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Abstract The use of microcentrifugal flows driven by ionic
wind that is generated near a corona needle tip above the level
of a small liquid reservoir is a technique to trap suspended
bacteria within a few minutes. Gas ions are ejected at the tip
of a corona needle to form an ionic wind that can swipe across
the liquid/air interface inside a miniaturized reservoir to gen-
erate centrifugal vortices. This will drag suspended particles to
the center of the reservoir. This article describes a method
where antigen-functionalized polystyrene microspheres are
first employed to mimic bacteria. The mimetic bacteria were
then detected by surface-enhanced Raman scattering (SERS)
signal after binding antibody-conjugated nanoaggregate-em-
bedded beads (NAEBs) to antigen-functionalized polystyrene
microspheres. The NAEBs were prepared from silica-coated
gold nanoparticle aggregates and labeled with Raman reporter

Electronic supplementary material The online version of this article
(doi:10.1007/s00604-017-2077-7) contains supplementary material,
which is available to authorized users.

>< Chiou-Ying Yang
cyyang@dragon.nchu.edu.tw

< Lai-Kwan Chau
chelkc@ccu.edu.tw

P4 Shau-Chun Wang
chescw @ccu.edu.tw

Department of Chemistry and Biochemistry, National Chung Cheng
University, Chia-Yi 621, Taiwan

2 Center for Nano Bio-Detection, AIM-HI, National Chung Cheng
University, Chia-Yi 621, Taiwan

Institute of Molecular Biology, National Chung Hsing University,
Taichung 402, Taiwan

molecules. The work demonstrates that the particles can be
concentrated at the stagnant point at the bottom of a reservoir
containing 60 pL solution only by ionic wind-driven centrif-
ugal flows. SERS signals were acquired to identify the
bacteria-mimicking particles. The ionic wind flows were then
applied to trap and concentrate Neisseria and Salmonella bac-
teria bound with antibody-conjugated NAEBs at the level of
10° colony forming units (CFU) per mL (or lower) within
10 min. The NAEBs were preferably labeled with Ethyl violet
or fluorescein derivatives. The log-log calibration plot for
Neisseria is linear in the 10* to 10° CFU-mL ™" concentration
range.

Keywords Microfluidics - Vortex flow - Microcentrifuge -
Ionic wind - Raman tag - Bacteria detection - SERS -
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Introduction

Conventional methods of analyzing pathogenic bacteria are
time-consuming because of bacterial counts as low as 10°
colony forming units (CFU) mL™" can be found in biological
samples from living sources. Although rapid methods such as
polymerase chain reaction and nucleic acid probes are more
sensitive and selective than conventional techniques, many of
these tests are compromised by complicated matrix compo-
nents [1].

Therefore sample culturing is needed to increase the bacteria
concentration at least by 1000-fold. Slow bacteria cultivation
procedures can take anywhere from 24 h to weeks to accom-
plish. Alternative methods are in demand to rapidly separate and
concentrate bacteria directly from samples, thereby minimizing
the assay time.
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An impedance spectroscopy method was used to detect
specific bacteria bound with antibody-immobilized gold
nanoparticles to reach LOD of 30 CFU-mL™". Unfortunately,
simultaneous detection of different bacteria was not possible
using this method [2]. To allow multiplexing capability, vari-
ous functionalized nanoparticles have been used to develop
bacteria detection techniques for providing adequate sensitiv-
ity. Based on the competitive bindings of cationic polymer-
coated gold nanoparticles to the enzyme and bacteria, a highly
sensitive colorimetric assay was developed [3]. Although the
limit of detection (LOD) at 10 CFU-mL " is impressive, this
method lacks selectivity.

Other immunoassays using fluorescent quantum dot (QD)
tagged carbon nanoparticles show adequate simultaneous de-
tection of different kinds of bacteria with LOD lower than
100 CFU-mL"! [4, 5]. However, because fluorescence emis-
sion peaks were broad, multiplex detection capability of these
assays were limited to two or three bacteria species.
Furthermore, functionalized magnetic nanoparticles have
been used to bind with bacteria to concentrate prior to conju-
gating with QD nanoparticles for detection. Nevertheless, the
tedious assay development procedures to optimize the
amounts of magnetic nanoparticles and QD nanoparticles are
time consuming [6].

To address the aforementioned technical difficulties, mini-
aturized diagnostic systems for analyzing pathogen bacteria
have been widely studied over the last ten years [7, 8]. The
contribution of chip-based device for diagnostics is the remov-
al of the bottleneck in sample culturing time by trapping and
concentrating the bacteria in the original sample at one loca-
tion to dramatically increase detection sensitivity.

Current on-chip enrichment methods often use AC
dielectrophoresis (DEP) related technologies to direct and
concentrate the bacteria [9]. Successful integrations of SERS
detection with DEP microfluidic platform to recognize bacte-
ria have been reported [10—12]. The DEP mechanism is based
on the polarization of a particle in a nonuniform electric field,
to be attracted to an area of which the field strength is higher or
lower than that of other locations, depending upon the particle
polarizability relative to the medium [13]. However, the force
acting on the particle DEP scale as a> where a is the particle
radius. As a result, the particle velocity is proportional to a.
Therefore, micron-size bacteria would only be concentrated
on an electrode by DEP when they are near the electrode
surface.

Alternatively, electrophoretic forces were also used to drive
bacteria into designate region to concentrate [14—17]. The
adequate dragging force to sufficiently move bacteria can be
generated only under high field strength (~1 kV-cm™"), which
usually damages the bacteria cell membranes and causes se-
vere chemical contaminations due to electrode reactions.

When a needle electrode, applied with a high AC voltage
(= 1 kV) ofhigh frequency (= 50 kHz), hanging ~3 mm above
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the surface of an electrically grounded small reservoir, plasma
ions buildup on the electrode tip are then propelled away from
the localized ionization region along the field lines in the
direction of decreasing field intensity. Consequently, these
plasma ions collide with electroneutral air molecules to gen-
erate a gas stream known as ionic wind [18]. Finally, the
momentum due to these collisions imparts onto the liquid
interface. In addition, because of tangential shear at the air-
liquid interface, intense surface vortices with linear velocities
in excess of 1 cm/s can be obtained. When the electrode is
placed off-center, only one dominant vortex is observed in the
reservoir to generate a centrifugal flow to trap microspheres to
the stagnant point at the reservoir bottom to accomplish par-
ticle concentration within minutes [18, 19].

Raman spectroscopy is another popular bioanalytical tool
[20]. The chemical structures with specific functionalities
modulate the frequency shifts of scattering light to corre-
sponding frequencies. Therefore, this spectroscopic technique
can obtain the fingerprint signature signals of various moieties
to identify molecular structures. Unlike IR spectroscopy,
which measures the light absorbance caused by the vibrational
frequencies of functional groups, is prone to solvent back-
ground interferences, Raman spectroscopy is particularly use-
ful to determine analytes in aqueous solution due to its limited
background signals of water.

Although Raman scattering signals are very weak, signal
enhancement techniques using nanoparticles or the rough
structures of noble metals to amplify localized electromagnetic
fields of probing light beam, known as surface enhanced
Raman scattering (SERS), have significantly improved the
Raman scattering signal intensities. In particular, SERS detec-
tions have been successfully used in environmental pollutant
determinations and biomedical applications [21, 22]. Besides,
SERS techniques can characterize bacteria by identifying the
specific proteins, amino acids, and sugars on the cell surfaces
[23-25]. However, the intensities of signature SERS signal
peaks of moieties on the surfaces of different bacteria some-
times significantly vary. Thus, simultaneous recognitions of
various bacteria are problematic when the signal peaks of
some bacteria with weaker SERS scattering intensities are
buried in the signals of others with stronger intensities.

Alternatively, using specially designed surface-enhanced
Raman scattering (SERS) nanoprobes, such as nanoaggregate
embedded beads (NAEBs) conjugated with specific antibody,
have been reported to detect various kinds of bacteria simul-
taneously [26, 27]. The NAEB is a stable colloid prepared
through controlled aggregation of a few gold nanoparticles
(AuNPs) encapsulated together with SERS reporters in a pro-
tective silica shell [26-29]. Conjugated with a specific anti-
body, each NAEB can serve as a highly sensitive SERS active
nanosensor to probe the target analyte, such as bacteria. The
Raman tag presents as a particular SERS identification
barcode of narrow Raman peaks via excitation.
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Here we report the use of Raman reporter-labeled
NAEBs, conjugating with specific antibody probes, to rec-
ognize and quantify Neisseria and Salmonella bacteria in a
small reservoir at the level of 10° CFUmL™" or lower. The
high voltage needle above the reservoir solution level gen-
erates ionic wind vortex flows to trap NAEBs-bound bacte-
ria around the center of reservoir bottom without using any
other capturing units. The concentrated bacteria of Neisseria
and Salmonella can be clearly identified using the spectrum
features of SERS reporters in each kind of NAEB, of which
the signal intensities are comparable. The bacteria concen-
trations can also be quantified using SERS signal peak
intensities.

Experimental
Materials

Indium titanium oxide (ITO) coated conducting glass slides of
0.07 cm in thickness and 7.5 cm x 2.5 ¢cm in area, which were
purchased from Uni-Onward Corp. (Taipei, Taiwan, www.
uni-onward.com.tw), were used as chip substrate. Vivak®
copolyester plastic sheet (0.5 cm in thickness) was obtained
from DSM Engineering Plastic Products (Sheffield, MA,
www.dsm.com) to fabricate chip slide in the same area size
as that of ITO glass slide.

The following chemical and biochemical reagents were
used as received. Hydrogen tetrachloroaurate trihydrate
(HAuCly -3H,0; 99.9%) and sodium citrate tribasic dihydrate
(99%) were obtained from Showa (www.showal.com) to
synthesize AuNPs.

Silica-based shells to encapsulate gold nanoparticles and
Raman reporters as NAEB tags were prepared using
tetraethylorthosilicate (TEOS; 99.0%) and (3-aminopropyl)
triethoxysilane (APTES; 99%) from Sigma-Aldrich (www.
sigmaaldrich.com), and (3-mercaptopropyl)-trimethoxysilane
(MPTMS; 95%; ACROS, www.acros.com). Basic solutions
were prepared with sodium hydroxide (97%, Showa, www.
showal.com) and ammonium hydroxide (28.0-30.0 wt.% in
water; Sigma-Aldrich, www.sigmaaldrich.com). Anhydrous
ethanol (TEDIA) was used as rinsing solvent in preparation
procedures. The Raman reporter molecules tagged in NAEB’s
were as follows: ethyl violet (EV) and tetramethylrhodamine-
5-isothiocyanate (TRITC) from Sigma-Aldrich (www.
sigmaaldrich.com), and malachite green isothiocyanate
(MGITC) from Thermo Fisher Scientific (www.
thermofisher.com).

Prior to functionalization of polystryrene microspheres
with an antigen, N-hydroxysuccinimide (98%; NHS) and
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC; 99.0%) obtained from Sigma-Aldrich were
used to activate the surface of the microspheres. Buffer

solutions used in this surface modification procedures includ-
ed monopotassium phosphate (99.0%) and disodium hydro-
gen phosphate (99.0%) from Showa (www.showal.com), and
ethanolamine (99.0%) from Sigma-Aldrich (www.
sigmaaldrich.com). Sodium chloride (99.0%, Sigma-Aldrich,
www.sigmaaldrich.com) and potassium chloride (99.0%,
Showa, www.showal.com) were used to adjust solution
ionic strength.

Polystyrene (PS) carboxylate microspheres (5 pwm) were
from Polysciences, Inc. (www.polysciences.com). The
antigen/antibody pair for binding interaction were ovalbumin
(OVA, Sigma-Aldrich, www.sigmaaldrich.com) on PS
microspheres and monoclonal anti-ovalbumin antibody (an-
ti-OVA; Sigma-Aldrich, www.sigmaaldrich.com) on
NAEBES, respectively. Unless otherwise noted, all solutions
were prepared with deionized water (18.2 MQ-cm) from a
Millipore (www.merckmillipore.com) Milli-Q system.

Procedures
Preparations of antibody-conjugated NAEBs

The preparation procedures of conjugating antibody on
NAEBs followed the procedures in previous papers
[26-29]. Details are described in the supplementary ma-
terials of this paper. In particular, MGITC-labeled NAEBs
were conjugated with anti-OVA to recognize OVA-
functionalized PS microspheres. TRITC and EV-labeled
NAEBs were conjugated with monoclonal antibodies
mADb 4B2D and 4-7-3, respectively to recognize targeted
bacteria. As described in our previous paper [27], mAbs
4B2D and 4-7-3 are specific for Salmonella and
Neisseria, respectively.

Sample preparations

The protocol of preparing antigen-functionalized PS micro-
spheres followed the procedures in our previous paper [27].
Details are also described in supplementary materials.

In particular, bacteria samples were in phosphate buffer at
various cell concentrations ranged from 10* to
2 x 10° CFU-mL™". Each sample was mixed with a solution
containing excess amount of antibody-functionalized
NAEBs and shook for 1 h for binding. The NAEBs-bound
bacteria were sedimentated by centrifuging the solution in a
sample tube at 553 rcf for 15 min. The free unbound NAEB
solution at the upper layer was siphoned out and the remain-
ing NAEBs-bound bacteria in the sample tube were re-
dispersed in deionized water. The solution was centrifuged,
siphoned, and re-dispersed with water one more time to
clean up residue phosphate in bacteria precipitates. These
clean-up steps minimize the matrix effects in slowing down
vortex flows.
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Fabrications of micro-centrifugal device

To fabricate a micro-centrifugal chip, the edges of one
copolyester slide (7.5 cm % 2.5 cm), containing a reservoir
hole (0.8 cm i.d.) at its center, were melted by acetone to seal
with the other ITO coated conducting glass slide with the
same size by clamping these two slides with adequate pressure
force. The reservoir volume in the chip was 60 pL. Prior to the
sealing, one small piece of copper ribbon electrode was taped
near the plastic slide edge to serve as an electrical contact to
connect with the power source.

Equipment set-up of micro-centrifugal system

As shown in Fig. 1, a functional generator from Agilent
Technologies (www.agilent.com) provided the ac output
waveform of 50 kHz (0.5-1.0 V), amplified via one
broadband amplification system and finally pumped to ~1000
Vims With a transformer. Both broadband voltage amplifier and
transformer were from Industrial Testing Equipment Co. (Port
Washington, NY, www.industrialtest.com). The output voltage
was applied on the corona needle of platinum wire (0.5 cm).
This wire was hanged 3 mm above the reservoir liquid. One
piece of copper ribbon electrode was taped on the chip as the
ground end. The platinum needle was inclined at 30-degree
angle from the liquid level and off the reservoir center, pointing
tangentially near the edge of the circular reservoir. These opti-
mized corona parameters were similar to the conditions used in
previous works [18, 19].

The chip was stationed at the stage of one inverted-view
microscope (IX51, Olympus Corp., Japan, www.olympus-
global.com) equipped with CCD camera (ProgRes®,
Jenoptik, Germany, www.jenoptik.com), from which the
acquired images were stored in a personal computer.

Fig. 1 The schematic illustration
of experimental set-up for
bacteria concentration using
corona-induced micro-centrifugal
flows. a. functional generator; b.
power amplifier; ¢. transformer;
d. inverted-view microscope; e.
CCD camera; f. personal
computer. The top imbed graph
shows the chip g containing
centrifugal reservoir with one
copper ribbon electrode h taped
between two chip slides. One
corona needle i inclined at the
angle 30°is hanging above the
reservoir. The chip is stationed on
the microscope stage as indicated
in the dashed green circle
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Using ionic winds to concentrate microparticles and bacteria
in micro-centrifugal chip

One aliquot (60 uL) of NAEBs-bound microsphere or bac-
teria sample was added into the chip reservoir. When the ac
voltage is applied, the stream of ionic wind coming from
the needle tip generates one vortex to produce centrifugal
flows. The suspended PS microspheres and bacteria were
dragged into the centrifugal vortex and then trapped at the
flow stagnant point near the center of reservoir bottom in 5
to 10 min.

As described in the previous section, the chip was stationed
at the stage of one inverted-view microscope to videotape the
process of trapping and concentrating functionalized PS mi-
crospheres or bacteria bound with NAEBs using a CCD cam-
era storing images in a personal computer.

‘When the NAEBs-bound PS microspheres or bacteria were
trapped to accumulate at the center of reservoir bottom, the
chip was moved to acquire the Raman spectrum of the reporter
molecules in NAEBs from the accumulated spot using micro-
Raman spectroscope (XploRA, Horiba Scientific, Japan,
www.horiba.com). The wavelength of incident laser was
at 638 nm. The Raman spectrum was acquired through a
10X objective.

Results and discussion

Trappings of polystyrene (PS) microspheres bound
with NAEBs

As described in Experimental section, the solution containing
OVA-functionalized PS microspheres (4.5 x 10® mL™") was
mixed with MGITC-labeled NAEBs, of which the surfaces
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were conjugated with anti-OVA for binding. An aliquot con-
taining 60 puL solution of NAEBs-bound PS microspheres was
then added into the micro-centrifugal device reservoir. The ion-
ic winds coming from the high voltage needle generates vortex
flows to trap these NAEBs-bound PS beads around the center
of reservoir bottom in 5 min, as shown in the imbedded graph
of Fig. 2. These findings of trapped PS microspheres of 5 um
i.d. were consistent with the observations in the previous paper
[19]. The Raman spectrum (trace A) in Fig. 2 was taken at the
stagnant point in which the PS microspheres were accumulat-
ed. The comparison spectrum was acquired at a non-stagnant
point. The featureless Raman spectrum as shown in trace B of
Fig. 2 was obtained at the non-stagnant point. Such a spectrum
virtually overlaps with that of blank spectrum (trace C) ac-
quired prior to the activation of ionic winds. On the other hand,
the characteristic peaks of MGITC at 1170, 1370, and
1620 cmfl, as indicated by red dots in trace A of Fig. 2, are
significantly above the blank signals.

This model system verifies the concept of trapping
NAEBs-bound PS microspheres and identifying the particles
using the Raman spectrum features of reporter molecules in
NAEBs, when an antibody is conjugated on the surface of
NAEBs to bind with the corresponding antigen-
functionalized PS microspheres.

Trapping and identification of Neisseria and Salmonella
bound with antibody-conjugated NAEBs

The solution containing Neisseria (1.0 x 10° CFU-mL ™)
was mixed with TRITC-labeled NAEBs which conjugated
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Fig. 2 The Raman scattering spectra acquired under ionic wind vortex
flows at a the stagnant point, where NAEBs-bound PS microspheres are
concentrated, and b the non-stagnant point where PS microsphere
accumulations were not found. Trace C is the blank spectrum acquired
prior to the flow activation. The characteristic peaks of MGITC-labeled
NAEBs at 1170, 1370, and 1620 cm™ ', are indicated by red dots above
trace A. The inset photograph next to the main graph shows the accumu-
lation of PS microspheres (in the dashed red circle) around the center of
reservoir bottom

with mAb 4-7-3 antibody. This conjugated antibody pos-
sesses highly specific binding affinity with Neisseria. An
aliquot of NAEBs-bound Neisseria solution (60 plL) was
then added into the micro-centrifugal device reservoir.
The ionic winds coming from the high voltage needle
generates vortex flows to trap these bacteria around the
center of reservoir bottom within 10 min, as shown in the
imbedded graph of Fig. 3. Similarly, Sa/monella solution
(2.0 x 10° CFU-mL™ ') was mixed with EV-labeled
NAEBs which conjugated with mAb 4B2D antibody for
binding. Then an aliquot of the resulting NAEBs-bound
Salmonella solution (60 uL) was added into the device
reservoir to concentrate at the stagnant point of ionic
wind-driven flows.

Traces A and B in Fig. 3 contain clear SERS spectrum fea-
tures of EVand TRITC, respectively. Trace A was acquired from
Salmonella (2.0 x 10° CFU-mL ). Trace B was from Neisseria
(1.0 x 10° CFU-mL ). These bacteria were trapped at the stag-
nant point on the reservoir bottom. Trace C is one featureless
blank spectrum acquired from a non-stagnant point, showing no
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Fig. 3 The Raman scattering spectra acquired under ionic wind vortex
flows at the stagnant points, where NAEBs-bound bacteria samples
including Salmonella (trace A) and Neisseria (trace B) of concentrations
of 2.0 x 10% and 1.0 x 10° CFU-mL™", respectively, are concentrated.
Trace C is the blank spectrum acquired prior to the flow activation. The
characteristic peaks of EV-labeled NAEBs at 800, 914, 1200, 1293, 1373,
1428, and 1620 cm ' are indicated by blue dots above trace A. The
characteristic peaks of TRITC-labeled NAEBs at 1220, 1360, 1530, and
1650 cm ™' are marked by red arrows above trace B. The inset photo-
graphs below the main graph show the accumulation of NAEBs-bound
Neisseria (in the dashed red circle) around the center of reservoir bottom.
The left and right images were acquired using 10* and 10° CFU-mL ™"
samples, respectively
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distinguishable signals. The characteristic Raman scattering
peaks of EV appear in trace A at 800, 914, 1200, 1293, 1373,
1428, and 1620 cm ', respectively. Trace B contains the char-
acteristic Raman scattering peaks of TRITC at 1220, 1360,
1530, and 1650 cm ', Besides, the signal peaks in traces A
and B acquired from NAEBs-bound Salmonella and Neisseria
samples at similar concentrations are in comparable intensities.

The photographs below the main graph show the NAEBs-
bound Neisseria aggregates precipitated at the reservoir bot-
tom after the centrifuge step. The left image, acquired using
10* CFU-mL ™" sample shows scattered string-like aggregates
in length smaller than 10 um. Because the length of Neisseria
is about 1 pum, there should be only three bacteria within the
3 um focus spot via the Raman microscope objective used to
acquire the spectrum. The scanning electron microscopy im-
age showing NAEB-bound bacteria in the previous paper in-
dicated each bacteria were bound with about 100 Raman tags
[27]. Therefore, the Raman signal intensity was expected to be
reproducible under this low concentration.

The other image in Fig. 3 shows densely packed Neisseria
aggregates. Assuming each Neisseria was in the size of
I um x 0.5 pm x 0.5 pum, there were about 100 bacteria
packed inside a cube of 3 um. When the signal intensity is
proportional to the number of bacteria, the intensity dynamic
range should extend for two orders of magnitude.

These results demonstrate that NAEBs-bound bacteria at
the typical concentration level of pathogen diagnosis can be
trapped by the ionic wind-driven vortex flows to accumulate
at the stagnant point around the center of reservoir bottom in
our device. Because NAEBs contain Raman reporter mole-
cules, their clear SERS spectrum features can confirm the
specific bindings between the antibody-conjugated NAEB
probes and targeted bacteria. In addition, various reporter mol-
ecules with similar scattering cross sections can be labeled in
NAEBs on purpose. Therefore, the SERS signals of each type
of NAEBs-bound bacteria will contain comparable intensities.
When different kinds of bacteria at similar concentrations are
detected simultaneously, their SERS spectrum can be easily
distinguished.

Quantitation of Neisseria

Neisseria samples at various concentrations, 1.0 x 104,
3.0x10% 1.0 x 10%,3.0 x 10°, and 1.0 x 10° CFU-mL ™", were
mixed with a solution of NAEBs conjugated with mAb 4-7-3
antibody. An aliquot of the resulting solution (60 pL) was
added into the reservoir of micro-centrifugal device. When
the NAEBs-bound Neisseria of each sample was trapped to
concentrate in 10 min or less, Raman spectrum was acquired
from the bacteria accumulation spot. Figure 4 shows the peak
intensities in the TRITC Raman spectra which increase pro-
portionally with respect to the concentration of Neisseria.
When the average peak intensity of three to five replicate
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samples at 1210 cm™' (I) was used to plot against bacteria
concentration (C), one linear relation between the logarithm
values of intensity and concentration, logl =0.48 logC +0.14
was found. The square correlation coefficient of this relation
was 0.99. The variation of Raman signal intensities which
ranged from 2% to 14% is acceptable.

The signal-to-noise (S/N) ratio of the 1210 cm™' peak in the
spectrum trace of 10* CFU-mL ™" was 13. Therefore the LOD
of this method was estimated as 2300 CFU-mL "', when S/N
ratio of three was used as the criteria. This high linearity and
adequate LOD indicate the feasibility of using this device to
quantify bacteria at the typical concentration level for patho-
gen diagnosis.

Table 1 listed the comparison of nanoparticle-based
methods to detect bacteria samples using various concentra-
tion devices. The figures of merit evaluations of each method
are included in the table.

Immuno-microarray was used to selectively capture specif-
ic bacteria prior to conjugation with silver nanoparticles for
SERS detection using the scattering signals from the function-
al groups on bacteria surfaces [25]. Because the inter-species
signal intensity differences were usually significant using bac-
teria SERS spectrum, the multiplex detection capability was
not versatile. Like most SERS methods, the scattering moie-
ties were not homogeneously covered by metal nanoparticles
to enhance their Raman signals. The inadequate scattering
signal intensities resulted in irreproducible determinations.
The reported LOD at 10* CFU-mL™' was not useful either
even using confocal detection.
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Fig. 4 The baseline corrected Raman spectrum of TRITC acquired from
the concentrated NAEBs-bound Neisseria around the center of reservoir
bottom of microcentrifugal device, where the original bacteria
concentrations are 1.0 x 10* (black trace), 1.0 x 10° (red trace), and
1.0 x 10° (blue trace) CFU-mL ™", respectively. The spectrum baselines
were adjusted as flat lines. The inset graph shows the linear relation
between the logarithm values of intensity (I) and concentration (C), logl
=0.48 logC - 0.14, of which the square correlation coefficient is 0.99
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Table 1

The comparison of nanoparticle-based methods to detect bacteria using concentration device

Detection method SERS [25] SERS [30]

QD fluorescence tags [6] SERS tags [31] SERS tags

[this work]

Conc. method Immuno- microarray

Sensing method
of detected bacteria

Inter-species Signal Significant Significant
intensity variations

Selectivity Good Moderate

Detection limit 10,000 100
(CFU-mL ™)

Confocol optics Yes Yes
requirement

Multiplexity Moderate Moderate

Quantitation precision Poor Poor

Conc. device complexity High High

Conc. time (min) 60 240

Nanorod mesh filtration

Raman spectrum features Raman spectrum features Immunoassay
of detected bacteria

Magnetic nanoparticles ~ Nano-structured DEP  Micro-centrifuge

Immunoassay Immunoassay
Moderate Moderate Moderate
Good Good Good
30 210 2300
No No No
Moderate Good Good
Good Moderate Good
Low High Moderate
10 1 5

High concentration efficiency was achieved when nanorod
mesh filtration was used to obtain superior LOD at
100 CFU-mL"" using confocal SERS detection [30].
However, the determination results were not reproducible. In
addition, nanorod mesh fabrication required sophisticated
technologies. The long filtration time of four hours also lim-
ited the convenience.

As discussed in Introduction section, functionalized mag-
netic nanoparticles were used to bind with bacteria for con-
centration prior to conjugation with QD nanoparticles for de-
tection [6]. But the tedious assay development procedures to
optimize the amounts of magnetic nanoparticles and QD
nanoparticles in two incubation steps were rather time con-
suming. Besides, due to the broad features of fluorescence
emission peaks, QD-based assays did not provide versatile
multiplex detection capabilities.

In addition to this work, immunoassays using SERS tags as
detection methods were carried out previously [31]. Because
Raman reporter molecules were homo genously encapsulated
in gold nanoparticle clusters in the tag and each bacterium
were bound with at least tens of tags, the signal reproducibility
problem was therefore solved to achieve adequate quantitative
detections. Both DEP and micro-centrifuge devices capture
bacteria at the center of concentration reservoir to form aggre-
gates of larger size, confocal detection is no longer required
acquiring SERS signals.

Nanostructued electrode DEP concentrates bacteria more
efficiently than micro-centrifuge device of this work [31]. The
LOD by this DEP method was at 210 CFU-mL ™" and is there-
fore superior to the LOD of this work at 2300 CFU-mL™".
However, the device complexity of using nanostructured elec-
trodes to provide superior sensitivity was not necessary when
typical pathogen sample concentrations were at the concentra-
tion of 10° CFU-mL " or higher.

Adequate reporter molecules can be selected to be labeled
in different tags, containing distinct Raman spectrum features.
The comparable signal intensities among these tags are also
adjusted. Multiplex detection to quantify several kinds of bac-
teria are therefore possible.

Conclusion

This work demonstrates the feasibility of using ionic wind-
driven micro-centrifugal device to concentrate NAEB-bound
bacteria. The Raman tags can be used to recognize and
quantify bacteria at the typical level of pathogen samples,
10* to 10° CFU-mL™". The LOD of our method is estimated
as 2300 CFU-mL". Unlike the conventional methods that
require tedious bacteria cultivation or sample preparation
procedures, this method accomplishes bacteria detection
within 10 min.

Although other nanoparticle-based immunoassays using
impedance spectroscopy or QD fluorescence detection
achieve superior LOD lower than 100 CF U-mLfl, these
methods are difficult to achieve multiplex detection.

Because various reporter molecules can be labeled in dif-
ferent tags contain distinct Raman spectrum features, this de-
vice potentially can carry out multiplex detection to simulta-
neously quantify several kinds of bacteria.
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