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Abstract Microfluidic chips combined with surface-
enhanced Raman spectroscopy (SERS) offer an outstanding
platform for rapid and high-sensitivity chemical analysis.
However, it is nontrivial to conveniently form nanoparticle
aggregrates (as SERS-active spots for SERS detection) in
microchannels in a well-controlled manner. Here, we
present a rapid, highly sensitive and label-free analytical
technique for determining bovine serum albumin (BSA) on
a poly(dimethylsiloxane) (PDMS) microfluidic chip using
SERS. A modified PDMS pneumatic valve and nanopost
arrays at the bottom of the fluidic microchannel are used for
reversibly trapping gold nanoparticles to form gold aggre-
gates, creating SERS-active spots for Raman detection. We
fabricated a chip that consisted of a T-shaped fluidic
channel and two modified pneumatic valves, which was
suitable for fast loading of samples. Quantitative analysis of
BSA is demonstrated with the measured peak intensity at
1,615 cm ' in the surface-enhanced Raman spectra. With
our microfluidic chip, the detection limit of Raman can
reach as low as the picomolar level, comparable to that of
normal mass spectrometry.
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Introduction

Microfluidics offers an excellent platform for analytical and
biomedical testing, because of its many advantages such as
low consumption of chemicals, short time of analysis,
portability for point-of-care detection, and easy integration
with electronics [1-4]. At present, although many efforts
have been made for rapid and high-sensitivity detections on
chip, the analyses are compromised by the extremely small
detection volume available for measurements [5-8]. Among
all optical methods, fluorescence, especially laser-induced
fluorescence, has been most widely used for on-chip
detection mainly because of its high sensitivity as well as
its relatively easy integration with microchips [9]. Neverthe-
less, many chemical and biological species do not fluoresce
and have to be labeled with fluorescent tags to allow
fluorescence detection. In contrast, Raman spectroscopy
provides a label-free analytical method that can give a
fingerprint spectrum of the analyte molecule by probing the
vibrational states of the molecule [10, 11]. With this
technique, it is possible to identify non-fluorescent molecules
as well as to simultaneously detect multiple analytes because
the peaks in the spectrum are relatively narrow. However, the
major challenge for normal Raman spectroscopy is that the
signal of scattered light is very weak therefore limits its
sensitivity. In the past decades, surface-enhanced Raman
spectroscopy (SERS) has been demonstrated to be powerful
for amplifying molecular Raman scattering signals based on
adsorption to metal nanostructures [12—15]. The strong
enhancement of SERS signals originates from the electro-
magnetic field-enhancement effect at so-called SERS-active
“hot spots,” which are normally rough metal surfaces or
metal nanostructures (e.g., silver or gold). In particular, large
field enhancement can be obtained at the location where
particles are closely in touch with each other, e.g. in
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nanoparticle aggregates. The typical enhancement factors
of SERS are ~10°-10'°, and it has been reported that
SERS can achieve single molecule level detection [16,
17].

In nanoparticle-based SERS techniques, because SERS
signals drop rapidly with increasing distance between
nanoparticles, both the formation of nanoparticle aggregates
and the introduction of analyte molecules to the hot spots
play important roles. [18] While the common salt/analyte-
driven method is not easy to control [19], microfluidics
provides a convenient strategy for controlling the formation
of nanoparticle aggregates. For example, Banerjee and co-
workers demonstrated an interesting method for “free-
surface microfluidic control” of gold nanoparticles on a
microchip for continuous analysis of airborne molecules
[20]. However, this approach is not amenable for molecules
in aqueous solutions. Lee et al. used oxygen gas etching to
create a rough polysilicon surface on a quartz wafer where
gold nanoparticles were deposited for SERS measurement
[21]; Kim et al. electrolessly plated gold onto poly(methyl
methacrylate) microbeads and used the microbeads as
SERS substrate for on-chip detection [22]. These methods
require multiple steps and, similar to the continuous-flow-
based SERS methods [23-25], large amount of gold for the
preparation of the SERS substrates. Kéll and co-workers
applied optical tweezers to form aggregates of nanoparticles
for SERS analysis in a microfluidic device [26]. But the
requirement of sophisticated equipment in this method
hinders its wide applications in research laboratories.
Recently, Coté and co-workers developed a more general
method for trapping nanoparticles and forming their
aggregates with a nanochannel section on a microfluidic
chip; they successfully applied their device for SERS study
of the conformational transition of 3-amyloid peptide [27—
29]. However, these silicon-based nanochannels-containing
microchips are very difficult to make and each chip is likely
to be used for one time only.

Here, we describe a simple, low-cost poly(dimethylsiloxane)
(PDMS) microfluidic chip for rapid and high-sensitivity
analysis of biomolecules using Raman spectroscopy. The
region of this chip for forming gold nanoparticle aggregates
as SERS-active spots contains a pneumatic valve and nano-
posts at the bottom surface of the microfluidic channel. When
the PDMS membrane of the valve is pressed against the
nanoposts, gold nanoparticles (~250 nm) are trapped in front of
the valve in the microchannel, creating SERS-active sites for
SERS measurements (Fig. 1). This chip is applied for on-chip
analysis of trace amount of proteins (e.g., bovine serum
albumin) and other biomolecules (e.g., oligonucleotide) in
aqueous solutions. Compared with other methods, our
approach can form nanoparticle aggregates more conve-
niently, and the aggregates can be released and renewed
for multiple detections.
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Fig. 1 Schematics of trapping and releasing of gold nanoparticles
using a modified pneumatic microvalve for SERS detection

Experimental section

Materials PDMS prepolymer (components A and B, RTV
615, GE Silicones, USA), gold nanoparticles solution
(0.01% in weight, average size is 250 nm, Ted Pella Inc.,
USA), bovine serum albumin-fluorescein conjugates (Invi-
trogen Corp., USA), bovine serum albumin (Sigma). The
water used in all experiments was obtained by filtering
through an ultrapure water system (NANOpure® DIamond™,
Barnstead, USA).

Fabrication of PDMS microfluidic chip PDMS chips with
valves were formed by multilayer soft lithography using
previous reported methods with a variation [30, 31]. The
top layer of the chip (layer with valve channel) was formed
by casting PDMS prepolymer (RTV 615 A/B with a mass
ratio of 10:1) against a valve master and curing the PDMS
in an oven (70 °C, 30 min). The PDMS layer (~4 mm thick)
was peeled from the master; holes were punched through
the PDMS layer for connection to external pressure
controllers. The middle layer of the chip (layer with fluidic
channel) was formed by spin-coating (1,400 rpm, 30 s)
PDMS prepolymer onto the channel master. After this, the
channel layer was partly cured into a soft-gel state (70 °C,
7 min), the valve layer of PDMS was aligned and affixed to
this channel layer under a stereoscope (Leica EC3, Leica
Microsystems Ltd.). Another curing step (70 °C, 30 min)
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was followed to bond the first two layers. This bonded
PDMS layer was peeled from the channel master and holes
were punched for connection to the sample reservoirs. The
bottom layer of the chip (a flat PDMS with nanopost array
on its surface) was formed by casting PDMS prepolymer
onto a photoresist master, which was formed on a silicon
wafer by photolithography. After degassing, curing at 70 °C
forl5 min, the PDMS layer was peeled from the master. To
form the whole chip, the bonded layer, which contained the
valve channel (top layer) and fluidic channel layer (middle
layer), was bonded together with the bottom layer using a
thin layer of PDMS prepolymer (~1 um by spin-coating on
glass slide) as adhesive, followed by another curing step in
an oven (70 °C, 1 h) to become an integral chip [32].

SERS acquisition Confocal surface-enhanced Raman meas-
urements were performed on a Renishaw 2000 Raman
microscope system. A He/Ne laser operating at 633 nm was
used as the excitation source with a laser power of 10%.
The slit, which is in front of the diffraction grating, is ~25 um
wide. The laser was focused onto a ca. 3-pum diameter spot on
the sample surface via a long working distance 50% objective.
The integration time was set to be 10 s, and the wave-number
range was from 1,000 to 1,800 cm ', The Rayleigh line was
removed from the collected Raman scattering using a
holographic notch filter in the collection path. An additional
CCD camera was fitted to an optical microscope to obtain
optical images. All the Raman spectra were measured in the
confocal mode.

Typical samples for SERS were prepared as follows. The
gold colloid and samples solution were introduced into the
chip using a syringe pump (Pico Plus, Harvard Apparatus,
MA) at 5.0 and 10.0 puL/min, respectively. First, the gold
colloid was transported into the channel and the gold
nanoparticles were trapped at the entrance of the valve to
form aggregates; after that, the samples (i.e, fluorescein
isothiocyanate-labeled BSA (FITC-BSA), BSA, and Cyt ¢
solutions) were subsequently loaded to the gold aggregate
sites. The Raman laser beam was focused on the gold
aggregates to acquire SERS signals. For each measurement,
five spectra were collected from five gold aggregates with
similar sizes and the intensities were averaged.

Results and discussions
Fabrication of a microchip with modified pneumatic valves

The microchip containing a T-shaped microchannel and two
modified pneumatic valves is fabricated using multilayer
soft lithography as described previously [33, 34]. We spin-
coated a thin layer of PDMS prepolymer onto a master with

a T-shape microchannel design as the fluidic channel
(consist of photoresist), half-cured prepolymer in an oven
at 70 °C for 7 min. We prepared a PDMS block containing
two control valve channels using replica molding, then
aligned it to the T-shape channel on the master and sealed
them together. After another heating at 70 °C for 30 min,
the totally solidified PDMS was peeled off and bonded with
a flat PDMS with nanopost array on its surface to form the
whole chip. Figure 2A shows the photograph of the chip
obtained, bearing a T-shape fluidic channel and two valve
control channels. The valve channels in the top layer are
connected to an external pressure controller, and the fluidic
channel in the middle layer is connected to the reservoirs.
One of pneumatic valves is enlarged and shown as Fig. 2B.
The valve channels (~40 pum high and ~200 um wide) and
fluidic channel (~20 pm high and ~100 um wide) are cross
in orthogonal direction (a crosswise arrangement); and
there is a microarray of posts at the bottom of the fluidic
channel. We cut the chip along the dash line in Fig. 2B, and
the cross-section of this valve is shown as Fig. 2C. It shows
that there is a thin elastomeric PDMS membrane (~80 pm)
between the control valve channel and the fluidic channel.
At the bottom of the fluidic channel, there is an array of
nanoposts with a height of ~700 nm and a diameter of ~5 pm,
which can be observed by atomic force microscope in Fig. 2D
(also see, Fig. S1 in the Electronic supplementary material
(ESM)). By making a small modification to the conventional
pneumatic valve, we fabricate this special valve, which can
block the gold particles while allowing fluids (e.g., buffer)
going through.

Trapping and releasing gold nanoparticles using microvalve

To investigate the trapping and releasing processes of
nanoparticles in the fluidic channel, a solution of 250-nm
gold colloid (0.01% in weight, see, Fig. S2 in the ESM) is
introduced into the microfluidic chip. The choosing of gold
nanoparticle size is mainly based on the following consid-
erations: (1) 250-nm gold nanoparticles are easier to be
blocked by microvalve than the smaller ones; (2) the 250-nm
gold nanoparticles are visible under microscope in dark field,
and the SERS-active sites could be easily followed; (3) the
intensity of the SERS increases with sizes of gold nanoparticle
(from ~40 to ~250 nm) for similar shape [35]; (4) the surface
plasmon resonance of 250-nm gold aggregates is from 500 to
800 nm (see, Fig. S3 in the ESM), it overlaps very well with
the 633 nm He/Ne laser source of our Raman spectrometer
[36].

The trapping and releasing process of gold nanoparticles
is shown as Fig. 3. The open/closed states of the valve,
shown as Fig. 3A, are controlled by the pressure applied to
the valve channel: (a) when no pressure is applied, the
PDMS membrane does not deform and the fluidic channel
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Fig. 2 (A) Photograph of the
chip; (B) top view, and (C)
cross-section of the modified
pneumatic valve, with nanopost
array at the bottom of the fluidic
channel; (D) 3D atomic force
microscope image of the
nanopost array
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is open, therefore small particles could flow through the
microvalve; (b) when a moderate pressure is applied, the
membrane starts to deform and half closes the fluidic
channel. Firstly, gold colloid is perfused into the channel
and flows through the opened microvalve. When a
moderate pressure (~20 psi) is applied to the valve channel,
the thin PDMS elastomeric membrane deforms and contacts
with nanoposts at the bottom of fluidic channel; the PDMS
nanoposts are also forced to deform, and the degree of
deformation depends on the pressure applied. Since the
diameter of the gold nanoparticle is larger than the height of
the deformed PDMS relief structures, the nanoparticles are
trapped at the entrance of the valve and form high-density
aggregates within minutes, while the buffer could still flow
through the microvalve. If the pressure applied is lower
than 20 psi, the valve cannot block the gold nanoparticles.
Figure 3B shows schematics of the trapping and releasing
process of gold nanoparticles, and Fig. 3C shows the
pictures correspond to the steps of 3B. Figure 3C1 shows a
bright-field image of the chip when the valve is open;
Fig. 3C2 shows the image of nanoparticle aggregates (black
spots) at the entrance of microvalve after loading the gold
colloid for 30 min when the valve is half closed. The
aggregates (within the red circle) are reproducible and easy
to see under microscope. The aggregate grows with time; as
shown in Fig. S4 in the ESM, more gold nanoparticles
could be trapped with longer time. Therefore, large area of
gold nanoparticle aggregate can be assembled at the bottom
of fluidic channel, as well-defined nanostructure for SERS
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detection (see, Figs. S4B (dash line rectangle ) and S2 in
the ESM). In order to get a reliable surface-enhanced
Raman spectrum, 10~15 min is needed for complete
formation of the aggregates. Comparing with Coté’s
method (needs ~24 h using single nanochannel), it takes
less time to form the gold aggregates; the fluidic channel (at
the closed state of the valve) is 100 um wide, which is
much wider than those of the reported nanochannel (5 pm
wide) thus allows more aqueous solution flowing through
the valve and blocking more gold nanoparticles during the
same period. Also, the renewable property of gold nano-
particle aggregates is investigated. After SERS measure-
ment of analytes on gold aggregates, we open the
microvalve and wash off the gold aggregate by flushing
buffer in the fluidic channel for a while. As shown in the
images in Fig. 3C (steps 2 and 3), the black spots (e.g., gold
aggregates) at the entrance of microvalve can be completely
removed. Using this kind of microvalve, gold nanoparticles
can be conveniently trapped and aggregated at the entrance
of the microvalve to form SERS-active sites for confocal
micro-Raman detection, and the aggregation can also be
removed for successive measurement.

Chip design and operation process for rapid detection
of sample

In some previous reports, the chip consists only one straight
fluidic channel [27-29]; after trapping gold nanoparticles, it
takes a long time and requires very high pressure to
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Fig. 3 Trapping and releasing
250-nm gold nanoparticles by
closing/opening microvalve. (A)
Schematic image showing the
closed/open states of the modi-
fied microvalve; (B) schematics
showing the trapping and re-
leasing process of gold nano-
particles. (C) Pictures that
correspond to the steps of (B).
The circled numbers show the
order of the pictures, and each

B (D Loading gold colloid

1605
presure
closed |
——-
A—
open

@ Forming aggregates @ Releasing aggregates

picture corresponds to the sche-

matics in (B) with the same -—l

number. The scale bars are ; : e o0l Ll " .

100 pm - —~
gold colloid _r

valve open

gold ¢

afterward load the sample solution into the same channel,
by squeezing the solution going through the nanochannel.
If the analytes and gold nanoparticles are pre-mixed
together before loading into the chip, precipitation could
form in most cases due to the adsorption of analytes onto
gold particles; therefore, the gold colloid and the sample
need to be introduced to the chip separately (gold colloid
first, and then the sample); and the loading of sample
solution costs a lot of time. To overcome this problem, we
fabricate a microfluidic chip with a T-shaped fluidic
channel and two valves for fast loading of samples
(Fig. 4). Figure 4A schematically illustrates the process of
trapping gold nanoparticles, analyzing biomolecules, and
releasing both of them. The corresponding optical and
fluorescence images are shown in a series as Fig. 4B.
Three steps are involved in the process of rapid detection
of protein (we use fluorescein isothiocyanate-labelled
bovine serum albumin, FITC-BSA, as a sample for
demonstration). First, the gold colloid is introduced into
the T-shaped channel. Valve 1 is half closed under a
moderate pressure (~20 psi) and valve 2 is fully closed
under a higher pressure (~40 psi); then the solution can
only flow through valve 1. Because the height of the half-
closed valve 1 is smaller than the sizes of gold nano-
particles, the gold particles are trapped at the entrance of the
valve 1. Although higher pressure is applied to valve 2, it
still cannot totally deform the PDMS relief structures at the
bottom of channel; so a little solution can also flow out

valve closed valve open

through valve 2, leading to some gold aggregates at the
entrance of valve 2 as well. It does not affect our
experiment because we only use the gold aggregates in
front of valve 1 for detection. Subsequently, valve 2 is
opened and the FITC-BSA aqueous solution is introduced
into the main channel; the FITC-BSA diffuses to gold
aggregate sites at the entrance of valve 1 (left valve), which
takes about 3 min. Then the surface-enhanced Raman
spectra of FITC-BSA are attained by focusing the laser
beam at the gold aggregate sites under a confocal micro-
Raman spectrometer. Using this method, the time for
sample injection is significantly shortened comparing to
that with the single-valve channel design. Finally, two
valves are fully opened to wash off both the gold
nanoparticles and analyte (i.e., FITC-BSA). Consequently,
the microfluidic chip is renewed for next experimental run.
A typical experiment requires only 30 min, which is much
faster than that of Coté’s (at least 24 h) [27]. The detection
is rapid because of the less time for forming gold
aggregates and fast loading of sample.

Detecting trace protein on gold aggregates using SERS
on chip

To evaluate the capability of this chip for chemical analysis,
a low concentration of BSA solution (0.5 nM) is measured
on-chip using a confocal micro-Raman spectrometer. As
shown in the inset of Fig. 5, the gold aggregates are clearly
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Fig. 4 Operation process of the
SERS detection on chip. (A)
Schematics of the three states of
the microvalve. (B) Images of
the three states: (/) dark-field
image of valve after many gold
particles are trapped; (/) fluo-
rescence image showing the
diffusion of FITC-BSA to the
left-side site (where gold nano-
particles aggregate); (/1]) fluo-
rescence image showing that
FITC-BSA and gold nanopar-
ticles have been washed off. The (l)

scale bars are 100 pm Trap gold particles
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visible under a 50x microscope objective. Due to the
surface plasmon of gold nanoparticles, the gold aggregates
shine in dark-field image, indicating strong scattering
occurs once the gold nanoparticles are aggregated, which
allows us to study the performance of SERS on aggregates.
The excitation laser is focused on the gold aggregates at the
microvalve entrance to obtain the surface-enhanced Raman
spectra of BSA molecules. As shown in Fig. 5, curve (a)
shows the Raman spectrum at the gold aggregate sites
before the 0.5 nM BSA (in pH 7.4 PBS buffer) is
introduced. The peaks at ~1,263 and 1,413 cm™' are from
the asymmetric/symmetric deformation of -CH; of PDMS
[37]. Although the focal depth of the laser beam is narrow,
the Raman signal from a small volume of chemicals in the
microchannel could not be completely separated from the
signals originating from the surrounding PDMS material.
Curve (b) shows the Raman spectrum from the gold
aggregate sites after infusing the BSA solution. Compared
with curve (a), a strong peak at ~1,615 cm ' appears in
curve (b), along with other peaks at ~1,145, 1,351, and
1,650 cm” ! which are from the Tyr, Trp or Phe, and amide |
band of BSA, respectively [38, 39]. In comparison, while
the laser beam is focused on the area without gold
nanoparticle aggregates, curve (c) is obtained, showing no
characteristic peaks of BSA. These results indicate that
trace protein could be detected using the gold aggregates by
surface enhancement effect, while the same concentration
of BSA is undetectable in solution. Because the Raman
peaks are much narrower than fluorescence bands, BSA can
be detected in the presence of PDMS, suggesting that SERS
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can be used for multi-analytes detection. After all measure-
ments, gold nanoparticles and BSA are both washed away
by buffer, and the peaks which are characteristics of BSA
disappear in the curve (d). We perform this detection on the
same chip for three times, and the reproducibility of the
spectra is shown in Fig. S5 in the ESM, with a relative
standard deviation of ~17% in the concentration of BSA. It

(a) PDMS nanoAu

(b) PDMS nanoAu-BSA
(c) PDMS BSA

(d) PDMS release Au&BSA |

e

-\.\_Ju_f.d—‘wu—'wx—u-Nf"’

Intensity

1400 1600 1800

Raman shift (cm™)

1000 1200

Fig. 5 Surface-enhanced Raman spectra from gold aggregates on chip
with 633 nm excitation. (a) before loading 0.5 nM BSA solution, (b)
after loading BSA for 15 min, focusing on gold aggregate, (c) after
loading BSA for 15 min, not focusing on gold aggregate, and (d) after
washing off both gold nanaparticles and BSA. Inset, dark-field image
of gold aggregates in microchannel; the red circle indicates the site of
laser spot, and the scale bar is 20 pm
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further suggests that the gold aggregates could be renewed,
thus the microfluidic chip is reusable.

SERS also offers a promising way for quantitative
detection as demonstrated in many reports [40—44].
Although the reproducibility of surface-enhanced Raman
spectrum may be a problem, it could be improved by
utilizing the exact same nanoparticles for SERS or by
focusing the laser on large area of assembled gold
nanoparticles (area of red dash line box in Fig. S4 in the
ESM) and averaging the intensities from many times of
measurements. Analytes suitable for quantitative SERS
experiments are those whose band lies in a region free
from other interfering features (the 1,615 cm™' band in this
case). Also, it is convenient to have an appropriate internal
standard, which can be used to compensate the changes in
experimental parameters, such as fluctuations in laser
power or focus onto the substrate [41]. For this work,
PDMS is chosen as the internal standard, since it is inert
and has a very simple Raman spectrum whose bands do not
interfere with those of the BSA. Figure 6A shows a series
of surface-enhanced Raman spectra with increasing con-
centrations of BSA. The spectra are collected from the same
chip with newly-formed gold aggregates at each batch, and
normalized to the peak (at 1,413 cm ™) intensity of internal
standard. The relative intensities of the bands at ~1,145,
1,351, ~1,580, and 1,615 cm !, which are from the BSA,
increase with increasing concentration of BSA. Even at the
lowest BSA concentration (100 pM), there is clearly a small
band at 1,615 cm '. The heights of the peak at ca.
1,615 cm! (as I1615 from BSA) and the peak at ca.
1,413 cm ! (as 14,5 from PDMS) are measured. A plot of
Lig15/11413 against the concentration of BSA is linear over
the range of 0~1 nM BSA with a correlation coefficient (R)
of 0.996 (shown in Fig. 6B). The detection limit of SERS,
on this microfluidic chip, is found to be down to the
picomolar level, and this low detection limit is comparable
with the result of the mass spectrometry method [43]. The
low detection limit is due to the high enhancement of
Raman signal, and the pre-concentration of analyte on the
surface of gold nanoparticles. First, in order to obtain high
SERS signals, the wavelength of the laser source of Raman
spectrometer should overlap very well with the surface
plasmon resonance of gold aggregates (the surface plasmon
resonance of gold aggregates is related to their sizes).
Second, prior to making these measurements, the analyte
solution is flowed over the nanoparticles for 15 min. During
this period, BSA adsorbs and accumulates on the nano-
particles for pre-concentration prior to analysis. We found
that the Raman intensity became stable (reach a plateau)
after 15 min, which is consistent with previous reports on
the kinetics studies of BSA binding to gold nanoparticles
[45]. In this system, the Raman spectroscope is applied to
simultaneously detect multiple analytes on unmodified gold
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Fig. 6 (A) Surface-enhanced Raman spectra of BSA with increasing
concentrations in the microfluidic channel: (a) 0, (b) 100, (¢) 200, and
(d) 500 pM. (B) The calibration plot obtained from the spectra of BSA
with different concentrations

nanoparticles. Any analyte that is close enough to the
surface of gold nanoparticles shows its spectrum with
characteristic peaks [21]. Each peak in a Raman spectrum is
relatively narrow so that the peaks from multiple analytes
can be distinguished from each other, achieving acceptable
selectivity. For example, Cytochrome ¢ (Cyt c¢) can be
distinguished from BSA in the BSA and Cyt ¢ mixture (see,
Fig. S6 in the ESM). By this means, it could be possible to
make quantitative SERS measurements of multiple analy-
tes. Others have successfully demonstrated it in analyzing
mixtures [46]; however, it should be noted that quantifica-
tion of multiple analytes can be difficult because of the
complicated competition among different analytes for
absorbing onto the substrate [40]. Furthermore, the selec-
tivity of this detection method can be improved by surface
modification of gold nanoparticles, such as modifying the
gold nanoparticles with specific antibody to detect the
corresponding antigen in the sample.
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Conclusions

We have demonstrated a general PDMS microfluidic chip
for conveniently trapping nanoparticles for the formation of
SERS-active hot spots (nanoparticle aggregates here) and
applied the chip for rapid, highly sensitive and label-free
detections of biomolecules in the microchannel. Compared
with silicon-based devices for SERS, this PDMS chip is
cheaper and easier to fabricate. Also, the chip offers
construction of a regenerative metal nanoparticle-based
SERS-active site for detection of many samples succes-
sively. This technique could be useful in the situations
where fast identification of dangerous biological and
chemical warfare agents or monitoring of trace biomolecules
is needed.
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