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We have developed an optofluidic device that improves the sensitivity of surface enhanced Raman

spectroscopy (SERS) when compared to other SERS approaches. This device has a pinched and

step microchannel–nanochannel junction that can trap and assemble nanoparticles/target

molecules into optically enhanced SERS active clusters by using capillary force. These SERS

active clusters provide an electromagnetic enhancement factor of y108. In addition, due to the

continuous capillary flow that can transport nanoparticles/target molecules into the junction sites,

the numbers of nanoparticles/target molecules and SERS active sites are increased. As a result, the

detection limit of SERS for adenine molecules was better than 10 pM.

Introduction

SERS has been studied for decades as a means to enhance the

Raman cross section of a molecule, and thus has the potential

to provide a label-free analytical technique for characterizing

molecular structure information.1–9 Target molecules are

adsorbed onto ‘‘SERS-active structures’’, such as roughened

electrodes10,11 or silver or gold nanoparticles,2–7,9 which can

provide a great deal of electromagnetic and chemical enhance-

ment2,12–14 at SERS-active sites2,4,8,15 when they are exposed

to the excitation laser source. However, because of the non-

uniform distribution of these SERS-active sties, it is especially

challenging to get controllable and consistent enhancement.

This inconsistent enhancement is one of the reasons that SERS

has not provided reliable and reproducible results in the past.

In addition, target molecules are randomly adsorbed on the

nanoparticle clusters. This means that the probability that

target molecules are confined in a SERS-active site is low.

These problems have limited the expansion of SERS applica-

tions. To improve the SERS technique, there are some new

investigations underway. For instance, metal nanoparticle-

array plates that have periodically aligned nanoparticles on the

detection site were investigated as SERS-active substrates in an

effort to provide reliable results.16–19 Also, a nanoparticle-film

with temperature-controllable inter-particle spacing was

designed as a tunable SERS substrate to generate optimal

SERS signal intensity.20 Other substrates, such as metal-film-

over-nanospheres (MFON)21 and nanowell surfaces in micro-

fluidic biochips,22 have been reported. Metal nanoshells23 and

nanorods24 have also been investigated as SERS-active

substrates. However, all of these approaches take a long time

for the molecules to adsorb on the SERS active site. In

addition, the distribution of molecular adsorption on the

SERS active site at low sample concentration is not uniform.

To overcome these limitations, a novel optofluidic molecule/

particle trapping device that can improve the SERS signal

is developed and described in this paper. This device has a

pinched and step microfluidic–nanochannel junction where

metallic nanoparticles and target molecules in aqueous

solution can be reproducibly trapped to form nanoparticle–

molecule SERS clusters using capillary force in the channel.

This optofluidic device has three advantages. It has higher

sensitivity because of an increased local density of nano-

particle/target molecules. Secondly, the device does not require

chemical agents or salts to initiate the aggregation of

nanoparticles. Thirdly, the device has higher reproducibility

because SERS active clusters are consistently formed at a

specific location namely, the entrance of the nanochannel.

Experimental

The optofluidic device was fabricated on a 500 mm-thick

double-side-polished borosilicate wafer using photolitho-

graphic and etching processes. The device has a step structure

consisting of a deep microchannel and a shallow nanochannel.

The shallow channel has a 40 nm depth, 5 mm width, and 40 mm

length, which is used for trapping nanoparticles with a

diameter of 60 nm at the microchannel–nanochannel junction.

The device was defined by photolithography and patterned by

a reactive ion etching process. The deep channel had a 6 mm

depth, 150 mm width, and was defined by photolithography

and patterned by a wet HF etching process. After the wet

etching process, inlet holes were made by a sand-blaster

through the substrate wafer, which was bonded to another flat

borosilicate wafer to seal the trenches and create the fluidic

channels. Two plastic reservoirs were attached on both inlet

holes. The schematic diagrams of this device are shown in

Fig. 1(a) and (b). Immediately after a sample solution was

dispensed in the channel, the gold nanoparticles with target

molecules were transported and trapped at the nanochannel

entrance due to the capillary force. The schematic diagram

of this phenomenon is shown in Fig. 1(c). To confirm the

trapping capability of this device, fluorescent polystyrene (PS)
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nanoparticles in aqueous solution (Spherotech Inc., IL) with

a size ranging from 40–90 nm were introduced into the

optofluidic device. Since the diameter of the fluorescent

nanoparticles is larger than the depth of shallow nanochannel,

they were trapped at the nanochannel entrance. The solution

of PS beads was diluted to 5 mg l21 using deionized (DI) water

and then introduced into the nanochannel from the reservoir

on the left side. Due to capillary force, the solution was

transported into the device within a few seconds. The

fluorescent image of PS particles trapped at the entrance of

the nanochannel is shown in Fig. 1(d) immediately after the

dispensing of the solution. The PS particles emitted extremely

high fluorescent signals around the entrance compared to

other locations in the microchannel region. The details of

investigations about the formation of gold nanoparticle

clusters at the entrance of the nanochannel are shown in the

ESI.{ To investigate channel clogging by the aggregated

nanoparticles, 12 mM Rhodamine B in DI water was dispensed

into the channel after the PS nanoparticle cluster had been

formed at the entrance of the nanochannel. The fluorescent

signal from Rhodamine B was observed at both the left and

right side of the microchannels This concluded that there were

tiny intersticies at the entrance of the nanochannel after the

formation of particle clusters and a weak capillary flow could

be used to transport Rhodamin B molecules through the

cluster and nanochannel site.

To assess this device, the enhancement factor of these

nanoparticle clusters were estimated and compared to other

SERS techniques using adenine as an analyte. The excitation

laser was focused at the nanochannel entrance to obtain the

surface enhanced Raman spectra of adenine molecules. SERS

detection was accomplished using a Renishaw System 1000

Raman Spectrometer coupled to a Leica DMLM microscope

(Schaunberg, IL). The excitation laser source had a wavelength

at 785 nm and a power of 8 mW at the sample. A 506
objective lens was used with a spot size of 2.2 mm. The

integration time was set to be 2 min and the wave-number

range was from 504 cm21 to 1076 cm21.

There are three signals of adenine molecules shown in Fig. 2.

As the reference, graph A shows the Raman signal from a

solution of 22 mM adenine on a glass surface without any

nanoparticles. It was diluted in a blend of ethanol and DI

water. The concentration of ethanol was 10.4 M. Both the

adenine and ethanol peaks are shown in the Raman spectrum.

The intensity of the signal with arbitrary units shows the

fingerprint peak at 735 cm21 for adenine. Graph B shows the

signal from a solution of 3.33 mM adenine using a conventional

colloidal gold SERS technique. The sample was prepared by

blending with 0.5 M sodium chloride, which is an activation

agent to make the gold nanoparticles aggregate.5,8–11 After the

mixing process, it took 15 min for gold nanoparticles to

aggregate into clusters. Graph C shows the Raman signal from

3.33 mM adenine with the use of an optofluidic device. The

SERS signal was detected immediately after the sample was

dispensed into the channel by capillary force. As depicted, the

SERS signal from the optofluidic device is the highest of the

three SERS approaches. Using graph A as the reference and

the general calculation method,14 the enhancement factor of

the SERS clusters created in the optofluidic device was

calculated to be 108. From graph B and using same calculation

method, the enhancement factor of the conventional method

is 106.

The SERS signal as a function of time has also been

investigated. Due to continuous capillary flow, the concentra-

tion of nanoparticles, as well as analytes, at the nanochannel

entrance are increased over time. The concept is that, after the

nanoparticle–molecule SERS clusters are formed at the

entrance of the nanochannel, nanoparticles and moleclues

Fig. 1 Schematic diagram of an optofluidic device: (a) side view, (b) top view, (c) side view of an optofluidic device with aggregated nanoparticle-

SERS active clusters at the step structure. The depth of nanochannel is smaller than that of nanoparticles. Thus, nanoparticles are trapped and

aggregated. (d) Fluorescent image of polystyrene nanoparticles trapped at the step boundary of the optofluidic device.

Fig. 2 SERS signals of adenine molecule obtained by (A) SERS

active clusters created in an optofluidic device, (B) SERS active

clusters made by the conventional chemical method, (C) Raman signal

without SERS active clusters.
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continue to flow into the nanochannel entrance and the

number of SERS active sites is increased due to continued

capillary force. This effect raises the SERS signal intensity. To

demonstrate this molecular and nanoparticle enrichment

effect, we monitored the SERS signal of adenine over time.

The trapping effect of gold colloids and molecules can be

stably maintained within 30 min after loading the sample

solution into the reservoir. SERS signals of adenine molecules

were measurable with a high signal to noise ratio to a

concentration as low as 10 pM. The laser with a spot size of

2.2 mm was focused at the entrance of the nanochannel. The

integration time of the Raman system was set to 1 min

throughout these experiments. The formation of gold clusters

with a dimension of more than 10 mm was observed after

sample solution dispersion. Fig. 3(a) shows the enhanced

Raman signal from a 10 pM adenine solution monitored over

30 minutes after loading the sample solution into the reservoir.

Capillary force transported gold nanoparticles and adenine

molecules into the nanochannel entrance. Fig. 3(b) shows how

the SERS signal intensity of adenine changed over time. Two

adenine samples at different concentrations, 50 nM and 10 pM,

were investigated. The signal from the 50 nM adenine sample

increased and was saturated after 15 minutes. The SERS signal

intensity of a 3.3 mM adenine concentration, immediately after

loading the adenine solution into the device, is shown as the

solid curve in the graph. As depicted, the signal from 10 pM

adenine surpassed that of 3.3 mM adenine after 15 minutes.

From this, we can reasonably conclude that the enrichment

of gold nanoparticles and adenine near the entrance of the

nanochannel is increased over time.

After 25 minutes, there is no obvious increase in the

concentration because the fluidic flow was terminated. By

comparing the final SERS signal intensity of 10 pM adenine to

the reference line of 3.3 mM adenine, we can conclude that a

more than 105 fold increase due to enriched nanoparticle–

molecule concentration can be accomplished by this opto-

fluidic device. The SERS enhancement reproducibility device

to device for adenine with 83 nM is ¡10%. This is due to the

inconsistency of the capillary flow. Now we are investigating

the usage of a pumping system to create a constant flow.

In summary, an optofluidic device was fabricated with

standard photolithography and etching techniques. Unlike

other SERS techniques, this approach offers construction of a

metal nanoparticle based SERS active site with a predictable

position and with increased local concentration of nano-

particles as well as target molecules. Our optofluidic approach

makes the detection much more effective, efficient and rapid.

This technique presents the expansion of potential applications

including the detection of trace molecules for in vitro

medical diagnosis, pharmaceuticals testing, or identification

of dangerous biological or chemical warfare agents.
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Fig. 3 (a) SERS signal from 10 pM adenine collected at different

times after the loading of the sample. (b) SERS signal from 10 pM

adenine and 50 nM adenine monitored as a function of time.
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