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Zinc oxide (ZnO) materials hold great promise in diverse applications due to their attractive physico-
chemical features. Recent years, especially the last decade, have witnessed considerable progress toward
rational design and bioapplications of multiscale ZnO materials through microfluidic techniques. Design
of a microfluidic device that allows for precise control over reaction conditions could not only yield ZnO
particles with a fast production rate and high quality, but also permit downstream applications with desir-
able and superior performance. This review summarizes microfluidic approaches for the synthesis and
applications of ZnO micro-/nanomaterials. In particular, we discuss the recent achievement of using
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spindle, and ellipsoid), and highlight the unprecedented opportunities for applying them in biosensing,
biological separation, and molecular catalysis applications through microfluidic chips. Finally, major chal-
rsc.li/biomaterials-science lenges and potential opportunities are explored to guide future studies in this area.

1. Introduction electronics,’ energy,” biomedical engineering,® catalysis and
environment.” To date, a large variety of ZnO materials with
Zinc oxide (ZnO) micro-/nanomaterials have attracted great distinct physicochemical properties have been developed
attention from materials scientists and engineers due to their using methods such as hydrothermal, sol-gel, supercritical
remarkable properties and wide potential applications in opto- fluid, spray pyrolysis, biosynthesis, and physical/chemical
vapor deposition methods.”® Taking advantage of well-estab-
lished batch processes and rich kinds of reactant systems, ZnO
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However, owing to the relatively low reproducibility and poor
control over conventional batch reaction processes, there is
still great demand to develop delicate and elaborate methods
for meeting the practical needs of diverse fields.

The emergence of microfluidics brings a variety of new and
attractive features that conventional batch systems can hardly
achieve, such as real-time spatio-temporal control, high flexi-
bility and integration capability, and low sample
consumption.” *® From the upstream materials synthesis point
of view, microfluidics-based microreactors could offer many
unique advantages over conventional flask-based batch reac-
tors. For example, rapid reaction kinetics and dedicated
control of reaction parameters enable fast screening and
optimization of materials properties; greatly reduced reactor
dimensions and large surface-to-volume ratios of microchan-
nels allow enhanced mass/heat transfer, leading to minimal
batch-to-batch differences and high yields; and working at
elevated temperatures and pressures while confining poten-
tially active starting reactants gives great chances to create new
materials."'° Therefore, microreactors have been widely
employed for controllable synthesis of polymers,> >’ gold,*®*°
quantum  dots,>**"  magnetic materials,’® and silica
materials.’® Similarly, from the downstream application
point of view, microfluidics-based microchips could provide
many superior benefits over conventional batch approaches,
such as high sensitivity and specificity, rapid response time,
simple sample pretreatment, and low sample consumption.
These features endow microchips with promising potential
applications in sensing,**> catalysis,*®*® nanomedicine,*
drug delivery,””™*° tissue engineering,* and many other bio-
medical fields.>>***
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This review first presents an overview of recent progress in
the synthesis and applications of ZnO micro-/nanomaterials
using microfluidics. We start by summarizing the established
continuous and discrete microreactor systems for the rational
design and controllable synthesis of ZnO structures, followed
by highlighting the unprecedented opportunities of micro-
chips in myriad applications of biosensing, biological separ-
ation, and molecular catalysis, and finally providing in-depth
discussions of current challenges and opportunities for
guiding future research.

2. Microfluidics fundamentals

Since their emergence in the early 1980s, microfluidics techno-
logies have become promising tools for a variety of appli-
cations.” Due to scaling down in dimensions, the fluid behav-
ior is primarily dominated by viscosity rather than inertia, and
a high surface-to-volume ratio enables rapid mass and heat
transfer in microfluidic devices. These features provide great
opportunities in the field of synthetic and analytical chemistry,
biology, and engineering sciences.

For on-chip materials synthesis and applications of ZnO,
the Reynolds number (Re) that gives a measure of the ratio of
inertial forces to viscous forces is usually used to predict the
flow conditions. The Reynolds number is expressed as Re =
pUL/u, where p is the fluid density, U is the flow velocity, L is
the characteristic length of a microchannel, and y is the fluid
dynamic viscosity. Generally, flow in microfluidic reactors is
always laminar due to the microscale dimensions. Although
the laminar flow inside microfluidic devices allows for more
controllable reactions, it causes obvious diffusion-limited
mixing of reactants. To overcome this inherent issue, active or
passive mixing modules are proposed in different forms.'*>°
Optimizing the design of microfluidic reactors toward
enhanced mixing performance is guided by the Péclet number
(Pe) that represents the ratio of advection and diffusion caused
by heat transfer. The Péclet number can be expressed as Pe =
UL/D, where U is an average flow velocity, L is a representative
length scale, and D is the diffusion coefficient. Since the
typical values of U, L, and D in microchannels are ~1 m s™%,
107°-107" m, and 107'°-107"" m? s, respectively, the Pe of
microfluidic devices is thus relatively large enough to neglect
the diffusion-limited mixing.>®> To improve the mixing per-
formance of reactants for ZnO production, one common strat-
egy is to increase the length of microchannels (such as
winding or serpentine form). Given the homogeneous reaction
environment from microfluidics, the production efficiency and
working performance of the resultant materials are generally
higher than those from conventional batch reactors.
Therefore, microfluidics provides an excellent platform for
rational design, controllable synthesis, and on-chip appli-
cations of functional ZnO materials.

The development of microfluidic devices followed the con-
tinuously growing demand for the synthesis and application of
micro-/nanoparticles. The rapid growth of microfabrication
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techniques has led to the revolution of microfluidic reactors
for ZnO materials synthesis and microfluidic chips for on-chip
applications. The simplest design started with tubular straight
microreactors made of glass capillary and stainless steel,
which had the obvious advantages of low cost and easy scaling
up. However, they could not meet the needs for complicated
reactions, which thus stimulated the progress of polydimethyl-
siloxane (PDMS)-based microreactors fabricated by means of
lithography techniques.*” The combination of tubular and
PDMS microreactors has also been utilized in some cases for
meeting the synthesis and on-chip application requirements.
However, there is still much room in microfluidic synthesis
and application of ZnO micro-/nanomaterials.

3. Microfluidic synthesis of ZnO
materials

Compared to conventional batch reactors (Fig. 1A), microreac-
tors could execute precise spatial-temporal control over experi-
mental parameters such as microchannel dimensions, temp-
erature, pressure, and flow rate, which enables the continuous
synthesis of high quality ZnO micro-/nanoparticles with well-
defined physicochemical properties. By virtue of their appeal-
ing features, microreactors have already successfully demon-
strated the effectiveness of microfluidic approaches in the con-
trollable production of ZnO materials with different sizes
ranging from a few nanometers to tens of micrometers and
various shapes such as wire, sphere, rod, flower, spindle, ellip-
soid, and sheet (Table 1). Generally, microreactors for ZnO

Conventional Batch Reactors

C Inlet: Oil

Outlet
Inlet:
fluid
Liquid-Liquid Flow

f

Inlet: Oil

Inlet:
Reactant

Inlet:
Reactant

fluid

View Article Online

Review

materials synthesis could be broadly grouped into two main
categories: (1) continuous laminar flow microreactors that
involve only one single phase aqueous fluid with two or mul-
tiple inlets for different reactants (Fig. 1B); and (2) discrete seg-
mented flow microreactors that usually include one or more
aqueous reactant fluids as inlets and one oil/gas phase for iso-
lating aqueous flows (Fig. 1C). Microreactors that introduce an
immiscible oil flow as a carrier liquid with several liquid flows
of reactants are known as droplet flow microreactors (Fig. 1C,
left), while ones that include one gas phase flow to generate
different segments of reactants are known as segmented flow
microreactors (Fig. 1C, right). In the following, we will systema-
tically summarize the established microfluidic systems for the
flow synthesis of ZnO micro-/nanoparticles.

3.1. Continuous laminar flow synthesis

The single phase continuous laminar flow synthesis approach
is the most widely used approach for the controllable synthesis
of ZnO materials inside specific microchannels where precur-
sor reactants flow through and nucleation/growth processes
take place. This type of microfluidic system is generally
simpler in structure and easier to operate, thus demonstrating
extensive control over the reaction temperature and pressure,
flow rates, residence time, and reactant concentration. In this
section, we will discuss the capabilities of laminar flow micro-
reactors in the synthesis of five main types of ZnO structures:
wire/rod, sphere, flower, sheet/flake, and spindle/ellipsoid.
3.1.1. Wire/rod. Among all the available particle shapes of
ZnO from microreactors, the wire/rod shape has received the
most intensive attention from researchers (Table 1). The flow

Outlet

Continuous Laminar Flow Microreactor

Inlet:
Reactant fluid

Outlet
Inlet:
Gas

Liquid-Gas Flow

Inlet:
Reactant fluid

Discrete segmented Flow Microreactors

Fig. 1 Schematic illustrations showing examples of different types of reactors: (A) conventional batch reactors; (B) continuous laminar flow micro-

reactors; and (C) discrete segmented flow microreactors.
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Fig. 2 Continuous laminar flow microreactors for the synthesis of wire/rod-like ZnO materials. (A) ZnO nanowires grown by chemical bath depo-
sition in a continuous flow microreactor (a, b, ¢, and d show SEM images taken at positions downstream from the inlet). Reproduced with permission
from ref. 48, copyright 2009, American Chemical Society. (B) Schematics of in situ synthesis and integration of ZnO nanowires in a microfluidic chip:
(top) global synthesis in the entire fluidic channel and (bottom) local synthesis with microheaters in the fluidic channel. Reproduced with permission
from ref. 53, copyright 2011, Royal Society of Chemistry. (C) Schematic diagram showing the growth of the seed layer and vertical ZnO nanowire
arrays using the microreactor-assisted nanoparticle deposition system. Reproduced with permission from ref. 68, copyright 2016, Royal Society of
Chemistry. (D) Schematic diagram of (a) patterned growth of ZnO nanowire arrays by an in situ synthesis method and (b) growth of ZnO nanowires
on microstructure arrays by a conventional hydrothermal method. Reproduced with permission from ref. 54, copyright 2012, Royal Society of
Chemistry. (E) Microfluidic hydrothermal growth of ZnO nanowires over high aspect ratio microstructures. Reproduced with permission from ref. 58,
copyright 2013, IOP Publishing, Ltd. (F) Schematic diagram of the synthesis of the ZnO/Zn(OH)F nanofiber array constructed on the inner wall of the

capillary microchannel. Reproduced with permission from ref. 73, copyright 2016, Elsevier.

synthesis of ZnO wires/rods is generally achieved by in situ
deposition onto underlying substrates inside microchannels in
the form of ordered arrays (Fig. 2). Over the last decade, many
approaches have been developed to synthesize ZnO nanowire/
nanorod arrays with controllable structures. Chemical bath
deposition (CBD) is one typical approach that allows ZnO
materials to deposit on a heated glass/silicon substrate.
However, conventional CBD always suffers from inefficient util-
ization of reactants and significant waste solvent generation.
The integration of a microreactor with CBD has been demon-
strated to be a robust platform for the synthesis of high quality
ZnO wire arrays. The plug-flow through the microreactor

This journal is © The Royal Society of Chemistry 2020

exposes the substrate to bath composition that varies along
the length of the reaction microchannel. Deposition at high
flow rates results in more uniform nanowire arrays, whereas
deposition at low flow rates leads to wider variation in the
nanowire length along the substrate (Fig. 2A).**7° Specifically,
along the flow direction, the length of nanowires decreased
and the morphology changed from pyramidal tops to flat
tops.*®*® By modulating the synthesis parameters such as the
seed preparation, residence time, and heating locations, ZnO
nanowire arrays could be synthesized either on the entire sub-
strate/patterned area,>>>””® or along the microheaters inside
the microchannel (Fig. 2B).>>® However, it is noted that the

Biomater. Sci., 2020, 8,1783-1801 | 1787
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sized ZnO nanoparticles in a membrane dispersion microreactor. Reproduced with permission from ref. 56, copyright 2013, American Chemical
Society. (C) Schematic diagram (a) and photograph (b) of the microfluidic channel with time pulsed mixing used for ZnO nanoparticles synthesis.
Reproduced with permission from ref. 64, copyright 2014, Royal Society of Chemistry. (D) Synthesis of high quantum yield ZnO quantum dots via an
ultrasonication microreactor method. Reproduced with permission from ref. 70, copyright 2016, Elsevier.

fundamental issues in preparing vertical ZnO wire arrays are
the rather slow deposition rate and the variation of reactant
concentrations as a function of time.®® To solve these, a micro-
reactor-assisted nanoparticle deposition system was developed
to obtain highly uniform ZnO nanowire arrays with a growth
rate as fast as 240 nm min~" and an aspect ratio of nanowires
up to 23 (Fig. 2C). In addition to vertical growth, ZnO wire
arrays can also grow horizontally by arranged micropost arrays
(Fig. 2D)** or by a set of high aspect ratio trenches (Fig. 2E).®
To densely pack ZnO nanowires, the atomic layer deposition
technique was demonstrated to be an effective method to
enable high coverage over the substrates (especially non-
lateral or curved ones).>® Considering only a limited surface
contact area that could be provided by both vertical growth
and horizontal growth methods, researchers further success-
fully constructed three-dimensional nanowire arrays on the
inner surface of confined glass capillary microchannels
(Fig. 2F).>*%77%80 These studies demonstrate the capability of
continuous flow microreactors in the controllable synthesis of
ZnO fiber/rod arrays with low cost, high efficiency, tunable
structure, and flexible orientation, providing great potential for
practical applications in biosensing, biological separation, and
molecular catalysis (as discussed in section 3).

3.1.2. Sphere. Since the feasibility of microfluidic flow syn-
thesis of ZnO nanospheres was first demonstrated in 2004,*°
an increasing number of laminar flow synthesis approaches

1788 | Biomater: Sci,, 2020, 8, 1783-1801

with distinct microreactor structures have been developed
(Fig. 3). Based on the supercritical coflowing microreactor, UV
emitting ZnO spheres (~4 nm in diameter) with pure excitonic
photoluminescence were continuously formed (Fig. 3A), and
the combined use of coaxial injection and H,0, addition suc-
cessfully addressed the clogging limitations encountered in
most microfluidic applications for chemical engineering.’!
Preparation of small-sized ZnO nanoparticles (7-26 nm) was
also realized in a membrane dispersion microreactor (Fig. 3B),
where the use of NH;HCO; fluid can generate CO, bubbles by
the released heat from two-flow collision and precipitation pro-
cesses for further intensifying the mass transfer and reducing
aggregation.”® Through implementing a time pulsed mixing
method (Fig. 3C), the microreactor was demonstrated to
produce ZnO nanospheres with similar particle size (3-5 nm)
and crystalline structure to the batch reactor.’* In addition, an
ultrasonic microreactor was also employed to synthesize
green emission ZnO quantum dots with an average size of
2.4 nm (Fig. 3D). The flow rate, ultrasonic power, and tempera-
ture significantly affected the type and quantity of defects in
ZnO products.”® These results demonstrate that ZnO spheres
can be continuously synthesized from laminar flow micro-
reactors or more complicated integrated microfluidic systems.
However, the available particle sizes in these approaches
were only in a narrow range from several to a few tens of
nanometers.

This journal is © The Royal Society of Chemistry 2020
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3.1.3. Flower. Continuous synthesis of ZnO flowers was
generally carried out in laminar flow microreactors with a
T-shaped mixer (Fig. 4A)."”>%% The flower structures can be
formed either on oxidized silicon substrates*”*® or in the solu-
tion base.’® In the former approach, the size of ZnO flowers
was found to increase with the increase in the treatment time
and temperature, and the structure of flowers was affected
under different flow rates or concentrations of NaOH.*”"** The
latter solution growth approach not only allows controllable
synthesis of ZnO flowers but also permits easy dopant
addition. The resultant metal-doped ZnO flower structures
exhibit much enhanced performance as a result of increased
surface defect sites associated with oxygen when metals
replace Zn in the crystal structure.’® In addition to the conven-
tional glass capillary or PDMS microreactor, a cellulose hydro-
gel with a rich porous texture was also successfully employed
as a microreactor platform to synthesize ZnO flowers with rela-
tively uniform particle size (Fig. 4B).”* These results validate
the applicability of microfluidic reactors (even in a bioresource
form) in the controllable synthesis of flower-like structures,
providing new insights for the development of hierarchical
ZnO products.

3.1.4. Sheet/flake. Microfluidic synthesis of ZnO sheet/
flake nanostructures can be realized by two similar approaches
as mentioned above: in situ growth approach and ex situ gene-
ration approach (Fig. 5). The microfluidic in situ growth
approach not only permits oriented aligned nanosheets on the
desired surface areas without any extra assembly process, but
also allows additive reactants to be directly delivered to the
pre-seeded reaction area with no or low reagent consumption
(Fig. 5A).°° However, such an approach only results in a loca-
lized reaction at the desired surface area, which limits the
large scale fabrication of ZnO nanosheets. Comparatively,

This journal is © The Royal Society of Chemistry 2020
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sheet-like ZnO materials. (A) Illustration of the strategy for fabrication of
controllable Al-doped ZnO (AZO) nanostructures: (a) step 1 for pre-seed
substrates; (b) step 2 for the in situ hydrothermal method used for con-
trollable AZO synthesis. Reproduced with permission from ref. 66, copy-
right 2015, Springer Nature. (B) Spiral-shaped laminar flow microreactor
for the synthesis of ZnO nanosheets. Reproduced with permission from
ref. 82, copyright 2019, Elsevier.

based on the serpentine and spiral microchannels (Fig. 5B),
ZnO nanosheets can be continuously collected from the outlet
of microreactors at appropriate flow rates of zinc nitrate and
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sodium hydroxide fluids.”>** However, it is difficult for this ex
situ generation approach to provide aligned nanostructures in
specific directions. Therefore, both approaches still face the
challenge of grappling with the gap between the controllable
growth process and materials quality of ZnO sheets/flakes.
3.1.5. Spindle/ellipsoid. Continuous laminar flow synthesis
of spindle/ellipsoid-like ZnO materials can be generally
achieved by either a self-assembly strategy®>”>®* or a seed-
mediated growth strategy.®® A microfluidic reaction system
could not only facilitate the homogeneous nucleation and
growth of ZnO nanocrystals by minimizing the temperature
and pH gradient in the solution, but also enable us to tailor
the crystal growth process by simply changing the operation
parameters (such as the flow rate and residence time). Relying
on the Dean vortices in a winding microcapillary tube, ZnO
spindles were successfully formed by the assembly of nano-
crystals at an appropriate Dean number of 78 (Fig. 6A),
whereas non-assembled and spherical ZnO products were
formed at Dean numbers of 36 and 150, respectively.’®
Similarly, PDMS-based serpentine (Fig. 6B) and spiral micro-
channels were also demonstrated to assemble spindles from
ZnO nanocrystals but only at specific flow rates of reactant
fluids.”>®* In addition to the self-assembly strategy, the seed-
mediated growth strategy was also developed for the flow syn-
thesis of ZnO spindles in a continuous two-stage microfluidic
system (Fig. 6C). Monodisperse triangular silver nanoparticles
were firstly formed in a T-mixer and a spiral microreactor, and

A Str:‘“ B

Assembled ZnO structures

stream A

Helical reactor

Water bath

C
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then directly fed into a cross-type mixer as seeds for the con-
trollable growth of ZnO spindles on a silver particle surface to
form a final hedgehog-like Ag-ZnO structure.®® These results
demonstrate the feasibility of laminar flow microreactors in
the synthesis of ZnO spindles; however, further studies that
enable precise control of the size dimensions of spindle/ellip-
soid structures are necessary.

3.2. Discrete segmented flow synthesis

Compared to continuous laminar flow microreactors, discrete
segmented flow microreactors have received very little atten-
tion from researchers for the synthesis of ZnO micro-/nano-
particles (Table 1). The reported discrete microreactor studies
are mainly focused on the liquid-liquid segmented flow that
generates droplets as water-in-oil emulsions (Fig. 7).>*°*”” The
resultant droplets can serve as excellent reactors to carry out
chemical reactions and form high quality ZnO products
because of intensive mixing efficacy, consistent residence
time, and efficient heat/mass transfer afforded by each droplet.
T-junction (Fig. 7A) and flow-focusing microfluidic devices
(Fig. 7C) are usually designed to enable the droplet generation
of the reaction mixture in a continuous phase fluid.”*”” In
addition, droplet synthesis of ZnO materials could be also rea-
lized from microemulsions in a continuous flow microreactor
(Fig. 7B).°> Many parameters can regulate the formation of the
droplets, such as the flow rate, solution viscosity, and micro-
channel geometry, which in turn affect the size and shape of

B (a) 9mm

imm

&

Fig. 6 Continuous laminar flow microreactors for the synthesis of spindle-like ZnO materials. (A) Schematic diagram of the growth and assembly of
ZnO tactoids in a continuous flow microreactor. Reproduced with permission from ref. 55, copyright 2013, Royal Society of Chemistry. (B) PDMS-
based microreactor for the synthesis of ZnO spindles. Reproduced with permission from ref. 75, copyright 2017, IOP Publishing, Ltd. (C)
Experimental setup used for the continuous preparation of Ag—ZnO nanohedgehogs. Reproduced with permission from ref. 69, copyright 2016,

Royal Society of Chemistry.
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and (e) stable and monodisperse droplets in the reaction zone of the devi

ZnO particles. Liquid-gas segmented flow for the synthesis of
ZnO particles has rarely been reported. One feasible method is
to apply NH,HCO; as reactant flow for the generation of CO,
bubbles resulting from two-flow collision and precipitation
processes in the reaction microchannel (Fig. 3B),>® and the
other method is to integrate ultrasonic radiation with the
microreactor for bringing bubbles through ultrasonic cavita-
tion (Fig. 3D).”° By choosing adequate precursors and reactant
concentrations, sphere-, rod-, star-, and flower-shaped ZnO
micro-/nanoparticles could be continuously produced from
discrete flow microreactors,’>°>”” and the particle sizes show
more narrow distribution than those from a batch reactor.®?
These preliminary results pave the way for exploring more
rational design of discrete segmented flow microreactors in
the controllable synthesis of ZnO materials.

4. Microfluidic applications of ZnO
materials

In the past decade, microfluidic chips have demonstrated their
great potential in enabling micro-total analysis systems and
integrating multiplexed functional units into a single device.
Given their advanced features such as high system integration,
low sample consumption, fast response, good reproducibility,
and high reliability, microfluidic chips have become attractive

This journal is © The Royal Society of Chemistry 2020

ce. Reproduced with permission from ref. 77, copyright 2018, Elsevier.

tools for many potential applications (Table 2). In this section,
we will highlight the unprecedented opportunities of micro-
chips in advancing applications of electrochemical sensing,
immunofluorescence sensing, SERS sensing, biological separ-
ation, and molecular catalysis.

4.1. Electrochemical sensing

ZnO materials show fast electron transfer and a high isoelec-
tric point of 9.5 and can be electrostatically bonded to nega-
tively charged matter at the physiological pH, while microflui-
dics enables high integration, fast response, and low sample
consumption. These features make microfluidics-ZnO a prom-
ising platform for electrochemical sensing of targets such as
pH,>*°*  biomolecules,”>*”99397 o35 molecules,® and
blood.’**® Since ZnO is an n-type semiconductor whose
surface electron charge could be changed by the surrounding
ion charge concentration, this change of surface charge causes
electrical conductance modulation at different pH levels and
thus allows for pH sensing. It was found that, due to the for-
mation of a depletion layer at the surface, the conductance of
the ZnO nanowire array decreases as the pH level is
increased.®® Considering the slightly acidic extracellular
environment of cancer cells at pH 6.2-6.9 compared to 7.3-7.4
of normal cells, a highly sensitive and stable microfluidic pH
sensor was developed for successful identification of circulat-
ing tumor cells based on the precise pH measurements
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Nature.

between the ZnO working electrode and Ag/AgCl reference
electrode (Fig. 8A).°* The integration of ZnO nanowires with a
microfluidic chip was also employed to measure the impedi-
metric ratio of erythrocytes to leukocytes for monitoring a
patient’s disease activity (Fig. 8B).°® In addition, based on pro-
grammable temperature control and parallel chemical supply
within a microfluidic platform, heterogeneous nanomaterial
arrays containing ZnO were developed as multiplexed gas
sensors for sub-ppm NO, and tens of ppm CO gas detection.®®
Similarly, ZnO-based PDMS and paper microfluidic chips have
been widely applied for the sensing detection of various bio-
molecules, such as thyrotropin,®” glucose,”” 1gG,” HIV p24
antigen,” amino acids (i-glutamic acid and i-cysteine),”” and
influenza viruses (H1N1, H5N1, and H7N9).”* Specifically, the
PDMS microfluidic chip for electrochemical sensing of bio-
molecules generally involves both an immobilized capture
antibody and a horseradish peroxidase (HRP)-conjugated

This journal is © The Royal Society of Chemistry 2020

detection antibody to generate a signal. HRP enables oxidation
of its enzymatic substrate (such as 3,3',5,5-tetramethyl-
benzidine”® and 4-tert-butylcatechol®”), resulting in changes of
both the optical color of the solution containing the sub-
strate and electrochemical redox current (Fig. 8C).
Comparatively, a microfluidic paper-based analytical device
(uPAD) integrated with ZnO materials represents a promising
platform for label-free and ultrasensitive electrochemical
detection due to its low cost, high portability, and ease of
operation,”>?*°7 especially the unnecessary use of a light-sen-
sitive electron mediator for enhancing biosensing stability
(Fig. 8D). Among different types of ZnO materials, it is inter-
esting to point out that a flower-shaped nanostructure shows
superior electrochemical signals compared to nanosphere,
nanosheet, and nanorod arrays, revealing the importance of
structural design when applying nanoparticles for biomedical
applications.”® ™%
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4.2. Immunofluorescence sensing

Due to their high specificity and sensitivity, immunofluores-
cence assays have been widely used in the sensing detection of
biomolecules. Considering the low sample consumption
feature from microfluidics and the desirable optical feature of
a wide band gap (3.37 eV) and a large excitation binding
energy (60 meV) from ZnO nanostructures, the integration of
ZnO with microfluidics showed remarkable capability to
improve the sensing performance of immunofluorescence
assays. Almost all established immunofluorescence sensing
studies utilized densely packed ZnO rods/wires with large
surface-to-volume ratios and aspect ratios for greatly enhan-
cing the fluorescence intensity.”"”®%%%%% Owing to their high
transmittance and intrinsically enclosed microchannel, glass
capillaries served as an ideal substrate for immunofluores-
cence sensing. When introducing polyacrylic acid (PAA) as a
hydrophilic layer for increasing the antibody loading capacity
and reducing nonspecific protein adsorption, the resultant
ZnO-PAA nanorod arrays constructed on the inner wall of
glass capillaries can detect the concentration of the carcinoem-
bryonic antigen (CEA) as low as 100 fg mL™"' (Fig. 9A).%°
Besides glass capillaries, PDMS-based microfluidic chips have
also been widely utilized for the immunofluorescence multi-
plex detection of proteins and viruses.”"”®°® ZnO nanowire-
integrated microchannels can significantly decrease the detec-
tion limit to 1 pg mL ™" for a-fetoprotein (AFP) assay and 100 fg
mL™" for CEA assay (Fig. 9B).”® The particle shape has been
revealed to affect the biological performance of
nanomaterials,'*'% and it was also demonstrated to play sig-
nificant roles in the immunofluorescence sensing detection of
ZnO materials. Compared to rod nanowires and hexahedral-
puncheon nanostructures, sharp ZnO nanowires exhibit the
largest dynamic range and the highest fluorescence intensity.”*
When using the sharp nanowires for simultaneous anti-mouse
IgG and anti-rabbit IgG detection, fluorescence images present
clear multiple detection at the crossover areas (Fig. 9C). In
addition, the ZnO nanorod array-integrated microfluidic chip
can act as a multiplex immunofluorescent platform for highly
selective and sensitive detection of avian influenza virus
(ALIV).°® The unique optical properties and 3D morphology of
nanorod arrays allowed the detection limit of H5N2 AIV to be
as low as 3.6 x 10° EID5, mL™*, which is around 22 times more
sensitive than conventional enzyme-linked immunosorbent
assays (Fig. 9D). However, it is noted that native PDMS surfaces
are hydrophobic and may adsorb small dye molecules, which
may limit the applicability of PDMS in immunofluorescence
analysis.®®

4.3. SERS sensing

Label-free sensing detection of analytes from small volume,
highly diluted, and multicomponent samples is vitally impor-
tant in diverse fields. The surface-enhanced Raman scatter-
ing (SERS) technique allows direct, sensitive, nondestructive,
and real-time recording of quantitative chemical information,
while the microfluidic technique permits controllable
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manipulation of small volumes of fluids. Therefore, the use
of integrated microfluidics-SERS platform represents a prom-
ising approach for label-free analysis of a small amount of
analytes. In recent years, ZnO-based 3D nanostructured
materials grown in microchannels have demonstrated to be
effective in facilitating SERS detection of many analytes, such
as proteins, nucleic acids, dyes, and cells (Fig. 10).°>®” By
microfluidic in situ deposition of Ag nanoparticles on the
vertically aligned ZnO nanorods, the resultant Ag@ZnO as a
SERS substrate was able to detect 1 pM DNA and the surface
chemical fingerprint of a single living cell could be recorded
(Fig. 10A).°* In addition, glass capillary-based SERS microa-
nalysis platforms were also developed because of their
appealing features such as low cost, facile fabrication and
operation, and special capillary forces that can readily drive
the fluid flowing into a capillary. Using the afforded
ZnO@ZnS-Ag clustered nanorod arrays on the inner wall of
capillary microchannels, high SERS sensitivity of 4-mercapto-
benzoic acid (4-MBA, 10~° M), rhodamine 6G (R6G, 10~° M),
and methyl parathion (MP, 10™® M) was achieved
(Fig. 10B).*” Considering its simplicity, controllability, sensi-
tivity, and versatility, the ZnO-based microfluidics-SERS plat-
form should be valuable in many biomedical and environ-
mental applications.

4.4. Biological separation

Owing to its unique advantage of miniaturization and inte-
gration, microfluidics has drawn more and more attention in
the field of biological separation. The integration of micro-
fluidics with zinc oxide materials has successfully demon-
strated its superior capabilities in the highly efficient enrich-
ment of proteins”®* and cells.”> Based on the coordination
affinity of zinc to histidine, confined ZnO/Zn(OH)F nanowire
arrays inside capillary microchannels could adsorb all the
bovine hemoglobin (0.5 mg mL™") at a residence time of 50 s
and isolate human hemoglobin from human blood (500-fold
diluted) effectively due to the high contact area afforded by
3D ZnO nanostructures.”® Since phosphate functional groups
can bind to the surface of metal oxide particles, TiO,-
immobilized ZnO nanorod arrays were also aligned on the
inner wall of the capillary microchannel for phosphopeptide
enrichment from tryptic protein digests with great selectivity,
sensitivity, and durability (Fig. 11A).%* In addition, to achieve
highly efficient isolation and gentle release of circulating
tumor cells, a microfluidic chip containing a wedge-shaped
microchannel with a gradually decreasing height and a layer
of a ZnO nanorod substrate was developed (Fig. 11B). By inte-
grating size-dependent filtration with a degradable nano-
structured substrate, a capture efficiency over 87.5% was
achieved and up to 85.6% of the captured cells were easily
released after reverse injection of diluted phosphoric acid to
dissolve the ZnO substrate.”> Given their superior features,
microfluidics-integrated ZnO materials may find greater
success in the separation of a large variety of biomolecules
and cells.

This journal is © The Royal Society of Chemistry 2020
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4.5. Molecular catalysis

Microfluidic chips have attracted great attention for catalytic
applications due to their inherently large surface-to-volume
ratios, short diffusion distance, rapid mass transfer, and high
integration capabilities. By easy interfacing with UV light,
microchips find great application in photocatalysis for the
photodegradation of methylene blue (MB),”*®*”* phenol,*’
methyl orange,”® and volatile organic compounds (benzene,
toluene, ethylbenzene, m-p xylenes, and o-xylene).”® ZnO nano-

wires have a high electron transfer rate and could be grown on

This journal is © The Royal Society of Chemistry 2020

a patterned area over a glass substrate®®’® (Fig. 12A) or Si sub-
strate’® (Fig. 12B), allowing easy integration into chamber-
based microfluidic chips.®®”®”° Besides microchambers, ZnO
wire/rod arrays could be also patterned on the inner wall of
glass capillary-based microfluidic chips for continuous flow
photocatalysis (Fig. 12C and D).’>”>*> Given that one of the
major issues for ZnO photocatalysts is the lower photocatalytic
efficiency due to quick combination of photoinduced charge
carriers, many heterostructures, such as TiO,-coated ZnO rod
arrays® (Fig. 12C) and Pt-coated ZnO rod arrays®” (Fig. 12D),
were developed inside the capillary microchannel. These kinds
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of hetero-photocatalysts not only suppressed the recombina-
tion of photogenerated electron-hole pairs, but also extended
the light adsorption spectrum and thus improved the light
use efficiency.’®®® It is noted that, in addition to photocataly-
sis, microfluidic chips with integrated ZnO-based hetero-cata-
lysts also exhibit superior performance in the direct conver-
sion of syngas to dimethyl ether and methanol.®"*
These results clearly reflect the robust applicability of micro-
fluidic-ZnO as a catalytic system, especially in the photocata-
lysis field. Although considerable progress has been achieved,
the greatest challenge facing microfluidic chips is the
throughput when applying ZnO catalysts into practical indus-
trial settings.

Besides the bioapplication areas discussed above, ZnO
materials also enable some other promising applications
established with microfluidic systems. ZnO thin film-based
surface acoustic wave (SAW) devices have been successfully uti-
lized to fabricate microfluidic pumps.®***%°°  Among
different deposition substrates (Si, glass, and polyimides), ZnO
deposited on a Si substrate exhibits the highest acoustic
streaming velocity of about 10 cm s~ and the shortest particle
concentration time of less than 10 seconds.’® When introdu-

1796 | Biomater. Sci., 2020, 8,1783-1801

cal Society.

cing ultra-smooth nanocrystalline diamond films with high-
acoustic wave velocity as an interlayer into a ZnO-based SAW
device, the microfluidic efficiency was found to be further
enhanced due to reduced acoustic energy dissipation into the
Si substrate and improved acoustic properties of SAW
devices.?® In addition, by patterning ZnO nanowire arrays as
special U-shaped microcages, microparticles were trapped
while the dispersion media continuously flowed out through
the porous network of nanowires, revealing their great poten-
tial as single cell capture structures.”® Another interesting
application is for facile and high-throughput mechanical cell
lysis by virtue of the sharp ends of high aspect ratios of nano-
wires. The microfluidic chip integrated with a patterned ZnO
nanowire array was demonstrated to successfully tear the
plasma membrane, and is even more effective than conven-
tional chemical lysis methods but with a shorter processing
time and simpler equipment.”* Furthermore, due to their
superior features such as ease of synthesis, low cost, wide
bandgaps, high bulk electron mobility, appropriate refractive
index, and flexible morphology control, ZnO nanostructures
have already demonstrated their great potential in energy-har-
vesting devices.””%°

This journal is © The Royal Society of Chemistry 2020
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5. Current challenges and future
perspectives

The past decade has witnessed considerable progress in the
development of microfluidic systems for controllable synthesis
and applications of ZnO micro-/nanomaterials. Owing to their
many unique and attractive features (especially flexible spatio-
temporal control, high integration capability, and low sample
consumption),'®® " microfluidic devices fabricated with
PDMS or glass capillaries significantly advance the rational
design and applicability of functional materials. To date, ZnO
structures with different sizes, shapes, and compositions have
been developed for applications in the biomedical fields.
However, many challenges still remain to be addressed before
the full potential of microfluidics can be realized.

From the materials synthesis aspect, (1) compared to con-
ventional batch reactors, microfluidic reactors provide new
and alternative opportunities for controllable synthesis of ZnO
materials. However, only very few studies revealed the unique
merits of microreactors by direct comparison to batch reactors
under the same reaction conditions.*>®*®%%® More parallel
studies are greatly needed to demonstrate the advanced fea-
tures of microfluidics for ZnO production in terms of faster
reaction kinetics, higher reproducibility, and better physico-
chemical properties. (2) There is still a lack of inline manage-
ment control over the flow synthesis process. Full exploitation
of microfluidic systems requires real-time information about

This journal is © The Royal Society of Chemistry 2020

the chemical reaction progress for realizing an immediate
response in the optimization of structural properties. Although
microreactors permit high integration and automation, inline
control systems for ZnO materials synthesis are still rarely
reported. (3) Despite ZnO materials with different sizes (from
a few nanometers to tens of micrometers), shapes (wire/rod,
sphere, flower, sheet/flake, and spindle/ellipsoid), and compo-
sitions (such as metal-doped, polymer-modified, and func-
tional nanoparticles-coated) being already available from
microreactors, there is still relatively low structural diversity. As
shown in Table 1, most ZnO particles are sizes less than ten
nanometers or larger than submicrometers, mainly wire/rod
and sphere shapes, and show a lack of variability in hierarchi-
cal compositions. To meet the needs of diverse applications,
ZnO materials with rich structural diversity should be systema-
tically developed. (4) Due to small dimensions and low oper-
ation volumes of microreactors, the production amount of
ZnO materials can only reach up to grams per day.*” To further
improve the yields, more robust and integrated design of
microreactors with parallel multiple modules should be estab-
lished for scale-up production of ZnO materials.

From the materials application aspect, (1) given the unique
advantages of microfluidic chips, plenty of studies on the inte-
gration of ZnO materials with microfluidics have been carried
out and significant progress has been achieved in the areas of
biosensing, biological separation, and molecular catalysis
(Table 2). Though many ZnO-based PDMS and glass capillary
microfluidic devices have been developed and they exhibited
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good performance, the applications of ZnO materials in micro-
fluidic chips are still an urgent need for being optimized and
improved.” (2) Almost all the established microfluidic appli-
cation systems relied on the nanowire or nanorod array of ZnO
materials, and comparatively, very little attention has been
paid towards exploration of other structures. Although it can
be easily understood that the in situ deposited wire/rod array
inside a microchannel provides great convenience for sub-
sequent analysis and application, the structural properties of
ZnO materials should be systematically investigated to fully
reveal their potential use. (3) The effect of particle structures
(such as particle size and shape) on the application perform-
ance of ZnO materials is still rarely examined in microfluidic
systems.®*?” Since a large number of studies have already
shown that the particle structures of micro-/nanomaterials sig-
nificantly regulate their downstream application efficacy,**™*"”
more attention should be paid to maximizing the potential of
ZnO materials. (4) Most of the ZnO-integrated microfluidic
application systems are still in the proof-of-concept stage.

1798 | Biomater: Sci,, 2020, 8,1783-1801

Compared to conventional batch operation systems, microflui-
dic chips have demonstrated superior performance in sensing
sensitivity, separation capability, and catalysis efficiency.
However, one of the biggest challenges facing microfluidic
application systems is finding ways to improve the throughput
while maintaining the same efficient performance inside min-
iaturized devices. Therefore, there is still a long way to go from
laboratory benches to practical implementation in industrial
settings.

6. Conclusion

This review provides a comprehensive summary of recent
advances in microfluidics-enabled rational design, controllable
synthesis and on-chip applications of ZnO micro-/nano-
materials. We discussed the flow synthesis approaches of ZnO
materials with different structures (wire, rod, sphere, flower,
sheet, flake, spindle, and ellipsoid) using continuous laminar

This journal is © The Royal Society of Chemistry 2020
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flow microreactors and discrete segmented flow microreactors,
and highlighted the unprecedented opportunities for applying
ZnO-integrated microchips in biosensing, biological separ-
ation, and molecular catalysis applications, and finally pointed
out the major challenges and opportunities for inspiring
future studies in this area. Despite great achievement in a rela-
tively short period, microfluidics is still a less exploited tool in
the synthesis and applications of ZnO structures. Given that
researchers from different disciplines are attracted and have
started exploring the advances of microfluidics, it will open up
a new frontier for functional materials development and will
definitely impact various application areas.
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