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Abstract

A sensitive SERS-based microfluidic immunosensor was
developed to separate and detect Escherichia coli O157:H7
in romaine lettuce. SERS nanoprobes, containing gold nano-
particles and specific antibodies against E. coli O157:H7,
were used to selectively anchor onto the E. coli O157:H7
cells and separate them from lettuce samples. Separated cells
were then detected within a hydrodynamic flow-focusing
microfluidic device using the Raman spectroscope with an
excitation laser of 785 nm at ~35 mW. Bacterial concentra-
tions of 100, 10, 1, and 0.5 CFU-mL~! were successfully
detected after less than 60 min of enrichment. The limit of
detection of E. coli O157:H7 in romaine lettuce was found
to be 0.5 CFU-mL™!, verifying the sensitivity of our protocol
for detection of pathogens in food samples. High linearity
(R? > 0.93) in the calibration curves for E. coli O157:H7 was
observed after 30 min of enrichment. The method reduced
the analysis time for single-cell detection to only 1 h, which
is significantly shorter than the days required in conven-
tional methods. In summary, combining the hydrodynamic
flow-focusing microfluidic device with SERS nanoprobes
provides a reliable, selective, and sensitive approach for the
detection of various pathogens in complex food samples.
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Introduction

In the USA, the consumption of fresh fruits and vegetables
is increasing among consumers. Since these products are
mainly consumed raw and are minimally processed, the
prevalence of multistate outbreaks of foodborne illnesses
associated with raw fruits and vegetables has become an
increasing concern recently [1]. Among fresh produce,
leafy greens are the most foreseeable implicated vehicles
of pathogen hazards [2]. Among bacterial pathogens, Shiga
toxin-producing Escherichia coli (STEC) are the main food-
borne pathogens associated with these outbreaks [3]. Nota-
bly, more than half (54%) of the outbreaks were linked to a
specific leafy vegetable (i.e., contaminated romaine lettuce),
rather than mixed products [4]. The frequently occurring
leafy greens-associated outbreaks highlight the importance
of early detection of E. coli O157:H7 in leafy greens for
preventing further contamination over the production and
processing chains.

Currently, conventional culture-based isolation and detec-
tion methods are used as gold standard methods for the
detection of foodborne pathogens. Isolation and detection
of E. coli O157:H7 in foods involve sample collection, serial
dilution, plating, and culturing on selective media, such as
sorbitol-MacConkey agar (SMAC) [5]. Despite being sim-
ple, inexpensive, and sensitive, these methods are laborious
and time-consuming, taking up to 1 week to obtain results
[6]. Likewise, if the number of bacteria in the food sample is
low, these methods require enrichment of bacterial cells with
an extra 824 h prior to the detection [7]. Currently, culture-
independent methods, such as nucleic acid-based methods
and immunoassays have been widely used as alternative
methods to overcome the drawbacks of conventional meth-
ods due to their higher sensitivity, specificity, and rapidity
[8]. Nucleic acid-based methods such as polymerase chain
reaction (PCR) involve the detecting specific target genes
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or DNA sequences of target pathogens using a thermosta-
ble polymerase enzyme [9]. These methods are considered
sensitive and rapid methods as low concentrations of food-
borne pathogens can be detected within hours. However,
these techniques may bring other limitations to the detection
procedure, such as high costs, the requirement for trained
personnel and sophisticated devices, and several technical
issues, especially when used for complex matrices [10].
Immunoassays such as enzyme-linked immunosorbent assay
(ELISA) are qualitative-quantitative tests that are based on
the interaction of a specific antibody with a target antigen
[11]. Accordingly, there are commercial antibody-based kits
developed for fast, on-site detection of E. coli O157:H7.
However, their suitability for monitoring a low initial con-
centration level of bacteria is still questionable [12].

Surface-enhanced Raman spectroscopy (SERS)-based
immunosensors have been recently recognized as a powerful
clinical and biochemical diagnosis method. Generally, these
methods are operated by (i) SERS tags that include antibod-
ies to anchor onto bacterial cells, (ii) SERS reporter mol-
ecules, and (iii) SERS active substrates [13]. The superiority
of this technique over conventional immunoassay methods,
such as ELISA and fluorescence-based assays, lies in the fact
that (i) SERS has a relatively high sensitivity even at very
low concentrations of the target analytes [14, 15], (ii) less
susceptibility of Raman signals to photobleaching results
in lower detection limits [16], (iii) multiplexing is achiev-
able using multiple complementary antibodies and different
Raman reporters [17], and (iv) narrow Raman signals facili-
tate the detection of multiple biomarkers and pathogens [18].
Nonetheless, inconsistent and irreproducible SERS results
cause difficulties in quantitative analysis [19]. Therefore, the
integration of SERS-based immunoassay into a microfluidic
channel provides a homogeneous analysis condition, facili-
tating accurate quantitative evaluation of the target analytes
[19]. Additionally, this platform offers automatic sampling,
continuous and multiplex analysis with low sample con-
sumption [20].

Various SERS-based microfluidic immunosensors have
been evaluated to detect pathogens in recent years. Each
research group developed a specific strategy to lower the
limit of detection (LOD). Integration of SERS tags into a
microfluidic dielectrophoresis sensor led to a very low LOD
of 70 CFU-mL ™! [21]. However, inefficient liquid from such
sensors usually results in incompetent quantitative detec-
tion of bacteria in complex samples [22]. A nano-dielec-
trophoretic microfluidic sensor coupled with SERS was
employed for online enrichment, separation, and detection
of E. coli O157:H7 in water [23]. Although the method is
highly sensitive and all steps were applicable in one step,
the technique is too complicated and lacks applicability
when bacteria exist in food samples [24]. Off-chip labeling
was another technique used to separate and detect Listeria
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monocytogenes in pure culture [25]. This study achieved a
very high LOD value of 10° CFU-mL™!, which is too high
for highly pathogenic bacteria. Therefore, it is necessary to
develop an efficient, rapid, and feasible method to detect E.
coli O157:H7 in complex food samples with high sensitivity
and selectivity.

Herein, we developed a feasible and sensitive protocol
to separate and detect pathogens in complex food samples.
Our study targeted the detection of E. coli O157:H7 in
romaine lettuce because of the importance of this patho-
gen in leafy greens, specifically lettuce. Our protocol con-
sists of (1) an enrichment step, (2) off-chip separation and
labeling of pathogens by fluorescent immune-nanoprobes
in the food sample, and finally (3) on-chip detection of the
labeled bacterial cells by a sensitive SERS microchip which
is capable of detecting individual cells in a thin layer of
fluid flow. Remarkably, our protocol showed excellent sepa-
ration and detection performance of the very low counts of
pathogens in complex food samples. The detection time was
much less than that of standard conventional methods. The
results of this study are promising for the practical separa-
tion and detection of pathogens in food samples. To the best
of our knowledge, there is no reported study on separation
and detection of E. coli O157:H7 using SERS-based micro-
fluidic immunosensors with a LOD value of less than 10?
CFU-mL"! in the food sample.

Materials and methods
Chemicals and materials

Au nanoparticles (AuNPs) were fabricated by the citrate
reduction technique based on a previous method [26]. In
brief, AuNPs were fabricated by reducing Au>* ions using
a mild reducing and stabilizing agent, trisodium citrate,
in an aqueous medium. SERS nanoprobes were prepared
according to the modified protocol described by [27]. The
detailed chemicals list and SERS-nanoprobes synthesis were
provided in the Electronic Supplementary Materials (ESM).

Bacterial cocktail preparation

Three strains of STEC O157:H7 (Table 1) isolated from
different sources were selected to prepare a cocktail for

Table 1 E. coli O157:H7 strains used in this study

O-serogroup Strain Source

E. coli O157:H7 505B Beef (FRI)

E. coli O157:H7 93-111 Hamburger

E. coli O157:H7 EDL-933 Human (USA)
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inoculation into the lettuce samples. First, each strain was
separately grown overnight in fresh TSB broth at 37 °C.
After incubation, the bacterial pellets were collected by cen-
trifugation at 11200 Xg and suspended in sterile peptone
water. Bacterial counts for each strain were obtained by per-
forming serially diluting and pour plate counting colonies
on TSA. Bacterial colonies for each strain were enumerated
after incubation at 37 °C for 24 h. Based on the number of
CFU-mL™! counts obtained for each strain, corresponding
dilutions and volumes were determined to get a cocktail with
aratio of 1:1:1 for each strain. Finally, the cocktail was seri-
ally diluted to obtain spiking inoculums of 0.1, 0.5, 1, 10,
and 100 CFU-mL~..

Sample preparation

Prior to inoculation of the spiking cocktail into the lettuce
samples, the purchased samples were evaluated for the pres-
ence of STEC O157:H7. More details can be found in ESM.
Lettuce samples were prepared by cutting lettuce leaves into
pieces of roughly the same size. The prepared lettuce sam-
ples (200 g each) were placed in sterile stomacher® bags
and spiked with 1 mL of 0.1, 0.5, 1, 10, and 100 CFU-mL™!
of E. coli O157:H7 cocktail. After inoculation, the samples
were left for 15 min to allow bacterial cells to attach to the
leaves’ surfaces. Then, 450 mL of sterile (1x) mBPW with
vancomycin (8 mg-L™!), prewarmed at 42 °C, was added to
the samples and the bags were hand-massaged thoroughly
for 1 min. E. coli-inoculated lettuce samples were incubated
at 42 °C for 15, 30, 45, 60, and 120 min for enrichment, and
sampling for SERS detection was performed [28, 29]. For
sampling, 2 mL of the fluid was collected into the centrifuge
tube and stored properly until further steps.

Labeling of the bacterial cells

First, 1 mL of glutaraldehyde solution (2.5%) was injected
into 1 mL of the sample, followed by storing the samples at 4
°C for 30 min to allow bacterial cells to be fixed. Afterward,
the cells were collected by twice washing and centrifuga-
tion at 9300 xg for 15 min. The pellets were then mixed
and homogenized with 1 mL of SERS-nanoprobe solution
followed by incubation in a shaking incubator at 37 °C at a
speed of 100 rpm~min_1 for 15, 30, 45, and 60 min. After
incubation, free reagents and SERS nanoprobes were with-
drawn by twice washing and centrifugation at 9300 xg for
15 min. The resulting labeled pellets were resuspended into
1 mL of sterile PBS and stored at 4 °C for further analysis.

Microfluidic channel fabrication

The microchip layout was designed using AUTOCAD
2021 (Autodesk Inc., Mill Valley, CA, USA) with desired

dimensions, and PDMS microchip was fabricated accord-
ing to the techniques of standard photolithography and soft
lithography. Briefly, SU-8 2075 was deposited on cleaned
silicon wafers in two sequential steps; (i) first spin-coating
by spreading (500 rpm for 10 s at an acceleration rate of 100
rpm-s~"), spinning (1000 rpm for 30 s at an acceleration rate
of 300 rpm-s~") and soft-baking (for 60 min at 100 °C); and
(i) second spin-coating by spreading (500 rpm for 7 s at an
acceleration rate of 100 rpm-s™'), spinning (3000 rpm for 30
s at an acceleration rate of 300 rpm-s™!), and soft-baking (for
12 min at 100 °C) to reach to a ~220 p and ~70 p thickness
of the photoresist on the wafer, respectively. UV exposure
and development in SU-8 developer resulted in a channel
with a depth of ~300 p. For easier detachment of PDMS,
PMMAZ2 solution was spin-coated and baked for 5 min at
180 °C on silicon wafer. To develop a PDMS microchip, a
degassed PDMS mixture was cast on silicone-photoresist
mold and left to polymerize at 70 °C for 1 h. The PDMS
channel was finally peeled off from the mold and plasma-
bonded to a cleaned glass slide.

Detection

To increase the efficiency of the detection performance, a
flow-focusing microfluidic device was used in this study. For
this purpose, the sample, labeled bacteria suspended in PBS,
was injected from inlet B with the flow rate of 5 pL-min~!
and two lateral flows of PBS, as neutral flows, were injected
from inlets A and C with flow rates of 10 pL-min~" to sur-
round the central sample flow. Raman signals were collected
by focusing the Raman laser with a width of ~100 pm on the
central stream and ten signals were continuously collected
while the sample was flowing through the microchip.

Data collection was performed using a Raman Spectrom-
eter (Renishaw RM 1000 System, Gloucestershire, UK) with
a 50x objective and an excitation wavelength of 785 nm at
~35 mW. The system is equipped with a microscope (Leica
DMLB, Wetzlar, Germany) and a 388 x 578 pixel CCD
array detector. SERS spectra were acquired over the range
of 400-2000 cm™! with 10 s integration time.

Characterization of SERS nanoprobes

The SERS nanoprobes were characterized by UV-Vis spec-
troscopy (Cary Bio 50, Agilent, CA, USA) and transmission
electron microscopy (TEM) using high-resolution FEI Tec-
nai F30 Twin TEM operating at 300 kV at different stages of
preparation. SEM images were acquired using a FEI Quanta
600 F SEM (FEI, Hillsboro, OR, USA) operated at 10 kV.
Confocal microscopy of the labeled bacterial cells was per-
formed with a Leica SP8 laser scanning confocal microscope
equipped with a tunable supercontinuum white light laser
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and a 63x/NA1.20 water immersion objective. More details
can be found in the ESM.

Data analysis

All experiments were repeated three times and in each run
of SERS measurement, ten Raman signals were recorded by
the WiRE 3.4 software (Gloucestershire, UK).

Results and discussion

Principal of the separation and detection of E. coli
0157:H7

Herein, a combination of immunoassay, SERS, and micro-
fluidics was used to selectively separate and detect E. coli
O157:H7 cells in romaine lettuce. The separation and detec-
tion are accomplished by fluorescent immune-nanoprobes
that can selectively anchor onto E. coli O157:H7 cells and
have high SERS activity which enables the detection of
pathogenic bacteria, even with low counts, in complicated
food matrixes. The nanoprobes consist of three important
segments: (i) biotin anti-E. coli antibodies as the anchoring
moiety to selectively capture E. coli O157:H7 cells, (ii) R6G
molecules as the SERS reporter and as an indicator of the
presence of the target bacteria in the sample, and (iii) AuNPs
as the SERS active substrate to intensify the Raman signals
from the captured bacterial cells. In our proposed protocol,
when the food sample is incubated with SERS nanoprobes,
the probes are able to anchor and separate bacterial cells
from the food matrix due to the avid interaction of antigen
with antibody. In the presence of the target pathogen, the
separated bacterial cells are further collected and detected
in a highly sensitive SERS microchip. However, detection
of a single cell in a food sample faces challenges and is not
generally straightforward, so having an enrichment step prior
to the separation increases the likelihood of rapid detection
of a single cell in food samples. Interestingly, our prelimi-
nary findings proved that long enrichment periods were not
needed compared with traditional methods. Therefore, our
proposed method is promising for fast, feasible, and practical
applications in a large-scale context.

Fabrication of SERS nanoprobes

The synthesis of the SERS nanoprobe includes a series of
reactions that couples AuNPs with the biotinylated antibod-
ies (Fig. S1). For this study, AuNPs of an average particle
diameter of 40 nm were used. Commonly, nanoparticles are
chemically bonded with antibodies in one of three ways:
(i) chemisorption, (ii) via bifunctional molecules, or (iii)
through adapter molecules like avidin or streptavidin [30].
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The latter approach was used in this study. Streptavidin is a
protein that is known and commonly used in immunoassays
owing to the strongest non-covalent bond formed with bio-
tin [31]. Streptavidin-functionalized nanoparticles have been
used to attach to biotinylated proteins and antibodies [27].

For fabrication of SERS nanoprobes, first, thioctic acid
was bonded with AuNPs with its disulfide group at one end
[32]. The mixture of EDC and NHS were employed to fur-
ther activate the carboxyl groups on the other end of thioc-
tic acid molecules [33], enabling binding of thioctic acid
to streptavidin upon the addition of streptavidin to thioctic
acid-capped AulNPs. Finally, streptavidin was bonded with
biotin moiety on the biotinylated antibody through eight
hydrogen bonds and also a van der Waals interaction among
non-polar groups [31]. R6G, on the other hand, is directly
conjugated with AuNP through a strong electrostatic bond
[34].

To verify the successful fabrication of SERS nanoprobes,
UV-Vis spectroscopy was performed at three points of syn-
thesis. Fig. la illustrates a UV—Vis absorption spectrum
of SERS nanoprobes at three different fabrication steps.
AuNPs showed the maximum absorption at 531 nm, which
is typical for AuNPs with a diameter of about 40 nm [35]. A
slight redshift was observed in the spectral absorption upon
capping AuNPs with thioctic acid and R6G, indicating the
variation of the refractive index of AuNPs as the different
functionalization layers occur on their surfaces [36]. The
surface plasmon band was again redshifted from 536 to 547
nm upon conjugating the particles with antibodies, proving
the successful conjugation of antibodies to the nanoparticles
[37]. None of these steps significantly affected the size or
morphology of AuNPs as shown in TEM images of AuNPs,
AuNP@R6G and AuNP@R6G@SA@Ab (Fig. 1b—d).

Anchoring and separation of E. coli 0157:H7 cells

Bacterial cells collected in food samples were incubated
with SERS nanoprobes for different time periods. Based
on our preliminary results, the best incubation condition
was found to be 30 min at 37 °C with 100 rpm-min~!
shaking. TEM and SEM images were used to monitor the
attachment of SERS nanoprobes to E. coli O157:H7 cells
(Fig. 2a, b). These images clearly prove the successful
self-assembly of SERS nanoprobes on the bacterial cells.
As it is observed, SERS nanoprobes are attached to dif-
ferent regions around the E. coli O157:H7 cell. This is
explained by the ability of polyclonal antibodies to attach
various epitopes of the same antigenic site on the bacte-
rial cell surface [38]. Confocal fluorescent microscopy
image (Fig. 2¢) also confirmed that SERS nanoprobes
were efficiently anchored onto the E. coli O157:H7 cell
surface. Positioning SERS nanoprobes on bacterial cells
creates “hotspots” between the probes on the bacterial
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Fig.1 UV-Vis spectra (a) and a
TEM images (b—d) of SERS 2
nanoprobes at three different 18 —AuNPs
steps of preparation. 1.6 ——AuNP@R6G
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Fig.2 TEM (a), SEM (b), and confocal fluorescent microscopy (c) images of labeled E. coli O157:H7 cells by SERS nanoprobes.

cell surface and between the labeled bacteria, amplifying  Fabrication of hydrodynamic flow focusing SERS
the Raman signals from separated target bacteria [25, 39].  microchip
This results in sharper
Raman signals with higher intensities, leading to a  In this study, a hydrodynamic flow-focusing microfluidic
more efficient SERS detection performance. channel with T-junction was designed for in-flow detection
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of incubated E. coli O157:H7 cells. The AutoCAD design
and fabricated microchip are shown in Fig. S2a and b. The
optimized channel was fabricated with a width and depth of
300 pm and a length of 3.5 cm. The microchip is devised and
optimized in a hydrodynamic flow-focusing design, offering
two advantages for more sensitive detection. The first ben-
efit is that, in such a structure, the central fluid (separated
and labeled bacterial cells) flows in a thin layer where a
single cell, if present, is detectable [40]. Second, the chance
that labeled cells are exposed to the Raman laser increases
since bacterial cells are concentrated in the central stream
where the Raman laser is focused at [25]. Fig. S2c shows
the successful flow-focusing approach obtained in our SERS
microchip. The width of the central flow was measured to
be about 15 pm.

Detection of E. coli 0157:H7 cells by SERS-based
microfluidicimmunosensor

Typical Raman spectra of R6G and AuNP@R6G@SA @ Ab
SERS nanoprobes are shown in Fig. S3. As seen, the peaks
in the SERS-nanoprobe signals represent main Raman peaks
of R6G although a small shift is observed due to the pres-
ence of other components in the SERS-nanoprobe solution.
The main peaks of R6G include 611 (C—C-C ring in-plane
bending), 773 (C—H out-of-plane bending), 1197 (C-H out-
of-plane bending), 1308 (aromatic C—C stretching), 1358
(aromatic C—C stretching), 1510 (aromatic C—C stretching),
1612 (aromatic C—C stretching), and 1650 cm™! (aromatic
C—C stretching) [41]. Among them, the peak at 1510 cm™ is
considered the characteristic peak of R6G which is equiva-
lent to 1509 cm™" in SERS-nanoprobe Raman peak. Accord-
ing to plating and immunoassay Kkits, the original romaine
lettuce samples used in this study were not contaminated
by E. coli O157:H7 prior to the experiments. Fig. 3a—e dis-
play SERS signals collected from the detection of E. coli
0157:H7 at different spiking levels, ranging from 0.1 to 10
CFU-mL"!, and after various incubation times. The signals
are in fact the fingerprint Raman signals of R6G, which have
been enhanced by AuNPs present in the SERS nanoprobes
and indirectly represent E. coli O157:H7 in the sample.
The images show that the obtained signals were clear and
sharp. The changes of SERS signals were consistent with
the changes of bacterial counts in lettuce samples, i.e., the
SERS intensity concomitantly increased with the increase
of E. coli O157:H7 concentration. In this way, the intensity
of the band 1509 cm™! is the highest for samples spiked by
100 CFU-mL™!, and then it decreases as the spiking level
decreases and reaches zero when bacterial concentration is
very low. Likewise, increasing the incubation time improved
the sharpness of the peaks and intensity of the signals that
were collected from the samples with the same spiking
levels.
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Table 2 summarizes the findings of this study and pre-
sents a better outlook of the capability of SERS-based
microfluidic immunosensor to detect E. coli O157:H7 cells
in lettuce. Accordingly, our protocol was able to detect E.
coli O157:H7 cells at 100 CFU-mL~! after 15 min enrich-
ment. After only 30 min of enrichment, the protocol clearly
detected the bacterial cells at the spiking level of 10 and 1
CFU-mL"!. The results were the same after 45 min of enrich-
ment although longer enrichment time resulted in stronger
and clearer signals for all 10%, 10, and 1 CFU-mL™! counts.
Further enrichment for 2 h provided even better results. The
very low amount of 0.1 CFU-mL™! of bacterial cells was
not detectable by our protocol, which is considerably lower
than the infectious dose of less than 10> CFU-mL™! for E.
coli O157:H7 [42].

It is worth noting that, in this method, the total analysis
time for detection of a single bacterium in a food sample is
only 1 h considering the enrichment time that is significantly
less than what is needed (days) in conventional methods.
Interestingly, our protocol improved the results compared
with the previously reported method [27] owing to the com-
bination of enrichment, off-chip separation, and in-flow
detection in a highly efficient SERS microchip. Furthermore,
the lowest concentration at which fingerprint-like SERS
signals were obtained was 0.5 CFU-mL~!. Therefore, our
method achieved a very low LOD value of 0.5 CFU-mL™!
after only 60 min of enrichment which is an excellent proof
of sensitivity and rapidity of our proposed method.

Intensity-concentration calibration curves for E. coli
O157:H7 are plotted in Fig. S4, showing obtained SERS
intensity at 1509 cm™! versus logarithmic (spiked) concen-
tration of E. coli O157:H7 in lettuce after various enrich-
ment times. Increasing the enrichment time after 15 min
increased the linearity of the relationship between bacterial
concentration and obtained signal (from R? of 0.72 to R?
values of > 0.93), indicating more reliability of the results
in enrichment times higher than 15 min.

Figure S5 shows the Raman spectra obtained from
PDMS, non-labeled E. coli O157:H7 cells, and the mix-
ture of E. coli O157:H7 cells and AuNPs. The mixture of
bacterial cells and AuNPs resulted in the enhanced signals
of bacteria and did not include any other peaks. The peaks
of PDMS and E. coli O157:H7 cells are not present in the
signals obtained from labeled bacterial cells, which means
that the signals received from the reporter are dominant and
mask any other interfering noises or signals from PDMS,
bacteria, and the food matrix.

The reproducibility of our technique was investigated by
tracking the variations of SERS signals at the characteristic
peak, 1509 cm™!, obtained from samples inoculated with
100 CFU-mL™! E. coli O157:H7 after 30 and 60 min of
incubation at three repetitions (Fig. S6). The obtained sig-
nals were almost consistent, proving the reproductivity of
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Fig.3 SERS signals obtained from lettuce samples spiked with E. coli O157:H7 at different spiking levels of 0.1, 0.5, 1, 10, and 10> CFU-mL"!

after 15 min (a), 30 min (b), 45 min (c¢), 60 min (d), and 120 min (e) of enrichment.

Table2 Capability of SERS-based microfluidic immunosensor to
detect E. coli O157:H7 cells in lettuce

Spiked level Enrichment time (min)
(CFU-mL™)

15 30 45 60 120
100 + + + + +
10 _ + + + +
1 _ + + + +
0.5 _ _ _ + +
0.1

our technique for detection of E. coli O157:H7 in lettuce.
Slight variations observed in the SERS intensities were
expectable as the behavior of optical measurement systems.

Depending on the sample, however, low-cost thermoplastic
microchips offer the possibility for disposable sensors. The
stability assessment of the SERS nanoprobes showed that
the SERS nanotags were stable for 10 days (at 4 °C in the
dark), showing their highest performance to attach to the
target bacterial cells.

Table 3 summarizes the findings obtained from recent
literature on the use of optical methods for the detection
and determination of E. coli. Combined immunomagnetic
separation and SERS detection methods are usually simpler;
however, the uncontrolled analysis conditions may result in
high background noises and less sensitivity. Fluorescent
sensing is considered a very sensitive detection method, but
the degradation of fluorescence may interfere with the accu-
racy of the results. Methods based on nano-dielectrophoretic
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Table 3 An overview on recently reported nanomaterial-based optical methods for the determination of E. coli

Principal Nanomaterial LOD Reference
Immunomagnetic separation + SERS Magnetic nanoparticles + AuNPs 10 CFU-mL™! [1]
Immunomagnetic separation + SERS Magnetic gold nanorod 35 CFU-mL"! [2]
Immunoseparation + Two-Photon Rayleigh Scattering Gold nanorod 50 CFU-mL"! [3]
Fabry-Pérot interference PSi-based Fabry-Pérot thin films 10% cells-mL~! [4]
Fluorescent sensing Magnetic carbon dots 3.5%x10? CFU-mL™! [5]
Optofluidic + fluorescent sensing Aptamer-conjugated fluorescent nano- 10> CFU-S™! [6]
particles
SERS-based sandwich immunoassay AuNPs 10 CFU-mL"! [71
SERS + nano-dielectrophoretic microfluidic device Gold nanorods 10 CFU-mL™! [8]
Immunoseparation + SERS Au@Ag core-shell nanorod 10?> CFU-mL™! [9]
SERS-based microfluidic immunosensor AuNPs 0.5 CFU-mL™! This study

microfluidic devices are usually complex and sometimes
expensive to handle. The drawbacks associated with SERS-
based sandwich immunoassay are the high possibility of
cross-reactivity and inconsistent results of SERS measure-
ments in an uncontrolled analysis condition. However, our
method is not prone to degradation and is performed in a
highly controlled hydrodynamic flow-focusing microfluidic
device that was able to achieve a very low LOD value com-
pared to the other methods, proving the high sensitivity of
our method against E. coli in lettuce and the potentiality of
this protocol for detection of pathogens in complex food
samples. Although the necessity of the enrichment time in
our protocol may increase the total analysis time compared
with some of the optical methods, it leads to very high sen-
sitivity for detecting the target pathogen. Regarding the
analysis costs, a very low number of antibodies are needed
to conduct several analyses that neutralize the high costs of
antibodies. Therefore, the cost per analysis is not considered
high. This method consists of a series of simple chemical
reactions, which can be done by a technician, and the detec-
tion step may be automatized for subsequent analyses, which
makes this protocol easy to perform.

Selectivity of SERS-based microfluidic
immunosensor for E. coli 0157:H7

Two sets of experiments were used to investigate the selec-
tivity of our method for E. coli O157:H7. For the first control
experiment, the control samples were inoculated with Sal-
monella enteritis (100 CFU~mL‘1), and the incubation, sepa-
ration, and detection steps were followed as explained earlier
under the same conditions by using the SERS nanoprobes
specific for E. coli O157:H7. Fig. S7a shows that no signals
were observed after 30 and 60 min of incubation times, and
there were only noises observed in the obtained spectra,
proving that SERS nanoprobes containing anti-E. coli anti-
bodies did not interact with cells other than E. coli O157:H7,
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and therefore, our method is selective for a specific target.
For the second control test, the selectivity of our method
was evaluated in the presence of other common pathogens.
Lettuce samples were spiked by 1 mL E. coli O157:H7 (100
CFU-mL™"), 1 mL S. Enteritis (100 CFU-mL™"), and 1 mL
S. Typhimurium DT104 (100 CFU-mL™"), and the separation
and detection were conducted only by SERS nanoprobes
specific for E. coli O157:H7. The findings were consistent
with the results obtained from lettuce samples inoculated
by only E. coli O157:H7 after 30 and 60 min of incubation
(Fig. S7b). No interfering noises were observed since the
strong signals from labeled E. coli O157:H7 cells masked
the weak noise signals from interfering bacterial cells or
particulates. Thus, our method is selective for the separation
and detection of the target pathogen even in the presence
of the interfering species as the real world. It is worth not-
ing that the used SERS nanoprobes are selective for E. coli
O157:H7 in the presence of other pathogens but do not act
selectively for E. coli O157:H7 in the presence of E. coli
K12 strains.

Conclusions

This study developed a novel protocol to selectively sepa-
rate and sensitively detect E. coli O157:H7 in romaine let-
tuce. This technique combines three steps, an enrichment
step, a selective separation with specific SERS nanoprobes,
and a sensitive SERS microchip, resulting in a sensitive
single-cell detection in food samples. Selective separation
is accomplished by SERS nanoprobes containing specific
antibodies against the target pathogen. The hydrodynamic
flow-focusing SERS microchip designed in this study not
only facilitated a sensitive detection of the target bacteria,
but also offered the controllability of the analysis condi-
tions, automation, and better repeatability. Furthermore, a
short enrichment time of 60 min resulted in the detection of
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0.5 CFU-mL ™" of bacterial concentration in romaine lettuce,
which is much lower than E. coli O157:H7 infectious dose.
Therefore, our findings prove the reliability and feasibility
of the proposed SERS-based microfluidic immunosensor for
the sensitive separation and detection of foodborne patho-
gens in food samples. The generic approach of this study
may apply to other food-borne pathogens and other food
types. This work can be improved further by using mono-
clonal antibodies to promote the selectivity of the SERS
nanoprobes. Future research will be oriented towards the
development of more selective probes. Multiplex detection
of pathogens from a single food sample is also possible
using multiple SERS nanoprobes, each targeting a specific
pathogen.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05187-8.
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