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Integration of functional nanostructures within a microfluidic device can synergize the advantages of
both unique properties of nanomaterials and diverse functionalities of microfluidics. In this paper, we
report a novel and simple method for the in situ synthesis and integration of ZnO nanowires by
controlled hydrothermal reaction within microfluidic devices. By modulating synthesis parameters such
as the seed preparation, synthesis time, and heating locations, the morphology and location of
synthesized nanowires can be easily controlled. The applications of such nanostructure-integrated
microfluidics for particle trapping and chemiresistive pH sensing were demonstrated.

Introduction
As the potential applications for personal health care and public
security arose, portable and simple assay systems with high performance integrated on a microfluidic platform attracted significant
attention over recent years. The advantages of microfluidics include
low manufacturing cost, small sample volume per analysis, and
increased efficiency and portability.1 Nanostructures (e.g. nanoparticle,2–4 nanowire,5–11 nanotube,12,13 etc.) with unique physical
and chemical properties are becoming indispensable components of
the microfluidic systems. Among them, nanowires have several
advantages for microfluidic applications (e.g. sensing, filtering, and
sample preparation) due to their high surface-to-volume ratio and
unique surface properties. A number of groups reported the use of
nanowires as materials for bio-sensing5–8 and chemical-sensing
applications.9–11 Examples include silicon nanowires for protein5 and
virus6 detection, and ZnO nanowires for pH level10 and H2O211
detection. Furthermore, nanowires and nanotubes have been used
for the sample preparation and separation in microfluidic devices. G.
Chen et al. applied nanopillar arrays fabricated by the AAO
template method for separation beds or solid-phase reaction in the
microchannel.14 Another example of a nanostructure-integrated
microfluidic device is nanopillar arrays fabricated by reactive ion
etching (RIE) for DNA separation.15 Also, in the work of An and
Song, a carbon nanotube (CNT) film was used as a DNA separation
component within the microchannel.12 However, for the integration
of nanowires or nanotubes within the microfluidic channel, accurate
positioning of nanostructures has been a very challenging process. In
one method, nanowires or nanotubes were grown using a prea
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patterned catalyst, followed by aligned bonding of microfluidic
packaging such as PDMS microchannel. For example, CNTs16 and
InP nanowires17 were fabricated with catalyst patterns by a chemical
vapor deposition (CVD) method. However, the CVD method is
quite expensive and requires toxic or flammable gaseous materials.
Furthermore, the integration of ex situ fabricated nanostructures in
microchannels with accurate alignment is still a very challenging
task. In another method, pre-synthesized nanostructures were
assembled by various guiding forces in liquid media. This method
can be categorized into two approaches: external guiding force such
as dielectrophoretic force,18 physical fluidic force,19 surface tension,20
and magnetic forces;21 and internal surface interaction such as
surface-programmed assembly (SPA)22 and bio-recognition directed
assembly.23 However, these methods have demonstrated only
limited reproducibility, controllability, and yield. Furthermore,
mechanical and electrical robustness is not well controlled since the
adhesion is made mainly by weak van der Waals force on the surface.
In this work, we report a novel method for in situ synthesis and
integration of nanowires within the microfluidic device by using
hydrothermal reaction. In particular, ZnO nanowires were
chosen as the material to be integrated in the microchannel. ZnO
nanowires possess many unique properties such as biocompatibility, chemical sensitivity, and piezoelectricity that can be useful
for the microfluidic applications.24 Furthermore, ZnO nanowires
can be synthesized by hydrothermal reaction method under
100  C, which is suitable for the liquid-phase reaction within the
microfluidic device.25 In this article, we demonstrated direct
synthesis of ZnO nanowires either on the entire substrate (global
synthesis) or at selected locations (local synthesis) on the
microfluidic chip. In addition, their applications to particle
trapping and pH sensing were demonstrated. We believe this
method enables drastically easy and simple in situ bottom-up
nanowire synthesis within a microfluidic device and can
dramatically improve the integration and utilization of nanowires in the microfluidic devices.
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Chemicals and chip fabrication
ZnO nanowires were synthesized by the hydrothermal method
suggested by L. E. Greene et al.25 In this work, two types of ZnO
seeds were used: texture seeds and e-beam evaporated seeds.
0.005 M zinc acetate dihydrate (Zn(CH3COO)2$2H2O, 99.0%,
JUNSEI) in ethanol were used for texture seeds. The texture seed
solution was dropped on the substrate and dried in air for
10 seconds and rinsed with ethanol. The coated substrate was
annealed at 350  C for 20 min. For e-beam evaporated seeds,
10 nm ZnO thin film was deposited on the substrate by e-beam
evaporation and annealed at 150  C for 20 min. For patterned
synthesis, photolithography and lift-off process of ZnO thin film
seed were employed. Zinc oxide nanowire precursor solution was
prepared with zinc nitrate hexahydrate (Zn(NO3)2$6H2O, 98%,
Sigma Aldrich), hexamethylenetetramine (HMTA, C6H12N4,
99+%, Sigma Aldrich) and polyethylenimine (PEI, (C2H5N)n,
Sigma Aldrich).25
For local synthesis, metal microheaters were fabricated by
photolithography and lift-off techniques with Cr (20 nm) and Au
(200 nm) layers. Microchannels were fabricated by a conventional PDMS replication technique. Photo-patterned SU-8
structure was used as a master. The channel height was 10 or
20 mm and the widths ranged from 100 mm to 150 mm. The
lengths of the channel ranged from 1 cm to 1.5 cm. The fabricated PDMS block with microchannels was bonded to the seeded
substrate by a plasma assisted adhesion technique or stamp-andstick bonding method.26
Experiment setup
The schematics of global and local in situ ZnO nanowire
synthesis and integration in the microfluidic chip are shown in
Fig. 1(a) and (b), respectively. For global or patterned synthesis
of ZnO nanowires, fresh ZnO nanowire precursor was provided

continuously while the temperature of the substrate was maintained at 95  C by a heating plate. The precursor solution was
injected into the microchannel with a flow rate of 1 mL min1
controlled by two syringe pumps (New Era Pump Systems, Inc.),
with one at each end of the microchannel. The synthesis time was
varied from 1 to 4 hours. For local synthesis by microheater,
electrical power was supplied through the microheater while the
precursor was flowed through the microchannel. We examined
three different electrical power densities to control the
morphology and growth rate of the ZnO nanowire arrays.
Preliminary applications
Two preliminary tests were conducted for the application of
in situ grown nanowires in the microfluidic devices. Firstly, for
particle trapping, ZnO nanowire arrays grown from the
patterned seed were used as micro-cages to capture silver coated
hollow glass microspheres (d z 10 mm). The spheres were
dispersed in ethanol (0.001 g mL1) and flowed into the microchannel with nanowire arrays at a constant flow rate
(0.5 mL min1). Secondly, to examine the chemical sensing
performance, a chemiresistive-type pH sensor was fabricated by
making nanowire junctions between two adjacent microheaters
to detect pH levels of solutions flowed into the channel. The
electrical current through the ZnO nanowire junctions under
constant DC bias was measured by using a potentiostat.

Results and discussion
Thermal-fluidic simulation
Fig. 2(a) and (b) show the numerical simulation result of
temperature distribution within the microchannel during ZnO
nanowire synthesis by using COMSOL Multiphysics. When
the nanowires were synthesized globally, the whole channel was
maintained at almost uniform temperature (95  C). This
suggests that ZnO nanowires can be grown with the uniform

Fig. 1 Schematics of in situ synthesis and integration of ZnO nanowires in microfluidic chip: (a) global synthesis in the entire fluidic channel and (b)
local synthesis by microheaters in the fluidic channel.

Lab Chip

This journal is ª The Royal Society of Chemistry 2011

Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 17 April 2011
Published on 15 April 2011 on http://pubs.rsc.org | doi:10.1039/C1LC20079H

View Online

Fig. 2 (a) Numerical simulation of temperature distribution at the center of microchannel during global synthesis process and (b) numerical simulation
of temperature distribution near middle microheater during local synthesis process.

growth rate and morphology by heating from the hotplate
(Fig. 2(a)). The temperature distribution for the local synthesis
process is shown in Fig. 2(b). When the flow rate of the
precursor solution is 1 mL min1, the temperature distribution
exhibits asymmetry due to the heat dissipation towards
downstream. However, it is observed that the temperature
reaches above 90  C in the vicinity of the microheater, which is
sufficient for the ZnO nanowire synthesis. This localized
heating enables local synthesis of ZnO nanowires along the
microheater.

Global synthesis of ZnO nanowires
After several hours of synthesis, ZnO nanowires were uniformly
grown along the microchannel covered by the PDMS block. As
shown in Fig. 3(a), ZnO nanowires were uniformly grown
within the microchannel after 3 hours except near the sidewall
due to the boundary effect. The morphology of the nanowire
can be controlled by synthesis time and seed preparation
methods.27 In this work, two kinds of seeds were used for global
synthesis: texture and e-beam evaporated seeds. Texture seeds
resulted in vertically well-aligned nanowires because the nanowires were grown from the well-established ZnO nanoislands
with (0001) plane parallel to the substrate28 (Fig. 3(b)). In
contrast, nanowires grown from e-beam evaporated seeds
exhibited a random direction ranging from 45 to 90 with
respect to the substrate (Fig. 3(c)). However, the growth rate of
the nanowires from e-beam evaporated seeds (1.3 mm per
hour) was faster than those from texture seeds (0.4 mm per
hour). After 4 hours of synthesis, the average lengths of nanowires were 4.8 mm (standard deviation ¼ 280 nm) and 1.4 mm
(standard deviation ¼ 260 nm) for e-beam evaporated seeds and
texture seeds, respectively. Also, the diameter distribution was
narrower by using the e-beam evaporated seeds than by using
texture seeds. After 4 hours of synthesis, the average diameters
of nanowires were 49 nm (standard deviation ¼ 14 nm) and
88 nm (standard deviation ¼ 38 nm) for e-beam evaporated
seeds and texture seeds, respectively. These morphological
controls may be utilized for making nanostructures with
different shapes for various applications.
This journal is ª The Royal Society of Chemistry 2011

Fig. 3 SEM images of globally synthesized ZnO nanowires with various
seeding methods: (a) top and cross-sectional view of ZnO nanowires in
microfluidic channels, (b) nanowires grown from texture seed and (c)
nanowires grown from e-beam seed.

Patterned synthesis of ZnO nanowire arrays
The patterned synthesis of ZnO nanowire arrays could be realized
by using the patterned seeds in the microchannel as shown in
Fig. 4. Nanowires were uniformly grown on the dot patterns
(15 mm  15 mm) and line patterns (width: 10 mm and 20 mm). They
were also synthesized on various letter patterns (‘LabChip’,
‘KAIST’, and ‘NANO’, width: 20 mm). Very few nanowires could
be found outside the original seed patterns. Nanowires from the
e-beam evaporated seeds exhibited random directionality, which
Lab Chip
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Fig. 4 SEM image of locally synthesized ZnO nanowires from patterned
seeding in the microfluidic channel: (a) dot pattern, (b) line pattern and
(c) letter patterns (‘‘LabChip’’, ‘‘KAIST’’ and ‘‘NANO’’) and (d) surface
profile of line patterned ZnO nanowire arrays (synthesis time: 30 min and
160 min).

resulted in the expansion of the pattern width. Fig. 4(d) shows the
profile of the ZnO nanowire arrays measured by a surface profiler
(Dektak-8, Veeco). ZnO nanowire arrays grown for 30 min had an
average height of 1.5 mm (max. 1.9 mm, min. 1.1 mm) and the
widths of nanowire arrays were bigger than the initial seed
patterns approximately by +20% due to the dense growth of
nanowires. In contrast, the average height of ZnO nanowires
grown for 160 min was 6.2 mm (max. 8.8 mm, min. 4.9 mm) and the
widths of nanowire arrays were expanded by approximately
+100% of the initial seed patterns. A higher and wider nanowire
array was synthesized as the synthesis time was extended.

Local synthesis of ZnO nanowire arrays by microheaters
The locally grown ZnO nanowire array by using the microheater is
shown in Fig. 5. Nanowires were vertically grown only on the
microheater due to the localized endothermic reaction. Here, ZnO
nanowire arrays were synthesized at three different electrical power
densities (electrical power per volume of the microheater) supplied
to the microheaters. As predicted, higher power density caused
faster growth rate. The nanowires grown at 2.0  1015 W m3
showed relatively nonuniform directionality and very small
Lab Chip

Fig. 5 (a) SEM image of locally synthesized ZnO nanowires by microheater Joule heating: top and cross-sectional views of locally synthesized
nanowires grown at power density level of 2.6  1015 W m3 and (b)
graphs of diameter/length vs. time for different power density levels. (c)
SEM images of locally grown ZnO nanowires at upstream and downstream edges of the microheater.

increase in diameter and length. In contrast, at 3.0  1015 W m3,
nanowires grew very fast compared to lower power densities,
especially for the first 10 minutes. However, the diameter of
nanowires grown at higher power density showed wider distribution than those grown at lower power densities. It is also observed
that the nanowires are longer along the upstream edge (right side in
Fig. 5(c)) of the microheater than the downstream edge (left side in
Fig. 5(c)). This phenomenon might have happened because the
upstream side was closer to the inlet port and had a better exposure
to the fresh precursor solution while the downstream edge was
obstructed from the precursor by the grown nanowires.
Particle trapping
Recently, the importance of single cell study is becoming more
emphasized. The conventional bioassay of a large number of cells
This journal is ª The Royal Society of Chemistry 2011
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provides only average values of cellular behaviors. However, if
the deviation of each individual cell is significant, single cell study
is essential for better understanding of the cellular behavior. For
this purpose, single cell separation and trapping in the microfluidic systems have been actively explored.29–31 Previous studies
have used cell trap sites based on PDMS28,29 or silicon30 walls for
single cell trapping. We expect that ZnO nanowires grown in the
microfluidic channel can also function as structures for single cell
trapping. The patterned nanowire array allows the trapping of
cells whose diameters are much bigger than the gap between
nanowires. Meanwhile, the porous nature of the nanowire array
minimizes the blockage of the flow. This allows effective trapping
of cells with minimal obstruction to the sample flow and
concomitant physical stress to the cells.
As a preliminary step for this potential application, we have
demonstrated the trapping of microparticles by micro-cages
based on patterned ZnO nanowire arrays. As shown in Fig. 6(a),
silver coated hollow glass microspheres were captured in the
U-shaped micro-cages while the dispersion media (ethanol) flew
out through the porous network of nanowires. When the particles encountered the nanowire bundle-based cages along the flow
streamline, they could escape from the cages due to the geometric
confinement by the cages. The captured microspheres maintained
to be captured in the nanowire-based micro-cages, and this
suggests their potential as single cell trapping structures.
pH sensing
The pH sensitivity of electrical conductance through ZnO nanowires allows their application to pH sensing. Since ZnO nanowire
is an n-type semiconductor, it changes its surface electron charge
by the surrounding ion charge concentration. This change of
surface charge causes electrical conductance modulation at
different pH levels.32 The conductance of the nanowires decreases
as the pH level is increased due to the formation of a depletion
layer at the surface. To demonstrate a ZnO nanowire-based pH
sensor, a nanojunction of ZnO nanowire arrays was fabricated by
using two adjacent microheaters as shown in Fig. 6(b). The electrical characterization and pH sensing result are shown in Fig. 6
(c). In DI water environment, the I–V characteristics show
a Schottky contact-type behavior with low electrical conductance
(0.1 mS at 1 V). By changing the liquid from DI water to pH ¼ 7
buffer solution, more Ohmic behavior was observed with an
enhanced electrical conductance (0.4 mS at 1 V). This can be
attributed to the dissolved ions in the pH buffer solution playing
a role in the electrical current between the synthesized nanowires.
Next, a real-time pH sensing was conducted with a constant DC
bias of 0.2 V across the nanowire junction. The current through
the ZnO nanowire junction decreased as the pH level was
increased. The current was significantly dropped from 26.6 mA to
20.7 mA when the pH level was switched from pH ¼ 5 to pH ¼ 6.
However, the current change became smaller at higher pH levels
(e.g. I ¼ 19.2 mA / 18.8 mA for pH ¼ 8 / 9). Although the sensor
response was not linear with respect to the pH level change, the
general trend of decreasing the conductance by increasing the pH
level for n-type semiconducting ZnO nanowires was consistent
with our theoretical expectation. Also, the sensor exhibited
a reasonable sensitivity to the pH levels from pH ¼ 5 to pH ¼ 9.
The nonlinearity may be caused by the nonlinear dependence of
This journal is ª The Royal Society of Chemistry 2011

Fig. 6 Applications of in situ synthesized ZnO nanowires: (a) particle
trapping by micro-cage based on locally grown nanowires, (b) SEM
images of ZnO nanowire bridging grown by microheater Joule heating,
(c) current–voltage (I–V) characterization of ZnO nanowire bridge in DI
water and pH 7 solution and (d) pH sensing by ZnO nanowire bridge.

the surface charge on the pH level of the solution and density limit
of available binding sites for H+ and OH ions. For better
performance, the morphology and surface control of the nanowire
junction and sensing parameters such as operation voltage and
frequency should be optimized.

Conclusion
Here we have introduced a novel method for in situ nanowire
synthesis and direct integration within the microfluidic device via
Lab Chip
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the hydrothermal synthesis method. By this simple method, ZnO
nanowires could be synthesized either on the entire substrate,
patterned area, or along the microheaters within the microfluidic
device. This novel method has several advantages for the realization of nanostructure-integrated microfluidic devices: (1) ecofriendly process with benign chemistry and low-temperature
conditions, (2) facile and direct integration of nanostructures in
the microfluidic chip without complicated and inaccurate alignment and integration procedures required, and (3) controlled and
facile localization of nanostructures within the microchannel for
diverse applications. We have also demonstrated the potential of
ZnO nanowire arrays fabricated by this method for applications
to particle trapping and pH level sensing. Based on these results,
we conclude that the proposed method can be applied to various
microfluidic applications such as biochemical sensing and single
cell studies with improved device performances by using unique
characteristics of functional nanostructures.
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