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Biomedical Applications of Functionalized ZnO
Nanomaterials: from Biosensors to Bioimaging

Ping Zhu, Zhengyang Weng, Xia Li, Xiangmei Liu, Shuilin Wu,* K. W. K. Yeung,
Xianbao Wang, Zhenduo Cui, Xianjin Yang, and Paul. K. Chu

1. Introduction

The richness of the structures and properties of members of the ZnO-based

nanostructure family endows these materials with diverse functionalities.
In the last decade, the great potential of ZnO-based nanostructures for
biomedical applications due to their unique electronic, optical, catalytical,
and antimicrobial properties, as well as their excellent biocompatibility, has
been recognized. The ever-deteriorating environment and the rapidly aging
population have given rise to an increase in diseases, healthcare concerns
and medical costs, particularly in developing countries, which has led to a
high demand for better and lower-cost biomedical devices with novel bio-
functionalities. Here, we review the recent advances in research on nano-
structured ZnO-based biomaterials that have been developed for biomedical
applications, such as in biosensorsing, tissue regeneration, bioimaging and

drug delivery.
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In nature, ZnO exists in two forms,
namely, wurtzite (B4) and zinc-blende
(B3) structures.l!l At ambient temperature
and pressure, ZnO is a thermodynami-
cally stable wurtzite structure. The zinc-
blende ZnO structure is stable only when
growing on cubic substrates. Because of
its low cost, large band gap (3.37 eV) and
large exciton-binding energy (60 MeV) at
ambient temperature,? ZnO is becoming
one of the most important basic mate-
rials, particularly in semiconductors. The
exciton-binding energy of ZnO is not
only much higher than its thermal energy
at room temperature (26 meV) but also
much higher than that of other prospec-
tive materials, such as ZnSe (22 meV) and
GaN (25 meV), which makes it an outstanding semiconducting
material.Zl Moreover, this material can be obtained through wet
chemical processing, which makes it more effective in resisting
radiation damage. The unique structures and basic properties
of ZnO-containing materials endow them with excellent piezo-
electricity, conductivity, photoemission, sensitivity, catalytic
activity, biocompatibility and antibacterial activity.’] In view of
their great potential for use in photoelectric devices and bio-
medicine, one-dimensional ZnO nanostructures have been
extensively investigated since a nanobelt composed of semi-
conducting oxides was discovered in 2001." To our knowledge,
to date, the ZnO nanostructure family is one of such families
that is rich in structural variation, the typical morphologies
of which are shown in Figure 1,5 including highly ordered
nanowire arrays, nanorods, nanobelts, tower-like structures,
nanorings, nanocombs, and even nanosprings. Numerous
methods, such as microemulsion techniques,® capping-agent/
surfactant-assisted synthesis,”! electrochemical deposition,/®!
hydrothermal/solvothermal processes,”) vapor deposition,!”!
and pulsed laser deposition,'! have been developed for the pro-
duction of these nanostructures.

It is accepted that the performance of ZnO-based devices
depends upon the microstructure of the ZnO nanostructures.
Hence, the size, orientation, morphology, aspect ratio and den-
sity of the crystals are critical factors in determining the poten-
tial applications of nanostructured ZnO materials in photoemit-
ters, transducers, sensors and catalysts. Therefore, strategies for
controlling these factors has been a focus of research on ZnO-
based materials. For example, oriented ZnO nanorods, tubes
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and porous membranes have been produced using high-temper-
ature vacuum-deposition techniques,'>'4 hydrothermal solu-
tion synthesis, " and electrochemical deposition,'® respectively.

Recently, nanostructured ZnO-based materials have attracted
the attention of biomaterial scientists and surgeons because
their unique characteristics endow these materials with novel
biological functionalities. For instance, the excellent electronic
properties of ZnO nanostructures make them suitable for the
fabrication of biosensors, and their unique photoluminescent
properties, such as a tunable emission wavelength, together
with their high aqueous stability and high quantum yield (QY)
make ZnO-based quantum dots (QDs) promising candidates as
bioprobes for cell and tissue imaging. In addition, the combi-
nation of their excellent catalytical and antimicrobial properties
together with their biocompatibility makes ZnO nanostructures
promising materials for tissue regeneration, bacterial resist-
ance, and wound dressing. For example, the Zn?" ions released
from ZnO nanostructures not only have the ability to stimu-
late bone formation in vitrol"”) but can also enhance keratino-
cyte migration toward a wound site and promote healing.!®
The formation of reaction oxygen species (ROS) and the release
of Zn?* ions from ZnO nanoparticles (NPs) can lead to fatal
damage of the bacterial cell membrane.'>2% Furthermore, as a
type of pH-responsive ZnO, it could be used as a drug carrier
in pH-responsive systems. However, to our knowledge, there is
controversy concerning the nanotoxicity of ZnO nanostructures
toward healthy tissue.?!-23l

Due to the ever-deteriorating environment, the rapidly aging
population, and the abuse of antibiotics, there has been an
increase in diseases such as osteoporotic nonunion, diabetes
mellitus, diabetic foot ulcers, and various skin lesions as well
as the occurrence of antibiotic-resistant bacteria, which has
caused a great demand for biomaterials with novel and better
performance. Nanostructured ZnO-based material is one of
the most promising biomaterials for improving the diagnosis
and therapy of these diseases. The objective of this study is to
review recent advances in the application of nanostructured
ZnO-based materials in biomedicine, with an emphasis on bio-
sensing, tissue regeneration, bioimaging and drug delivery.

2. ZnO-Based Biosensors

A biosensor system allows for the quantitative detection of the
values of certain parameters during the occurrence of com-
plex biochemical reactions through a transducer coupled with
a biologically derived recognition entity.?* The development of
biosensors has involved three generations. In the case of first-
generation biosensors, normal reaction products diffused to the
transducer, leading to an electrical response.?! The sensing
process of second-generation biosensors includes an initial
redox reaction performed by a mediator between the enzyme
and its substrate and the eventual oxidation of the mediator
by the electrode.’! In third-generation biosensors, the bio-
sensoring process is accompanied by co-immobilization of the
enzyme and mediator at an electrode surface, which makes
the biorecognition component an integral part of the electrode
transducer, i.e., there is direct electrical contact between the
enzyme and the electrode.?%”] Because the addition of neither
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a mediator nor an enzyme is necessary, this design facilitates
repeated measurements. Therefore, for the direct and precise
detection of chemical/biological molecules, it is important to
design mediator-free third-generation enzyme-based electrodes
that allow direct electron transfer between the enzymes and the
conjoint electrodes.?®31 However, direct electron communi-
cation between the immobilized enzymes and the electrode is
often shielded by an insulating outer protein shell.’?l Therefore,
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Figure 1. A collection of nanostructures of ZnO synthesized under controlled conditions by thermal evaporation of solid powders. Most of the struc-
tures presented can be produced with 100% purity. Reproduced with permission.Fl Copyright 2004, Elsevier.

it is necessary to connect the active center of the redox enzymes
with the electrode surface by developing a specific conducting
material or developing a special electrode that can directly con-
tact the active center of enzymes.

Until very recently, a electrode architecture was proposed,
consistingof a single-crystalline (such as ZnO, TiO,, and Si)
nanorod/nanowire/nanotube array grown directly on a metallic
substrate.3>%°] The aligned one-dimensional (1D) ZnO nano-
structures provide not only large-area scaffolds for enzyme
immobilization but also direct channels for electron transport
from the redox enzymes to the current collector. In addition, the
high isoelectric point (IEP) of =9.5 makes ZnO nanostructures
suitable for the absorption of proteins with low IEPs through
electrostatic interaction.*®l In addition to their strong protein-
absorption ability, the large surface-to-volume ratio, nontoxicity,
chemical stability, high catalytic activity, electrochemical activity,
and excellent electron-communication features make ZnO nano-
structures the best candidates for biosensor applications.?”] To
date, ZnO-based NPs, porous films, nanocombs, and nanorods
have been developed into biosensors to detect cytochrome C,3®!
uric acid,?*~*! protein,*>*3] glucose, "¢ hydrogen peroxide,*#8!
and phenolic compounds,*! respectively. Glucose and hydrogen
are critical signaling molecules for living organisms. In the next
sections, we will focus on ZnO-based nanostructure hydrogen
peroxide biosensors and glucose biosensors.

2.1. Hydrogen Peroxide Biosensors
In recent years, hydrogen peroxide has been reported to be

not only an essential mediator in biological, medical, food
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industrial, pharmaceutical, clinical and environmental analyses
but also an important intermediate product of several highly
selective oxidases.’*2 Furthermore, this chemical is also
involved in regulating some biological processes of immune-
cell activation and vascular remodeling in mammals,*>* and
can be generated in response to a variety of stimuli, cytokines
and growth factors. However, considering its cytotoxicity, such
as the oxidative stress and cellular damage caused by high levels
of hydrogen peroxide in cells, for hydrogen peroxide to operate
as a signaling molecule, its concentration is generally precisely
regulated. Hence, depending on the level of hydrogen peroxide
and the cell type, hydrogen peroxide can have both positive and
negative effects on the cells. In recent decades, numerous inves-
tigations of techniques for the detection of hydrogen peroxide
have been conducted and many methods, such as titrimetry,
chromatography, photometry, fluorescence and electrochemical
techniques, have been proposed for the precise determination
of the level of hydrogen peroxide. Of these, the electrochemical
tracking of biological targets is particularly promising because
of its simplicity, selectivity, high sensitivity and accurate deter-
mination of the level of hydrogen peroxide.’>>®) Among the
peroxidases, horseradish peroxidase (HRP), which is available
in high purity and at low cost with long-term stability, has
been one of the most widely studied enzymes for the develop-
ment of enzyme-based amperometric biosensors. In the case
of enzymatic biosensors, to achieve a higher level of biosensor
performance, it is very important to fabricate novel electrode
materials for both effective immobilization of the enzyme and
rapid electron transport from the enzyme to the metallic elec-
trode.’’=% Most of the hydrogen peroxide sensors reported in
the literature are based on enzymes, and many of them possess
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Table 1. Nano-ZnO and nano-ZnO based materials available for hydrogen peroxide biosensors and related properties.

Electrode matrix Enzymatic/ nonenzymatic Analytical range (uM) Sensitivity (WA cm?mM™")/ Response time(s) /applied  Reference
detection limit (uM) potential (V)

ZnO/Au horseradish peroxidase (HRP) 0.015-1.1 —/0.009 <5/-0.3 [61]
C-ZnO nanowires/Ti horseradish peroxidase (HRP) — 237.8/0.2 4/-0.4 [62]
ZnO NPs microperoxidase (MP) 0.01-0.4 11/0.003 1.5/— [63]
forklike nano-ZnO horseradish peroxidase (HRP) 0.05-0.7 201.12 /0.3 3/-0.2 [64]
ZnO nanosheet Hemoglobin (Hb) 1-410 137)— —/—-0.675 [65]
ZnO NPs Hemoglobin (Hb) 0.1-36.6 3660/0.02 >2/-0.34 [66]
Ag nanoparticles/ZnO nonenzymatic 8-983 152.1/0.9 30-40/-0.55 [67]
nanorods

ZnO nanorod nonenzymatic 5.0x107 1.4 x 107 —/1.0x 1077 — [68]
Ag NPs/ZnO nonenzymatic 2-550 115.6/0.42 <10/-0.25 [69]
reduced graphene/ZnO nonenzymatic 1.0-22.48 13490/— <5/-0.38 [70]

good selectivity and sensitivity. However, enzymatic sensors
are environmentally unstable and very costly.®) Those nonen-
zymatic biosensors based on inorganic ZnO have been devel-
poed. In Table 1, we present the nano-structured ZnO materials
that have been used to produce hydrogen peroxide sensors
to date and provide brief descriptions of detection methods,
the use of enzymatic or nonenzymatic operations, the sensi-
tivity, the detection limit, the response time, and the applied
potential.[61-70]

2.1.1. Enzymatic Biosensors

Many researchers have focused a great deal of attention on
the quantitative detection of hydrogen peroxide because H,0,
is widely used as an oxidizing agent in the chemical and food
industries.”!l Most third-generation hydrogen peroxide sen-
sors reported in the literature are based on enzymes, such
as HRPV273 and microperoxidase (MP),’¥ or on hemo-
globin (HD)>7 whereby the direct electrochemical reaction
is observed through a ZnO nanoparticle-modified electrode.
Recent reports showed that the shape and structure of ZnO
nanostructures significantly affect the sensitivity of enzymatic
H,0, biosensors. Yang et al. fabricated a new complex multiple
forklike ZnO nanostructure which is composed of nanorods
that grow from a thin platelet base.[% They constructed a novel
third-generation enzymatic biosensor based on glassy carbon
electrodes (GCE) modified using this complex multiple forklike
ZnO nanostructure, the process of which is schematically illus-
trated in Figure 2a,.l° As H,0, was injected into the stirred
phosphate buffer, the biosensor reached 95% of the steady-state
current in less than 3 s (Figure 2a,). This indicated that the
uniform complex ZnO multiple forklike nanostructure yields a
very low mass transport barrier for a rapid diffusion between
the solution and enzyme and the novel ZnO nanostructure
could effectively retain the bioactivity of the HRP. As shown in
Figure 2a;, the complex multiple forklike ZnO nanostructure-
based H,0, biosensor exhibited a low detection limit of
0.3 pm, and the sensitivity of this biosensor, which was found
to be as high as 201.12 pA mM™., is better than many pre-
vious reports.[39] It indicated the enzyme electrode had good
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bioelectrocatalytic activity for H,0,. The waxberry-like ZnO
microstructures, which are composed of 8-10 nm nanorods,
had hundreds of pinholes on their surface.”’)

It can be clearly observed from Figure 2b, that the reduction
peak current increased as the concentration of H,0, increased,
suggesting that hydrogen peroxide was being reduced. The
inserted graph in Figure 2b, demonstrates that the linear detec-
tion ability of this biosensor ranged from 1.5 x 107 to 15 mM,
with a correlation coefficient of 0.9952 and a detection limit
of 1.15 x 10~* mM, which was lower than that of previously
reported counterparts.’®7% It was found that the waxberry-
like ZnO balls, with their characteristic alveolate structure,
high-defect density, large surface area, and good biocompat-
ibility, acted as excellent materials for the immobilization of
HRP and as rapid electron-transfer agents for the fabrication
of efficient biosensors.””] Tt can be speculated that enzymes
should be entrapped in the matrix of the multiple forklike ZnO
or waxberry-like ZnO nanostructure much more effectively.
Lu and colleagues synthesized porous nanosheet-based ZnO
microspheres for the construction of direct electrochemical
biosensors.[] There are numerous nanoscaled cavities on the
surface of the ZnO microspheres, which are composed of inter-
connected nanosheets. The thickness of these nanosheets is
approximately 20 nm, and the size of the cavities is approxi-
mately several hundred nanometers. Proteins can readily
access the cavities and sequester in them or bind to the sur-
face of these microspheres, which favors the precise detection
of H,0,. Liu et al. synthesized flower-like ZnO nanostructures
for application as a matrix for electro-biosensing with a rapid
response of less than 5 s, and this biosensor, which was based
on an organic-inorganic hybrid matrix, exhibited satisfactory
reproducibility and stability.

The various nanostructured ZnO materials provide efficient
matrices for accelerating electron transfer from proteins and
consequently, a ZnO inorganic—organic composite film can
facilitate electron transfer between protein molecules and the
electrode. The high sensitivity of this type of H,0, biosensor
can be ascribed to several factors. First, the good biocompat-
ibility of the nanostructured ZnO composite prevents protein
denaturation and preserves the essential secondary structure of
the entrapped protein. More importantly, due to its high surface

Adv. Mater. Interfaces 2016, 3, 1500494
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Figure 2. a;) Schematic illustration of the preparation process of the multiple forklike ZnO-based enzyme electrode. a;) The typical current-time
response of the biosensor on successive step changes of 0.5 mm H,0, in 0.067 m PBS buffer (pH = 7.0) at an applied potential of —0.2 V under stir-
ring. a3) The corresponding calibration curve of the biosensor. All panels in (a) reproduced with permission.[%4 Copyright 2010, Elsevier. b;) Schematic
illustration of the preparation process of the waxberry-like ZnO-based enzyme electrode. b,) Cyclic voltammograms of nano-ZnO/HRP/GCE electrode
in 0.01 mol L™" pH 6.0 phosphate buffer solution (PBS) at a scan rate: 0.1 V s7'. Curves were obtained using different concentrations of H,0, (2.5, 5,
7.5, 10 mM). Inset: the linear fitting program of the reduction peak currents with the H,0, concentrations. Reproduced with permission.l”’] Copyright

2008, Elsevier.

area, such as multiple forklike ZnO, waxberry-like ZnO, and
porous nanosheet-based ZnO microspheres, these nano-
structured ZnO largely enhance the active surface area of the
electrode available for protein binding. Moreover, the ZnO
nanostructure can also act as a scaffold that favors the confor-
mation of the entrapped proteins, resulting in the rapid trans-
mission of electrons (¢7) between the redox protein and the
underlying electrode. Thirdly, the ZnO nanostructures allow
the use of a mild immobilization process for the enzyme that
is responsible for the reduction of H,0, because these nano-
structures can not only retain the bioactivity of HRP effectively
but also favor electron transfer between the active site of the
enzyme and the electrode.

2.1.2. Nonenzymatic Biosensors
Compared with enzyme-based assays, inorganic metal oxides

and their composites are more cost effective, very easily

Adv. Mater. Interfaces 2016, 3, 1500494

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

prepared and more stable, even at high temperatures. In view of
these aspects, many efforts have been made to measure H,0,
electrochemically without using enzymes.®1#3 Palanisamy
et al. developed a hydrogen peroxidehydrogen peroxide sensor
based on a reduced graphene oxide (RGO)/ZnO composite
prepared through the simultaneous electrodeposition of ZnO
and the electrochemical reduction of graphene oxide (GO)."%
The flower-like ZnO microstructures, which were 0.5-1 pm
in size, anchored near the surface of the RGO sheets and the
branched networks of the thin RGO sheets interconnected
these micro flowers, demonstrating that the original mor-
phology of the nano-ZnO material and the wrinkled structure
of the RGO structures could be well retained using this eco-
friendly approach, and furthermore, even after 80 °C heat treat-
ment, this composite exhibited no cracks, indicating its thermal
stability.”% Due to the large surface area and the edge-plane-like
defective sites on the RGO structures that offered more catalytic
sites for the efficient diffusion of the analyte, this composite
exhibited high electrocatalytic activity, which was confirmed by
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the extremely rapid response time of the RGO/ZnO composite
film toward H,0, (Figure 3). This suggested the occurrence of a
rapid catalytic reduction process at the surface of the composite
film and consequently, the RGO/ZnO sensor displayed high
sensitivity of 13.49 pA pM~! cm~2, with a broad linear detection
range of 1.0 to 22.48 pM as well as a stable response to H,0,,
with 89.3% of the response current retained even after 13 h.l"%
Wang et al. synthesized ZnO nanorod arrays on an indium-
tin oxide (ITO) substrate using an electrochemical deposition
method to produce a highly sensitive sensor for the determina-
tion of H,0, levels.®® It was found that there was an optimal
sintering temperature within a certain range that greatly
enhanced the crystalline quality and the carrier mobility of the
ZnO nanorods. In their studies, 400 °C was the optimal sin-
tering temperature, and it was found that high-temperature sin-
tering improved the intensity and stability of the photocurrent

Figure 3. a) Cyclic voltammograms obtained at bare/GCE (a) and RGO/
GCE (b) in the presence of 8.8 pm H,0, at the scan rate of 50 mV s
Cyclic voltammograms obtained at RGO/ZnO/GCE in the absence
(c) and presence of 0.02 (d), 2.19 (e), 4.48 (f), 6.24 (g) and 8.8 pm H,0,
(h) under similar conditions. Supporting electrolyte: N, saturated 0.05
M PBS (pH = 7). Inset is the plot of cathodic peak current vs [H,0,].
b) Amperometric i—t response at a RGO/ZnO film modified rotating disc
GCE upon successive additions of 1-22.24 ym H,0; into continuously
stirred N, saturated 0.05 m PBS (pH = 7). Applied potential: —0.38V; Rota-
tion rate: 1200 rpm. Inset (above) is the enlarged view of the amperometric
i~t response for 1-4 um H,0,. Inset (below) is the plot of response cur-
rent vs. [H,0,]. Reproduced with permission.l’ Copyright 2012, Elsevier.
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of the ZnO nanorod array-modified electrode. Consequently,
the ZnO nanorod array-modified electrode was highly sensitive
and showed a linear response to H,0,. Wang and Zheng fabri-
cated a nonenzymatic hydrogen peroxide sensor by electrodep-
ositing silver nanoparticles on a zinc oxide (ZnO) film.[*” The
Ag NPs/ZnO/GCE sensor showed a sensitivity of 0.1156 A M7},
which was much higher than that of the Ag NPs/GCE sensor
(0.0416 A m7!),B¥ and a low detection limit. After the 50th cycle,
the peak currents dropped by 2% and 30% for Ag NPs/ZnO/
GCE and Ag NPs/GCE sensors, respectively. The ZnO film
clearly improved the stability of H,O, detection by the Ag NPs/
ZnO/GCE sensor.[]

In summary, in addition to possessing good storage and
operational stability, the nanostructured ZnO mixed with high
surface area materials such as RGO or Ag NPs exhibited much
higher electrocatalytic activity toward H,0,, which is ascribed
to the large surface area and the high rate of electron commu-
nication of the anchored ZnO systems, as well as their syner-
gistic effects.

2.2. Glucose Biosensors

Glucose is a critical metabolite for living organisms, particu-
larly for patients who are suffering from diabetes. According
to the reports of the World Health Organization, there are
approximately 346 million diabetic patients worldwide,® and
recent reports showed that approximately 29.1 million Ameri-
cans had diabetes in 2012, whereas there were 25.8 million dia-
betic Americans in 2010. Diabetes was the 7th leading cause
of death in the United States in 2010, with 69 071 death cases
caused by diabetes directly and 234 051 death certificates listing
diabetes as an underlying or indirect cause of death.® Gener-
ally, a disorder of glucose metabolism results from insulin defi-
ciency and hyperglycemia and is reflected in the blood glucose
level being higher or lower than the normal clinical range of
80-120 mg dL! (4.4-6.6 mM).8! Therefore, precise real-time
monitoring of the level of blood glucose in diabetic patients is
quite important. Numerous techniques have been developed
for the determination of glucose levels, such as liquid chroma-
tography,®”) spectroscopic techniques,® and other methods.®”!
Among the available glucose monitors, a glucose biosensor
has overwhelming advantages, such as a rapid response, high
sensitivity, good stability and a facile fabrication process, which
prompted a considerable amount of fascinating research on
detection strategies for novel glucose biosensors.[*%

Since 1962, when Clark and Lyons proposed the initial con-
cept of glucose enzyme-coupled electrodes,®!! many efforts
have been made to optimize the performance of glucose bio-
sensors. At present, three generations of glucose oxidase-based
biosensors have been developed, including the following:
1) first-generation biosensors based on natural oxygen as the
cofactor and the detection of hydrogen peroxide, 2) second-
generation biosensors using a synthetic electron acceptor as
the redox mediator, and 3) third-generation biosensors in which
there is direct electron transfer between glucose oxidase and
the electrode (Figure 4).28] However, it is challenging to con-
vert the biological signal to an easily processed electronic signal
because connecting an electronic device directly to a biological

Adv. Mater. Interfaces 2016, 3, 1500494
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environment is highly complex. In addition,
the management of diabetes requires per-
sonalized medicine and stable and reliable
continuous glycemic monitoring in vivo. The
intrinsic advantages of electrochemical bio-
sensors are their robustness, easy miniaturi-
zation, and excellent detection limits, as well
as their use of small sample volumes and
their ability to be used in turbid biofluids.
Consequently, different varieties of mate-
rials possessing good specificity, selectivity,
and rapid response,®> %Y were investigated
for the preparation of glucose biosensors.
Among them, nanostructured ZnO is one
of the most promising materials for glucose
biosensors because of its unique advantages,
including a facile fabrication process, excel-
lent biocompatibility, and low cost. The prop-
erties of nanostructured ZnO-based glucose
biosensors of various shapes are summarized
in Table 2.1°71% [t is evident that the shape
and structure play important roles in determining the perfor-
mance of ZnO-based glucose biosensors. Moreover, using mod-
ified ZnO, such as doped or mixed ZnO, can also affect the sen-
sitivity and detection limit of glucose biosensors as well as the
response time. These inorganic electrodes exhibit advantages
because glucose detection is based on direct electron transfer,
whereas the electronic transmission process of mediator-based
biosensors is possibly mediated by an organic film.'"”-111] Zhao
et al. developed a novel third-generation amperometric glu-
cose biosensor based on an assembled thin film of ZnO:Co
nanoclusters on which glucose oxidase was immobilized
using a Nanofion-assisted cross-linking technique.'®!l This
novel glucose biosensor displayed a high sensitivity level of
13.3 pA mM ™! cm™ and low detection limit of 20 uM, which
was ascribed to the following factors. The small nanocrystal-
lites of approximately 5 nm in diameter and the nanoporous
network structure endowed the electrode with highly specific
active sites and an excellent ability to absorb the enzyme, which

Chemical Society.
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Figure 4. Three generations of amperometric enzyme electrodes for glucose based on the
use of a) natural oxygen cofactor, b) artificial redox mediators, or c) direct electron transfer
between GOx and the electrode. Reproduced with permission.[?¥l Copyright 2008, American

was confirmed by its lower Michaelis—Menten constant (Ky*P)
of 21 mwm than that of the GOx-DMFc—CPE system (33 mw)
and the GOx—polypyrrole system (25.3 mwm).[112113] The smaller
Ky*PP indicated that the enzyme electrode possessed a higher
glucose-oxidation enzymatic activity and a higher affinity for
glucose. In addition, co-doping enhanced the electrocatalytic
activity of the ZnO nanoclusters.

In the case of nanostructured ZnO-based biosensors, the
immobilization of glucose oxidase was predominantly deter-
mined by physical adsorption. In addition to the intrinsic high
isoelectric point of this material offering a friendly microenvi-
ronment for the negatively charged GOx, the shape and mor-
phologies of the ZnO-based electrodes also affect their adsorp-
tive ability. Recently, a tetragonal pyramid-shaped porous
ZnO (TPSP-ZnO) nanostructure was developed by Dai et al.
using a simple polyglycol-assisted wet chemical method; the
GOx immobilized on the TPSP-ZnO-modified GCE exhibited
a rapid direct electrochemical reaction corresponding to its

Table 2. ZnO nanostructure based glucose sensors and their functional properties.

Working electrode Enzyme Linear range (mM) Sensitivity (WA mM~' cm?)/ Kw?P (mM) Response time (s) Reference
detection limit (uM)
tetragonal pyramid-shaped porous ZnO GOx 0.05-8.2 —/10 — — [95]
ZnO nanorod GOx 0.01-3.45 23.1/10 2.9 <5 [96]
ZnO nanocomb GOx 0.02-4.5 15.33/20 2.19 <10 [97]
ZnO nanotube GOx 0.01-4.2 30.85/10 2.59 <6 [98]
ZnO nanofiber GOx 0.25-19.0 70.2/1.0 2.19 <4 [99]
ZnO hollow nano-spheres GOx 5.0x1073-13.15 65.82/1.0 — <5 [100]
Zn0O:Co nanoclusters GOx 0-4 13.3/20 21 8 [107]
ZnO nanorods/Au GOx 1.0x107%-3.3x 1072 1492/0.01 0.41 <5 [102]
ZnO/multiwalled carbon nanotubes(MWCNTs) GOx 0.1-16 0.052/0.25 8.9 8 [103]
ZnO nanowires/Au GOx 0.2-2.0 19.5/<50 1.57 <5 [104]
ZnO/Cu nanocomposite GOx 1-15 0.097/40 1.47 <6 [105]
Mn-doped ZnO multilayer structure GOx 2-16 —/0.42 — — [106]
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redox-couple content, and its reduction products electrocata-
lyzed the reduction of dissolved oxygen, which was determined
by the properties of the TPSP-ZnO GCE.[*%] The biosensor
that was developed displayed a linear response to the glucose
concentration in the range of 0.05 to 8.2 mM, which was a
much wider range than that of the GOx/spherical ZnO/Nafion-
modified GCE. At a given potential of —0.50 V, the detection
limit was 0.01 mM, which was much lower than that of the
aforementioned ZnO nanocluster-based biosensor (0.02 mM)
and the GOx/spherical ZnO/Nafion-modified biosensor
(0.07 mM), ascribed to the relatively larger specific surface area
of TPSP-ZnO resulting in more GOx loading and better cata-
lytic activity triggered by the greater number of surface atoms
on the edges and corners.”>1%! Furthermore, the response was
not hampered by cooxidizable substances, such as ascorbic
acid, uric acid and p-acetaminophen, possibly because these
smaller substances were oxidized after diffusing through the
porous film to the electrode surface.®! This TPSP-ZnO nano-
structure therefore provided a good matrix for protein immobi-
lization and biosensor preparation.

It is accepted that the degree of enzyme immobilization on
mediators is crucial for the development of a high-performance
glucose sensor. In addition to the shape and morphology of the
nanostructured ZnO, the aspect-ratio (AR) of ZnO also affects
the performance of related glucose biosensors. Ahmad et al. fab-
ricated amperometric glucose biosensors using Si/Ag that was
modified using AR-controlled ZnO nanorods as electrodes and
found that the glucose biosensor with an AR = 60 demonstrated
better performance than lower-AR ZnO nanorod-modified
electrodes.''¥ The calculated Ky*P of the glucose biosensors
were 0.229, 0.176 and 0.137 mm for AR =5, 15 and 60, respec-
tively. These results showed that the affinity of GOx for glucose
increased with an increasing AR, which enhanced the direct
electron transfer through the ZnO nanorods to the Ag electrode.
It was believed that well-aligned ZnO nanorod arrays could
induce more immobilization of the enzyme and favor the direct
electron transmission between the nanorods and the Si/Ag elec-
trode. So, the nanostructured ZnO with the higher-AR or larger
surface area would be more beneficial to be a glucose biosensor.

As the development of a novel portable electrochemical bio-
sensors is necessary and such a device would be well suited
to personal glucose testing. Personal blood-glucose monitors
should be mainly based on the use of disposable screen-printed
enzyme-electrode test strips.!'3) The diabetic patients prick
their fingers, place a small blood droplet on the sensor strip,
and obtain the blood-glucose level within 5-30 s. Although
this portable biosensor has some remarkable technological
advances, the low and irregular frequency of home testing fre-
quency is often due to the inconvenience and discomfort asso-
ciated with its use. Thus, more integrated and functionalized
glucose biosensors based on nanostructured ZnO materials
should be developed to provide a non-invasive, painless, low-
cost and convenient testing method for diabetic patients.

Allin all, in comparison with the traditional biosensors, func-
tionalized ZnO-based biosensors present superior performance,
including enhanced absorption of biological components
and increased surface active sites, a good reaction microenvi-
ronment, accelerated electron transfer, shortened response
time, and heightened sensitivity. The current sensitivity of
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nano-biosensors can be obtained only under highly optimized
conditions in a laboratory. However, even under optimal con-
ditions, the reported results disclosed a certain discrepancy of
current sensitivity, which is possibly due to the heterogeneous
structures or compositions of ZnO-based biosensors. Hence, it
is nessesary to control the uniformity of ZnO precisely to guar-
antee the measurement of current sensitivity by developing
novel synthesis methods. In addition, the integration of ZnO
nanostructures with commercial detection systems will be ben-
eficial for their real sensing applications.

3. ZnO Nanostructures for Tissue Regeneration

3.1. ZnO as an Antibacterial Agent

Currently, infection is the major reason for the failure of guided
tissue regeneration in clinical applications, constituting a sig-
nificant healthcare burden.''®17] Antibacterial biomaterials
exhibit the greatest potential in the war against implant-related
infections and represent the broadest group of anti-infective
biomaterials.18 Antibacterial agents can be broadly classified
into two types, organic and inorganic. Compared with inor-
ganic antimicrobial materials, organic antimicrobial agents are
fast acting, but the abuse of antibiotics has induced drug resist-
ance in an increasing number of bacteria.l'’® Furthermore,
organic antimicrobial agents are often less stable, particularly at
high temperatures or pressures. In contrast, inorganic antibac-
terial materials, such as metal oxides, can achieve appropriate
disinfection without introducing harmful byproducts and are
robust and durable, therefore having the unique advantages
of enhanced stability and safety compared to those of organic
agents.l'?)] Consequently, research on inorganic antimicrobial
materials such as metal and metal oxides has intensified in the
past decade.'2"124] Due to their good thermostability, marked
antimicrobial activity and low cost, ZnO nanostructures are
becoming one of the most promising inorganic antimicrobial
materials, particularly for tissue regeneration.'?>1261 Their
antibacterial activity is generally determined using pathogenic
and nonpathogenic bacteria, such as Staphylococcus aureus and
Escherichia coli.l'?7]

3.1.1. Antibacterial Mechanism

To date, myriad studies have explored the antibacterial mecha-
nisms of ZnO NPs, which involve the generation of ROS,[128129]
the release of zinc ions from ZnO and the penetration and
disorganization of the bacterial membrane upon contact with
specific ZnO nanostructures, such as nanoneedles and nanorod
arrays,[130131 a5 will be described below.

1) Photocatalytic antibacterial mechanism. ROS that are gen-
erated by the photocatalytic reaction of ZnOl32133 typically
include hydroxyl radicals, singlet oxygen and superoxide
radicals that are toxic to the cells because they damage cel-
lular constituents such as DNA, lipids, and proteins.[3413°]
Consequently, the generation of ROS has been recognized
as the predominant antimicrobial mechanism underlying
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the effects of photoexcited ZnO on mammalian and bacterial
cells.[136137) The general principle is that when illuminated by
light with a photoenergy equal to or greater than its band-gap
energy, e~ of ZnO NPs are promoted across the band gap to
the conduction band, which creates a hole (k) in the valence
band.l*® The ¢ in the conduction band and the h* in the
valence band exhibit strong reducing and oxidizing power,
respectively.'”] Superoxide anion radicals (O,) are gener-
ated when the electron reacts with molecular oxygen through
a reductive process.['* The h* can capture the e~ from water
and/or hydroxyl ions to generate hydroxyl radicals (OH")
through an oxidative process.'*l Singlet oxygen (10,) is
mostly produced indirectly from aqueous reactions of O,.[138]
OH" is the most reactive oxygen radical known because it
reacts very quickly with almost every type of organic bio-
molecule, including nucleic acids, lipids, carbohydrates, pro-
teins, DNA, and amino acids.'*!l Such reactions generally
produce hydrogen peroxide (H,0,) due to the dominating
recombination of two OH' radicals. Some researchers have
proposed that the chemical interactions between bacteria and
the H,0, generated from ZnO powder slurry were the pre-
dominant mechanism underlying the antibacterial activity
of ZnO.M4218IL O, is another main mediator of photocytox-
icity and can damage treated tissues irreversibly,'*l causing
biomembrane oxidation and degradation.'*! Although O,
is not a strong oxidant as a precursor for OH® and '0,, O,
also has significant biological repercussions.®! Conse-
quently, these three types of ROS (O,~, OH", and '0,)
contribute to the majority of oxidative stress in biological
systems.

2) Antibacterial mechanism of Zn?* ions. Some of the Zn*
ions released from ZnO nanostructures can adsorb to the
surface of bacteria with a high degree of negative charge
through electrostatic force. The interaction between Zn?*
ions and bacteria can destroy the charge balance, leading
to severe deformation of the cells until the bacteria die due
to bacteriolysis."*/-1%% Furthermore, Zn?* ions that enter
bacteria via the cell membrane interact with some of the
functional groups on bioactive proteases, such as sulfhy-
dryl groups (ASH), amino groups (ANH,), hydroxyl groups
(AOH), to change the structure and performance of proteins,
which induces the death of the bacteria due to unbalanced
metabolism.>% A recent study revealed that a solution con-
taining low concentrations of Zn?* ions exhibited better anti-
bacterial activity for specific strains than did a solution with
a high concentration of zinc ions. Moreover, zinc (Zn) com-
plexes exhibited a much higher level of antimicrobial activity.
However, there is still some debate regarding the antibacte-
rial mechanism of Zn?* ions. Li et al. evaluated the effect of
zinc ion release on antibacterial activity by monitoring the
release of Zn?* ions from suspensions of different ZnO NPs
during 2 h of UV irradiation.’>"l In their study, the antibac-
terial effect of the Zn?" released from solutions containing
various concentrations of ZnSO, was evaluated using an
antibacterial assay. The results showed that no significant
inhibitory effect toward E. coli cells was observed even when
the concentration of Zn?* was as high as 1 mg L. This
finding indicated that the released Zn?* had a minor anti-
bacterial effect.’>!l However, another study found that the
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growth of S. mutans was severely inhibited by an initially
high level of ion release from zinc-containing cements and
that the antibacterial activity decreased over time due to the
significantly decreased levels of ion release.[">? In this inves-
tigation, treatment using 1-h aged cements detectably inhib-
ited the growth of S. mutans and no inhibition was detectable
when materials that had been aged for 15 days were applied,
although materials that had been aged for intermediate
periods were not tested.['>3]

3) Nano-antibiotic mechanism. The penetration and disorgani-
zation of the bacterial membrane upon contact with ZnO
particles may also play a role in their antibacterial mecha-
nism because it is accepted that disorganization of the mem-
brane by unfavorable or foreign substances can cause the
loss of membrane integrity, which leads to the malfunction
of the permeability barrier.">*1°8 Due to the larger specific
surface area and higher surface energy of nanostructured
ZnO, bacteria adsorb to the nanostructured ZnO, preventing
the exchange of matter and energy with the environment
so that the bacteria die due to lack of normal metabolism.
Brayner et al. reported that ZnO NPs hindered E. coli growth
due to disorganization of their membranes, which increased
the membrane permeability, leading to the accumulation of
NPs in the bacterial membrane and cytoplasm.["*8 Huang
et al. observed that the ZnO NPs successfully penetrated
S. agalactiae cells grown in a liquid medium by damaging
their membranes, and in this case, the new cells presented
considerable damage, with a very disorganized cell wall and
an abnormal morphology.'>® Moreover, Stoimenov et al.
reported that the binding of ZnO NPs to the bacterial sur-
face through electrostatic forces directly killed bacteria.l'*]
It was assumed that the surface abrasiveness of ZnO NPs
was responsible for the high antibacterial performance
of ZnO NPs through initiating disorganization of the cell
membrane.[>%]

Although the above mentioned factors such as concentra-
tion, particle size and shape have been reported to affect the
antimicrobial activity of ZnO NPs,[1%0161] their main antibacte-
rial mechanisms may be different in different media because
their physicochemical properties and the species of dissolved
Zn can be altered by the medium components. The detailed
mechanism underlying the antimicrobial activity of ZnO is still
under debate and requires further investigation.

3.1.2. ZnO Nanostructures Modified with Inorganic
Antimicrobial Agents

Although the ROS generated by the photocatalytic reactions of
ZnO nanostructures endow these materials with excellent anti-
bacterial activity, the photoexited ¢~ and h* can also recombine
to reduce their photocatalytic activity, consequently reducing
their antimicrobial activity. It has been reported that modifi-
cation of ZnO nanostructures can minimize this effect.l62
Metals, such as silver, gold and copper, are excellent inorganic
broad-spectrum antimicrobial agents and have attracted consid-
erable interest for this reason.['®3-1%] Therefore, modifying ZnO
nanostructures with Ag, Au and Cu can not only maximize the
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antibacterial efficacy of ZnO but also adds the antimicrobial
activity of these metals. Recent studies showed that regard-
less of the shape and morphology of the ZnO nanostructures,
incorporating Ag NPs resulted in a significantly enhanced anti-
bacterial efficacy compared with that of the pure ZnO nano-
structures and that the photocatalytic activity related to the
antimicrobial efficacy was determined mainly by the concen-
tration of Ag.l'%-174] Ren et al. prepared a silver-modified ZnO
nanorod array using a wet-chemical route and subsequently,
a photo-deposition method, and their results showed that the
photocatalytic activity of these samples varied in the following
order: pure ZnO < ZnO/Ag (0.02 M) < ZnO/Ag (0.05 m) >
ZnO/Ag (0.1 M) > ZnO/Ag (0.2 m), i.e., neither the composite
with the highest Ag content nor that with the lowest Ag con-
tent had the best photocatalytic activity.'1”] A similar trend was
also observed by other researchers.'7*"72 In the study of Lin
et al., heterostructural Ag-ZnO nanofibers containing 7.5 at.%
Ag exhibited the best photocatalytic activity among the samples
containing 0, 1.0, 3.0, 5.0, 7.5, and 10.0 at.% Ag, which was
25 times higher than that of pure ZnO nanofibers.l'’% In the
case of dendrite-like ZnO@Ag heterostructural nanocrystals,
i.e., nanocrystals with oriented ZnO nanorods as the branches
on trunks of single-crystal Ag nanowires (NWs), samples con-
taining 8 at.% Ag possessed the highest photocatalytic activity
among the samples, including pure Ag NWs, pure ZnO, and
composites containing 3 or 11 at.% Ag.'’!) When a core-shell
heterostructure composed of a core of single-crystal Ag NWs
and an outer shell of ZnO particles was used, the concentra-
tion of Ag that provided the best photocatalytic performance
was 2.8 at.%.l"72 Similarly, other types of nanostructures,
such as three-dimensional hollow Ag/ZnO microspheres also
displayed this tendency.l'’?! This phenomenon is schemati-
cally illustrated in Figure 5.1¢7173173] As shown in Figure 5a,
because the Fermi energy level of Ag (Efm) is higher than that
of ZnO (Efs), e~ will be transferred from Ag to ZnO until the
two systems attain equilibrium and a new Fermi energy level
(Ef) exists.l'”] Therefore, by acting as electron sinks, Ag NPs
minimize the recombination of photoinduced ¢~ and h* and
enhance the photocatalytic activity of ZnO. In contrast, as
shown in Figure 5b,['%”] the lower energy level of the conduc-
tion band of ZnO is higher than the new equilibrium Fermi
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energy level (Ef) of Ag/ZnO, inducing the transmission of the
photoexcited e on the conduction band from ZnO to the Ag
NPs; consequently, when a higher density of Ag particles cover
the surface, silver NPs with a high silver concentration can also
act as recombination centers, thus decreasing the photocatalytic
activity of the ZnO NPs.[17170-173] Accordingly, the antibacterial
activity of ZnO/Ag can be enhanced, depending on the extent
of Ag modification.

Au doping has also been proven to be effective in strength-
ening the photocatalytic activity of ZnO nanostructures and con-
sequently enhancing their antimicrobial performance.l'7¢-17
Li et al.l'’® prepared Au-ZnO hybrid NPs with a hexagonal
pyramid-like structure by regulating the heterogeneous nuclea-
tion and selective growth of ZnO on presynthesized Au seeds,
and these Au-ZnO hybrid NPs showed much higher photocata-
lytic efficacy than that of pure ZnO NPs.7% It was suggested
that under UV irradiation, changes in the band gap and the
enhanced efficacy of electron transfer in the Au-ZnO hybrid
NPs were both responsible for the observed enhancement of
photocatalytic activity and ROS generation, which is schemati-
cally shown in Figure 6.'%! Consequently, the antibacterial per-
formance was significantly improved, as was proven through
antibacterial testing. In their studies, under simulated sunlight,
the antibacterial efficacy of ZnO/Au hybrid nanostructures at
a concentration of 0.05 mg mL™! was approximately 2 times
and 3 times, respectively, that of the pure ZnO NPs in killing
S. aureus and E. coli, and the corresponding values were
increased approximately 3.5 and 4.5 times, respectively, when
the particle concentration was increased to 0.1 mg mL=1.11%]

Among the various metallic doping elements, Cu is impor-
tant because it has an electronic shell structure and physical and
chemical properties similar to those of Zn and it can change the
microstructure and the optical properties of ZnO systems.[18181]
It has been found that Cu doping a ZnO system using a soft
chemical metathesis route remarkably improved its solar spec-
trum absorbance from 0.4 to 34% and that one containing 1.5
mol% Cu:ZnO was the most efficient photocatalyst under both
visible and UV illumination.!'®! Careful Cu doping evidently
improved the performance of ZnO photocatalysts, which mer-
ited further theoretical and experimental investigation of their
antibacterial activity. Bai et al. successfully synthesized a novel

Figure 5. a) The band structures of Ag and ZnO junctions and the Fermi energy level equilibrium without UV irradiation. b) The proposed charge sepa-
ration process and the photocatalytic mechanism of as-prepared Ag/ZnO samples under UV irradiation. The electrons in the Ag sinks can be trapped
by the chemisorbed O, and the hole can be captured by the surface hydroxyl. Reproduced with permission.l'®”] Copyright 2010, Elsevier.
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Figure 6. a) Position of the Fermi level of Au and energy bands of ZnO compared with the redox potential of O,7*/O, and H,0/-OH, b) The expected
reaction mechanism for an enhancement effect on the generation of ROS and photocatalytic activity. Deposition of Au onto ZnO increases the charge
carrier separation and transport efficiency in photoexcited ZnO NPs. Reproduced with permission.['®l Copyright 2014, American Chemical Society.

hierarchical ZnO/Cu “corn-like” material via facile low-tem-
perature hydrothermal and photo-deposition methods.'8? In
their study, the Cu NPs were uniformly deposited on the sur-
face of the ZnO nanorods and the novel hierarchical material
combined the advantages of both ZnO and Cu, maximizing its
photocatalytic activity.'8?] Both ZnO nanorods and the ZnO/Cu
“corn-like” materials promoted the photocatalytic degradation,
whereas the ZnO/Cu “corn-like” material displayed a higher
rate of methyl-blue photodegradation under the visible-light
irradiation. The survival rate of E. coli treated using pristine Cu
or ZnO nanorods in the dark was approximately 76.12% and
58.02%, respectively, which was much higher than the 3.12%
survival rate of E. coli treated using ZnO/Cu material.l'®” These
results suggested that the enhanced antimicrobial performance
of the ZnO/Cu “corn-like” material was due to a synergic effect.
Moreover, the enlarged specific surface area and mesoporous
property of this material was beneficial for the attachment and
killing of E. coli.l183184 It was clear that the ZnO/Cu “corn-like”
materials had a greatly improved photocatalytic antibacterial
activity through enhancing the rate of visible-light utilization
and providing more reaction sites and a larger specific area
for electron transfer. In the case of the ZnO/Cu “corn-like”
materials, only approximately 50% of the E. coli were killed in
the absence of visible-light irradiation at a dosage of 0.1 g L,
whereas with the visible-light irradiation, these ZnO/Cu mate-
rials killed all of the E. coli within 20 min.®2! Liang et al. pre-
pared polyaniline/Cuy 5214950 (PANI/CZO) nanocomposites
using an in situ inverse microemulsion method and deter-
mined the antibacterial activities of ZnO, CZO, PANI and
PANI/CZO composites.'®] Their results showed that both
ZnO and CZO composites had a broad spectrum of antibacte-
rial activities against S. aureus, E. coli, and Candida albicans and
that the CZO composite had better antibacterial activities than
did the pure ZnO composites. It was also discovered that the
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Cu?* ions embedded in the ZnO lattice and ZnO particles coop-
eratively hindered bacterial growth.1%618] Consequently, both
the CZO and PANI/CZO composites exhibited excellent bacte-
riostatic and bactericidal activities that were much greater than
those of the PANI and ZnO composites. The overall photocata-
lytic activity of the PANI/CZO nanocomposites was governed
mainly by the synergistic effect of the mentioned antibacterial
mechanisms which promotes their antibacterial efficacy. Simi-
larly, Mn doping achieved similar antibacterial enhancement
for ZnO NPs.[180]

Hence, nanostructured ZnO doped with inorganic metal
could restrain the combination of the photoexited e~ and h* to
enhance their antimicrobial activity, which provide a new route
to develop novel ZnO-based antibacterial agents with improved
antimicrobial activity.

3.1.3. ZnO-Doped Organic Antimicrobial Agents

In addition to metals and the associated metal oxides, hybrids
composed of organic antimicrobial agents and ZnO nanostruc-
tures have been reported to exhibit better antibacterial activity
than did pure ZnO nanomaterials. In this case, the former is
generally immobilized or embedded in the latter. Chitosan (CS)
is partially N-deacetylated chitin, which is a linear homopol-
ymer of 1,4f-linked N-acetyl-D-glucosamine that exhibits bacte-
riostatic and fungistatic activities and has been widely used for
bone healing and in biological dressings.'8”188] The cooperative
antimicrobial properties of CS/nano-ZnO hybrids have been
reported.l'8-191 A possible mechanism for the co-antimicrobial
effect of CS and nano-ZnO in a nanofibrous membrane has
been proposed (Figure 7).'%1 Through electrostatic attraction,
CS, ZnO NPs, and released Zn ions accumulated and adhered
to the surface of the microbial cell membrane, consequently
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Figure 7. Schematic illustration of the antimicrobial mechanism of composite CS/nano-ZnO. Reproduced with permission.l'® Copyright 2012, Elsevier.

resulting in the denaturation of membrane proteins and a
change in membrane permeability, which finally destroyed
the membrane structure.®% Petkova et al. observed that a
hybrid ZnO/CS coating led to a 98% reduction in the growth
of S. aureus at 60 min of incubation, whereas nanostructured
ZnO and CS alone reduced bacterial growth by 61 and 31%,
respectively, and that the viability of E. coli treated with this
hybrid coating was reduced by no less than 96% after only
15 min."! Furthermore, the presence of CS improved the dura-
bility of the antimicrobial activity of this hybrid coating, which
was ascribed to the high viscosity and low solubility of CS.[*U
In addition to CS, ZnO NPs can also be carried on the surface
of a biodegradable hydrogel and subsequently immobilized on
the surface of biomedical devices, which mitigated bacterial
infection and inflammation. Recently, a hybrid film composed
of ZnO NPs and biocompatible poly (N-isopropylacrylamide)
(PNIPAAm) exhibited efficient antimicrobial activity against
E. coli at a very low ZnO concentration,®Z whereas most
studies found that only ZnO NPs at much higher concentra-
tions exhibited a comparable performance. Compared with
nano-silver/organic hybrids, ZnO NPs/organic hybrids appear
to be more promising for antibacterial applications because the
bioactive organics in these hybrids such as CS and PNIPAAm,
are biocompatible, biodegradable and non-toxic, and thus
can be used as protective layers for tissue engineering,[192-1%!
whereas Ag/ZnO hybrids that leached Ag at high concentra-
tions will induce the death of normal cells and tissues.%°!
Interaction between positively charged CS molecules and
negatively charged microbial cell membranes leads to the leakage
of proteinaceous and other intracellular constituents.'?-1%1 CS
penetration toward the nuclei of the microorganisms and inter-
ference with the synthesis of mRNA and proteins by the combi-
nation of CS and DNA and inhibition of mRNA synthesis.[200.201
Therefore, the synergistic effect of composited nanostructured
ZnO with CS could exhibit better antibacterial activity. Thus,
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developing hybrids composed of nano ZnO and some nature
polymers will be one of the best choices for antimicrobial agents.

3.1.4. Factor Affecting the Antibacterial Activity of ZnO Nanoparticles

Concentration: The antibacterial activity of nano ZnO reported
in the literature varied, with the inhibitory concentration
ranging from several to hundreds of mg 1.71.[156202-204] The dif-
ferential results observed in many published nanotoxicological
studies may be largely due to the fundamental dissimilarity
of the testing media and the cell types employed. One Gram-
positive bacteria, Bacillus subtilis, and two Gram-negative bac-
teria, Pseudomonas putida and e. coli were selected by Li et al.
for a comparison of the toxic responses of different types of
bacterial cells.[??! Although the viability rate of all of these cells
decreased with the increasing dose of ZnO NPs, three bacterial
species behaved differently upon exposure to the same level of
nanoparticle suspension (Figure 8). In general, the two Gram-
negative bacteria (P. putida and E. coli) were more resistant to
the antibacterial activity of the ZnO NPs than the Gram-positive
bacteria (B. subtilis). Increasing the ZnO concentration gradu-
ally reduced the percentage of viable P. putida cells exposed to
500 mg L~! of NPs from 85% to 58%. In contrast, exposure to
1 mg L™! of ZnO NPs resulted in the complete inactivation of
B. subtilis. Moreover, E. coli showed an intermediate suscepti-
bility to inactivation by ZnO NPs.[?%3 Brayner et al.l'*® studied
the toxicological impact of ultrafine ZnO NPs in a colloidal
medium on e. coli bacteria. The presence of these NPs at con-
centrations between 1072 and 3.4 x 10 M caused nearly 100%
inhibition of bacterial growth. At concentrations of between
2.6 x 1072 and 1.7 x 1073 M, these NPs inhibited bacterial
growth by approximately 85%. When these NPs were applied at
concentrations of between 1.3 X 1073 and 10 M, an increase in
the number of E. coli colonies was observed. One might predict
from these results that this increase in colony number was
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Figure 8. Typical dose-response curves of ZnO nanoparticles for three types of bacteria cells
in fresh water. Reproduced with permission.2%! Copyright 2011, American Chemical Society.

metabolism-dependent because bacteria metabolize Zn** as an
oligoelement, demonstrating that ZnO NPs are not toxic for
E. coli at these concentrations.’™® Tt was demonstrated
by Roselli et al. that ZnO NPs at concentrations of 0.01 to
1 mmol L did not affect cell permeability, whereas the cell per-
meability slightly increased when the ZnO NPs were applied at
5 mmol L™! compared with that of untreated cells.?%! Moreover,
Brayner and colleagues obtained preliminary results showing
the cellular internalization of ZnO NPs and cell-wall disorgan-
ization of treated E. coli, i.e., the cell membrane of all of the
E. coli was extensively damaged and, most likely, the intracel-
lular contents had leaked out when the cells contacted ZnO
NPs applied at concentrations greater than 1.3 mmol L[58
Yan et al. also evaluated the colony formation of S. aureus, Strep-
tococcus agalactiae, and E. coli cultured in the presence of ZnO
NPs at different concentrations.2%2] The results showed that
ZnO NPs had a 50% inhibitory effect on S. agalactiae at con-
centrations of >100 mM, whereas ZnO NPs applied at the same
concentrations only slightly inhibited the growth of S. aureus
and e. coli. When applied at a concentration of 50 mM, the
ZnO NPs induced a remarkable proliferation of S. aureus and
E. coli but slightly inhibited the growth of S. agalactiae. Applying
<25 mM of ZnO NPs significantly promoted bacterial growths
of all of groups. These observations suggested that the mineral-
ized ZnO NPs possessed favorable cytocompatibility. The rela-
tively low toxicity of ZnO NPs to S. aureus and E. coli was most
likely due to their relatively high tolerance of Zn ions.[22!
Particle Size: Several studies suggested that the unique
properties (i.e., the small size and corresponding large spe-
cific surface area) of the small nanometer-scaled ZnO particles
impose several qualities that govern their antibacterial activity,
with smaller NPs having a more effective antibacterial acti
Vity.[21:125.157:206.207) Yamamoto et al. studied the antibacterial
activity of ZnO powders of various particle sizes, in the range
of 0.1-0.8 pm.?%"] The activity of the ZnO powder slurries was
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monitored by measuring the change in elec-
trical conductivity with bacterial growth, and
it was found that the antibacterial activity
increased with the decreasing size of the
ZnO-powder particle. Applerot performed
a study of the effects of particle size on the
antibacterial activity using two bacterial spe-
cies: E. coli and S. aureus.'?! The viability
rate of each bacterial strain after incubation
with ZnO suspensions indicated that the
antibacterial activity of the ZnO NPs was
size-dependent, with the smallest NPs pre-
senting the highest antibacterial efficacy of
71% inactivation of S. aureus and 98% inac-
tivation of E. coli when an equivalent ZnO
mass content was used. Increasing the size of
the ZnO NPs led to a less effective antibacte-
rial activity with respect to S. aureus, whereas
the effect of particle size on their antibacte-
rial activity toward E. coli was less obvious.
To exclude the possibility that the zinc ions
in the aqueous suspension of ZnO NPs were
responsible for the antibacterial activity, spe-
cific control experiments were conducted. It
was demonstrated that the concentration of Zn?* ions resulting
from dissolving Zn(Ac),2H,0 in water at more than 5 times
the aqueous solubility of ZnO did not have any effect on the
viability rate of E. coli or S. aureus. Based on the mechanism
underlying the antibacterial activity of the ZnO NPs, their size-
related biocidal behavior was revealed by the following results:
1) more cellular internalization was observed when smaller
NPs were applied, and 2) the smaller NPs generated a larger
amount of hydroxyl radicals in the aqueous suspensions.['?’]
Raghupathi et al. synthesized high-quality ZnO NPs of varying
sizes using simple room temperature or solvothermal methods
and tested their antibacterial activity using either turbidity or
plate assays to understand their antibacterial activities.?!! They
synthesized seven ZnO NPs of various sizes, using a combina-
tion of room temperature and solvothermal synthetic methods.
As shown in Figure 9a, it was clearly shown that the ZnO NPs
exerted size-dependent inhibition of S. aureus growth at a con-
centration of 6 mwm. It was demonstrated that the viability of
S. aureus cells decreased significantly with the decrease in the
size of ZnO NPs applied at 6 mm (Figure 9b). To verify these
results, they provided evidence that the rate of release of free
Zn*" jons from the ZnO colloidal solution was minimal under
the experimental conditions and that the antibacterial activity of
the ZnO NPs was dependent on the size of the NPs, which was
mainly ascribed to the activity of the ZnO NPs rather than that
of the free Zn?" ions.!]

Taken together, except for the testing medium and cell types
employed, it could be concluded that the antibacterial activity
of ZnO NPs was strongly dependent upon their concentrations
and particle size.

3.2. ZnO-Based Bone Implants

A bone implant should act as a scaffold to support the formation
of new bone, blood vessels and soft tissues, and consequently
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Figure 9. Effect of different sizes of ZnO nanoparticles on the growth of methicillin sensitive S. aureus strain. a) Growth analysis curves measured
by monitoring the optical density (OD) at 600 nm, and b) the viable S. aureus 6390 recovered from TSA plates after 24 h of incubation at 37 °C. Cul-
tures were grown in the presence of 6 mm of various sizes ZnO nanoparticles and after 6 h cultures were diluted to 107 and placed on TSA plates in
triplicates. Colonies were counted and the percentage of growth inhibition was calculated and plotted against particle sizes. The experiments were
repeated at least three independent times and the average data was presented in the figures. Reproduced with permission.?l Copyright 2011, American

Chemical Society.

form a bridge between the existing bone and the graft mate-
rial to favor the reconstruction of damaged bone tissues. Due
to the bacterial colonization of the surface of implanted mate-
rials, a well-known problem of bone implants is bacterial infec-
tion and the subsequent complications for orthopedic surgery,
which often leads to implant failure, prolonging the period
and raising the costs of hospitalization, and sometimes even
resulting in the patient’s death.?%8] Therefore, the perfect bone
implant should not only be biocompatible, easy to manipulate,
mechanicompatible with bone tissues and readily available as
well as resorbable or biodegradable in the long term, but should
also inhibit the growth of pathogens.?% Because natural bone
tissues or organs are nanoscale in size and cells directly interact
with nanostructured extra-cellular matrices (ECM), the ECM
complex plays a key role in promoting new bone formation
and guiding tissue regeneration. Due to their ability to mimic
the dimensions of the constituents of natural bone, such as
proteins and hydroxyapatite, researchers have fabricated cyto-
compatible biomimetic nanomaterial scaffolds encapsulating
cells (such as osteoblasts and stem cells) for tissue engineering
applications. Importantly, the nanoscale biocomposites pos-
sess the hardness and the compressive, bending, and tensile
strengths comparable to conventional materials and are more
similar to physiological bone. Apart from the dimensional
similarity to bone tissue, nanomaterials exhibit several unique
surface properties (such as their surface topography, surface
wettability and surface energy) due to their larger surface area
and greater roughness. Hybrid scaffolds composed of polymers
and nanoceramics possess great advantages over those made
of traditional biomaterials, such as pure ceramics and biopoly-
mers, in satisfying these demands. ZnO is one of the most
promising candidates for inclusion in these novel hybrid scaf-
folds due to its intrinsic characteristics.

Firstly, Zn has been widely recognized as an essential trace
element for the proper maintenance of bone growth, with over
85% of the total body Zn residing in bone.?!% Zn has a positive
effect on bone metabolic factors, such as growth hormone (GH)
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or insulin-like growth factor 1 (IGF-1).211212] Furthermore, Zn
stimulates bone formation in vivo by activating protein syn-
thesis in osteoblast cells and increasing ATPase activity in bone.
Moreover, Zn deficiency has been associated with the retarda-
tion and failure of bone growth in animals.2!321] Ito et al.
showed that the presence of Zn in bioceramics, such as those
containing tricalcium phosphate and hydroxyapatite, stimu-
lated osteoblastic differentiation and increased the ALP activity
of stromal cells.?'] It was also found that Zn-substituted HAp
modulated osteogenic activity.?!7218] Moreover, Zn showed a
potent inhibitory effect on bone resorption by inhibiting the
formation of osteoclasts in mouse marrow cultures.'*® These
results indicated that Zn affects the activity of bone cell. More
recently, Zn was identified as a regulator of the transcription
of osteoblastic differentiation genes, such as the collagen I,
ALP, osteopontin and osteocalcin genes.?!% It was suggested
that Zn could be a Runx2-stimulatory agent through directly
stimulating bone formation by increasing the transcription rate
of Runx2-targeted osteoblastic differentiation genes.!” Yama-
guchi et al. studied the role of Zn both in vitro and in vivo in
rats, and they found that treatment with Zn?" at a concentra-
tion of 6.5 mg L' increased the calcium content, bone protein
content and alkaline phosphatase activity of rat calvariae.213220]
Administering a low dose of Zn to rats was shown to lead to an
increase in the alkaline phosphatase activity and DNA content
of bone tissue.[?2!]

CS and poly(e-caprolactone) (PCL) have been blended
with zinc-doped hydroxyapatite NPs (nZnHA) using a mixed
formic acid/acetic acid solvent system to electrospin nano-
fibrous scaffolds.??2l These PCL/CS/nZnHA scaffolds had
an elastic modulus (approximately 3-fold higher) and tensile
strength (nearly 1.5-fold higher) that were higher than those
of the corresponding PCL/CS scaffold. In contrast to the
smooth surface of PCL/CS nanofibers, the nZnHA that was
dispersed on the surface of the PCL/CS fibers led to rougher
surfaces. Hydrophilicity, roughness, porosity and pore size
have a significant impact on the protein adsorptive capacity of
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polymer/bioceramic composite scaffolds. Their studies clearly
demonstrated that the PCL/CS(10)/nZnHA composite had the
highest level of protein adsorptivity among the samples tested
due to its higher levels of hydrophilicity and roughness. The
order of the proliferation rates of adipose tissue-derived mes-
enchymal stem cells (hAD-MSCs) grown on various types of
scaffolds at five days of culture was as follows: PCL/CS (10)/
nZnHA > PCL/CS (10)/nHA > PCL/CS (10) > PCL, and the
PCL/CS (10)/nZnHA nanofibrous scaffold had a significantly
larger number of cells adhering to its surface, as shown using a
cell-adhesion assay.??2l Amna et al. fabricated one-dimensional
ZnO doped TiO, nanofibers through electrospinning and eval-
uated these hybrid nanofibers as an extracellular scaffold the
support of myoblasts.??3 In this study, the number of C2C12
cells attached to the surface of the nanostructured ZnO/TiO,
hybrid nanofibers was greater than that on the titanium-con-
taining and control samples at 180 and 240 min of culturing.
Cell counting using a Kit-8 assay and phase-contrast micros-
copy at regular intervals revealed that the C2C12 cells prolif-
erated well on ZnO/TiO, nanofibers applied at between 1 and
10 pg m~!. Additionally, the cells displayed extensive spreading
on the surface of the hybrid sample.??) This group also fab-
ricated a ZnO-doped poly(urethane) (PU) nanofibrous scaffold
with unique spider nets via the cost-effective one-step electro-
spinning method, and analyzed the morphology of the resulting
spider nanonets attached to the main fibers and morphological
features of the fibroblast cells attached to the nanofibers.l?2
These nanofibrous structures had a large surface area and pro-
vided multiple binding points for the strong physical adhesion
and interaction of cells. As shown in Figure 10a, it was clear
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that the pristine PU electrospun fibers that were obtained had a
smooth surface and uniform diameters. After ZnO doping, an
interconnected spider net-like structure formed (Figure 10b).
This result suggested that the presence of ZnO during the ioni-
zation of the polymer solution during electrospinning led to the
formation of the spider net-like structure. Additionally, it was
also found that the proportion of living cells was maximal on
the composite nanofibers (Figure 10c,d).??* Taken together, the
results indicated that nano-ZnO doping increased the surface
area of the nanocomposite and modified its surface properties
to promote the adhesion, growth, proliferation and differen-
tiation of cells and that it might be successfully exploited for
various tissue-engineering applications. Park et al. demon-
strated that ZnO nanoflowers were tightly osseointegrated with
the regenerated bones in the calvarial bone defects of SD rats,
which was ascribed to the more significant formation of lamel-
lipodia, filopodia, and F-actin filaments on the surface of these
nanostructures.??! These results supported the hypothesis
that ZnO nanostructures would promote the adhesion, prolif
eration, growth, and osseointegration of cells and could be suc-
cessfully applied as orthopedic implantation materials.

3.3. ZnO-Based Wound Dressings

3.3.1. Fundamentals of Wound Dressings

The concept of a wound dressing was introduced by Winter,22¢!
who was the pioneer of research to establish and maintain an
optimal environment for wound healing. Awareness of this
work led to the development of functionally active wound
dressings that interacted with the wounds
they covered to create and maintain a moist
and healing environment. Currently, var-
ious types of wound dressing materials are
available commercially, e.g., those made of
synthetic polymers such as polyurethane,
poly(vinyl alcohol), poly(lactic acid), and
those using natural polymers, such as algi-
nate, chitin, CS and collagen. 227229
An ideal dressing should maintain a moist
environment at the wound interface, allow an
adequate gaseous exchange, act as a barrier
to microorganisms, remove the excess exu-
dates to avoid maceration, and minimize scar
formation. Such a wound dressing should
also be non-toxic, non-allergenic, nonad-
herent, easily removed without trauma, bio-
degradable, exert a hemostatic potential, and
biocompatible.?*"! In addition, this wound
dressing should be composed using an avail-
able biomaterial that requires minimal pro-
cessing, possesses antimicrobial properties
and promotes wound healing.

Figure 10. FE-SEM micrographs of a) pristine PU and b) ZnO-doped PU composite nanofibers;

the red arrow indicates the main fibers, whereas the green arrow demonstrates the harbored
ultrafine nets. Representative confocal images of cells cultured on c) a pristine PU, and d) on

3.3.2. ZnO-Based Wound-Dressing Materials

a composite matrix for 5 days. The cells were stained by DIOC18(3)/PI. Dead cells are labeled

by Pl and have red nuclei. Live cells are labeled by DiOC18(3) and have green nuclei. The scale
bars represent 100 ym. Reproduced with permission.??l Copyright 2013, Springer.
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Wound infection is the major concern in the
field of wound care management because
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wound infections can cause exudate formation, facilitate
improper collagen deposition and prolong the healing pro-
cess.231 Both microbes and the dressing material-wound sur-
face interaction can initiate infection. Microbes are the major
cause of wound infection, and the major infection-causing
bacteria are S. aureus and E. coli.232233] Microbes can enter
the body through the wounds and reach the deeper portions
of tissues, leading to internal infections.?3?l At times, even the
wound dressing itself can cause an infection due to the nature
of the wound dressing—exudate interface or the nonsterility of
the wound dressing.?** For these reasons, the treatment of
severe wounds requires inhibiting bacterial growth.

The main antibacterial strategy is to combine different anti-
bacterial agents to overcome the resistance of the microorgan-
isms and obtain synergic antibacterial activity.?**! Recently,
the use of inorganic antimicrobial agents for the control of
microbes has attracted interest because inorganic antimicro-
bial agents have a broader spectrum of antibacterial activity
and bacteria might not evolve resistance to them as they have
to organic antibiotics.l?*237] At present, most of the antibac-
terial inorganic materials are metallic NPs 2382491 and metal
oxide NPs, such as ZnO.2#1=244 At a neutral pH, the common
dressing materials, such as chitin and CS, do not show any
antibacterial activity due to their lack of free -NH, groups;?23!
therefore, antibacterial agents must be incorporated into them
to achieve it.2*’l ZnO NPs not only possess potent antibacterial
activity but also have no adverse effect on normal cells at the
appropriate concentration.20°!

Kumar et al. have developed flexible and microporous CS
hydrogel/nano ZnO composite bandages (CZBs) via the incor-
poration of ZnO NPs into a CS hydrogel.?*®l The swelling, deg-
radation, blood-clotting activity, antibacterial activity, and cyto-
compatibility of the composite bandages, as well as the cellular
attachment to the material and the cellular infiltration into the
composite bandages were evaluated, and the results showed
that the CZBs exhibited controlled degradation, enhanced
blood clotting, excellent platelet-activation ability, and good
cytocompatibility.?*? Furthermore, the in vivo evaluations in
Sprague—Dawley rats revealed that these nanocomposite band-
ages enhanced wound healing and hastened re-epithelializa-
tion and collagen deposition. In vitro and in vivo antibacterial
activity studies demonstrated the antibacterial potential of the
prepared CZBs.[*%l Together, these results indicated that these
advanced CZBs could be used to treat burns, chronic lesions,
and diabetic wound infections. In another study, ZnO NPs were
prepared from polyester using the Pechini method by reacting
citric acid with ethylene glycol in which metal ions were dis-
solved were and incorporated into blendfilms of CS and PVA
with polyoxyethylene sorbitan monooleate and Tween 80 at dif-
ferent concentrations; these ZnO NP-containing dressing films
showed excellent antibacterial activity toward S. aureus.**’]
The observed antibacterial activity of the composite films sug-
gested that they could be used as hydrophilic wound and burn
dressings.

In addition to their antibacterial activity, the Zn ions released
from ZnO nanomaterial enhanced keratinocyte migration
toward the wound site and promoted wound healing.!'® The
effect of ZnO on wound re-epithelialization and its bacte-
riostatic properties endorsed it as an effective ingredient for
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topical wound dressings. ZnO in paste bandages protects and
soothes inflamed peri-ulcer skin. A ZnO-medicated occlusive
dressing was significantly more effective in the debridement
of diabetic foot ulcers than autodebridment using a standard
hydrocolloid occlusive dressing.?*® A study in which the
wounding process of mouse skin was monitored showed that
Zn accumulated in proliferating epithelial cells at the wound
margin within 12 h.?*] In addition, the wound healing process
was also controlled by the up-regulation of the Zn-dependent
metalloproteinases that are responsible for the degradation of
the extracellular matrix.?>% The level of injury-related catabo-
lism was found to affect the amount of Zn lost through excre-
tion.[51-254 The greater the injury and rate of catabolism, the
greater the Zn excretion. Chesters and Boyne found that serum-
re-fed 3T3 fibroblasts had a critical Zn-dependent phase from
8 to 13 h after feeding.”>! The synergistic interaction of epi-
dermal growth factor and Zn in promoting re-epithelialization
and enhancing collagen deposition at the site of full-thickness
skin wounds in mice has also been reported.!?*®!

In summary, ZnO doped with different micro/nano struc-
tured materials may influence the behaviors of the bone cells
and the keratinocyte migration as well as bacterial behaviors.
Past research mainly depended on the biological behavior of
bone cells and keratinocyte on different ZnO-based nano-
hybrids. In the case of tissue regeneration, the best way is to
develop a new generation of biomaterials that can not only
modulates the cell behavior but also possesses self-antibacterial
activity, thus accelerating the tissue reconstruction. Functional-
ized ZnO-based hybrids may be one of the best candidates.

4. Bioimaging

In addition to the intrinsic advantages of ZnO QDs over con-
ventional organic dyes, such as better photoluminescent (PL)
properties, including broad-band absorption, a narrow and
symmetrical emission band, a tunable emission wavelength,
high stability against photo-bleaching,?>7-2%% and being one
of the most important semiconductor materials, ZnO QDs are
also much better than the commonly used QDs that are based
on CdSe and CdTe species for biomedical imaging applications
due to their excellent biocompatibility,?*!] good biodegrada-
bility,?%2] low cost and eco-friendliness,?%3] whereas the latter
exhibit biotoxicity.?642%] The typical bioimaging applications of
ZnO QDs include tracing live cells and real-time monitoring of
target tissues.[266-268]

4.1. Live-Cell Imaging

ZnO QDs derived using traditional sol-gel approaches have
several drawbacks, including low quantum yield, generally
less than 10%, an unstable emission peak, and a broad photo-
luminescence (PL) band, which result from the insufficient
protection from various physiological environments and the
surface vacancy-driven ZnO luminescent mechanism.?%! In
addition, conventional ZnO QDs are unstable in aqueous
solutions because water exchanges with the organic protective
groups on their surface, destroying the luminescent centers
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and causing aggregation of the ZnO QDs,
which consequently quenches their fluo-
rescence.”’%271 This problem can be solved
through surface modification using certain
ligands, such as polyethylene glycol methyl
ether (PEGME),?”2 PEG(COOH),,?”3 poly-
vinylpyrrolidone (PVP),24l oleic acid (OA)
together with diethanolamine (DEA),?”! and
hyperbranched polymers.”’®l However, some
new problems occur after hybridization with
these ligands, such as unstable long-wave-
length emission,?’”) reduced luminescent
efficacy or hypochromic shifted emission,
which can be difficult to quantify due to the
autofluorescence of the targeting cells.?’8]
For example, Fu et al. showed that ZnO QDs
could be stabilized in aqueous solutions by
coating them with DEA and OA, and the
hybrids exhibited blue emission in the vis-
ible range only at 430 nm, meaning that they
could not be used for bioimaging because
most cells and tissues also appear blue
under UV light.?””! Structural and particle-
size designing of hybrids has been widely
employed to solve these problems. Using a two-step poly-
merization process, Xiong et al. fabricated two types of highly
stable luminescent nano ZnO@poly(MAA-co-PEGMEMA)
hybrids of different sizes but with the same core-shell struc-
ture, i.e., ZnO QD cores with a binary polymeric ligand shell
composed of an internal layer of hydrophobic MAA (methyl
acrylic acid) and an external layer of hydrophilic PEGMEMA,
which exhibited tunable PL for cell imaging, and hydrophobic-
hydrophilic copolymer shells that made the NPs miscible with
water yet protected the ZnO cores from water.””?l As shown
in Figure 11, within human hepatoma cells, ZnO-1 QDs with
an average size of 3 nm emitted green light, whereas 4-nm
ZnO-2 ODs emitted yellow light, at 520 nm and 550 nm (typical
ZnO-vacancy luminescence), respectively.?”?! Cytotoxicity tests
revealed that more than 90% of human hepatoma cells sur-
vived when the concentrations of ZnO-1 and ZnO-2 QDs were
less than 0.2 mg mL 1.2’ Furthermore, these ZnO QDs were
located in the cytoplasm, whereas the nuclei were not lumines-
cent, and under continuous UV-light irradiation, the lumines-
cence was very stable during cell culturing and the cells were
alive at 45 min of exposure.*”’)

It has been reported that the luminescence of ZnO-QDs is
not very stable in circulating blood due to their possible decom-
position or site-quenching by organs.?®") Therefore, recent
research has focused on the development of core-shell hybrids
composed of ZnO QDs modified with a silica shell or silane
groups to strengthen their stability within complex biological
environments.?$1-289 Silica was selected as the shell mate-
rial because of its biocompatibility, aqueous stability, and rich
surface chemistry.?82%5] Using a facile ethanol-based precipi-
tation method, Tang et al. encapsulated the precipitated ZnO
NPs with silica to form ZnO@silica core—shell nanostructures
(Figure 12a), which exhibited emission colors of blue, green,
yellow, and orange under 365-nm excitation via the adjust-
ment of the pH of the precipitation solutions (as shown in
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Figure 11. a) HRTEM image of ZnO-1 with the electron diffraction pattern in the inset.
d) Aqueous solutions of ZnO-1 and ZnO-2 under a UV light. b) DIC and e) fluorescent images
of the cells labeled by ZnO-1. shows c) DIC and f) fluorescent image of the cells labeled by
ZnO-2. Reproduced with permission.?”®l Copyright 2008, American Chemical Society.

Figure 12b), and these core—shell NPs exhibited excellent
stability not only in water but also in PBS at up to one week.[?81]
In vitro culture studies revealed that NIH/3T3 cells could easily
uptake the three types of ZnO@silica hybrids with green, yellow
and orange light emission resulting from the different surface
charges of the oxides formed during their precipitation in solu-
tions with different pH values (Figure 12¢).”8!) As shown in
Figure 12d, more than 85% of the cells survived when the con-
centration of ZnO NPs in the medium was less than 30 pg mL™,
suggesting that these ZnO NPs were quite safe for living cells
and consequently suitable for cell labeling.?®l Subsequent
research confirmed that these types of silica-coated ZnO NPs
were promising candidates for live-cell labeling after suitable
surface modification.l?®?! After amino groups of MAA were
grafted to them, the ZnO@silica NPs were very stable in water,
PBS and Roswell Park Memorial Institute (RPMI) medium.
This was attributed to the tight and dense shell surrounding
the ZnO NPs that was produced during the three-step silani-
zation process, which favored the subsequent polymerization
of vinyltriethoxysilane (VTES) and 3-aminopropylthiethoxysi-
lane (APS), so that the emission wavelength could be easily
modulated by controlling the particle size via changing the
reactant ratio and the reaction time.?® Cellular labels were
largely found in the cytoplasm rather than the nucleus, and
the fluorescence intensity of the targeting cells rose gradually
with increased exposure to the medium containing the hybrids,
indicating the progressive uptake of the ZnO@silica particles
by the cells.?®% In addition, 4.4-nm ZnO@silica NPs caused
a much higher ROS level in cells exposed to UV irradiation,
which could possibly be used for killing cancer cells.?!]

In addition to the aforementioned issue of their chemical
stability, another critical issue for the bioimaging applications
of ZnO QDs is their photoluminescent quantum yield (PLQY).
It has been reported that QYs of ZnO QDs produced using
chemical sol-gel processes could reach as high as 26%.1281
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Figure 12. a) TEM image of ZnO@silica core shell nanospheres. ZnO
was prepared at pH 10. The inset is the high-magnification image of a
single nanosphere. b) Corresponding photographs of ZnO nanoparticles
prepared at pH 1) 12, 2) 10, 3) 8, and 4) 6 under 365 nm excitation.
c) DIC photograph (c;) and fluorescent image (c;;) of the cells labeled
with ZnO@silica nanoparticles with green emission. DIC photograph
(cz) and fluorescent image (cy;) of the cells labeled with ZnO@silica
nanoparticles with yellow emission. DIC photograph (c;) and fluores-
cent image (c33) of the cells labeled with ZnO@silica nanoparticles
with orange emission. d) Cell viability of incubated NIH/3T3 cells with
increasing concentrations of ZnO nanoparticles for 24 h. Cell viability was
measured using the 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazo-
liumromide (MTT) assay. Reproduced with permission.l?8! Copyright
2010, American Chemical Society.

Through designing a special core-shell struc-
ture, Xiong prepared blue fluorescent ZnO
QDs with a high PLQY of up to 80%.1276:2%7]
More recently, Felbier et al. produced ZnO
QDs in a radiofrequency capacitively coupled
plasma, which exhibited a size-dependent
PLQY of up to 60% in the visible part of the
spectrum after exposure to air.?%8l After expo-
sure to ambient air for one day, a peak PLQY
of 12% and 60% was achieved by 3.4-nm and
2.1 nm-ZnO QDs, respectively, whereas the
value after one hour of air exposure was 9%
and 42%, respectively, indicating the impor-
tance of the QD diameter for the PLQY,
which was contrary to the results obtained for
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Si and CdSe QDs, i.e., the PLQY of the latter increased with the
increasing QD size.l?®8 It was believed that the surface states of
the ZnO QDs were quite different from those of the others.[28!

In addition to ZnO@polymer and ZnO@silica QDs, some
ZnO-based compounds have also been developed as cellular
probes. Aboulaich et al. adopted a two-step procedure to pre-
pare biocompatible ZnSe:Mn/ZnO core/shell QDs using 1-thi-
oglycerol as the stabilizer in an aqueous solution.l?®”) Compared
with the QY of ZnSe:Mn QDs, the PLQY of these compound
QDs was found to be enhanced by 12%, which was attrib-
uted to the presence of Zn0.2°0-221 Moreover, under ambient
conditions, these compound QDs were found to be stable for
months. This finding indicated that these nanocrystals could be
used as building blocks to produce bioprobes for cell and tissue
imaging.

4.2. In Vivo Animal Imaging

Studies have revealed that the aforementioned ZnO-based
QDs could be injected into the body through intradermal and
intravenous injections to facilitate clinical diagnosis and the
treatment of the targeted tissues.[?89293] At only 5 minutes post-
intradermal injection of ZnO@poly(MAA-co-PEGMEMA QDs,
their fluorescence could be clearly observed under UV light
(Figure 13a) and it was still observed at 60 minutes post-injec-
tion (Figure 13b). Furthermore, the fluorescence of the ZnO
QDs could be observed in the aortas, livers and kidneys of intra-
venously injected mice that had been sacrificed after 5 minutes
of exposure to UV light (Figure 13c).?8" The latest research
showed that after the consecutive intravenous injection of ZnO
QDs and ZnO@PEG QDs, these two types of QDs did not
affect the liver coefficient or the levels of serum aminotrans-
ferases and that although the levels of antioxidant enzymes and
lipid peroxidation significant changed by 24 h after the injec-
tion of 5 mg kg™ of ZnO QDs, all of these parameters returned
to the control levels by 28 days (Figure 14).2%% These results
suggested that this type of ZnO QD might be a good bioprobe
for labeling specific tissues such as the skin, aorta, liver and of
kidneys, to potentially assist in their treatment.

However, the risk of injuries to live organs under long-term
UV irradiation and the limited depth of UV-light penetration
restrict the application of ZnO QDs in vivo because UV light

Figure 13. A mouse under UV light after intradermal injection. a) 5 min after intradermal injec-
tion of ZnO-1; b) 60 min after intradermal injection of ZnO-1 (left side) and ZnO-2 (right side);
c) An intravenously injected mouse was sacrificed after 5 min and imaged under UV light. Note
that ZnO-2 nanoparticles locate mainly in the aorta, liver and kidney. Reproduced with permis-
sion.l28 Copyright 2011, Wiley-VCH.
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Figure 14. Ultrastructure of hepatocyte after treatment at a-e) 24 h and f-j) 28 days with a control (a,f), 5 mg kg™' of ZnO QDs (b,c,g,h), and ZnO
QDs—PEG(d,e,i,j). Red arrows indicate mitochondria, green arrows indicate lysosome, and pink arrows indicate ZnO QDs. Abbreviations: (N) nucleus,
(M) mitochondria, (L) lysosome. Reproduced with permission.[°3l Copyright 2014, Royal Society of Chemistry.

is necessary to excite ZnO fluorescence due to its bandgap
being in the UV region.l?#”2%Yl In contrast, magnetic resonance
imaging (MRI) can penetrate deep into tissue to provide ana-
tomical details and high-quality three-dimensional images of
soft tissue in a non-invasive monitoring manner.?>’ Unfor-
tunately, this technique generally shows lower spatial resolu-
tion than fluorescence endoscopy.®*?%’] Therefore, various
multimodal imaging probes that allow the combination of dif-
ferent imaging modalities have been developed for more accu-
rate imaging and diagnosis, and studies have been focused on
the investigation of magnetic-fluorescent NPs that could serve
as magnetic-resonance contrast agents for MRI and optical
probes for intravital fluorescence imaging (FI1).2%302 [t has
been reported that ZnO QDs doped with magnetic elements
such as magnesium (11),3% and rare earth elements, such as
europium (I1I) and lanthanum,B3%3%] possessed fluorescent
and magnetic properties making them suitable as MRI molec-
ular imaging probes within the body.?%6-3%! For instance, fluo-
rescent and magnetic bifunctional ZnO:Er,Yb,Gd QDs were
synthesized via a simple homogeneous precipitation method
and were found to successfully label human hepatocellular
carcinoma (HepG2) cells and to present low
toxicity even at the high concentration of
2 mg mL~1.B%] In that study, the longitudinal
relaxivity rate (r;) of these QDs was tunable in
a range of 23.03 mm ! s7! to 36.84 mm! 57},
which was a much larger range than that
of previously reported Gd-based NPs, sug-
gesting that they would be good candidates
for MRI applications.?%”] Liu and colleagues
demonstrated that Gd-doped ZnO QDs that
showed contrast enhancement in MRI and
exhibited significantly enhanced down-con-
version of the yellow emission resulting from
the Gd doping, successfully labeled HeLa
cells within a short period and did not pre-
sent any toxicity or adverse effect on cellular
growth at a concentration of up to 1 mm.B%]
As shown in Figure 15b,c, the yellow emis-
sion by the cells intensified as the incuba-
tion period increased, but no emission from
cells incubated in the absence of the QDs was
observed (Figure 15a); moreover, Gd-doped
ZnO QDs adhered to the surface of the cells
and exhibited a strong yellow emission within
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30 min of exposure.3%! As shown in Figure 16a,T;-weighted
MRI revealed an enhancement of the MR signal as the con-
centration of Gd** ions was increased within the range of 0 to
0.05 mm, and the Gd-doped ZnO QDs appeared to be effective
T,-MRI contrast agents because the Tj-weighted MR images of
HelLa cells treated with Gd-doped ZnO QDs were brighter than
those of untreated Hela cells (Figure 16c). Similar results were
found in a subsequent study. Based on the paramagnetic prop-
erty of Gd*" and the high X-ray absorptive property of Yb**, Yin
et al. developed a Zn0O:Gd,Yb probe functionalized with folate
(FA).B% Upon intravenous injection, the uptake and deposi-
tion of the FA-modified nanoprobes was observed to occur pri-
marily in the spleen, lung and liver, but these NPs were com-
pletely excreted from the body of mice without causing obvious
toxicity, which was verified by histological analysis (Figure 17),
ie., no obvious injury or other noticeable abnormality was
observed in the major organs of these mice, including the heart,
liver, spleen, lungs, and kidneys, and their morphological fea-
tures were normal. These nanoprobes not only exhibited a rel-
atively higher longitudinal relaxivity (r;) of 6.29 mm! s7! than
that of commercial Gd(III)-diethylenetriamine pentaacetic acid

Figure 15. a) Confocal laser scanning microscopic images of Hela cells incubated without
Gd-doped ZnO QDs (= 0.08). b,c) Hela cells incubated with Gd-doped ZnO QDs (y = 0.08)
for 30 min and 2 h at the same concentration (0.625 mM). Reproduced with permission. 3%l
Copyright 2011, Elsevier.
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Figure 16. a) T;-weighted magnetic resonance image for various Gd**
concentrations of Gd-doped ZnO QDs (y = 0.08) in water froma 1.5 T
clinical MRI system. b) The linear relationship between T; relaxation rates
(1/T;) and Gd3* ion concentrations for Gd-doped ZnO QDs (y = 0.08).
c) Ty-weighted image of blank Hela cells pellet (left) and Hela cells incu-
bated with Gd-doped ZnO QDs at 0.01 M Gd** ions for 2 h. Reproduced
with permission.2%® Copyright 2011, Elsevier.

complexes but also maintained a strong X-ray-attenuation capa-
bility. In T;-weighted magnetic-resonance imaging (MRI) and
X-ray computed-tomography (CT) studies, these QDs efficiently

www.MaterialsViews.com

induced positive-contrast enhancement.%! Consequently, these

properties allowed the Gd-doped ZnO QDs to function as effec-
tive dual modal imaging nanoprobes. However, extensive inves-
tigation of the possible chronic toxicity of these ZnO-based
hybrid QDs are required before their clinical application.
Compared with the relatively low penetration in tissue of
luminescent bioimaging and the low sensitivity of MRI, posi-
tron emission tomography (PET) possesses high quantitative
capacity, has no tissue penetration limitation, and is widely used
for bioimaging in vivo to monitor and quantify changes.[310-314
Radionuclide-based imaging is different from other molec-
ular imaging modalities, because radionuclide-based imaging
detects the radiolabel while others detect NPs itself. Lee et al.
used PET imaging to detect the behavior and accumulation of
nano-scaled ZnO (20 nm) and submicro-scaled ZnO (100 nm)
particles in organic tissues after oral administration.’” The
surface area of nano-scaled NPs (20nm) is larger than that of
submicro-scaled NPs (100 nm), resulting in stronger bioadhe-
sive interactions of the former with the gastrointestinal (GI)
mucosa than the latter, so it can be clearly observed that the
flow rate of '8F-labeled 20 nm ZnO NPs along the GI tract is
slower than '8F-labeled nano-scaled 100 nm ZnO NPs.’® But,
the former showed weaker radioactivity in the liver and kidney
than the latter. In conclusion, PET imaging using radionuclides
has become an established clinical tool for whole-body imaging.
Since the dual-modality of FI and PET can collect synergistic
information on molecular events,?'” Hong et al. synthesized
green fluorescent ZnO NWs and demonstrated that the ZnO
NWs can be adopted for targeted imaging of cancer cells.l3!8l
The labeled ZnO NWs with ®*Cu (t; 5, 12.7h) were evaluated the
biodistribution with PET in normal mice, and results disclosed
that nontargeted ZnO NWs mostly accumulated in the liver. In
addition, fluorescent ZnO NWs could be used for cancer-tar-
geted optical imaging through the surface functionalization to
improve water solubility, biocompatibility, and low cellular tox-
icity. Furthermore, they also developed red fluorescent ZnO NPs
by conjugation of **Cu (t;, = 12.7 h) and TRC105 to ZnO NPs
via well-developed surface engineering procedures for tumor-
targeted.?1 It should be sufficient for in vivo tumor targeting,
because the blood pool radioactivity of **Cu-NOTA-ZnO-PEG-
TRC105 was similar to that of ®*Cu-NOTA-ZnO-PEG-NH, in
the few-hour circulation t,;, (shown in the coronal PET slices of
Figure 18a). High radioactivity accumulation from **Cu-NOTA-
ZnO-PEG-TRC105 could be observed in the liver, tumor, and

Figure 17. H&E-stained organ sections harvested from mice before and 7 days after injection of ZnO: Gd, Yb-FA NPs. No noticeable abnormality was
observed in major organs including heart, liver, spleen, lung, and kidney. Reproduced with permission.%! Copyright 2014, Royal Society of Chemistry.
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Figure 18. a) Serial coronal PET images of 4T1 tumor-bearing mice at chosen time points postinjection of ®Cu-NOTA-ZnO-PEG-TRC105, #4Cu-NOTA-
ZnO-PEG-NH,, and blocking group. Yellow arrowheads show the tumor locations in the mice. b) The tumor uptakes for the ZnO nanoconjugates in
part (a). c) Biodistribution of #Cu-NOTA-ZnO-PEG-TRC105 and ®Cu-NOTA-ZnO-PEG-NH,, at 3 h postinjection. d) Biodistribution of #4Cu-NOTA-
ZnO-PEG-TRC105, $4Cu-NOTA-ZnO-PEG-NHj, and blocking group (50 mg kg™' TRC105 injected 1 h prior to Cu-NOTA-ZnOPEG-TRC105) at 24 h
postinjection. Reproduced with permission.B' Copyright 2015, American Chemical Society.

abdominal area besides blood. Nevertheless, there was no
accumulation in most other tissues, this exhibits good tumor
targeting and image contrast. From Figure 18b, the tumor
uptake of **Cu-NOTA-ZnOPEG-TRC105 was much more than
that of **Cu-NOTA-ZnO-PEG-NH, within the whole time frame
of PET imaging. This confirmed that the major factor for the
elevated uptake of ®*Cu-NOTA-ZnO-PEG-TRC105 in 4T1 tumor
is the conjugation of TRC105. The uptake of **Cu-NOTA-ZnO-
PEG-TRC105 in the 4T1 tumor was higher than all the major
organs/tissues except liver and spleen by biodistribution studies
in accordance with PET studies (Figure 18c,d). Actually, the red-
fluorescing ZnO NPs possess better tissue penetration of the
optical signal compared with green fluorescent ZnO NWs they
developed, but the requirement of UV light excitation for their
fluorescence limited their applications in vivo. PET provided
an alternative method and enabled the accurate quantification
of ZnO NPs in vivo by conjugating **Cu onto the surface of
ZnO NPs. The PET imaging capacity of **Cu-NOTA-ZnOPEG-
TRC105 makes it more clinically translatable(32%321l and appli-
cable for quantitative and sensitive tumor detection.3??

In summary, the drawback is the indispensable UV excitation
for ZnO PL. UV light cannot penetrate the animal body, so ZnO
fluorescent probes are confined to in vitro monitoring. Doping
with rare-earth elements or radionuclide, a dual modal imaging
ZnO-based nanoprobe could resolve the excitation problem.
Potential applications in multimodal imaging techniques exist,
including the combination of MRI (or PET) and FI.
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5. Drug Delivery

Plenty of drug delivery systems based on NPs have been
designed for the targeted delivery of anticancer drugs. It is
required to develop a smart nanocarrier that precisely delivers
antitumor drugs to target cancer cells as well as release the
drugs in response to the pathophysiological states of diseased
cells.?3-32%] The majority of studies have used inorganic car-
riers, such as carbon nanotubes, mesoporous silica NPs (MSNs),
and iron oxide in drug delivery because of their ability of enter
cells by intracellular endocytic pathways and efficient release of
drugs at target sites.[326-330] Different responding agents or con-
ditions including pH,B33! temperature,3? as well as the appli-
cation of ultrasound®*! or magnetic fields have been employed
for controllable release.l*** pH enables exploitation of the acidic
environment of cancerous tissue, so changing the pH repre-
sents an effective strategy for cancer therapies. For example,
many researches have shown that tumor and inflammatory
tissues exhibit lower pH values than blood and normal tissue,
and are more acidic with endosomes and lysosomes.3>-337] The
pH-responsive systems usually use pH-sensitive linkers,*3]
pH-responsive polymeric micelles,?**! and pH-responsive mol-
eculesB to connect hosts and guests, in order to encapsu-
late the drug and to cover the pores of the MSNs, respectively.
Because of its sensitive dissolution in acidic conditions, and
according to the phase diagram, ZnO should dissolve below
a pH of 6.7 at physiological temperature.**1342l Hence, in the
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Figure 19. a) Schematic illustration of the synthesis of ZnO@MSNs-DOX and working protocol for pH-triggered release of the anticancer drug (DOX)
from ZnO@MSNs-DOX to cytosol via selective dissolution of ZnO QDs in the acidic intracellular compartments of cancer cells. b) Low- and c) high-
magnification CLSM images of HeLa cells after incubation with 100 pg mL™' ZnO@MSNs-DOX for 3 h: (left) transmission images; (right) fluorescence
images. Reproduced with permission.B*! Copyright 2011, American Chemical Society.

past years, as a type of pH-responsive drug carrier, ZnO nano-
structured materials have been rapidly developed.[3+3-34

Muhammad et al. developed a pH-triggered controlled drug
release system to release doxorubicin (DOX) to Hela cells in
vitro by employing ZnO QDs to seal the MSNs (Figure 19a).13*4
ZnO QDs are stable at pH 7.4 but rapidly dissolve at pH <5.5,
and as a result, DOX is released into cytosol from the MSNs. In
fact, ZnO is recognized as safe, but after decomposition Zn**
ions are cytotoxic. Consequently, ZnO QDs has a synergistic
antitumor effect on cancer cells. Furthermore, the fluorescence
of ZnO QDs can be used to monitor the drug delivery process.
In order to assemble such a system, the inner channels of the
MSNs were partially functionalized with amines to erase elec-
trostatic interactions between the cationic anticancer drug DOX
and the negatively charged MSNs. After the drug was loaded,
the nanopores of the MSNs were sealed with NH,-ZnO QDs.
Upon internalization by cells, it demonstrated negligible DOX
release from ZnO@MSNs-DOX at physiological pH (7.4), sig-
nifying efficient confinement of DOX in the pores of the MSNs
for capping with ZnO QDs lids. In contrast, the fast release of
DOX at pH 5.0 reached a plateau at 30% of the adsorbed DOX
within 5 h. The MSNs were rapidly internalized into the cells
and localized mainly in the cytoplasm and subcellular vesicles
after incubation of HelLa cells for 3 h (Figure 19b,c). Hence, the
intracellular release of DOX was attributed to the decomposi-
tion of ZnO nanolids in the acidic lysomomal compartments
(pH = 6.5-4.5) to kill the HeLa cells. MSNs possess remarkable
biocompatibility and stability for drug delivery, whereas, the
degradation in the animal body is an issue of much debate. In
their study, the DOX loading was about 40 mg g™!, and the DOX
releasing effiency was about 32% after 12 h of incubation in pH
5.0 buffer solutions. It indicated that the DOX loading capacity
and releasing effiency are not very good. As a consequence, the
novel drug delivery system was defective for the undegradable
MSNs and the residual DOX when applied in vivo. In a prac-
tical drug delivery system, the nanocarriers should not only
be biodegradable or excretable, but also have a considerable
loading capacity for the drugs.
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Hence, Muhammad and their colleagues also designed
ZnO QDs as a platform for targeted and pH responsive intra-
cellular delivery of an anticancer drug by loading DOX to kill
the HelLa cells.?*! This system was composed of DOX loaded
onto ZnO QDs through a complexation strategy and folic acid
(FA), which is a molecular targeting ligand because cancer cells
overexpress folate binding proteins (FBPs) on their cell mem-
branes (Figure 20a). In order to assemble such a system, FA
was conjugated onto ZnO-NH, QDs via complexation with
Zn?* ions of ZnO-FA QDs. Finally, DOX is successfully loaded
onto the FA functionalized ZnO QDs. Drug loaded ZnO-FA
QDs remain stable at physiological pH but readily disintegrate
in the mildly acidic intracellular environment of cancer cells
(Figure 20b). Exposure to pH 7.0, the release of DOX revealed
a negligible release, but it induced a considerable (60%) release
of DOX in the extracellular tumor environment at pH 7.0. As
the pH reduced to 5.0, burst drug release was observed within
a few seconds. Because the acidic conditions broken the reac-
tion between Zn*" and DOX and the coordinate bond between
Zn?* and DOX was dissociated upon protonation of the phe-
nolic group of DOX. The toxicity of DOX-loaded ZnO QDs
was lower than that of free DOX, and ZnO-FA QDs efficiently
inhibited the viability of HeLa cells (Figure 20g). It revealed that
DOX-ZnO-FA QDs achieved a 70% reduction in cell viability
at 25 mg mL%, while the corresponding concentration of only
ZnO-FA QDs had no cytotoxic activity. Hence, the complexa-
tion of Zn?* to DOX did not influence the inhibitory activity of
the DOX and the drug remained potent after complexation. The
weak green fluorescence in the cytoplasm was clear evidence
that the ZnO-FA QDs permeated into the cells successfully via
folate-receptor-mediated endocytosis, and the red fluorescence
in Hela cells demonstrated that the DOX released into cytosols
uponing the disintegration of ZnO QDs in intracellular acidic
compartments (Figure 20c,d). In addition, the combination
of DOX with ZnO QDs exerted synergistic cytotoxic activity
against cancer cells, because ZnO-FA QDs not only served as
a pH responsive nanocarrier but also exhibited a significant
antitumor activity. These nanocarriers are speculated to be a
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Figure 20. a) Schematic illustration of the synthetic and working protocol in which doxorubicin is anchored onto folic acid conjugated ZnO QDs via
a complexation strategy. Upon folate receptor internalization, drug loaded ZnO QDs are instantly dissolved in the acidic environment of endosomes/
lysosomes and in turn the loaded DOX is readily delivered to the cytoplasm. b) The drug release profile of the DOX-ZnO-FA in different pH environ-
ments. CLSM micrographs of Hela cells after 3 h incubation with ¢) 50 mg mL™' ZnO-FA QDs, d) DOX-ZnO-FA QDs. e) Transmission and f) fluores-
cence images are presented alongside g) cell viability studies with MTT assays of HelLa cells treated with ZnO-FA, DOX- ZnO-FA and free DOX. The
incubation time is 48 h. Reproduced with permission.3*] Copyright 2011, Royal Society of Chemistry.

valuable addition in the targeted and stimuli responsive anti-
cancer drug delivery inventory to improve the therapeutic out-
come of chemotherapy. Furthermore, it was not satisfying that
the maximum loading of DOX onto ZnO-NH, QDs was about
20%, but the releasing effiency of DOX was as high as 96%
at pH 5.0. Hence, the ZnO QDs and DOX could be complete
dissolution. Additionally, a simple route for the synthesis of
porous ZnO nanorods for targeted of DOX has been developed
by Mitra et al.3*!l In their studies, the drug loading efficiency
could reach up to 88%, which was mainly due to the high sur-
face area and well-distributed pores on the ZnO surface. It was
found that about 71% of DOX was released from ZnO-FA at pH
5 and only 40% of DOX was released at pH 7.4 after 3 days. The
biocompatibility of ZnO-FA was verified through oral and intra-
venous injection routes with in vivo evaluations concluding no
significant toxicity on the blood stream.

Because conventional ZnO QDs are unstable in aqueous
solutions, Zhang et al. developed a new core—shell-structured
ZnO@polymer-DOX nanocomposite with stable lumines-
cence in an aqueous solution.?*’] The release profile of DOX
shows that about 15 wt.% of DOX were released after 10 h at
pH 7.0 and no more DOX was released over 30 h, whereas
nearly 90 wt.% of DOX molecules were released within 10 h
at pH 5.0 (Figure 21a). Both free DOX and ZnO@polymer—
DOX exhibit dose-dependent cytotoxicity toward cancer cells.
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With the continuous increase of the DOX concentration out-
side cells, the DOX cytotoxcity toward U251 reached a plat-
form (about 40% of cell viability in Figure 21b). However, the
cytotoxicity of ZnO@polymer-DOX is exhibited much more
strongly when its DOX concentration was over 2 pg mL™l.
Compared with DOX itself, DOX-loaded ZnO NPs should
theoretically have lower toxicity. The situation changed when
ZnO nanocarriers were employed. ZnO-DOX composites
were engulfed by the endosomes and lysosomes after they
were taken up by cells, with the result that DOX saturation in
the cellular fluid was not reached, so more and more ZnO-
DOX was taken up continuously. Finally, the ZnO-DOX com-
posites decomposed in the lysosomes to release high concen-
trations of DOX molecules, thus exhibiting higher cytotoxcity.
As a result, ZnO@polymer-DOX is able to kill cancer cells
effectively at appropriate concentrations (Figure 21b), which
has been proven by confocal laser scanning microscopy
(CLSM) images for the cell-entering process of ZnO-DOX, the
decomposition at lysosomes, and the release of DOX into the
nucleus (Figure 21c—e). After 3 h incubation, red fluorescence
from DOX was found throughout the cytoplasm, especially
localized in the lysosomes labeled by the green lysotracker
(see the yellow points in Figure 21le). In comparison with
previously reported nanocomposite-based DOX-release sys-
tems, the system from Zhang et al. has some advantages.l**’]
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Figure 21. a) DOX release profile of ZnO@polymer-DOX at different pH values. b) Viability of U251 cells after treatment with ZnO@polymer QDs,
ZnO@polymer-DOX composites, and free DOX for 48 h. The cytotoxicity of DOX and ZnO@polymer—DOX were evaluated with regard to their DOX
content (see the upper scale mark). CLSM images of U251 cells after incubation with ZnO@ polymer-DOX in the presence of LysoTracker for 3 h.c) Lys-
osomes stained with LysoTracker (green). d) ZnO@polymer—DOX (red). e) A merged image of the above two channels. Scale bars represent 25 mm.

Reproduced with permission.*’l Copyright 2013, Wiley-VCH.

Firstly, if ZnO NPs are coated tightly with protective shells,
they will be very stable in aqueous solution at pH 7.4, but rap-
idly decompose at pH 6.0, thus ensuring the safety of healthy
tissues. Secondly, not only ZnO but also the polymer shell is
biodegradable and thus safe for cells, and the ZnO @polymer
is nontoxic at low concentrations. Therefore, ZnO@-polymer—
DOX is a pH-responsive, degradable system for DOX delivery
and suitable for specific targeting at solid tumors.[3>0

In summary, ZnO nanostructured materials can effectively
control the drug release as a type of pH-responsive drug car-
rier. Meanwhile, they can also reduce side effects because ZnO
NPs are quite safe for living cells and consequently suitable
for in vivo monitoring. Nanostructured ZnO is of great signifi-
cance for improving the level of clinical pharmacy. Presently,
the main challenge is obtaining ZnO-based nanocarriers that
are stable in vivo. Since the ZnO NPs are unstable in water and
they can be disintegrated in mildly acidic intracellular environ-
ments (pH < 6), surface modification using certain ligands is
crucial for protecting ZnO NPs in biological systems. And the
stability should be the combination of ZnO nanocarriers with
the drugs to be loaded. Therefore, there is still a large scope for
the development of novel morphology ZnO nanomaterials in
drug delivery systems.
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6. Conclusions and Outlook

A comprehensive analysis of the available literature concerning
the biomedical applications of nanostructured ZnO in bio-
sensing, tissue regeneration, bioimaging and drug delivery has
been presented. Due to their unique crystalline and surface
structures as well as their high level of conductivity, sensitivity
to gases, biocompatibility and antibacterial activity, nanostruc-
tured ZnO materials have a promising future in biomedicine.
As stated in recent reports concerning ZnO nanomaterials,
it is vital to obtain a comprehensive understanding of the
mechanisms of ZnO nanomaterials. Nevertheless, the good
biocompatibility and rapid electron-transfer ability of ZnO
nanostructures allow these materials to function as biomimetic
membrane materials for the immobilization and modification
of proteins. To date, nano-ZnO has been utilized to develop
several hydrogen peroxide biosensors and glucose biosensors
due to its high sensitivity to glucose and hydrogen peroxide.
Regarding its use in tissue regeneration, nanostructured ZnO
exhibited excellent antibacterial activity via the generation of
ROS and the release of zinc ions from ZnO. Furthermore, the
Zn ions released from ZnO nanostructures stimulated bone
formation in vitro by activating protein synthesis in osteoblasts
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and increasing the ATPase activity in bone, and promoted
wound healing by enhancing keratinocyte migration toward the
wound site. The tunable photoluminescent ZnO QD is a prom-
ising candidate for a bioimaging probe. As a of pH-responsive
drug carrier, ZnO nanostructured materials have been rap-
idly developed. Taken together, the unique electrical and pho-
tocatalytic properties as well as the biocompatibility of ZnO
nanostructures make them promising materials for use in bio-
sensoring, tissue regeneration, bioimaging and drug delivery.
However, the debates concerning their nanotoxicity and bio-
logical mechanisms indicate that further investigations of these
ZnO nanostructures are required.
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