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packing density, and coverage can also be adjusted by tuning laser Microfluidic channel

irradiation parameters. After exploring the fabrication of the 3D nanostructures, we demonstrate a SERS enhancement factor of up to ~2 x 10° and
investigate the optical properties of the 3D Ag@Zn0 structures through finite-difference time-domain simulations. To illustrate the potential value of our
technique, low concentrations of biomolecules in the liquid state are detected. Moreover, an integrated cell-trapping function of the 3D Ag@ZnO structures
records the surface chemical fingerprint of a living cell. Overall, our optothermal-effect-based fabrication technique offers an effective combination of
microfluidics with SERS, resolving problems associated with the fabrication of SERS substrates in microfluidic channels. With its advantages in functionality,
simplicity, and sensitivity, the microfluidic-SERS platform presented should be valuable in many biological, biochemical, and biomedical applications.
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abel-free detection of analytes from a

small-volume, highly diluted, multi-

component sample is vitally important
among diverse fields." Trace detection of
poisonous organic molecules, for example,
is significant in monitoring environmental
pollutants.>* In cancer diagnostics, probing
single-stranded DNA and its hybridization
process is beneficial in the designing of DNA
markers.>~7 Identifying and distinguishing
different biomarkers on cell surfaces (i.e.,
cell surface fingerprinting)®® is helpful for
visualizing phenotypes,'®~'? investigating
the metastatic processes of cells,”® and un-
derstanding cell—cell communications.™
Accomplishing these tasks requires the uni-
fication of a sample preparation platform
and a detection technique.’'® The sample
preparation platform should be capable of
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delivering miniscule amounts of samples
and reagents to the detection site, where
the detection technique should be able to
analyze the samples in a sensitive and label-
free manner.

Significant achievements have been
made in recent years in both sample pre-
paration systems and analytical techniques.
One approach garnering significant inter-
est, microfluidics,'””~'° has developed rap-
idly as a promising sample preparation plat-
form. By confining small volumes of fluids
(i.e., nano/pico-liter scale), microfluidic sys-
tems enable a flexible and highly controlla-
ble manipulation of liquids,>*®*?' suspended
particles,**** and biological samples.®* Sim-
ilarly, the surface-enhanced Raman scatter-
ing (SERS)>?® detection technique has
attracted a great deal of attention for its
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direct, highly sensitive, nondestructive, label-free, and
real-time collection of quantitative chemical informa-
tion.2®2” In comparison to many of the microfluidic
bioanalysis sensing techniques, such as fluorescence
microscopy and electron microscopy, the SERS detec-
tion method avoids any fixation, freezing, or staining of
the biological samples with exogenous labels.?%°
Consequently, it offers more intrinsic information on
biospecies,*°~3? refraining from perturbing biological
activity®*~3” and enabling monitor of the analytes in a
simultaneous, dynamic manner.3~#!

The cohesion of these techniques into an integrated
microfluidic-SERS system*?~** could conflate the re-
spective advantages of each, resulting in a promising
approach for many applications. In such a system, the
microfluidic device would manipulate a small amount
of analytes (or biospecies), while the SERS technique
would analyze the sample in an instantaneous, label-
free manner. A microfluidic-SERS system would be
especially attractive in biological studies. This device,
for example, could intentionally isolate cells at certain
spots in microfluidic channels, allowing the future
in situ investigation of single cell response to stimuli
(e.g., mechanical compression, heat, chemotaxis,
metabolism, and cell—cell signaling) through SERS.
Considerable efforts have been made in constructing
the detection system by fabricating high-performance
SERS substrates inside microfluidic channels. For ex-
ample, the SERS substrates prefabricated by conven-
tional methodologies (e.g., lithography,*®* thermal
evaporation,***> and wet chemistry*®) can be buried
into the microfluidic channel through a postfabrication
alignment and bonding process. Alternatively, SERS
substrates can be designed in preformed microfluidic
channels without the process of alignment and
bonding, for instance, with the hydrothermal deposi-
tion®84748 of nanostructures from precursor solutions.
Furthermore, a laser irradiation-induced growth*°~>'
can create SERS substrates at specific spots in micro-
fluidic channels, as the channel composition (e.g.,
PDMS, glass) is often highly transparent to the laser
light.

Here, we present a growth concept based on the
optothermal effect to create 3D Ag@ZnO nanostruc-
tures at any predefined position inside microfluidic
channels, forming an integrated microfluidic-SERS sys-
tem. Our method bears several merits. (1) Easy fabrica-
tion process: A low-power (3—15 mW), weak-focused,
continuous-wave laser beam is used to illuminate a
glass slide coated with gold film serving as the bottom
of the microfluidic channel. The gold film absorbs the
laser power and heats the solutions in the microfluidic
channel filled with appropriate precursors to trigger
the formation of 3D Ag@ZnO SERS substrates within
the laser spot area. (2) Rational control over the loca-
tion of 3D Ag@ZnO nanostructures: Since the Ag@ZnO
nanostructures are grown exclusively within the laser
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Figure 1. (a) Optical setups for fabricating 3D Ag@ZnO
nanostructures in a microfluidic channel. Schematic illustra-
tion of on-chip, in situ creation of (b) ZnO nanorods and (c)
Ag@ZnO0 nanostructures by optothermal effects.

spot area, the location of the Ag@ZnO nanostructures
can be programmably controlled by moving the laser
beam. Vital in a variety of applicable disciplines, the
ability to rationally control the location of the SERS
substrates within the unreachable microfluidic chan-
nels represents the greatest advantage of our tech-
nique. As a demonstration, we have achieved single
cell trapping and SERS analysis using a horseshoe
shaped structure with its bottom covered by the 3D
Ag@ZnO nanostructures integrated within the micro-
fluidic channels. (3) 3D structured SERS substrate: 3D
structures have proven to exhibit extraordinary SERS
performance owing to their large effective surface area
that can contribute to SERS enhancement.

The SERS enhancement factor of the 3D Ag@ZnO
nanostructures is evaluated to be about 2 x 10°, which
is due to the amplification of the large electric field
between adjacent Ag nanoparticles on the same and/
or neighboring ZnO nanorods. The in-channel SERS
performance of the Ag@ZnO nanostructures is demon-
strated by detecting small molecules, proteins, and
DNAs. In particular, the real-time fingerprinting of SERS
signals from a single cell trapped at the position of the
pregrown Ag@ZnO SERS substrate illustrates the ver-
satility of the integrated microfluidic-SERS platform.
Optothermal-effect-based fabrication enables an inte-
grated microfluidic-SERS system via the design of 3D
Ag@ZnO SERS substrates inside any microfluidic de-
vice, rendering the technique valuable in both analy-
tical chemistry and cell biology.>2

RESULTS AND DISCUSSION

Concept of Fabrication. Using the same setup (Figure 1a),
the Ag@ZnO nanostructure clusters were formed by
two sequential reactions catalyzed by an optothermal
effect: first, ZnO nanorods were fabricated (Figure 1b),
and then Ag nanoparticles were deposited on the
preformed ZnO nanorods (Figure 1¢). In the first step,
a continuous laser, serving as a localized heat source
to catalyze the formation of ZnO nanorods, was
focused onto a gold-coated glass slide, which was used
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Figure 2. (a) Simulation results of the flow and temperature distributions during the optothermal effect. The temperature
distributions along (b) X axis (the blue line in Figure 2a) and (c) Y axis (the red line in Figure 2a). The temperature decreases
steeply from the laser spot area to the outside area, confining ZnO nanorod formation exclusively within the laser spot area.

to support the microfluidic channel containing
zinc nitrate (Zn(NOs),) and hexamethylenetetramine
(HMTA) solution as precursors (Figure 1b). The gold film
absorbed energy from the laser and heated the sur-
rounding precursor solution, resulting in the formation
of ZnO nanorods on the gold film (Figure 1b). The
location of the ZnO nanorods was entirely determined
by the position of the focused laser spot, which can be
translated by the movement of a programmable,
motorized stage on which the microfluidic channel
was fixed. After the ZnO nanorods were prepared,
the precursor solution was drained. Subsequently,
silver nitrate (AgNOs) solution was injected into the
same microfluidic channel to grow Ag nanoparticles
(Figure 1c). The laser beam was focused onto the
preformed ZnO nanorods, leading to the formation
of Ag nanoparticles on the ZnO nanorods by decom-
posing AgNOs. Eventually, the Ag@ZnO nanostruc-
tures were formed at the position of the laser-
focusing spot area (Figure 1c).

Formation of Zn0 Nanorods. As the scaffold of Ag@ZnO
nanostructure fabrication, ZnO nanorods were synthe-
sized by the optothermal effect. The formation mech-
anism was illustrated by a simulation of temperature
and flow distribution near the laser spot area. The
results (Figure 2) show that the parameters of the laser
play important roles in determining the formation
process of ZnO nanorods. First, the highest tempera-
ture reached is 385 K, with a heating power of 8.7 mW
(similar to the heating power experimentally used),
which is high enough for the hydrothermal synthesis of
ZnO nanorods. The highest temperature locates at the
glass/liquid interface (Figure 2a), where the gold film is
situated. Second, the localized growth of ZnO nano-
rods at the laser spot area is induced by the sharp
spatial distribution of the temperature along the mi-
crofluidic channel's width (X-axis). For example, the
temperature drops from 385 to 360 K as measurement
shifted from the center of the focused laser spot to the
boundary of the focused laser spot (about 20 um)
along the X direction. Further movement along the
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X-axis leads to a sharply reduced temperature, which is
too low to satisfy the growth requirement of ZnO
nanorods (Figure 2b). Third, the strong temperature
gradientin the Y direction explains why the length of the
ZnO nanorods was insensitive to the laser-irradiation
time. The temperature decreases more significantly
along the Y direction (Figure 2¢); at a distance of 10
um from the gold film, the temperature is insufficient
for the growth of ZnO nanorods. Lastly, the heat-
induced convective flow is also important to facilitate
the formation of ZnO nanorods. Simulation results
show that the amplitude of the convective flow
(Figure 2a) from the bottom to the top inside the
microfluidic channel was up to 10 um/s. The convective
flow draws precursor molecules to the laser-irradiation
area, where they are consumed by the growth of ZnO
nanorods. The effect of convective flow is confirmed
experimentally by a shortened growth time of ZnO
nanorods (~5 min) compared to conventional hydro-
thermal methods in bulk reactions (~30 min at 90 °C).

A few minor discrepancies in temperature distribu-
tion exist between the simulations and the experi-
ments. The highest temperature in the simulation (up
to 385 K) is slightly above the boiling point of water,
and this temperature is not observed in the experi-
ments. This discrepancy is due to the overestimated
energy input in the simulation. In the simulation, the
power absorbed by the gold film is defined by sub-
tracting the energy reflected from and transmitted
through the gold film from the total energy of the
laser beam. In reality, other factors, such as heat-
transfer efficiency between different materials, make
the heat power lower than that used in the simulation
conditions. This trivial discrepancy does not influence
the explanation of the optothermal growth process of
the ZnO nanorods through the simulations. Overall, this
simulation result confirms that the creation of ZnO
nanorods is due to the optothermal effect. The inho-
mogeneous temperature distribution induces the loca-
lized formation of ZnO nanorods, while the convective
flow facilitates the rapid preparation of ZnO nanorods.
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Figure 3. SEM images of ZnO nanorods fabricated at different laser-irradiation times with different magnifications: (a—c)

5 min; (d—f) 10 min; (g—i) 15 min.

The morphology of the ZnO nanorods further sup-
ported the optothermal fabrication mechanism. The
ZnO nanorods fabricated at laser-irradiation times of
5, 10, and 15 min were characterized by scanning
electron microscopy (SEM). All ZnO nanorod clusters
formed exclusively at the laser spot area, with an
elliptical shape of about 40 x 30 um (Figure 3a, d, g),
consistent with the temperature distribution in the X
direction. The ZnO nanorod cluster was composed of
many densely packed, nearly vertical ZnO nanorods.
The length of the ZnO nanorods was measured by
observing lying nanorods induced by intentionally
scratching the cluster after removing the PDMS device.
All of the nanorods were about 1.0—1.5 um in length,
independent of the laser-irradiation time, which con-
firmed the strong temperature gradient in the Y direc-
tion. We also observed that when the irradiation time
increased, the diameter of the ZnO nanorods increased
significantly, while their packing density remained
nearly constant. For example, the diameter of each
hexagonal ZnO nanorod increased from 50 to 200 nm
as the laser irradiation time was prolonged from 5 to
15 min. The density of the ZnO nanorods kept nearly
constant at 50 nanorods per 1 um? when the laser-
irradiation time exceeds 10 min. This phenomenon
could be explained by the nucleation and growth
theory,>®** where ZnO was deposited on the pre-
formed ZnO nanorods successively, rather than
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forming new ZnO nanorods. Initially, the gold film
absorbed the laser energy to heat the surrounding
precursor solutions. When the temperature of the
solution reached a certain value, the ZnO component
formed continuously until it oversaturated, which trig-
gered the nucleation process. Since the ZnO compo-
nent had the highest concentration on the laser-
exposed area, which has the highest temperature,
Zn0O nanorods nucleated and grew on the hot region
of the gold film. Once the nucleation process began,
the growth of ZnO nanorods consumed the ZnO
component in the solution, which prohibited further
oversaturation of ZnO components. Thus, formation of
new ZnO nuclei to increase the packing density be-
came impossible.

The optothermal-effect-based fabrication strategy
features several advantages: (1) This method enables
significantly improved control over the location of
fabrication compared to the conventional ZnO nano-
rod fabrication process in which the precursor solu-
tions are heated in bulk reactors. The ZnO nanorods
can therefore be incorporated inside any microfluidic
device. (2) The optothermal effect allows fabrication of
ZnO nanorods with a high packing density and well-
defined structures. The morphology of the nanostruc-
tures can also be conveniently adjusted by the laser
irradiation time, shape of the focusing spot, and
the incidence power. (3) Optothermal-effect-based
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Figure 4. Morphology of Ag@ZnO nanostructure cluster. Optical images of ZnO nanorods (a) before and (b) after deposition
of Ag nanoparticles for 10 min. (c) SEM image of Ag@ZnO nanorods. (d) Magnified SEM image of Ag@ZnO nanostructure. TEM
images of (e) Ag@ZnO nanostructure and (f) a single Ag nanoparticle; (g) EDX element analysis of Ag@ZnO nanostructure.

fabrication uses a thin layer of gold film as absorber,
allowing a low-power continuous laser to create 3D
Ag@ZnO structures rather than a high-power pulsed
laser. Overall, the high packing density and uniformity
of the ZnO nanorods make them excellent candidates
as 3D SERS substrates with an exceptional sensing
performance.

Formation of Ag@Zn0 Nanostructures. Following the for-
mation of ZnO, Ag nanoparticles were deposited on
the preformed ZnO nanorods. The laser irradiation
time for ZnO nanorod formation is 5 min, and the irra-
diation time for Ag nanoparticle deposition is 10 min.
The mechanism of the deposition of silver nanoparti-
cles is the decomposition of AgNOs catalyzed by the
optothermal effect. By focusing the laser beam on the
ZnO nanorods, Ag nanoparticle deposition takes place
only on the ZnO nanorods, resulting in the formation of
3D Ag@ZnO nanorods. The power of the laser for Ag
deposition is lower (about 3 mW) than that for the
growth of ZnO nanorods (15 mW) to regulate the
reaction rate of the Ag nanoparticle deposition. The
morphology of the ZnO nanorods remains unchanged
during the Ag nanoparticle deposition because the
temperature of the solution is much lower than that
required in the ZnO formation process.

The deposition of Ag nanoparticles was first re-
flected by the color change under optical microscopy.
The color of the ZnO nanorods turned from semitran-
sparent (Figure 4a) to opaque (Figure 4b) due to the
strong light absorption of Ag nanoparticles on the
ZnO nanorods. The opaque color of the nanostruc-
ture indicated that, in Raman detection, the energy of
the excitation laser could be used more efficiently by
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the 3D structures than 2D SERS substrates, such as
various nanoparticle membranes. This improved effi-
ciency indicates the benefit of the application of 3D
structures in SERS sensing. The morphology of the
Ag@ZnO nanostructure was further visualized by SEM
(Figure 4c, d). The surface of the Ag@ZnO nanostruc-
tures was much coarser than that of the pure ZnO
nanorods. Enlarged images revealed that there were
numerous Ag nanoparticles randomly attached on the
surfaces of the ZnO nanorods. The size of each Ag
nanoparticle was several tens of nanometers.

To clearly observe the spatial arrangement and
coverage of the Ag nanoparticles on the ZnO nano-
rods, transmission electron microscopy (TEM) charac-
terizations were performed (Figure 4e). In the TEM
image, a sharp contrast formed between ZnO nano-
rods and the Ag nanoparticles as a result of their
different abilities to absorb electrons. Numerous Ag
nanoparticles with sizes ranging from 10 to 40 nm were
closely packed on the ZnO nanorods. The Ag nanopar-
ticles were single crystalline, as verified by the high-
resolution TEM result (Figure 4f). The lattice fingers of
Ag (111) planes were clearly observable with a plane
distance of 0.23 nm (Figure 4f, inset). Energy-dispersive
X-ray spectroscopy (EDX) results further confirmed the
existence of Ag and ZnO, consolidating the formation
of the Ag@ZnO nanorod structures (Figure 4g). The
small peaks of Au, Cu and C are from the gold film used
for Ag@ZnO nanostructure preparation and the carbon-
coated Cu mesh used as TEM sample holder.

Evaluation of SERS Performance. The SERS sensitivity of
the 3D Ag@ZnO nanostructures was evaluated by
detecting liquid-state 4-aminothiophenol (4-ATP) as a
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Figure 5. SERS spectra of 4-ATP using the 3D Ag@ZnO
nanostructures as SERS substrates (black line); ZnO nano-
rods (red curve, up-shifted 3000); and with no SERS sub-
strate (blue curve, up-shifted 2000).

testing molecule. Here, the 3D Ag@ZnO with a 5 min
laser-irradiation time was incorporated in the micro-
fluidic channel as a SERS substrate. This irradiation time
was used because it produced the best uniformity of
ZnO nanorods in the center and at the edge of the ZnO
nanorod clusters. High uniformity is important for
improving the reproducibility of the SERS signals in
sensing. As shown in Figure 5, strong SERS signals
(black curve) were observed from 4-ATP molecules
absorbed on the Ag@ZnO SERS substrates. In
comparison, almost no observable SERS signals were
detected from those 4-ATP molecules attached on
either the thermally evaporated Au film (blue curve
in Figure 5) or pristine ZnO nanorods before depositing
Ag nanoparticles (red curve in Figure 5).

The SERS enhancement factor (EF) of the Ag@ZnO
nanostructures was estimated using the equation®

EF = (Isers/Nads)/ (lbuik/ Nouik)

where Isggs is the Raman signal intensity of the 4-ATP
molecules attached onto the Ag@ZnO nanostructures;
Ibuik is the Raman signal intensity of solid 4-ATP pow-
der; N,q4s is the number of 4-ATP molecules adsorbed
on the Ag@ZnO nanostructures; Ny is the 4-ATP
molecules that, in the solid state, are exposed to the
laser light without Ag@ZnO nanostructures. Npyi is
estimated as a thin layer of 4-ATP powder with an area
of 1 um? (area of laser-focusing spot) and depth of
20 um (the penetration depth of the laser during SERS
measurements). Considering the density (1.2 g/cm3)
and the molecular weight (125 g/mol) of 4-ATP pow-
der, Ny can be estimated to be about 10"". From the
TEM results (Figure 5e), we can see that Ag nano-
particles with a wide size distribution are irregularly
arranged on the ZnO nanorods. Although 4-ATP mol-
ecules can form a monolayer on the Ag nanoparticles,
itis still difficult to accurately determine N,4s due to the
difficulties in defining the effective surface area of Ag.
To simplify the estimation of N,4s, we assume that ZnO
nanorods are cylinder-shaped, with a diameter of
100 nm and length of 1.5 um, and that they are
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arranged perpendicular to the substrate with packing
density of 50 nanorods per 1 umZ Thus, the total
surface area of the 3D Ag@ZnO nanostructure is
estimated as 2.4 x 10° nm? in 1 um? If we further
assume a single layer of 4-ATP molecules attached on
the Ag@ZnO nanostructures and the occupation area
of a single 4-ATP molecule is about 0.5 nm?, N,gs Was
estimated to be around 5 x 107, Isgrs/louik Was ~10°,
observed by the SERS spectra (Figure 5). As such, the EF
was calculated to be approximately 2 x 10°. It is worth
mentioning that the calculated EF is inevitably under-
estimated, mainly due to the overestimation of the
number of 4-ATP molecules on the Ag@ZnO nano-
structures. Consequently, the real EF should be much
higher.

The SERS effect was further confirmed theoretically
by simulating the electromagnetic field distributions
using FDTD software. The electromagnetic field dis-
tributions were simulated over ZnO nanorods, single
Ag@ZnO structures, and neighboring Ag@ZnO struc-
tures with different distances (Figure 6). The electro-
magnetic field enhancement was trivial on pure ZnO
nanorods (Figure 6a). In contrast, a strong electromag-
netic field appeared close to the Ag nanoparticles
attached to the ZnO nanorods (Figure 6b). Moreover,
the electromagnetic field was magnified dramatically
when two Ag@ZnO nanostructures approached each
other (Figure 6¢,d), arising from a significant amount of
small crevices formed between Ag nanoparticles on
the two nanorods. As a result, the 3D structure of the
Ag@ZnO nanostructure clusters induced numerous
SERS “hot spots” located between neighboring Ag
nanoparticles on both the same ZnO nanorods
(marked as 1 in Figure 6a) and adjacent ZnO nanorods
(marked as 2 in Figure 6a).

This unique 3D structure makes the Ag@ZnO nano-
structure clusters good candidates for use in SERS
sensing applications, giving rise to a strong SERS signal
even when the analytes are in the liquid phase. In
proof-of-concept studies, we tested BSA protein
(0.01%, w/w) and DNA (single-stranded and hybridized
double-stranded DNA, 1 uM) solutions with the 3D
Ag@ZnO nanostructures (described in the Supporting
Information). These results confirmed the ability to
probe organic molecules such as proteins and DNAs,
making our technique useful in environmental protec-
tion and medical diagnostics.

Single-Cell Trapping and SERS Fingerprinting. In this sec-
tion, the SERS fingerprint of a single living cell
surface was detected by integrating the 3D Ag@ZnO
nanostructures with a single-cell trapping microfluidic
device (Figure 7). In detail, the cell-trapping device
(Figure 7a) is a horseshoe shaped trapper®®~2 with
three outlets (width of 10 um). Since the size of each
outlet is slightly smaller than a mature Hela cell, when
the cell suspension flows into the channel, a single
cell can be trapped at the outlet. The Ag@ZnO
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Schematics of simulation configuration; (b, c) pristine ZnO nanorods showed limited electromagnetic field enhancements. (d,
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Figure 7. SERS fingerprinting of trapped single cells. Schematic demonstration of the cell-trapping device and the
optothermal SERS substrate preparation concept in (a) X—Y plane and (b) X—Z plane; (c) Ag@ZnO nanorods were fabricated
within the cell-trapping device; (d) single Hela cell were trapped at individual outlets of the horseshoe structure; (e) SERS
peaks of cell surface with Ag@ZnO nanostructure (black line) and without AG@ZnO nanostructures (red line).

nanostructures were fabricated close to the outlet
inside the trapper (Figure 7a). The channel depth was
carefully designed to be similar to the size of the cells
(about 16 um). Consequently, as cells were trapped
within the horseshoe shaped structure, the cell sur-
face was in close contact with the Ag@ZnO nano-
structures, facilitating subsequent SERS measurements
(Figure 7b). Three parallel outlets were used to improve
the likelihood of successful cell trapping (Figure 7c). As
anticipated, after flowing the Hela cell suspension in
PBS through the channel, a single cell was trapped on
the top of each of the Ag@ZnO nanostructures
(Figure 7d). SERS measurements were performed on
the trapped cell with a 633 nm laser (about T mW) with
an integration time of 20 s. SERS spectrum of the cell
membrane (black curve in Figure 7e) reflected the
fact that the cell surface is composed of proteins,
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carbohydrates, and lipids.”®®° For example, the peak
located at 482 cm ™' is from the C—C—C deformation
vibrations in carbohydrates; the 750 cm ™' peak arises
from H—C—O stretches in carbohydrates; and hemi-
acetal stretches and methylene deformation lead to
the appearance of the 845 cm™' peak. The vibration
peak from lipids can be found at 710 cm™". SERS peaks
from proteins are assigned to aliphatic side chains at
1430 cm ™' and the peptide backbone amide Il at
1260 cm™". Without the Ag@ZnO structures, no ob-
servable SERS peaks could be observed from Hela cells
(red curve in Figure 7e).

The optothermal-effect-based fabrication tech-
nigue allows us to fabricate sensitive SERS substrates
at any desired location on-chip without necessary
constraints to channel design. Therefore, it is conve-
nient to integrate this SERS detection technique with
12175-12184 = 2014
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most on-chip cell manipulation techniques®'®? into a

single device to study cell behaviors (e.g., cell response
to drugs). Additionally, the 3D Ag@ZnO nanostructure
has good contact with the cell surface due to their
highly complex shape. Accordingly, better SERS per-
formance can be expected.

CONCLUSION

In summary, we have integrated SERS substrates
composed of 3D Ag@ZnO nanostructures into micro-
fluidic platforms. The growth of the Ag@ZnO nano-
structure is through an optothermal-effect-based
mechanism, which is confirmed by theoretical simula-
tions of the temperature and flow distribution within
and around the laser spot area. The Ag@ZnO nano-
structures grow exclusively at the laser spot area,
allowing for rational location control within the chan-
nel. Due to the dense Ag nanoparticles on the ZnO

MATERIALS AND METHODS

Chemicals. Zinc nitrate hexahydrate, hexamethylenetetra-
mine (HMTA), and silver nitrate were purchased from Sigma-
Aldrich with a grade of analytical purity for the synthesis of
Ag@ZnO nanostructures. 4-Aminothiophenol (4-ATP), rhoda-
mine 6G (R6G), and albumin from bovine serum (BSA) were
purchased from Sigma-Aldrich as SERS detecting samples. The
precursor solution for ZnO nanorod fabrication was a mixture of
zinc nitrate (25 mM) and HMTA (25 mM). The precursor solution
for Ag nanoparticle growth was a silver nitrate aqueous solution
(20 mM).

Preparation of Microfluidic Channels. A polydimethylsiloxane
(PDMS)-based microfluidic device was fabricated using stan-
dard soft lithography and mold replica techniques. Two types of
microfluidic channels were used in the experiment. The device
for the demonstration of nanostructure fabrication features the
following dimensions: 10 mm in length, 10 mm in width, and
70 um in depth. For cell trapping experiments, the channel
comosed of a horseshoe-shaped trapper with three outlets
(width of 10 um) and a channel depth of 16 um. Both micro-
fluidic channels were prepared by bonding PDMS onto the
gold-coated glass slide. The gold was thermally evaporated
onto a glass slide (Semicore evaporator) with a thickness of
50 nm.

Fabrication of 3D Ag@Zn0 Nanostructures. A diode laser
(wavelength of 405 nm) was coupled to an upright optical
microscope (Eclipse LV-100, Nikon, Japan). The objective lens
(20 x , NA = 0.45) mounted on the microscope was used to
focus the laser beam, as well as image the sample on a CCD
camera (DS-Fi1, Nikon, Japan). The laser beam was focused into
an elliptical area of approximately 30 x 40 um on the gold film,
serving as the bottom of the microfluidic device. The laser
power was 15—20 mW, measured on the sample plane by a
power meter (FieldMaxIl-TO, Coherent, Santa Clara. CA). A
motorized stage was used to move the PDMS channel and
change the laser-focusing position and, therefore, the position
of the prepared ZnO nanorods. The precursor solution for the
ZnO nanorod fabrication was injected into the microfluidic
channel with a syringe pump (KD Scientific, Waltham, MA).
The growth of ZnO nanorods usually takes 5—15 min, depend-
ing on the experimental conditions.

Ag nanoparticles were deposited on ZnO nanorods using
the same experimental setup as the one used for the fabrication
of ZnO nanorods. The precursor solution (AgNOs; 20 mM) was
injected into the microfluidic channel with a syringe pump to
replace the ZnO precursor solutions. The laser spot was focused

XIE ET AL.

nanorods, substantial SERS hot-spots are integrated in
the 3D Ag@ZnO nanorods, making them excellent
candidates as SERS substrates. The SERS enhancement
factor of the Ag@ZnO nanorods is estimated to be
~2 x 10° using 4-ATP as a test molecule. The integrated
microfluidic-SERS system is validated by detecting low
volumes of protein and DNA solutions. Furthermore,
single-cell trapping and in situ SERS analysis are
achieved through design of a horseshoe cell-trapping
device and precisely growing Ag@ZnO nanorods within
the horseshoe structure. Using our technique, cell sur-
face biomarkers are visualized in real-time, without
intake of any external SERS tags, minimizing potential
damage on cell integrity. Overall, by unifying the ad-
vantages of SERS and microfluidics via our demon-
strated optothermal fabrication technique, we expect
that the integrated microfluidic-SERS system can be
valuable in many chemical and biological analysis fields.

onto the ZnO nanorods to locally deposit Ag nanoparticles on
them. The laser power was 3—5 mW. A laser exposure time of
about 10 min was used to form 3D Ag@ZnO nanostructures.

On-Chip SERS Detection. 4-ATP (1 «M), BSA (0.01%, w/w), and
DNA (1 uM) were used to evaluate the SERS performance of the
3D Ag@ZnO nanorods. The analytes with desired concentra-
tions were injected into the channel composed of 3D Ag@ZnO
nanostructures, keeping them in a liquid state and a static
flow condition. The Raman scattering spectra were recorded
with a confocal microprobe Raman system with the excitation
wavelength of 633 nm; the laser power was about 1 mW. The
accumulation time was varied from 10 to 20 s, with different
times corresponding to different samples. SERS measurements
were repeated five times on the nanostructures and then
averaged.

Trapping and SERS Detection of Single Cell. HelLa cells were grown
in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F12) media (Gibco, CA), supplemented with 10% fetal
bovine serum (Atlanta Biologicals, GA), penicillin (100 U/mL),
and 100 ug/mL streptomycin (Mediatech, VA). Cells ware grown
to reach about 90% confluence before trypsinization (Trypsin
+0.05% EDTA, Gibco, CA). After centrifugation (800 rpm
for 5 min), cells were resuspended in a PBS buffer solution
(1 x , pH 7.4) to reach a final concentration of about 2 x
10° cells/ml. The suspension of the HeLa cells was injected into
the microfluidic cell-trapping device at a flow rate of 10 uL/min.
After cells were trapped within the horseshoe structures com-
posed of pregrown 3D Ag@ZnO SERS substrates, the injecting
flow was stopped. SERS measurements of the trapped cells were
then performed using a 633 nm laser (about 1 mW) with an
integrating time of 20 s.

Simulation of Temperature and Flow Fields. Numerical investiga-
tion was performed to simulate the temperature distribution
and the convective flow around the laser spot area using Fluent
software package. Since the laser beam was focused onto a
small spot, the heating area could be considered as axisymme-
trically distributed around the laser spot. As a result, an axisym-
metrical 2D model was employed to reduce the simulation time.
The whole model was built according to the device used in
experiments, consisting of a glass slide, a thin water layer, and a
PDMS layer. The thicknesses of the three layers were 150 um,
70 um, and 2 mm, respectively. The width of the three layers was
2 mm. To mimic the heating effect when the gold film absorbed
the laser energy, a coupled thin film heat source with a thickness
of 50 nm (the same as the gold film used in the experiments)
was inserted at the glass/water interface. The radius of the
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coupled heat source was set to 20 um, in accordance with the
area of the focused laser beam. The heating power was 8.7 mW,
which was determined by an optical test. As to the boundary
conditions, the outer surfaces of both the glass layer and the
PDMS layer were set as convective cooling surfaces. Convective
cooling took place naturally at these two surfaces, thereby
the heat transfer coefficients were given as 10 W/ (°C-m?).
The conditions of the right sides of the three layers were set to
the ambient temperature at 15 °C.

Simulation of Electromagnetic Field Enhancement. A finite-differ-
ence time-domain (FDTD) method (Lumerical, Inc.,, Canada)
was used to simulate the electromagnetic field enhancement
of ZnO and 3D Ag@ZnO nanostructures. The Ag@ZnO nano-
structures were simplified as ZnO cylinders covered by ran-
domly distributed spherical Ag nanoparticles. ZnO nanorods
with a diameter of 100 nm and length of 1500 nm, revealed by
the SEM observations, were used in the model for FDTD
simulations. Silver nanoparticles with a diameter of 40 nm were
randomly placed on the ZnO nanorods to imitate the 3D
Ag@ZnO nanostructures. Two identical ZnO nanorods deco-
rated with silver nanoparticles were separated by a distance of
50 or 100 nm to investigate the influence of the internanorod
distance on the electromagnetic field distributions. A plane
wave was used to illuminate the whole nanostructure immersed
in a water solution.
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