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We present an analysis of the results of in situ surface-enhanced Raman scattering

�SERS� of bacteria using a microfluidic chip capable of continuously sorting and

concentrating bacteria via three-dimensional dielectrophoresis �DEP�. Microchan-

nels were made by sandwiching DEP microelectrodes between two glass slides.

Avoiding the use of a metal nanoparticle suspension, a roughened metal surface is

integrated into the DEP-based microfluidic chip for on-chip SERS detection of

bacteria. On the upper surface of the slide, a roughened metal shelter was settled in

front of the DEP concentrator to enhance Raman scattering. Similarly, an electrode-

patterned bottom layer fabricated on a thin cover-slip was used to reduce fluores-

cence noise from the glass substrate. Gram positive �Staphylococcus aureus� and

Gram negative �Pseudomonas aeruginosa� bacteria were effectively distinguished

in the SERS spectral data. Staphylococcus aureus �concentration of 106 CFU /ml�

was continuously separated and concentrated via DEP out of a sample of blood

cells. At a flow rate of 1 �l /min, the bacteria were highly concentrated at the

roughened surface and ready for on-chip SERS analysis within 3 min. The SERS

data were successfully amplified by one order of magnitude and analyzed within a

few minutes, resulting in the detection of signature peaks of the respective

bacteria. © 2010 American Institute of Physics. �doi:10.1063/1.3474638�

I. INTRODUCTION

Pathogen and microorganism detection in food, clinical, and environmental samples is becom-

ing increasingly important. The time-consuming �days to weeks�, traditional procedure of selec-

tively culturing bacteria from the isolates followed by Gram coloring for cell determination is still

the gold standard for bacterial identification. Over the past decade, polymerase chain reaction

�PCR�-based methods, such as DNA microarrays and DNA hybridization, to identify bacteria

species and strains have become popular.
1

A new method utilizes antibody-functionalized

immune-colloids to trap and detect specific bacteria owing to bacteria-antibody docking.
2

How-

ever, both PCR-based methods �reporter labeling, cell lysis, and DNA extraction� and new immu-

noassay methods require several complicated and time-consuming steps to achieve detection and

identification of microorganisms within several hours. An integrated microfluidic chip that could
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rapidly perform these processing steps would thus be a major breakthrough in technology due to

short diffusion length, low sample volume, and high surface/volume ratio, and enables automatic

control.

Dielectrophoresis �DEP� has been widely used for biotechnology applications in microscale

environments. DEP offers a number of potential advantages over conventional methods for iso-

lating, separating, focusing, and concentrating bioparticles under nonuniform electric fields.
3–8

The dielectrophoretic force is defined by

FDEP = 2�r3�m Re�fCM���� � E2, �1�

where r is the particle radius, �m is the permittivity of the surrounding medium, E is the applied

electric field, and Re�fCM� is the real part of Clausius–Mossotti �CM� factor which can be ex-

pressed by

fCM =
�p

� − �m
�

�p
� + 2�m

�
. �2�

�p
� and �m

� indicate the complex permittivity of the particle and the surrounding medium, respec-

tively. The effect of the complex permittivity of medium can be controlled by changing the

conductivity of medium ��m� and frequency ��� of the applied electric field, and can be given as

��=�−i�� /��. The effects of the permittivity can be well controlled at high frequencies, while the

conductivity dominates at relatively low frequencies. Polarizable particles can exhibit attraction

Re�fCM�����0, positive DEP �pDEP� or repulsion Re�fCM����	0, and negative DEP �nDEP�

from the high electric field region according to its frequency dependent properties. The frequency

at the CM factor near zero is known as the cross-over frequency �cof�. Some different genera of

bacteria exhibit distinct cof’s.
7

Quite conveniently, the size difference between bacteria and blood

cells results in different DEP strengths which provide more effective separation.
9

Thus, dielectro-

phoresis offers a very sensitive sorting platform for target cells.

A three-dimensional �3D� microfluidic chip with a face-to-face pair of electrodes has been

developed and successfully used for the separation of particles.
10,11

With face-to-face electrode

DEP, there is a low decay of the field across the top and bottom of the microchannel versus DEP

based on electrodes within the same plane, which allows more effective control of target particles

and extends many applications. A DEP barrier-based microsystem
12

and a DEP-based chip for

rapid DNA hybridization
13

have all been implemented within the past decade.

For samples with only a few types of target bacteria, such as used when diagnosing genus

from blood samples, Raman detection is an attractive platform as it requires very few off- and

on-chip processing steps. Raman spectroscopy is based on the measurement of scattered light from

the vibration energy levels of chemical bonds following excitation. As previously reported, Raman

spectra exhibit peaks unique to each bacterium that can act as bacterial (fungi) fingerprints,
14–16

as

Raman spectroscopy can be used to obtain the fingerprint information of a biological sample

directly without damaging target cells or requiring complex preparation processes. Unfortunately,

the Raman signal is obtained from biological samples that essentially demonstrate very weak

spectra with much fluorescence background noise.
17

Therefore, amplification of the Raman signal

is usually needed to allow discrimination.

Metallic nanoparticles �NPs�, a well known surface-enhanced Raman scattering �SERS� tech-

nique, can be introduced to the cell surface to generate a more distinguishable Raman signal of

higher intensity.
18

Unfortunately, the uniformity of the aggregates is quite random and produces

undesirable variations in the spectra. It is worth noting that the surface conductance and the total

size of each bacteria are changed by attaching NPs or other molecules,
19

and this will greatly

influence the cross-over frequency of the bacteria and might make it difficult to separate bacteria

using electrokinetic methods. A structured micropillar array in a microfluidic channel has been

developed to achieve a homogeneous mixing of NPs and analyte.
20

Nevertheless, it is still not

robust enough for microorganisms or cells, which must generally be localized and concentrated.
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A rough metal surface has been considered as an alternative way to produce the SERS

effect
21,22

for the discrimination of bacteria fingerprints.
23,24

As summarized by earlier researchers,

the SERS effect might occur as a result of chemical and electromagnetic mechanisms. Chemical

enhancement normally takes place at sites of atomic scale roughness on the metal surface and

involves the exchange of electrons between the metal substrate and the targets. The electromag-

netic field resulting from the excitation illumination impinging on the rough surface can be gen-

erally enhanced via the surface plasmon excitation.
25

Other structured metallic substrates, such as

gold nanowires, have also been reported to enhance the SERS effect.
26

Until now, even these

NP-based SERS detection methods or substrate-based methods could achieve pure-sample iden-

tification with high concentration. However, it is still not possible to recognize a low concentration

target from a complex mixture sample. For example, bacterial detection in a blood sample is

important and necessary for diagnosing bacteremia. Here, incubating bacteria to a high concen-

tration ��109 CFU /ml� may still be needed for substrate-based SERS methods,
27

which hinders

their practical applications. High ac voltage �kilovolt� was used to generate a hydrodynamic vortex

inside the 100 �l fluidic bench for particle trapping.
28

It is worth mentioning that the applicable

high voltage in a biological sample should be well controlled, and high voltage equipments are

difficult to miniaturize.

In this study, a portable and rapid biodiagnostic DEP chip is used to continuously sort and

concentrate bacteria and to perform on-chip SERS detection. The electrode of the bottom layer is

specially fabricated on a thin cover slip ��0.17 mm� to reduce fluorescence noise generated from

the laser light. Moreover, a chemical etching method has been utilized to roughen the glass

substrate. This is followed by a physical deposition of the Au/Cr metal layer. A roughened metal

shelter was placed on the top layer in front of the DEP trapper to induce a SERS signal and reduce

fluorescence noise from the glass substrate. The challenge of previous works for Raman detection

could be addressed through the combination of continuous flow and DEP sorting, concentrating

the targets, and using a roughened metal surface for on-chip SERS detection without needing NPs.

Until now, the DEP-based microfluidic chip integrated with a roughened metal surface for on-chip

SERS detection of bacteria has not been reported in the literature.

II. MATERIALS AND METHODS

A. Chip design

The 3D integrated chip consisted of a patterned electrode design on a thin cover slip at the

bottom layer of the microchip to reduce the fluorescence noise from the glass substrate. On the top

layer of microchannel, the electrode was fabricated on a roughened glass slide and a patterned

shelter area was designed to prevent the penetration of laser light and enhance Raman scattering.

Thus, the fluorescence noise and back scattering from the top glass slide were gradually reduced.

Moreover, the metallic shelter with roughened surface provided a significant increase of the

Raman signal resulting in distinguishable refraction and molecular vibration information from

target cells. The construction of the chip is shown in Fig. 1�a�. The paired electrodes and

arrowhead-curvature electrodes were designed for continuous separating and concentrating targets

into specific roughened metal shelters. The paired electrodes were placed upstream to continu-

ously sort the detecting targets into their specific trappers. In this manner, target bacteria can be

continuously concentrated and localized into the roughened metal areas by the arrowhead elec-

trode trappers. It was found that the trapping area with the roughened metal shelter not only

encouraged bacteria aggregation but also supported SERS detection. The finished chip is shown in

Fig. 1�b�.

B. Microfabrication

Buffered oxide etchant �BOE� etching was widely used for creating the asperities on the

substrate.
29

Glass slides �26
26 mm2 and 1 mm thick� of different surface roughnesses were

etched by BOE solution �HF:NH4F=1:6�. A nonuniform etching rate, by monitoring the by-

products such as CaF2 and MgF2, which form some natural gemstones during BOE etching, was
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applied to control the level of roughness. Briefly, the glass slide was placed in a BOE solution for

1 min and air dried for 30 s that were repeated five times to get the first roughened surface type

�RS-1�. For the second type �RS-2�, the glass slide was dipped in BOE solution for 30 s and then

air dried for 20 s. These two steps were repeated ten times. After completing the surface rough-

ening processes, the slide was sonicated in HCl solution for 3 min to remove impurities. A 200/30

nm thickness of Au/Cr layer was deposited on the glass slide and cover slip using an electrobeam

evaporator. Standard photolithography and wet metal etching used for microelectrode patterning

are similar to our earlier work.
9

After electrode patterning, JSR THB-126N �Techpoint� photore-

sist, a negative photosensitive acrylic resin photoresist with good bonding strength, flatness, and

coverage, was spin-coated on an electrode-patterned cover slip. Following the standard JSR pho-

tolithography technique, a microchannel of 18 �m in height, 1 mm in width, and 1 cm long was

patterned. At the slide edges, the residual JSR photoresist was removed during the channel fabri-

cation step to achieve a better and smoother bonding layer that normally culminated in a good

bonding result. The fluidic inlet and outlet ports were made on the top slide at the ends of the

microchannel. The alignment marks were also defined in the microelectrode and microchannel

fabrication steps. The prepared top and bottom slides were microscopically aligned and thermal

bonded at 200 °C for 20 min.

C. Experimental setup

A function generator �FLUKE 284� was used to support an output voltage range of

0.1–20 Vp-p with a frequency range of 0–16 MHz and multioutput with four isolation channels.

The suspension of bioparticles was placed into a 500 �l microsyringe �Hamilton 81220� and

injected continuously into the microchannel using a microsyringe pump �KDS 230� routed through

a Teflon tube �ID=0.5 mm, OD=1.5 mm�. The experiment was observed through an inverted

microscope �Olympus CH 40� and the results were recorded in both video and photo format using

a high speed charge-coupled device �CCD� camera �20 frames/s, Microfire�.

SERS measurement was performed using a confocal microscopic Raman spectrometer �Ren-

ishaw, United Kingdom�. An argon laser at 514 nm was used for excitation through an inverted

microscope. The laser power at the sample position was around 1 mW and the scattering light was

collected using a 40
 objective lens connected to a CCD. A grating of 1800 lines/mm was used

to disperse the scattered light. The Raman shift was calibrated using a signal of 520 cm−1 gener-

FIG. 1. �a� Chip design and construction. The electrode patterns of the bottom layer were fabricated on a thin cover slip

slide and the electrode pattern of the top layer was fabricated on a treated glass slide. A roughened metal shelter was

designed in front of the trapping electrode of the top layer that not only reduces the fluorescence noise but also enhances

Raman signal. �b� Finished chip.
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ated from a silicon wafer. All spectra reported here of the exposure time were set to 10 s, and

signal was accumulated three times in a range of 500–3200 cm−1. Rayleigh scattering was

blocked using a holographic notch filter and the tilted baselines of some SERS spectra were

corrected to flat by WIRE 3.1 software. The integrated experimental system is shown in Fig. 2.

D. Sample preparation

Gram positive bacteria, Staphylococcus aureus �S. aureus, BCRC 14957�, and Gram negative

bacteria, Pseudomonas aeruginosa �P. aeruginosa, ATCC 27853�, were cultured on tryptic soy

agar �TSA� at 35 °C. Applying high voltage across a high conductivity medium always induces

chemical reactions and strong Joule heating that destroys microelectrodes and cells, while Joule

heating also carries electrothermal fluid convection. These effects could influence cell viability/

activity, trapping efficiency and stability of Raman measurement. An isotonic solution of 300 mM

sucrose with low conductivity was used to adjust the conductivity of the experimental buffer

solution. To study the bacteria separating from the blood cells, 1X phosphate buffered saline

diluted with 300 mM sucrose in a 1:12 ratio was used for the buffer owing to blood cells highly

sensitive to the osmotic pressure of the solution. To induce negative DEP, the mixture conductivity

was further adjusted to 1.3 mS/cm to facilitate DEP manipulation and Raman detection without

chemical reaction and reduced Joule heating. Under this condition, the cof’s of human red blood

cells �RBCs� and S. aureus were roughly 700–800 kHz and 6–7 MHz, respectively �DEP behav-

iors of both RBCs and bacteria were observed from negative to positive when the frequency

increased beyond their cof’s�. Blood cells were diluted 1000-fold and resuspended in this isotonic

solution to a final cell concentration of �106 cells /ml. The bacteria and blood cell solutions with

the concentrations of 106 CFU /ml and 106 cells /ml, respectively, were mixed by a ratio of 50:50.

Finally, the mixture solution was used throughout the study.

III. RESULTS AND DISCUSSION

A. Atomic force microscopy images of the roughened surface

Atomic force microscopy �AFM� �NtMDT-P7LS� was used for measuring the roughness and

morphology of the roughened electrode surface. Tapping-mode was used with a scan rate of about

FIG. 2. Configuration of the setup. The samples were injected into the microfluidic chip using a syringe pump. After the

separation procedure, the bacteria were trapped by negative DEP force and aggregated into the roughened metal shelter for

SERS detection.
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0.9–1.2 Hz and was set to scan the surface with an area of 10
10 �m2. The radius of AFM tip

is smaller than 10 nm and the spring constant of cantilever was calculated as 2.0 N/m. As

described previously, we controlled the etching conditions to make the glass substrate with two

different roughened surfaces. Figures 3�a� and 3�b� show microscopy and AFM images of the two

types of roughened electrode surfaces, respectively. The first type of roughened surface �RS-1�

demonstrated several flat peaks approximately 1–1.5 �m and a semicircular groove approxi-

mately 2–2.5 �m, while the peak-to-valley roughness was roughly 80–100 nm, as shown in Fig.

3�c�. By contrast, the second type of roughened surface �RS-2� demonstrated sharper peaks and a

smaller semicircle groove around 1–1.5 �m with a peak-to-valley roughness in the 60–80 nm

range, as illustrated in Fig. 3�c�. Three averages of these characteristics were taken: RS-1 surface

contained 25 valleys with fewer peaks and RS-2 surface contained 59 valleys with more sharp

peaks in the 100 �m2 area.

B. SERS on a roughened substrate

Low laser power at 1 mW was used to avoid cell damage during Raman measurements. The

intensity count was approximately 800 when the Raman laser irradiated the calibration silicon

FIG. 3. �a� Microscopy image and �b� AFM image of two types of roughened Au surface. �c� RS-1 surface demonstrated

flat peaks with a peak-to-valley roughness of 80–100 nm. RS-2 surface demonstrated sharper peaks with peak-to-valley

roughness of 60–80 nm.
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wafer. All of the Raman data were acquired with a 40
 objective and a spot size of �10 �m in

diameter. The laser beam was then targeted on the aggregated bacterial cells. The Raman signal

was detected with a spectrum in the range of 500–3200 cm−1.

2 �l of bacteria solution with a concentration of 109 CFU /ml was directly dropped on the

different roughened electrode surface to measure the SERS. As shown in Fig. 4�a�, the Raman

spectra of S. aureus from different roughened electrode surfaces present a similar pattern. Here,

the Raman spectra of S. aureus were obtained using the RS-1 substrate, RS-2 substrate �more and

sharper peaks�, and smooth substrate with gold evaporation, respectively. As evident, on the

smooth Au surface, the bacteria spectrum demonstrated only three peaks at 1158, 1522, and

2940 cm−1. By contrast, the SERS spectrum with eight peaks �1008, 1158, 1288, 1523, 1588,

2313, 2670, and 2938 cm−1� was identified when bacteria were placed on the RS-1 surface. A

similar SERS pattern, but with more distinguishable peaks, was seen at 960, 1007, 1199, 1158,

1288, 1442, 1522, 1589, 2313, 2535, 2670, and 3035 cm−1, and could be produced when using

RS-2 surface. The results indicated that the intensity of characteristic SERS spectra peaks on RS-1

and RS-2 surface could enhance the signal by at least 5 and 30 times, respectively, when compared

with the spectrum of normal Raman �smooth surface�. This enhancing ability of the RS-2 surface

is probably higher due to the greater number of sharp peaks and smaller valleys in the spotlight

area that induce a higher electromagnetic field coupled with the incoming electric field from the

incident radiation to produce greater local optical field.
25

Further, the spot size of the laser was

about 10 �m. There are more valleys and more sharp peaks are involved in the spotlight area

when the laser light was applied to the RS-2 SERS-bacteria region. This is probably due to the

RS-2 surface that supports a higher tip-electromagnetic field with larger signal enhancement.

Therefore, the RS-2 surface will be used to fabricate the top layer of the 3D integrated chip for

further study of on-chip SERS detection.

Figure 4�b� shows very distinct fingerprints for the discrimination of S. aureus �Gram positive

bacteria� and P. aeruginosa �Gram negative bacteria�. As can be seen, higher fluorescence scat-

tering and signal-to-noise ratio of P. aeruginosa might slightly reduce the readability of vibration

signals when compared with S. aureus. However, the P. aeruginosa SERS spectrum enhances by

approximately tenfold as a result of the remarkable peaks at 597, 750, 915, 1125, 1167, 1230,

1308, 1337, 1362, 1389, 1451, 1578, 1662, and 2061 cm−1 �Fig. 4�b�, spectrum �b��. In addition,

the Gram positive and Gram negative bacteria are promising in terms of allowing easy and rapid

discrimination with our microfluidic platform without requiring complex sample treatment �i.e.,

using the nanoparticles of Refs. 7 and 28�.

C. Sorting bacteria from a blood sample

To prove the sorting capabilities of this chip, a bacteria concentration of 106 CFU /ml and

diluted blood sample were mixed to simulate bacteremia detection after blood culture. On the first

FIG. 4. �a� The Raman spectra of S. aureus detected by different roughened electrode surfaces. The purple curve, blue

curve, and red curve were obtained from the RS-1, the RS-2, and the smooth Au surface, respectively. �b� The measurement

results of S. aureus �curve �a�� and P. aeruginosa �curve �b�� show distinct SERS spectra that are promising for fingerprint

discrimination.
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paired electrode, an ac potential of 20 Vp-p at a frequency of 500 kHz and a flow rate of 1 �l /min

were applied for guiding blood cells and bacteria to the paired sorting electrode. The guiding,

sorting, and concentrating results on the chip are shown in Fig. 5. As can be seen clearly, blood

cells and bacteria were first repelled by the nDEP force and then guided to the sorting electrode

under laminar flow, as shown in Fig. 5�a�. On the second paired electrode, 12 Vp-p at a frequency

of 500 kHz was applied to separate bacteria and blood cells based on their different DEP mobili-

ties. To start separation, as shown in Fig. 5�b�, blood cells were repelled to the top subchannel by

higher nDEP mobility. In contrast, bacteria exhibited lower nDEP mobility and penetrated the

paired electrode at the lower subchannel. After the guiding and sorting steps of bacteria and blood

cells, an arrowhead-curvature electrode with an applied voltage of 20 Vp-p at a frequency of 500

kHz was set to concentrate those targets in front of the electrodes, as shown in Figs. 5�c� and 5�d�.

After the sorting process, 20 �l products from outlet 2 and outlet 3 were then cultured in two TSA

plates to estimate the sorting efficiency; roughly 80% sorting efficiency of S. aureus was achieved.

The sorting efficiency of blood cells was approximately 98% �estimated by counting chambers

�Marienfeld Superior, Germany��. Previous works have reported electrodeless DEP devices to trap

DNA molecular and spores by positive DEP force.
30,31

However, effectively trapping bacteria and

cells in a continuous flow �with flow velocity of �1 mm /s�, the electric field should be as high as

106 V /m. Trapping bacteria or cells by positive DEP at such high electric field regions for long

time analysis would damage live cells. Using negative DEP can push bioparticles away from high

field regions to avoid cell damaging. The interaction of negative DEP force and hydrodynamic

drag force can trap and localize target cells effectively without cell damage in a continuous flow.

D. On-chip SERS analysis

The bacteria were concentrated and trapped in the roughened shelter region whose nano/

microscale roughness would increase the reflection and molecular vibrations.
25

An S. aureus

colony taken from the agar plate was suspended in 500 �l of buffer solution with a concentration

of 106 CFU /ml. The suspended solution was mixed with blood cells �50:50�. The mixture solu-

FIG. 5. Results of guiding, sorting, and concentrating. �a� Blood cells and bacteria were guided to the sorting electrode by

nDEP and laminar flow. �b� Blood cells were repelled to the upper subchannel while bacteria penetrated the paired

electrode that flowed to the lower subchannel. Blood cells �c� and bacteria �d� were concentrated at their specific locations

after the guiding and sorting steps.
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tion was then injected into the chip with a flow rate of 1 �l /min to separate the target cells into

the isolated subchannel. After separation, the target bacteria were continuously collected and

concentrated by the trapping electrodes under an applied electric field of 20 Vp-p at a frequency of

500 kHz. Previous reports mentioned that bioparticles have two cross-over frequencies in DEP

spectrum.
32,33

For cell/bacteria-based bio-objects, the conductivity of the cell membrane �typically

�0.5 �S /m� �Ref. 32� and cell wall �typically 0.1–0.5 mS/cm for bacteria�
34

is much lower than

our buffer �1.3 mS/cm�, hence induced negative DEP �100–700 kHz for RBCs�. At a sufficiently

high frequency �f ��m /�mem�, the electric field can penetrate through the cell membrane and into

the cytoplasm;
8

the interior cytoplasm conductivity of cell is roughly in the range of 0.3–0.5

S/m,
33

therefore RBCs and bacteria showed positive DEP in our solution ��=1.3 mS /cm�. At a

very high frequency �generally �70 MHz�, the bio-object should demonstrate negative DEP to

bring second cross-over frequency because the permittivity of cell ��60� is lower than the sur-

rounding medium ��80�. The undesirable pDEP was observed to typically occur at high fre-

quency �for S. aureus, f �2 MHz, and for RBCs, f �800 kHz�. Therefore, the surrounding me-

dium was controlled with a conductivity of 1.3 mS/cm and the frequency of 500 kHz was selected

to generate a strong negative DEP force for effective bacteria trapping. After 3 min of collection,

the target bacteria had accumulated enough volume onto the roughened SERS surface and in situ

Raman spectra could be taken on-chip directly via focusing the Raman laser on the concentrated

bacteria slugs.

Figure 6 shows the results of Raman spectra of S. aureus that were detected after sorting from

bacteria-RBC mixture and concentrating into the detection location on the integrated chip. In a

no-shelter chip, the Raman spectrum �Fig. 6, curve �c�� contains pronounced fluorescence noise

that is normally generated from the penetration of laser light through the glass substrate. This

might overcome the Raman signal and cause no distinguishable peaks after baseline correction.

Most of biochips are fabricated with glass slides to reduce costs and enable observation. In order

to avoid back scattering and fluorescence, Raman spectra were taken in conjunction with a smooth

metal shelter at the top layer of DEP chip �Fig. 1�a�� and indicated that the fluorescence effect

from the glass substrate could be easily reduced. By contrast, Raman spectra with two identical

peaks at 1155 and 1520 cm−1 could be obtained from the chip with smooth Au shelters after 3 min

of the concentrating process, as shown in curve �b� of Fig. 6.

With regard to the SERS enhancement from the roughened metal surfaces, the results are

shown in Fig. 4. RS-2 exhibited a better topography and was therefore used to create an Au shelter

area in front of the trapper where the bacteria could aggregate together under the shelter area. The

result demonstrated lower fluorescence noise and remarkable peaks at 958, 1007, 1199, 1158,

1286, 1448, 1522, 1588, 2313, 2536, 2670, and 2933 cm−1, as shown in Fig. 6 �curve �a��. The

signal was enhanced approximately ten times when compared with the SERS spectra from the

smooth-shelter surface.

FIG. 6. �a� The Raman spectra of S. aureus detected on the integrated chip. Curves �a�, �b�, and �c� were obtained on a 3D

chip with a roughened Au shelter surface �RS-2�, with smooth Au shelter, and without an Au shelter, respectively. �b� The

SERS signatures of S. aureus, RBC, and RBCs/bacteria mixture �RBCs:bacteria=1:10�.
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The concentration effect of the targets around the amplified Raman signal has been reported

previously.
35

It was found that higher target concentration could lead to a slightly higher Raman

signal. The advantage of this work over the others is that the target bacteria can be continuously

isolated from the mixture solution and then accumulated and concentrated by dielectrophoretic

force under an applied laminar flow. Inside this chip, the multifunctional area not only supports the

fixation of a bacteria slug but also creates an extremely high bacteria concentration at a local site

for effective on-chip SERS fingerprinting of bacteria.

The Raman signatures of S. aureus, RBC, and RBCs/bacteria mixture �RBC:bacteria

=1:10� were detected and shown in Fig. 6�b�. The results demonstrated that the SERS signals of

RBC and S. aureus were very different, and the spectrum of RBC/bacteria mixture appeared

complex signal but similar to RBC signature. This suggests that it is difficult to detect the target

bacteria without a separation procedure. The sorting efficiencies of S. aureus and blood cells were

roughly 80% and 99%, respectively. However, after DEP sorting, the high percentage S. aureus

was trapped into the detection region �only roughly 1% RBCs could be included in the trapped

slug�, which was capable for elective SERS identification.

IV. CONCLUSION

The DEP-based microfluidic chip with a roughened metal surface for on-chip SERS detection

of bacteria has been demonstrated in this article. Laser power of approximately 1 mW can be used

for on-chip collection of SERS signal of S. aureus. Smooth and roughened electrode surfaces were

compared with respect to SERS enhancement, and it was observed that the SERS signal arising

from RS-2 can be amplified approximately 30 times when compared with the normal Raman

spectra due to higher electromagnetic tip enhancement from the greater sharpness of the rough-

ened surface. Gram positive �S. aureus� and Gram negative �P. aeruginosa� bacteria were also

effectively distinguished in the detected SERS spectra. Targets in low concentration solution can

be continuously concentrated and localized within the microchip and enriched via negative DEP

force. Therefore, extremely high bacteria concentration at a local site can be achieved within few

minutes. Further, in situ SERS enhancement of the concentrated samples in each specific subchan-

nel can be successfully performed through the patterned roughened electrode surface. SERS dis-

crimination with distinguishable peaks can be obtained after 3 min of concentration of a solution

containing bacteria at 106 CFU /ml. The operation process would be prolonged to around 30 min

if the concentration of bacteria is approximately 105 CFU /ml.
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