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Abstract: This work reports a synergistic approach for the concentration, detection and kinetic
monitoring of pathogens through the integration of nanostructured dielectrophoresis (DEP) with nanotag-
labelled Surface Enhanced Raman Scattering (SERS). A nanoelectrode array made of embedded
Vertically Aligned Carbon Nanofibers (VACNFs) at the bottom of a microfluidic chip was used to
effectively capture and concentrate nanotag-labelled E. coli DHa5 cells into a 200 pm x 200 um area on
which a Raman laser probe was focused. The SERS nanotags were based on iron oxide-gold (I0-Au)
core-shell nanoovals (NOVs) of ~50 nm in size, which were coated with a QSY21 Raman reporter and
attached to E. coli through specific immunochemistry. The combination of the greatly enhanced Raman
signal by the SERS nanotags and the effective DEP concentration significantly improved the detection
limit and speed. The SERS signal was measured with both a confocal Raman microscope and a portable
Raman probe during DEP capture, and was fully validated with fluorescence microscopy measurements
under all DEP conditions. The SERS measurements were sensitive enough to detect a single bacterium.
A concentration detection limit as low as 210 cfu/mL using a portable Raman system was obtained with
a DEP capture time of only ~50 s. These results demonstrate the potential to develop a compact portable
system for rapid and highly sensitive detection of specific pathogens. This system is reusable, requires
minimum sample preparation, and is amenable for field applications.

1.0 Introduction

Infection by pathogenic microorganisms, such as bacteria, viruses
and protozoa, is a widespread and significant public health problem.
Besides implementing strict hygienic regulations, the development
of new techniques for rapid and highly sensitive pathogen detection
is critical to limit the spread of the pathogens and to reduce the
potential damage. Conventional culture methods, although sensitive,
are often too slow, take hours to days to obtain the results, and lack
specificity.” 2 Molecular methods including immunoassays® and
nucleic acid analysis* may be sensitive and specific but require bulky
laboratory instruments and lengthy sample preparation procedures.
Therefore, none of these current methods are applicable for rapid
surveillance and in-field screening."” ? Nanotechnology has been
extensively explored for its potential in developing miniaturized
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nanobiosensors with enhanced detection speed and sensitivity. This
has resulted in the use of suspended micro and nanoparticles in a
range of in-situ Raman measurement techniques.”'’. In this work,
we integrate two nanotechnologies into a portable system, i.e. (1) a
nanoelectrode array (NEA) embedded in a fluidic chip for highly
localized dielectrophoretic (DEP) capture/concentration of bacteria,
and (2) a surface enhanced Raman spectroscopy (SERS) probe for
specific bacteria identification. We demonstrate that this method can
be potentially developed into a highly sensitive portable system for
rapid in-field pathogen detection.

SERS employs greatly enhanced electromagnetic fields in the
vicinity (<10 nm) of a nanostructured metal substrate surface to
interact with molecules adsorbed on the substrate surface.'" > The
Raman scattering intensity may be enhanced up to 14 to 15 orders of
magnitude at certain hot spots.”* '* Various SERS methods have
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been developed for powerful non-destructive spectroscopic
investigation of molecular structures.'” '? In addition, SERS can
identify specific vibrational frequencies of the chemical
functionalities in complex aqueous biological samples with
convenient visible and near infrared laser probes. There is a strong
interest in developing portable SERS systems for pathogen
detection.'> '

There are two general approaches for SERS based pathogen
detection.'® The first is direct detection of the intrinsic vibrational
fingerprint of a pathogen by bringing the pathogen in close
proximity to a metallic nanostructure (e.g. colloidal nanoparticles,'’
nano-clusters,'® sandwich structures of gold film and nanoparticles'”
and controlled nano-structured substrates®”). Using this approach
and a novel barcode Raman data processing procedure, ~10 bacteria
can be detected in a solution.”" 2 However, the direct identification
of pathogens requires a highly controlled SERS substrate in
combination with reproducible spectral data, as pathogen
identification is accomplished by processing data using statistical
algorithms that analyse minute differences in the Raman spectra.
This turns out to be very challenging due to two factors: (1) the
strong dependence of SERS signal on the surface structure,
size/shape of the nano-structured substrate, the excitation laser
wavelength, and the configurations of pathogen binding on the
nanostructure surface;”> > and (2) the fast exponential decay of the
electromagnetic field away from the nanostructure surface.> All
these variables lead to a lack of consistency and poor reproducibility
of the SERS measurements.

The second approach is an indirect detection method using a SERS
nanotag as a quantitative reporter.'® The SERS nanotag is a complex
structure consisting of a nanoscale metallic substrate attached to a
molecule with a strong, unique Raman fingerprint. The pre-
fabricated nanotag complex ensures that the reporter molecules are
in close contact with metal nano-substrates to give a high surface
enhancement. In addition, the nanotags are co-functionalized with
biorecognition molecules (such as antibodies, aptamers, etc.) which
specifically bind to the pathogens. As a result, the high SERS signal
is only obtained from a specific pathogen and not from other
microorganisms. The specific identification of a pathogen can thus
be achieved without relying on multivariate analysis. Several
previous reports have demonstrated the use of 4-mercaptobezoic
acid®, [5,5'-dithiobis(succinimidyl-2-nitrobenzoate)] (DSNB)'® 27,
tetramethylrohodamine isothiocynate (TRITC) and QSY21 dye®® as
effective Raman markers.

In this study, we focus on the specific detection of E. coli
strain Dha5 using the SERS reporter QSY21 that is co-
functionalized with polyclonal antibodies on anisotropic oval-
shaped iron oxide-gold (IO-Au) core-shell nanoparticles. The
irregular shape and thickness of the Au shell provides a large
enhancement factor for SERS.?> % In order to further lower
the detection limit and simplify the sample preparation, the E.
coli are concentrated by DEP into a 200 um x 200 pum area
inside a fluidic channel where the Raman laser beam is
aligned and focused. An NEA made of vertically aligned
carbon nanofibers (VACNFs)® at the bottom of this area
versus a macroscopic indium tin oxide (ITO) transparent
electrode at the top form the DEP device in a “point-and-1lid”
geometry®®. As we demonstrated before, a moderate AC
voltage applied between the NEA and the ITO electrode can
effectively capture bacteria®! 3? or viral particles®® ** due to
the greatly enhanced electric field at the exposed VACNF
tips. In the integrated system, we demonstrate the use of this
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fast, active and reversible concentration technique to bring
bacteria into the field of view of a fixed Raman probe. Highly
sensitive SERS detection is demonstrated with both a confocal
Raman microscope and a portable Raman system as very
dilute solutions of bacteria are passed through the fluidic chip.

2.0 Results and Discussion

2.1 Experimental Design DEP was first described by Pohl in
1966 and has been widely used in biology to separate live and dead
bacteria,”” *¢ ¥viruses,* cells,*® and DNA. Generally, DEP is based
on a spatially non-uniform electric field generated by an AC voltage
bias between a pair of electrodes, resulting in a time average net
force on neutral polarizable particles that depends on the permittivity
and conductivity of the particle and medium.* The DEP force (Fpzp)
acting on the spherical particles by the non-uniform electric field is
given by:

(Fpp)=27"¢, Re[K(0)VE, €9

where r is the radius of the particle, ¢, is the permittivity of the
suspending medium, VE? is the gradient of the square of the applied
electric field strength, and Re[K(w)] is the real component of the
complex Clausius-Mossotti (CM) factor given by:
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with ¢" representing the complex permittivity and the indices p and
m referring to particle and medium, respectively. Here o is the
conductivity, w is the angular frequency of the applied electric field,
and j = V-1. Re[K(w)] describes the frequency dependence of the
polarizabilities of a particle in the field which is positive if the
particle is more polarizable than the surrounding medium. The force
is then directed toward regions of high field strength, which is
known as positive DEP (pDEP). A system with negative value of
Re[K(w)] will push the particles toward lower electric field strength.
The value of Re[K(w)] of a bacteria in an aqueous medium can vary
from -0.5 to 1.0, depending on the effective polarizabilities of
particle and medium. In this study large pDEP is desired to capture
bacteria at the exposed VACNF tip by selecting a proper frequency
and the right medium composition.

The direct detection of a bacterium fingerprint using SERS has been
studied before using circular ring electrodes,” quadrupole
electrodes® and curved electrodes®'. In this study based on indirect
detection, QSY21 Raman reporter was used because it strongly
adsorbed to the negatively charged surface of gold-coated-10
nanoovals (NOVs) through electrostatic interactions.** * The dye
has highly delocalized pi-electrons and the anisotropic shape of the
NOVs gives strong SERS signals.** A schematic representation of
the experimental set-up using a confocal Raman microscope is
shown in Fig. 1. In this setup, a 780 nm laser was focused at the
exposed VACNEF tips in the active DEP area to probe the captured E.
coli DHo5 cells and obtain SERS spectrum of QSY21 from the
bound nanotags. More details are shown in Fig. S1 of supplementary
information.

Fig. 2 summarizes the procedure to prepare the SERS nanotag nano-
ovals (NOVs) that bind to E. coli DHa 5. In brief, the NOVs were
synthesized from spherical 10 nanoparticle cores (~23 nm diameter)
onto which an irregular-shaped Au shell was deposited, forming
NOVs with the outer dimension of 35 to 50 nm to provide a large
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SERS enhancement factor.*> ** The NOV surfaces were then coated
with a mixture of carboxy-polyethylene glycol-thiol (HOOC-PEG-
SH, MW 5000) and methoxy-polyethylene glycol-thiol (mPEG-SH,
MW 5000) in order to make NOVs biocompatible, stabilize the
QSY21 adsorption, and to introduce carboxylic acid groups at the
surface for covalent attachment of a Alexa 555-labelled secondary
antibodies through amide bond formation. The E. coli-specific
primary antibody (labelled with FITC for fluorescence validation)
was then bound to the secondary antibody on I0-Au SERS NOVs to
form the completed SERS nanotag. Before each experiment, these
SERS nanotags were mixed with the bacteria sample to allow for the
attachment of the nanotag to E. coli bacteria through specific
immunochemistry. The structure of QSY21 and its typical Raman
spectrum is shown at the center of Fig. 2. Raman bands at 1333,
1584 and 1641 cm™' are from the xanthene ring stretching vibrations
of the molecule.** The strongest characteristic band is seen at 1496
cm’. The signal from the QSY21 attached to the NOV nanotag for
this band demonstrates an enhancement factor of 4.9 x 10* over a 0.1
mM solution of QSY21%® and thus is used in this study for the
quantitative measurement. Figs. 2b and 2c show TEM images of 10-
Au SERS NOVs and those bound onto E. coli. On average, there are
hundreds of NOVs bound to each E. coli, which gives a Raman
signal sufficient to be detected at the single cell level. The confocal
fluorescence microscopy image of Alexa 555 dye labelled secondary
antibody on the E. coli cells (Fig. 2d) clearly illustrates the uniform
coating of NOVs on E. coli DHa5 through specific immunochemical
binding.

2.2 Raman Detection and DEP Optimization To validate and
optimize the conditions, DEP capture was first monitored under a
confocal Raman microscope at various flow velocities (Fig. 3a) and
AC voltage frequencies (Fig. 3f). The results were compared side-
by-side with the video of Alex 555 (in the functionalized secondary
antibody) under a fluorescence microscope following our previously
established method.’> ** The Raman intensity is the signal at the
Raman shift of 1496 cm™ corresponding to the peak of the QSY21
reporter. Figs. 3b and 3g are representative Raman spectra of QSY21
at different flow velocities and AC frequencies. The representative
snapshots from a fluorescence video during DEP capture of the
NOV-bound bacteria within the 200 pm % 200 um active NEA area
are shown in Figs. 3c to 3e (see supplementary information for the
full videos).

Similar to our previous report on E. coli capture’’, the AC voltage
V,, was turned on for 50 s while the bacteria/IO-Au NOVs solution
was passed through the channel. The bacteria were collected at
randomly distributed VACNF tips which have the highest VE. Both
the fluorescence and SERS signals associated with the captured
bacteria were found to increase nearly linearly with time. The
difference between the integrated fluorescence intensity (AF) at the
end of the 50 s capture period with that right before application of
the capture voltage was used to quantitatively determine the DEP
capture efficiency. The pDEP capture experiments were carried out
at flow velocities (v) ranging from 0.11 to 2.43 mm/s using a fixed
AC voltage of 10 V,, and frequency of 100 kHz. The number of
captured bacteria initially increased with increasing flow rate until a
maximum was reached at 0.33 mm/s (corresponding to volumetric
flow rate of 0.5 pL/s). Further increases in flow velocity resulted in
a decrease in capture efficiency. The trend agrees well with our
previous study.”” An image of the final video frame taken for the
capture efficiency experiment using the 0.33 mm/s flow rate is
shown in Fig. 3d. The bright spots generally represent single
captured bacterium. Raman intensity follows the same trend as the
fluorescence measurements. At v > 0.33 mm/s (Fig. 3a), the number

Nanoscale

of captured E. coli DHa5 cells decreased because fewer cells can
sustain the higher drag force of the fluidic flow. Only a small
number of cells retain captured.

Because of the dependence of Fpzp (Eq 1 and 2) on the permittivity
of a particle, each type of bio-particle has an optimum DEP
frequency depending on its internal composition and structure. As
shown in Fig. 3f, both fluorescence and SERS intensity show
optimum DEP capture of the NOV-labelled E. coli DHa5 cells at
~100 kHz with fixed peak-to-peak voltage of 10 V,, and a flow
velocity of 0.33 mm/s. The optimum frequency was the same as that
for bare E. coli DHa5 cells®, indicating that the attachment of I0-
Au NOVs on the bacteria surface did not alter their overall DEP
properties. In contrast, Fig. S2 shows that the NOVs alone were not
captured via DEP forces at ~100 kHz. Rather they were captured
weakly at an optimum frequency of 10 kHz. The possibility that the
measured SERS signal was from free NOV nanotags, therefore, was
excluded. Combining these observations, it is clear that SERS
detection with NOV nanotags is viable and highly sensitive for
monitoring the DEP capture of labelled E. coli DHa5 cells.

The magnitude of VE* depends on both of the DEP device design and
the amplitude of the applied AC voltage. Low voltage capture is
preferred for bioparticles to prevent potential cellular damage. Fig.
4a shows results with the voltage varying between 3 to 10 V,, while
other parameters were fixed at the optimized conditions, i.e. flow
velocity of 0.33 mm/sec and frequency of 100 kHz. The DEP
capture indicated by SERS and fluorescence signals increased
monotonically with the voltage and showed strong capture at 10 V,,,
But a large SERS signal was observed even at 6 V,,, (Figs. 4b and
4c).

Fig. 4c shows the kinetic curves of DEP capture at a low E. coli
concentration of 5.4 x10* cfu/ml. Both of the fluorescence and SERS
signals slowly increase after the voltage was turned on since the
number of available bacteria was limited by the mass transport. The
bacteria were immediately released when the AC voltage was turned
off. Thus the device can be repeatedly used. The kinetic curve based
on the SERS signal was further converted into the number of
captured E. coli cells by dividing the measured SERS intensity by
the average SERS intensity from a single NOV-labelled E. coli cell
that was measured in a separate quartz cell-counting chamber. The
Raman intensity of individual bacterium was measured using a
Petroff-Hausser counting chamber made of quartz. The bacteria
sample was diluted so that the individual bacterium was far apart and
fixed in position. The excitation laser was focused on the cells one
by one for confocal Raman measurements. The obtained average
Raman intensity of an individual bacterium was 32.5 + 4.6 a.u,,
showing a small variation due to the random fluctuation in the
number of attached I0-Au NOV nanotags. The Raman kinetic curve
showed a nearly a step-wise increase as single E. coli cells were
captured. As illustrated in Fig. 4d, the small size of the laser spot
(3.1 pm in diameter) likely limited the maximum number of
measurable bacteria to only ~4 within this spot. Clearly, a single E.
coli cell can be easily detected with this device as long as they can
be brought under the laser probe.

2.3 Assessment of DEP capture in complex matrix samples In
order to demonstrate the capability of the DEP capture and SERS
detection of bacterial cells in complex samples, E. coli cells were
spiked into chicken broth, apple juice and soil solution for testing.
Complex matrices present different challenges due to the presence of
inorganic and organic substance which may interact with the
bacterial cells, antibodies, or SERS nanotags, making it different
from the pure bacteria solutions. Additional preparation procedures
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including washing, centrifugation and filtration (with 0.22 pm
membrane) of the complex samples were applied before they were
spiked with 5 x 10 ° cfu/ml E. coli cells. These commonly used
sample preparation procedures are necessary to eliminate larger
particles that can clog the micro-channels. The conductivity of
bacteria in distilled water (pH 6.8) was 1.22 x 10™ S/m. The
conductivity of the commercial chicken broth (pH 7.22) was 0.45
S/m. The presence of salt in the chicken broth caused the high
conductivity but was largely removed during sample preparation.
After the sample processing procedures, E. coli DHo5 cells were
added and resulted in a conductivity of 1.7 x 10° S/m (pH = 7.13).
The soil solution (pH = 4.58) had a conductivity of 0.027 S/m in the
raw sample, which dropped to 2.35 x 10* S/m (pH = 6.8) after the
preparation and E. coli spiking. For the apple juice, the conductivity
was 0.155 S/m in the raw sample (pH = 2.95) and became 0.158 S/m
(pH = 2.81) after the sample preparation and addition of E. coli cells.

Fig. 5 shows the real-time Raman measurements during DEP capture
of 5 x 10 3 cfu/ml E. coli DHa5 cells spiked in the complex matrices
at the frequency of 150 kHz and the flow velocity of 0.44 mm/s. To
judge non-specific binding of the NOVs to the complex matrices, the
conjugate NOV nanotags were added to chicken broth in a control
experiment. Another control study was done with the processed
complex matrices alone. Clearly, E. coli DHaS5 cells can be captured
by DEP and detected with SERS using the NOV nanotags in both
chicken broth and the soil solution. The interference and nonspecific
signal of the matrices were negligible. Systematic optimization by
varying the frequency and flow velocity in these two complex
matrices are presented in Fig. S3 in Supplementary Information. The
results were very similar to those in distilled water (Fig. 3), only
with the optimum AC frequency at 150 kHz in chicken broth in
contrast to 100 kHz in distilled water and the soil solution. These are
distinct from that of the conjugated NOVs spiked in respective
matrices at a concentration of 1.4 x 10'° NOVs/mL. However, p-
DEP capture of the bacteria was not observed in apple juice. This
may be due either to the denaturization of the antibodies in the
strong acidic solution (pH = 2.81 in the processed apple juice)
preventing specific attachment of NOVs to bacteria or to the high
conductivity of the apple juice resulting in negative value in
Re[K(w)].

2.4 Assessment of Detection Sensitivity in a Portable System To
demonstrate the potential capability of this method for use as a
portable system, similar studies including flow velocity and
frequency optimization were carried out with a portable Raman
instrument (ProRaman L, Enwave Optronics. Inc.) in a manner
similar to the earlier studies using the confocal Raman microscope.
The results between these two Raman systems were very consistent,
with the maximum flow velocity at 0.4 mm/sec (0.55 pl/s) and the
maximum frequency at 100 kHz (see Fig. S4a and b in
Supplementary Information). However, the probe diameter at the
focal point in the portable Raman system is about 100 um (Fig. S4c
and inset of Fig. 6), which is much larger than the 3.1 pum size in the
confocal Raman microscope (Fig. 4d). This allows signals to be
collected from many more bacteria and yields better statistics, but
the laser intensity is lower as it is spread over a larger area. These
two factors need to be balanced for the optimum performance. DEP
capture kinetic curves over longer time (~250 s) at higher
concentration (5 x10° cfu/ml) show a similar nearly linear increase in
fluorescence and Raman signals over DEP time (see Fig. S4d).

Figure 6 summarizes the SERS intensity of the captured NOV-

labelled E. coli using the portable Raman setup while the E. coli
concentration was varied from ~10 to 1 x 10° cfu/ml. The intensity
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of the QSY21 marker at the Raman shift of 1496 cm™ could be
clearly separated from the carbon nanofiber signals at 1350cm™ (D-
band) and 1600cm™ (G-band), respectively. The Raman intensity
was found to be a linear function of the logarithm of bacteria
concentration when the concentration C is above ~100 cfu/ml as
follows:

(RT) portable — 108.8 x 10g C-214.7 3)
(FI) = 1224 x log C - 2650 @)

where RI was the increase in Raman intensity collected from a 100
pm diameter DEP area and FI the increase in the integrated
fluorescence intensity over the 200 um x 200 pum active DEP area,
respectively, after 50 s of DEP capture. It is surprising that the RI
signal is proportional to logC rather than directly proportional to C.
The exact mechanism responsible for generating this relationship is
not clear at this stage, but there are two possibilities to consider: (1)
the rapid decay of the electric field at positions further away from
the VACNF tip may generate a highly non-uniform DEP force
(proportional to VE?) that does not act equally on all cells in the
whole solution volume between the NEA and ITO electrodes; or (2)
the first captured bacteria may significantly screen the electric field
and quickly lower the total DEP force on other cells in the solution.
Overall, the larger size of the laser focal spot (100 pm in diameter)
allowed the collection of Raman signals from a larger number of
captured bacteria. But further increasing the Raman probe size to
300 um gave a lower sensitivity, mainly due to lower excitation laser
intensity as the power was spread out over a larger area.

For bacteria concentrations below the critical value C, = ~100
cfu/mL, no measurable signal above the background, i.e. (RL)yim; =
~36 a.u., was detected. No captured bacterial cells were detected
during the applied DEP period, which was limited by the slow mass
transport of bacteria to the active area. But the Raman intensity
increased as more bacteria were passed into the device at higher
concentrations. The detection limit logC, was determined using
calibration curve as follows:

logCy = logCy+ 3 Gyiami/m , (5)

where 0y, (~11.7) is the standard deviation of the Raman signal for
bacteria concentration below C, and m = 108.8 is the slope of the
calibration curve. Thus the concentration detection limit was
determined to be ~210 cfu/mL. For fluorescence measurement the
Opiank (~9.1) is the standard deviation of the fluorescence signal for
bacteria concentration below C, (Cy = ~500 cfu/ml, no measurable
signal above the background) and m = 1224 the slope of the
calibration curve. Thus the concentration detection limit for
fluorescence measurements was determined to be ~827 cfu/ml
(Figure S5 in Supplementary Information).

The optimum flow velocity of 0.4 mm/s corresponded to a
volumetric flow rate of 0.55 pL/sec. For a 50 s DEP period, ~6
bacteria passed through the fluidic channel at the concentration
detection limit of 210 cfu/mL. Even if the capture efficiency was
only 15%, at least one bacteria would be captured, and this event
would be detectable by SERS with this portable system. In the
current DEP design, the 200 um width of the active NEA array is
much smaller than the total channel width (i.e. the 2 mm dia. circular
chamber, see Fig. 1c) for the ease of aligning the NEA area within
the fluidic channel. There detector design is, therefore, far from
optimized since many bacterial cells may pass around the active
DEP area and not be captured. In the future, the channel size and the

This journal is © The Royal Society of Chemistry 2014
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active DEP area will be reduced close to the Raman probe size so
that all bacteria will be forced to pass through the active DEP zone
so that they can be captured for Raman measurement. In addition,
the DEP capture time can be increased from 50 s to several minutes
to ensure more bacterial cells are captured. With such optimization,
the concentration detection limit is expected to be lowered by a
factor of 10, to ~10 cfu/mL.

3.0 Experimental

3.1 Materials and Methods Indium Tin Oxide (ITO) coated glass
was purchased from Delta Technologies (Loveland, CO), SU-8 2010
and SU-8 2002 photoresist was purchased from Microchem
(Newton, MA), conductive silver epoxy from MG Chemicals
(Ontario), and microfluidic fittings from Upchurch Scientific Inc.
(Oak Harbor, WA). QSY21 was purchased from Life Technologies
(Grand Island, NY, USA). Carboxypoly (ethylene)-thiol (HOOC-
PEG-SH, MW 5000) and methoxy-PEG-thiol (mPEG-SH, MW
5000) were purchased from Laysan Bio Inc. (Arab, AL, USA). E.
coli DHa5 were purchased from Life Technologies (18265-017,
Grand Island NY, USA). FITC conjugated rabbit anti-E. coli Rabbit
primary antibody was purchased from AbD Serotech, (Raleigh, NC,
USA), and Alexa 555 conjugated goat anti-rabbit secondary
antibody was purchased from Invitrogen (Carlsbad, CA, USA).

3.2 DEP Device Fabrication Fabrication procedures and the fluidic
geometry were similar to previous reports by Syed et.al.*>** Briefly,
the device consisted of two electrodes on separate plates; namely an
ITO lid electrode and an embedded VACNF NEA on an Si wafer.
The two electrodes were arranged opposite to one another, separated
by the fluidic channel. The fluidic channel was made on 1 cm x 2 cm
diced ITO glass by spin coating SU-8 2010 photoresist at 1560 rpm
for 40 s giving ~18 pm thickness (height). After soft baking on a hot
plate for 4 min at 95 °C, the photoresist was exposed to UV light
(32.9 mW/cm?) for 7.61 s through a Mylar mask to define the
microchannel (500 um in width) with a circular chamber (~2 mm in
diameter) at the center. After post-baking on a hot plate for 4 min at
95 °C, the chip was developed in SU-8 developer, washed with Iso-
Propyl Alcohol (IPA) and dried in a stream of dry N, Two holes
were drilled into the glass side at the two ends of the microchannel
to serve as an inlet and outlet using a 0.75 mm diameter diamond
drill bit. The embedded VACNF NEAs were fabricated by the
method previously described.”” The area exposed on the NEA (200
um x 200 um) was defined by another UV-lithography process. SU-
8 2002 photoresist was spin-coated onto the VACNF chip at 2800
rpm for 40 s to produce ~2.0 um thickness. The VACNF chip was
then soft-baked at 95 °C for 75 s on a hot plate, exposed to UV light
(32.9. mW/cm?) for 3.98 s through a Mylar mask and post baked for
90 s on a hot plate at 95°C. The next two steps were similar as
described before. The two layers were aligned under 4X objective
lens of a stereo microscope, pressed with mechanical force, and
placed in a preheated vacuum oven (Curtin Matheson Scientific,
Inc.) at 175 °C and a pressure of 25 Torr for ~30 min for the
substrates to bond with each other. Electrical connections were made
onto the NEA and ITO-glass using conductive silver epoxy and
thirty gauge wires. Two microbore tubes were bonded at the 0.75
mm holes for fluidic inlet and outlet. A 1 ml glass syringe mounted
on a syringe pump was used to control the flow rate through the inlet
tubing during the experiments.

3.3 Preparation of antibody-conjugated 10-Au NOV SERS
nanotags QSY21 adsorbed I0-Au NOVs was stabilized with
HOOC-PEG-SH and mPEG-SH following the previous reported
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methods.*” For ligand conjugation with Alexa 555 conjugated goat
anti-rabbit (secondary antibody), 100 pL IO-Au NOV SERS
nanotags, 3 mg 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and 3 mg sulfo-N-hydroxysuccinimide (sulfo-NHS) were
added to pH 5.5 MES buffer to make solution volume to 500 pL.
The mixture was vortexed for 15 min, and spun down at 10,000 rpm
for 10 min. The pellet was re-dispersed in 200 pL of 1 X Phosphate
Buffered Saline (PBS, pH 7.4), followed by the addition of 20 puL of
0.2 mg/mL of the secondary antibody. The solution was vortexed for
2 h at room temperature to complete the coupling reaction, and then
stored at 4°C. Prior to use, the solution was centrifuged and washed
with 1X PBS buffer 3 times to remove non-conjugated antibodies.

3.3 Conjugation of Bacteria with I0-Au NOV SERS nanotags
Frozen E. coli DHa 5 stock was thawed and grown in LB medium in
a sterile culture tube and incubated overnight at 37° C to reach a cell
concentration of 2.5 x 10° cfu/mL. The cells were centrifuged at
5000 rpm for 5 min, the supernatant LB media was discarded, the
pellet was re-suspended and washed in 1.0 mL 1X PBS thrice to
eliminate the remaining ingredients of the LB media. A bacteria
solution of 2.5 x 10° cfu/mL was incubated with 50 pl FITC
conjugated rabbit anti- E. coli Ab (AbD Serotech, Raleigh NC,
USA) at 330 pg/mL for 1 h at 4° C. The cells were then centrifuged,
washed with deionized (DI) water and diluted to a final
concentration of 9.5 x 10* cfu/mL. The bacteria and antibody-
conjugated I0-Au NOV SERS nanotag solutions were mixed
together at a ratio of 1.05 x 10° the NOVs to one bacteria. The
solution was vortexed for 3 min and incubated overnight at 4°C. To
ensure that only bacteria-conjugated NOVs are spun down, the spin
speed was kept low around 2000 rpm for 10 min and this process
was repeated three times and finally suspended in water.
Transmission Electron Microscope (TEM) images of the NOVs and
bacteria functionalized with the NOVs were taken by adding 5 uL of
suspension to a 400-mesh copper grid and dried at room temperature
overnight. The grids were examined by TEM (FEI CM 100 with
AMT digital capturing system).

3.4 Sample preparation in complex-matrix samples Chicken
broth, soil solution, and apple juice were used to test the viability of
detecting bacteria in complex samples. Kroger chicken chunks in
broth (141g, Cincinnati, OH) was purchased from the local grocery
store and the ingredient label indicated the presence of chicken
chunks, water, less than 2 % of salt, modified corn starch and
sodium phosphate. The soil sample was obtained from the lawn near
Chemistry Department on Kansas State University campus and was
soaked 50 ml of DI water overnight. About 2 g chicken chunks and 5
g solid soil were washed by DI water and vortexed for 2 min for four
times and finally resuspended in 50 ml DI water. Mott’s 100 % apple
juice (8 oz. Plano, TX) was obtained from the local grocery store and
the ingredients include water, concentrated apple juice and ascorbic
acid. About 5 ml of apple juice was diluted to 10 ml with DI water to
make the stock solution. Before spiking the solutions with E.coli
cells, the solutions were centrifuged at 14,000 rpm for 10 min and
the supernatant was passed through 0.22 pum sterile syringe filters
(EMD Millipore, Billerica, MA). After processing, the solutions
were cloudy indicating that the samples still contained complex
matrices. E.coli DHo5 was added into these solutions to a
concentration of 5 x 10° cfu/ml. The conductivity of the solutions
before and after addition of the bacteria were recorded.

4.0 Experimental Set-up

4.1 Fluorescence- and Raman- DEP Experiments Fluorescence-
DEP experiments were carried out on an upright fluorescence optical
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microscope (Axioskop 2 FS plus; Carl Zeiss) in reflection mode with
50 X objective focused at 200 um x 200 pum active area. Labelled
bacteria E. coli DHa5 conjugated to the NOVs suspended in D.I
water was injected into the channel to carry out DEP experiments. A
filter set for Alexa 555 with an excitation wavelength of 540-552 nm
and emission wavelength of 567-647 nm (filter set 20HE, Carl Zeiss)
was used in connection with an Axio Cam MRm digital camera to
record fluorescence videos at an exposure time of 0.7 s using a
multi-dimensional acquisition mode in the Axio-vision 4.7.1 release
software (Carl Zeiss Microlmaging, Inc). Two types of Raman
systems were used. The first one was an upright Thermo Scientific
DXR™ confocal Raman microscope equipped with a 10 X objective
(NA is 0.25 and spot size of 3.1 um) and 780 nm laser, with Omnic 8
software for data acquisition and analysis. A full spectral range of
3500-50 cm™! with an accuracy of 2 cm™ was captured with a cooled
CCD. Parameters were set at 5 mW laser power, 50 um slit width, 1
s exposure time for all experiments. The laser beam was focused at
the exposed VACNF tips using carbon signals at 1350cm™ (D-band)
and 1600cm™ (G-band) as the reference. The measurements were
repeated at 25 different spots within the 200 um x 200 pm active
area for obtaining better statistics. The average value was reported.
The second system was a portable Raman system (Pro Raman L,
Enwave Optronics. Inc.) with a CCD detector cooled to -60°C with
spectral range from 3,300 cm™ to 100 cm™'. Parameters including
325 mW laser power, 1 s exposure time and 100 pm probe diameter
at focus (NA 0.25) were fixed for all experiments. A function
generator (Model 33120A, Hewlett Packard, Palo Alto, CA, USA)
was used to generate different frequencies (f) of the sinusoidal AC
voltage. A syringe pump (NE-1000) from New Era Pump Systems
(Farmingdale, NY, USA) was used to produce various flow
velocities. Each DEP experiment was performed in a span of 85 s
during which no voltage (V,g) was applied in the initial ~10 s,
followed with a fixed AC voltage at specific frequency in the next
~50 s (Vo), and then no voltage bias again (V) in the last ~25 s.
Videos were recorded during each experiment. To perform the
control experiments, the NOVs were conjugated with the secondary
antibody (labelled with Alexa 555) and bacteria are conjugated with
the primary antibody (labelled with FITC) were independently
passed through the microfluidic channel. The results were monitored
using the fluorescence microscope to determine the optimum
frequency of the AC voltage. Fluorescence videos and Raman
spectra were taken throughout the course of the experiment. Ten
different spots from the active area were taken at each variable i.e.
frequency, voltage, flow velocity, and concentration to ensure a good
statistical sampling. Background and fluorescent light was subtracted
using Omnic 8 software. In addition, the true linear flow velocities
within the focal depth of the microscope from NEA surface in the
200 pm x 200 pm active area were calculated from the recorded
videos

5.0 Conclusion

In conclusion, the integration of a DEP chip for bacteria
concentration and SERS detection for specific microorganism
identification has been demonstrated. The DEP based on a VACNF
NEA acts as an effective and reversible electronic manipulation
technique to rapidly concentrate bacteria into a micro-area from the
solution flowing through the microfluidic channel. A highly
sensitive SERS nanotag based on QSY21 adsorbed on I0-Au NOVs
provides greatly enhanced Raman signals and specific recognition to
E. coli DHa5 cell through highly selective immunochemical binding
using two specific antibodies. The SERS signal measured with both
of a confocal Raman microscope and a portable Raman system
during DEP capture was fully validated with fluorescence
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measurements under all DEP conditions. This detection method
yields a concentration detection limit of 210 cfu/mL using the
portable Raman system, and 827 cfu/mL by fluorescence microscope
which can be further improved. The results demonstrated the
potential to develop a compact portable system for rapid and highly
sensitive detection of specific pathogens in fields.
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Figure 1. Schematic of the microfluidic dielectrophoresis device under a Raman microscope for
bacteria detection. (a) The overall experimental setup of a confocal Raman microscope equipped
with a 780 nm laser and a 10X objective lens. (b) Enlarged schematic view of DEP capture of the
bacteria bind with oval-shaped SERS nanotags for the Raman detection with a portable Raman
probe. (c) Optical microscope image taken under 4X magnification showing the microfluidic
channel and the active square at the center.
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Figure 2. (a) Schematic procedures for preparation of QSY 21 derivatized iron oxide-gold core-
shell nano-ovals (IO-Au NOVs) as nanotags for SERS measurements and their attachment to E.
coli bacterial cells through a FITC-labeled primary antibody and a Alexa 555 labeled secondary
antibody. TEM images of (b) the starting I0-Au NOVs and (c) E. coli DHa5 bacterial cells
attached with antibody-functionalized 10-Au NOVs. (d) Confocal fluorescence image of Alexa
555 in E. coli DHaS5 bacterial cells attached with antibody-functionalized 10-Au NOVs. Alexa
555 was attached to the secondary antibody.
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Figure 3
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Figure 3. Assessing DEP capture of 5.3 x 10° cfu/mL E. coli cells with fluorescence and
Raman measurements at various flow velocity and AC frequency. (a) The study of flow
velocity at fixed frequency (100 kHz) and voltage (10 Vpp). (b) Representative Raman spectra

of QSY-21 and (c-e) corresponding snapshots from the fluorescence videos after 50 s of DEP
capture of 10-Au NOV labeled E. coli cells at flow velocity of 0.21 mm/sec (red star), 0.33
mm/sec (blue star), and 2.43 mm/sec (green star). (f) The study of AC frequency at fixed flow
velocity (0.33 mm/s) and voltage (10 Vpp). (g) Representative Raman spectra of QSY-21 after

50 s of DEP capture of IO-Au NOV labeled E. coli cells at 50 kHz (green star), 100 kHz (red
star), and 1,000 kHz (blue star).
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Figure 4. Assessing DEP capture of 5.3 x 10° cfu/mL E. coli cells with fluorescence and Raman
measurements with varying voltage and time. (a) The study of voltage at fixed flow velocity (0.33
mm/s) and AC frequency (100 kHz). (b) Representative Raman spectra of QSY-21 after 50 s of
DEP capture of I0-Au NOV labeled E. coli cells at 3 Vy, (green star), 6 Vo, (red star), and 10 V,
(blue star). (c) The kinetic curve during DEP capture of 4 x10° cfu/ml I0-Au NOV labeled E. coli
cells, with the AC voltage off in the first ~15 s, on from 15 to 65 s, and then off beyond 65 s.
During the 50 s period with the voltage on, bacteria accumulate on the electrode surface by DEP
capture and give increasing fluorescence and Raman intensities, which are immediately released
into the fluid flow when the AC voltage is turned off at 65 s. (d) Schematic diagram to illustrate
the 3.1 um laser focal spot size relative to the bacterial size.
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Figure 5
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Figure 5. Assessing DEP capture of E. coli cells with fluorescence and Raman measurements in
different complex matrices. (a) The kinetic curve of DEP capture of E. coli cells in a chicken broth at
10 Vpp, 0.44 mm/s flow velocity, and 150 kHz AC frequency. (b) Representative Raman spectra of
QSY-21 in chicken broth after 50 s of DEP capture of I0-Au NOV labeled E. coli cells. (c) The kinetic
curve of DEP capture of E. coli cells in a soil solution at 10 V,,, 0.44 mm/s flow velocity, and 150 kHz
AC frequency. (d) Representative Raman spectra of QSY-21 in soil solution after 50 s of DEP capture
of I0-Au NOV labeled E. coli cells. The measurements from blank matrix, NOV spiked matrix (1.4 x
10'°NOVs/ml), and NOV-bacteria spiked matrix (5 x 10 cfu/ml) are presented in each panel.



Nanoscale Page 14 of 14

Figure 6:
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Figure 6. The Raman intensity after 50 s of DEP capture from the bacteria solution with the concentration
varying from 5 cfu/mL to 1.0 x 10° cfu/mL. The Raman measurements were carried out by focusing the
laser beam within the 200 um x 200 pm active DEP area with a ProRaman L portable Raman system
(Enwave Optronics).Inset shows that 100 pm diameter laser focal spot aligned with 200 pm x 200 um
active DEP area



