cells with a drug 

loaded vesicle [64-67]. 
Chitosan, a natural polymer of N-acetyl glucosamine 

and D-glucosamine, with one amino group and two 
hydroxyl groups, is attractive for the encapsulation of 
quantum dots. Chitosan encapsulated nanoparticles are 
good drug carriers and  have attracted increasing attention 
for their wide applications in, for example, loading protein 
drugs, gene drugs, and anticancer chemical drugs because 
chitosan enables properties such as (a) chelation of metal 

ions, water solubility and ease of processing [68-70], (b) 
easier ligand attachment for targeted drug delivery through 
the reactive amine group, (c) bio-compatibility and non-

cytotoxicity [71], (d) strong electrostatic interaction with 

negative charged biomolecules and quantum dots [72], and 
(e) the solubility of chitosan in mild acid (endosomal pH 
5.3) and insolubility in physiological pH (7.4) prevents the 
untimely release of the encapsulated drug before the target 
site is reached.  

Numerous quantum dots-based drug delivery systems 
have been explored, because the long-term fluorescence 
stability of the QDs is very attractive for visualization of 
drug distribution in vivo. CdSe core quantum dots are 
currently being researched and have shown long term 

fluorescence stability [72]. The unique optical properties of 
CdSe/ZnS luminescent QDs have been utilized to examine 
tumor cell selection internalization for anticancer drugs 

[73].  Although the use of CdSe core quantum dots for in 
vivo visualization was demonstrated, CdSe/ZnS QDs were 
found to be cytotoxic upon oxidation and UV exposure, 
even after the toxic cadmium is encapsulated in a protective 

shell of ZnS, destroying the QD effect [74]. Thus they are 
not appropriate as an in vivo experimental tool.  

In recent years, ZnO quantum dots have been 
investigated as multifunctional smart drug delivery 
nanocarriers due to their low toxicity. The “ZnO-chitosan-
folate” system can be used as a nanocarrier for delivery of 
doxorubicin (DOX), an antineoplastic agent used in tumor 

treatments, through physical and chemical interactions [75]. 
The scheme for the synthesis of biofunctionalized chitosan 
and subsequent encapsulation of QDs to obtain ZnO-QD–

chitosan–folate carriers is given in Fig. 7, and it also shows 
the incorporation of the anti-cancer drug (doxorubicin 
hydrochloride, DOX) as Step 3.  

The rate of drug release from the nanocarrier depends 
on several factors, including pH, particle size, surface 
properties, degradation rate, interaction force of drug 
binding to the surface and rates of hydration and 

dehydration of the polymers [76, 77]. Conventionally, 
drugs are loaded into the nanoparticle via weak 
interactions, e.g. physical adsorption, electrostatic 
interaction, and p–p stacking and, as a result, the release of 
drug is achieved by breaking of these interactions. The 
presence of folic acid in the ZnO-QD-chitosan-folate 
carrier weakens the electrostatic interaction between DOX 
and ZnO QDs accounting for the release of DOX. 
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In another work, ZnO QDs have also been evaluated as 
a platform for targeted and pH responsive intracellular 

delivery of DOX [78]. Herein, acidic conditions cause 
rapid dissolution of ZnO QDs by disfavoring the reaction 
between Zn2+ and DOX, resulting in the release of DOX 
molecules to the cytosols, killing the cancer cells. Hence, 
this approach provides a valuable ZnO QDs-based 
nanovector that can simultaneously realize targeting, 

diagnosis, and therapy of cancer cells. Recent work [73, 78] 

points towards the application of water dispersed ZnO 
quantum dots with long term fluorescence stability in the 
design of new drug release carriers.  

 
 

 

 
 
 

Fig. 7. Preparation of folate conjugated chitosan (1), encapsulation of 
ZnO QDs with folate-conjugated chitosan (2) and the drug-loading step 
(3), where biofunctionalized chitosan loaded with drug is used to 

encapsulate QDs [74]. 

 
The rate of drug release from the nanocarrier depends 

on several factors, including pH, particle size, surface 
properties, degradation rate, interaction force of drug 
binding to the surface and rates of hydration and 

dehydration of the polymers [76, 77]. Conventionally, 
drugs are loaded into the nanoparticle via weak 
interactions, e.g. physical adsorption, electrostatic 
interaction, and p–p stacking and, as a result, the release of 
drug is achieved by breaking of these interactions. The 
presence of folic acid in the ZnO-QD-chitosan-folate 
carrier weakens the electrostatic interaction between DOX 
and ZnO QDs accounting for the release of DOX. 

In another work, ZnO QDs have also been evaluated as 
a platform for targeted and pH responsive intracellular 

delivery of DOX [78]. Herein, acidic conditions cause 
rapid dissolution of ZnO QDs by disfavoring the reaction 
between Zn2+ and DOX, resulting in the release of DOX 
molecules to the cytosols, killing the cancer cells. Hence, 

this approach provides a valuable ZnO QDs-based 
nanovector that can simultaneously realize targeting, 

diagnosis, and therapy of cancer cells. Recent work [73, 78] 

points towards the application of water dispersed ZnO 
quantum dots with long term fluorescence stability in the 
design of new drug release carriers.  

 
Gd doped ZnO quantum dots: Excellent magnetic 
resonance and fluorescence imaging (MRI-FI) nanoprobes 
 
Magnetic resonance imaging (MRI), one of the most 
important noninvasive imaging techniques, has been widely 
used in radiology to visualize detailed internal structures. 
This technique has certain advantages, such as deep 
penetration into tissue, providing anatomical details and 
high quality three dimensional images of soft tissue in a 

non-invasive monitoring manner [79, 80], but lower 
sensitivity and its inability to resolve objects larger than a 
few micrometers in size makes this technique less 
beneficial for bio-medical application. On the contrary, the 
fluorescence imaging (FI) technique promises higher 
sensitivity and the potential for real-time imaging, but the 
major drawback of this technique is the limited spatial 
resolution, making it difficult to translate two-dimensional 

information to the three-dimensional surgical field [81, 82]. 
Therefore, it was suggested that the limitations associated 
with both the techniques can be effectively overcome by 
integrating magnetic resonance and optical imaging 

functionalities into a single nanostructure [83]. Several 
different strategies have been directed to developing MRI-
FI nanoprobes due to their prominent advantages for 
medical diagnosis, such as paramagnetic ions doped 

quantum dots [84-86] and silica encapsulated quantum dots 

[87]. However, encapsulation by silica shell may lead to 
difficulty in single probe detection, as this strategy 
increases the particle size, which is not suitable for labeling 

functional subcellular proteins [88, 89].   
 
Table 2. Band gap variation with different size of Gd doped ZnO 

quantum dots [89]. 
 

ZnO QDs with 

different X values

Sizea

(nm)

Sizeb

(nm)

Band gapc

(eV)

0

0.02

0.04

0.05

0.08

0.10

0.12

0.30

6

5.18

5.02

4.39

4.14

3.95

3.76

3.55

5.7

5.11

4.96

4.36

3.9

3.8

3.56

3.27

3.42

3.435

3.44

3.47

3.49

3.50

3.52

3.55
 

ameasured by XRD, bdetermined using Meulenkamp’s empirical formula, 
cmeasured by UV-Vis spectra. 
 

A simple and versatile method was used to develop 
excellent MRI-FI nanoprobes by doping Gd ion in ZnO 

QDs [90]. These nanoprobes are T1 positive contrast agents 
that provide better reliability for clinical diagnosis by 
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fulfilling modern medical criteria such as (a) high relaxivity 
and quantum yield, (b) small size, (c) simple cost-
effectiveness, (d) low toxicity, and (e) chemical stability in 

air for optimal therapy. Table 2 demonstrates the variation 
of band gap with different X (actual molar ratio of Gd/Zn) 
values. On decreasing the X value, blue shift of 
fluorescence spectra of ZnO QDs is observed owing to the 
quantum confinement. 

 The nanoprobes, with exceptionally small size and 
enhanced fluorescence resulting from Gd doping, are 
ideally suitable for biological and medical fields. They can 
successfully label HeLa cells in a short time and show no 
evidence of toxicity on cell growth, even at concentrations 
up to 1 mM, especially in comparison with the traditional 
PEGylated CdSe/ZnS or CdSe/CdS QDs, suggesting Gd-
doped nanoprobes would find a broad range of applications 
in the biomedical field by functionalizing these nanoprobes 
with target ligands. 
 
Bio-mimetic ZnO quantum dots: Novel sensors for 
allergens and antigens 
 
ZnO quantum dots (QDs) have been increasingly utilized as 
labeling probes because of their unique properties, such as 
high aspect ratio, substantial optical and electronic signal 

amplification and unique coding capabilities [91-93]. The 
isoelectric point (IEP) of ZnO is as high as about 9.5, 
which is suitable for immobilization of biomolecules with 

low IEP through electrostatic attraction [94] and also ZnO’s 
transparency under visible light and its high environmental 

and electrical stability make it suitable for biosensing [95].  
Carbohydrate antigen 19-9 (CA 19-9), a preferred label for 
pancreatic cancer, is highly lethiferous sarcomata and 
difficult to be diagnosed early. Although several methods, 

such as electric field-driven assay [96], immobilized 

horseradish peroxidase assay [97], and chemiluminescent 

multiplex assay [98] have been used for the detection of CA 
19-9, none has so far been free from certain disadvantages. 
Recently, sandwich-type immunoassays to detect the 

carbohydrate antigen (CA 19-9) have been developed [99].  
A sandwich type structure is formed by the conjugation 

of ZnO quantum dots with the antibody for CA 19-9 
through immunoreactions of CA 19-9 antibodies and 
antigen. The ZnO QDs linked to the substrate were 
dissolved in acidic media, and the solution containing Zn2+ 
was accumulated at the electrode and analyzed by square 
wave stripping voltammetry (SWSV). The resulting 
immunosensor exhibited high sensitivity and selectivity in 
detection of antigens due to stable immobilization based on 
the high IEP of ZnO. The biomimetic nature and high 
isoelectric point of ZnO QD is also favorable for the 
construction of a QD-biomolecule assembly for 
development of biological quantum probes. A concanavalin 
A (Con A) based sensor for direct electrochemical 
detection of allergy chicken (CHOM) based on ZnO QDs 

and a CHOM bioconjugate has been presented [100]. The 
CHOM molecules accumulated onto ZnO QDs through 
electrostatic interaction between the positively charged 
QDs surface (IEP = 9.5) and the negatively charged protein 
(IEP = 3.9). The high surface-to-volume ratio of ZnO QDs 
led to signal amplification for highly sensitive detection of 
allergens. 

 ZnO/Au nanocomposite: A fluorescent sensing platform 
for DNA detection 
 
Detection of biomolecules such as peptides, proteins and 
DNA has been a topic of significant interest due to their 
wide application in gene therapy, drug discovery, and 
biomedical studies. For high sensitivity and selectivity of 
gene detection, several methods have been developed in the 

past few years [101-103]. Most of the methods are based on 
target hybridization with fluorescence but strong 
background autofluorescence and low signal sensitivity 
limits the detection of biomolecules using fluorescence 

measurements [104]. Compared to fluorescence, a detection 

method based on the Raman signal [105] has the advantage 
that Raman bands are 10-100 times narrower and the 
Raman responses are less susceptible to photobleaching, 
enabling the possibility of extended signal averaging to 
lower detection limits. ZnO quantum dots have 
characteristic resonance multiple-phonon Raman lines, with 
an excitation wavelength of 325 nm, which can be used as a 
characteristic fingerprint signal. Hence, they are very 
promising materials for analyzing various biological 
macromolecules such as proteins and DNA. Thiol-
oligonucleotide-modified ZnO/Au nanocomposite probes 
have been developed for the detection of specific DNA 

target sequence [106] by monitoring the resonant Raman 
signal of the ZnO/Au nanocomposites on the Au film. A 30 
sequence oligonucleotide DNA2 was used as a model target 
strand, and half of the target sequences were unknown. 
Polymerase chain reaction (PCR) was employed to amplify 
the other half of the target, the complement part of DNA1. 
The 15- nucleotide capture strands (DNA1) were first 
bound onto a thin gold film via the Au-S covalent bond. 
Similarly, the ZnO/Au nanocomposites were easily 
conjugated with the oligonucleotides (DNA3) 
functionalized with thiols. The ZnO/Au nanocomposites 
modified with the thiol oligonucleotide (DNA3) probes 
were then subsequently hybridized with the overhanging 
portions of the 15-nucleotide target sequence of DNA2. 
Therefore, the resonant Raman signals from the ZnO/Au-
DNA3 probes can be used to accurately detect the presence 
of the specific target oligonucleotide strands (DNA2). 

This method is ultrasensitive, with an effective detection 
limit of about 1 fM in DNA concentration. In the light of 
this fact, this method may be useful in diagnosing genetic 
diseases and drug discovery. 

 
Acetate and nitrate bound ZnO quantum dots: A promising 
antimicrobial agent 
 
Antibiotic resistance has become a global public health 
problem; thus it is important to develop new antibacterial 
agents. The nanostructured materials have been reported to 
exhibit antibacterial activity against various 

microorganisms [107-110]. Several metal oxide NPs such 
as TiO2, MgO and ZnO have been reported to possess 
significant antibacterial activity and are found to be 
superior in terms of safety, durability and heat resistance 
when compared with conventional organic antibacterial 

agents [110, 111].  
An increased antimicrobial effect of ZnO 

nanoparticles was observed against the food related 
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bacteria Bacillus subtilis, Escherichia coli and 

Pseudomonas fluorescens [112]. There are also other 
studies confirming the strong antimicrobial activity of ZnO 
nanoparticles. For example, treatment with ZnO 
formulation could lyse the food-borne bacteria Salmonella 

typhimurium and Staphylococcus aureus [113] and also 
ZnO nanoparticles (12 nm) were found to inhibit the growth 
of Escherichia coli by disintegrating the cell membrane and 

increasing the membrane permeability [114]. Thus, the 
above findings prove ZnO nanoparticles to be advantageous 
even in in vivo administration, as they contain the mineral 
elements essential for human beings and can find 
applications in food systems, inhibiting the growth of 
pathogenic bacteria. 

Several mechanisms have been proposed to explain the 
antibacterial activity of ZnO nanoparticles. The production 
of H2O2 from the surface of ZnO is considered as an 

effective means for the inhibition of bacterial growth [115, 

116]. Another possible mechanism is the release of Zn2+ 
ions, resulting in the damage of the bacterial membrane and 
direct cellular internalization of ZnO nanoparticles (NPs) 

[119]. A recent study suggested the generation of reactive 
oxygen species (ROS) by ZnO NPs may lead to oxidative 
stress and lipid peroxidation, and as a result NPs get 

internalized resulting in oxidative DNA damage [120]. 
The ZnO QDs have high concentration of surface 

defects (loosely bound acetate or nitrate species), which act 

as trap centers for the conduction electrons [117]. Joshi et 
al. studied the role of surface bound anionic species i.e. 
acetate and nitrates, which are conjugate bases of a weak 
and strong acid, respectively, on ZnO QDs for antibacterial 

activity against E. coli bacteria [118]. Under light 
condition, activation in antibacterial activity of ZnO-Nt 
(nitrate) QDs and ZnO-Ac (acetate) QDs is attributed to the 
photoexcitation mechanism where ZnO, being a wide band 
gap semiconductor, acts as a photocatalyst producing 
sufficient ROS resulting in the activation of bacterial 
growth inhibition.  
                                         
O2 + e- → O2

- 

O-2 + H+ → •HO2 

•HO2 + e- + H+ → H2O2 

OH- + H+ → •OH 

•OH + •OH → H2O2 

 
Under dark condition, ZnO-Ac QDs having acetate 

defects, show excellent inhibition activity, whereas the 
presence of the nitrate anion gives very poor inhibition 
activity. This can be explained as acetate, the conjugate 
base of a weak acid, attacks the organic molecules and/or 
functional groups present at the bacterial cell membrane, 
resulting in the release of the trapped electron at the surface 
of ZnO, with subsequent reduction of the O2 present in the 
surroundings. The formed O2- generates sufficient ROS, 
causing lipid peroxidation of the cell wall, which further 
leads to an increase in the membrane’s permeability and 

cellular internalization of ZnO QDs [119, 121]. On the 
contrary, nitrate, being a weak base, has weak reactivity 
and the conduction band electron of ZnO remains trapped 
on its surface by the nitrate anion species. 

Acetate bound ZnO QDs show significant antibacterial 
activity, not only in the presence of light, but also in the 
dark, revealing an important role of surface defects or 
surface adsorbed anionic species. Thus, surface 
modifications of ZnO QDs with an appropriate anionic 
species may lead to the design of more specific bactericidal 
QDs and the use of ZnO is of great advantage, as it contains 
a mineral element essential to humans. 

 

Conclusion 

In recent years, ZnO quantum dots have attracted attention 
as very promising candidates for optoelectronic, electronic, 
and biological applications. Low toxicity, low cost, and 
biocompatibility makes them excellent candidates for in 
vivo bio-imaging, gene/drug delivery and cancer detection. 
ZnO quantum dots have also promised significant 
breakthrough in search for antibacterial agents, and in 
detection of important antigens and allergens due to their 
high isoelectric points. This review has highlighted recent 
advancements in the surface modification of ZnO QDs for 
bio-applications. Surface modified ZnO quantum dots open 
up new avenues in the field of biology, as these have good 
fluorescence property, high quantum yield and chemical 
stability in aqueous solutions as well. 

 

Future perspectives 

QDs have revolutionized the field of medicine. ZnO 
quantum dots have been gaining attention as promising 
alternatives to the more widely studied but toxic cadmium 
based quantum dots. Still, there is an urgent need to study 
the effect of different surface modifiers on ZnO quantum 
dots for increased quantum efficiency and better 
fluorescence stability, which will enable their applications 
as more sensitive, qualitative and quantitative tools for 
imaging, diagnosis and better targeting such as drug 
delivery. The forthcoming years would see their potential 
applications in different fields such as molecular probes 
against various biological markers such as free antigens, 
cell surface markers/antigens, bacteria, viruses and tissues. 
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Photoluminescence quantum yield, QDs Quantum dots, 
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