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Abstract
Surface-enhanced Raman spectroscopy (SERS) is a vibrational method successfully applied in analytical chemistry, molecular
biology and medical diagnostics. In this article, we demonstrate the combination of the negative dielectrophoretic (nDEP)
phenomenon and a flexible surface-enhanced Raman platform for quick isolation (3 min), concentration and label-free identification of bacteria. The platform ensures a strong enhancement factor, high stability and reproducibility for the SERS response of
analyzed samples. By introducing radial dielectrophoretic forces directed at the SERS platform, we can efficiently execute
bacterial cell separation, concentration and deposition onto the SERS-active surface, which simultaneously works as a counter
electrode and thus enables such hybrid DEP-SERS device vibration-based detection. Additionally, we show the ability of our
DEP-SERS system to perform rapid, cultivation-free, direct detection of bacteria in urine and apple juice samples. The device
provides new opportunities for the detection of pathogens.
Keywords Surface-enhanced Raman spectroscopy . SERS . Flexible SERS platform . Dielectrophoresis . Escherichia coli . Urine

Introduction
Surface-enhanced Raman spectroscopy (SERS) combines
several advantages of Raman spectroscopy: unique spectral
vibrational fingerprints of the analyzed molecules, nondestructive analysis, the acceptability of samples containing
water, simplicity of sample preparation, and ultrasensitive detection of different analytes at the same time (selectivity)
[1–6]. To enhance the Raman signal, even up to a factor of
1012 [7, 8], a special SERS platform, usually made of silicon,
glass or another brittle material with metal nanostructure surfaces or metallic nanoparticles, is required [9–13]. The Raman
signal enhancement is attributed to two main mechanisms:
electromagnetic (EM) and charge transfer (CT) enhancement
[14, 15].
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This vast enhancement of Raman scattering allows SERS
technology to be used with analytes in low concentrations
[16], for the characterization of biological systems and microorganisms [17–19] and as a diagnostic tool for environmental
and biomedical analysis [10, 20–27]. Rapid detection of these
biological compounds is essential for monitoring the quality
of food and water, as well as early detection and diagnosis of
diseases [24, 28]. Typically, the molecules of interest are dissolved and then adsorbed on the SERS-active substrate. In the
case of bacteria, an essential preliminary step in the process is
the isolation and concentration of bacterial cells before their
subsequent analysis. To separate and deposit an adequate
amount of microorganisms and aggregate them in one place
on the SERS platform, the following methods can be used:
(i) Mechanical, which involves the use of membranes with
appropriate pore sizes, capable of stopping microorganisms or cancer cells on their surface [29]
(ii) Magnetic separation/trapping: by using magnetic nanoparticles, which due to appropriate chemical modification are capable of attaching to bacterial or cancer cells
[30, 31]
(iii) Chemical modifications of the surface and the microorganisms themselves: using polymer coatings, antibodies
or other materials [18]
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It is possible to combine several methods of separating/
depositing microorganisms or cancer cells, such as modification of the medium to enable a targeted capture of specific
cells, and then applying them only to the tested SERS medium
[32, 33]. Witkowska et al. demonstrated a SERS platform
obtained from a non-woven polymer mat as a filter to separate
microorganisms from blood plasma and immobilize them on
the surface of the mat for measurement [34].
In this paper, we demonstrate an application of the phenomenon of dielectrophoresis (DEP)—a promising technology for particle manipulations. DEP was introduced in the
1950s by Pohl, who described the movement of neutral particles in a heterogeneous electric field [35] as the movement of
dielectric particles or cells caused by the application of an
inhomogeneous alternating electric field in the region where
the particles and surrounding medium have different polarizability. Under the influence of the AC electric field, the particles are attracted to the strong region of the electric field gradient if they are more polarizable than the surrounding medium (positive DEP or pDEP) or will be repelled to the weak
region of the electric field gradient if they are less polarizable
than the surrounding medium (negative DEP or nDEP) [36].
In the 1960s, Pohl used DEP successfully for the segregation
of live and dead yeast cells [37]. To segregate or manipulate
different types of particles, differences in their size, physical
geometry and dielectric properties (conductivity and electric
permeability) are utilized [38]. Dielectrophoresis is a unique,
universal, label-free technique for detecting, analyzing, separating, fractioning or concentrating all kinds of materials, including biological materials [39–43]. It can also be used to
capture selected cell types such as pathogens in various solutions [44]. Dielectrophoresis has also been used to assess the
resistance of neoplastic cells to selected drugs [45], separating
prostate neoplastic cells and colon cancer [46], breast cells
from colon cancer cells [47] or trapping circulating tumor cells
(CTCs) in blood plasma [36, 48]. DEP can also be used as a
tool to determine the electrical properties of the biological
cells, e.g., cytoplasmic conductivity or effective membrane
capacitance [49, 50].
Studies of combined dielectrophoresis collection of
particles/molecules for Raman and SERS characterization have
recently appeared in the literature. Cheng et al. [51] demonstrated microfluidic devices that utilize three-dimensional
dielectrophoresis for sorting and concentrating bacteria on the
roughened metal surface (Cr/Au) created on glass, making it
possible to obtain good signal amplification of the tested grampositive and gram-negative bacteria from blood as well as their
identification using SERS. Lin et al. [52] demonstrated a combined microfluidic device utilizing the dielectrophoretic effect
and specially prepared bioconjugated SERS nanoprobes, serving as a platform for the detection of bacteria. This biosensor
makes it possible to identify a single bacterium in the suspension in a short amount of time. Madiyar et al. [53] presented a

device for the concentration, detection and kinetic monitoring
of pathogens through the integration of nanostructured
dielectrophoresis with SERS nanotags. This approach permits
the detection of a single bacterium using the Raman technique
with a DEP capture time less than 60 s. Schröder et al. [54]
presented the dielectrophoretic capture of bacteria, which enabled direct translational manipulation of bacteria in suspensions with spatial heterogeneous electric fields, and Raman
spectra recorded directly from the suspension in place. Such a
configuration has the potential to shorten the diagnostic time
for crucial parameters by orders of magnitude.
We present the implementation of negative
dielectrophoresis (nDEP) with a flexible SERS platform for
the capture and vibrational-based identification of bacteria.
Because of their simple preparation and tunability of plasmonic resonance [55], colloidal suspensions of nanoparticles
have been frequently used in the SERS method in studies to
date. However, solid SERS substrates, fabricated by the controlled deposition of a thin layer of a metal onto the platform,
produce homogeneous material surface structures for stronger
and repeatable SERS signals, which is extremely difficult to
achieve for the colloidal SERS support [56].
In this work, we show how an alternating electric field
can be applied between the PET/ITO/Ag SERS platform
(flexible electrode) and the thin metal wire (central electrode) to generate the negative dielectrophoretic effect
(nDEP), which ultimately increases the intensity of the
recorded SERS signals and enables fast, efficient and
label-free identification of microorganisms. The required
capture conditions on the DEP-SERS device, including the
frequency of the alternating electric field ( f ), applied voltage (U), the electrical conductivity of the medium (σ) in
which the bacterial cells are suspended, and the time of
deposition (t) are also investigated and examined.
Finally, based on this approach, we describe the process
of detecting bacteria in urine and apple juice, demonstrating the potential of the device for application in biomedical trials.

Materials and methods
Preparation of microorganisms
Bacterial cells (E. coli TOP10 strain) transformed with the
placEGFP plasmid with 100 μg/ml ampicillin were cultured
in Luria–Bertani (LB) agar medium (Biocorp sp.z.o.o,
Poland) at 37 °C for 24 h. E. coli TOP10 cells were obtained
from the Institute of Physical Chemistry, Polish Academy of
Sciences, Warsaw, Poland.
After 24 h of bacterial cultivation on LB agar medium, ten
single colonies were placed via a sterile plastic inoculating
loop into 1 μL of sterile 0.9% NaCl solution, followed by
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mixing and centrifugation for 3 min at 1070×g. The centrifugation process in the saline solution was carried out three
times to obtain a solution of clean bacterial cells. Purified
bacteria were then suspended in 300 μL of 0.1 phosphatebuffered saline (PBS) solutions.

Preparation of urine specimens
Human urine specimens were obtained as medical waste from
healthy volunteers. All experiments were performed in compliance with the relevant laws and institutional guidelines. The
study protocol was approved by the Ethics and Bioethics
Committee of Cardinal Stefan Wyszyński University in
Warsaw, Poland. Informed consent was obtained from all
patients.
Twenty milliliters of the urine sample was filtered before
the DEP-SERS analysis through a 2.5 μm filter to trap possible bacterial cells, white blood cells and large debris. A
laboratory-grown culture of E. coli TOP10 at an initial concentration determined by optical density with a value of approximately 1.5 × 108 cells/mL was added to 300 μL of urine
after filtration.
The electrical conductivity of the samples (urine, 0.1 PBS,
apple juice) was monitored using a conductivity meter (VWR
pHenomenal, model MU 6100H) with the proper CO11 conductivity probe.

Fabrication of the surface-enhanced Raman spectroscopy platform
The flexible SERS platform is based on the composite of
poly(ethylene terephthalate) (PET) polymer foil and a layer
of indium tin oxide (ITO) subjected to dielectric barrier discharge (DBD) and covered with a layer of silver via the PVD
technique. The platforms used in experiments were prepared
according to the procedure published by Nowicka et al. [57].
The preparation of the SERS platforms starts with the cutting
of the appropriate shape from the large A4 sheet of PET/ITO
foil. The figure of the electrode is similar to the letter L and is
depicted in detail in Fig. S1 (see Supplementary Information
[ESM]). The prepared PET/ITO foil consists of a conductive
electrode where the signal from the function generator is applied via an alligator clip, and a SERS-active area that works
as the SERS platform. This is the area where the bacteria are
deposited, and thus this part was exposed to the DBD process.
The dimensions of the conductive electrode are ca. 39.0 mm ×
3.0 mm, while the SERS-active area is ca. 12.2 mm × 9.0 mm.
The precise length (L) of the SERS platform depends on the
radius (R) of the circular container used in the experiments;
thus the size should not be larger than 2πR. Prepared samples
are cleaned for 3 min with ethanol (99.8% purity, POCH,
Poland) and 3 min with distilled water, and finally are dried
for 1 min under a gentle flow of nitrogen (99.9% purity).

Cleaned samples were placed in a Petri dish, and then a
dielectric barrier discharge (DBD) was applied for 90 s.
Immediately after that procedure, the surface of the foil was
sputtered with a 70 nm silver layer using the PVD equipment
(Quorum, Q150T ES, Laughton, UK). The size of the target
was 54 mm in diameter and 0.5 mm in thickness, and silver
purity was 5 N. The vacuum during the silver sputtering was at
a level of 10−2 mbar. The sputtering current was 25 mA. The
freshly prepared SERS platforms were placed in a Petri dish
prior to their use in the experiments.

Microscopic characterization
Scanning electron microscopy (SEM) of PET/ITO/Ag foil
was performed under high vacuum using the FEI Nova
NanoSEM 450 (Hillsboro, OR, USA). The accelerating voltage was from 2 kV to 10 kV. The samples of PET/ITO/Ag
foils after DBD and SERS platforms with deposited E. coli
were attached to SEM stabs with carbon tape or silver paint.
The examination of deposited E. coli TOP10 bacteria on
the surface of the flexible SERS platform was performed with
a fluorescence stereomicroscope. We used a Nikon SMZ18
stereomicroscope equipped with a Nikon SHR Plan Apo 1×
objective, CoolLED pE-300 white light source and GFP filter
set. Images were captured with a color CMOS Nikon DS-Ri2
camera with an exposure time of 1 s using Nikon NISElements software. No further post-processing of the obtained
images was performed.
The photographs of the SERS platform were taken by a
digital single-lens reflex (DSLR) camera (80D, Canon) and
Tamron 90 mm/2.8 Macro lens. The RAW files and SEM
images (tiff, 16 bits) were developed with ON1 Photo RAW
software (ON1, Portland, OR, USA).

SERS measurements
The measurements were performed using the Bruker BRAVO
Raman spectrometer equipped with Sequentially Shifted
Excitation (SSE™) [58] for fluorescence quenching, 700–
1100 nm Duo LASER™ centered at 785 and 853 nm [59]
and a CCD camera. The power of the excitation laser was less
than 500 mW (for both lasers), and the spectral resolution was
2–4 cm−1. The SERS measurements were recorded repeatedly
to obtain 15 single measurements for each sample.

Setup for dielectrophoretic deposition of bacteria
The dielectrophoresis setup consisted of the following
elements:
i)

Source of the alternating current (AC) electric field. We
used a function generator (SIGLENT, model
SDG2042X) with two separate output channels,
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ii)

iii)

iv)

maximal frequency fMAX = 40 MHz and maximal U =
20 Vpp. The output signal was visualized in real time
with an oscilloscope (type UNI-T, model UPO2074CS)
connected to the output electrodes of the generator.
Circular container made of isolating material. In the
experiments, we used glass vials with different diameters (from 4 mm to 10 mm). Typically, we used a glass
vial with the diameter of 4.84 mm.
Flexible SERS-active electrode, working as an electrode, placed inside the circular container and connected to the output of the generator with an alligator
clamp. The electrode was placed on the edge of the
vial, so the conductive layer of silver was directed to
the center of the container.
Counter electrode made of metal wire (diameter of
260 μm), placed in the very center of the circular container, connected to the output of the generator with an
alligator clamp.

A general view of the dielectrophoresis setup used in the
experiments is shown in Fig. 1.

Numerical calculations
To calculate the real part of the Clausius–Mossotti factor for
different parameters and models of bacteria, we used software
developed by Cottet et al. [60]. MyDEP is standalone software
which allows one to study the dielectric response of particles
to applied AC electric fields and to analyze the electrical properties of bacteria. It consists of a graphical user interface (GUI)
and a literature-based database of parameters of bacteria. The
software enables one to work with a wide range of models of
bacteria: single-shell, two-shell and three-shell, both spherical
or ellipsoidal. MyDEP was used to calculate the crossover
frequencies for E. coli bacteria, thus assessing the regions
where the negative dielectrophoretic force will be depositing
the bacteria onto the SERS platform. The theory behind
Fig. 1 The experimental setup of
the DEP-SERS device. The electric signal generated with a function generator (a) is applied to two
electrodes, where the first electrode is a SERS-active substrate
(c) and the second counter electrode is a thin metal wire (d) in the
very center of the glass vial (e)

MyDEP (the dielectrophoretic force, Clausius–Mossotti factor
and others) is described in detail in ESM.
A two-dimensional numerical model of the vial cells with
conducting electrodes was developed in COMSOL
Multiphysics 5.4a. COMSOL uses the finite element method
(FEM) and was used to calculate the distribution of electric
field and the gradient of the electric field intensity inside our
geometry. The standard AC/DC module was used for the numerical calculation. The distribution of the electric field inside
the DEP-SERS device is essential, as the deposition of the
bacteria occurs only for nDEP. Therefore, the precise design
of the shape and size of electrodes is crucial.

Results
Characterization of the flexible SERS-active substrate
The PET/ITO/Ag substrate, which works in the DEP-SERS
device as an electrode and active SERS support, is based on
the PET/ITO composite modified with the dielectric barrier
discharge (DBD) and covered with a 70 nm layer of silver via
physical vapor deposition (PVD) technique [57]. This SERS
substrate was selected for its flexibility and excellent spectral
properties (high sensitivity, selectivity and reproducibility of
recorded signals) which are essential for biomedical analysis
(see Fig. 2a). This figure shows that besides the high sensitivity, the SERS substrate provides good spatial uniformity.
The morphology of PET/ITO after DBD modification and
sputtering 70 nm of silver is presented in Fig. 2b. The surface
of the SERS platform after DBD is developed and irregular,
with objects of nanoscale diameter, which after sputtering of
silver layer aggregates produces larger silver clusters. The
enhancement factor (EF) [8] was calculated based on the intensity of a band at 1077 cm−1 of the SERS and normal Raman
spectrum acquired for the standard solution (10−6 M) and
crystals, respectively. The EF factor for the PET/ITO/Ag
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Fig. 2 a The repeatability of the received SERS signals of E. coli TOP10
bacteria detected in the DEP-SERS device. b Scanning electron microscopy (SEM) images of the PET/ITO foil modified with DBD with 70 nm

layer of silver. c Representative SERS data recorded for p-MBA (10−6 M)
on the PET/ITO/Ag platform. The calculated enhancement factor (EF) is
2·106

platform for a 70 nm silver layer is 2·106. Additional details on
the calculations of the EF for the PET/ITO/Ag platform were
presented in a previous paper [57]. Figure 2c illustrates the
repeatability of the obtained results for p-MBA solution
(10−6 M). The reproducibility of the SERS spectra signal
across a single platform was calculated based on the standard
deviation method. The standard deviation (SD) for the solution of 10−6 M p-MBA was calculated based on the intensity
of the band at 1077 cm−1 and equals 5% in relation to the
intensity at the same Raman shift of the average plot. The
spectral properties of the designed plasmonic support (high
sensitivity and reproducibility of recorded signals) are essential for biomedical analysis.

In the proposed approach, the flexible SERS platform is
simultaneously an external electrode, and is L-shaped, as
shown in Fig. 3a and ESM Fig. S1. The conductive electrode
of the PET/ITO/Ag platform is the place where the electric
field is applied via alligator clips, while the SERS-active area
is the actual SERS platform where microorganisms are deposited and concentrated. The length of the SERS-active area of
the electrode (a) is calculated in relation to the radius of the
vial used (R).
The second electrode is a thin stainless-steel wire with a
diameter of 260 μm and is placed along the axis of the cylindrical vessel. Both electrodes, the flexible SERS platform and
the metal electrode are connected to an arbitrary function generator as the source of the alternating electric field (see Figs. 1
and 3b).
The process for the deposition of bacteria on the SERS
platform is schematically shown in Fig. 3b.
The dielectrophoretic process requires a large electric field
gradient; therefore, we used a geometry where the gradient of
the electric field is created between a thin, central electrode
and a large external electrode, which is a SERS-active, conductive material. We calculated the distribution of the electric
field inside our system using COMSOL software (see Fig. 3c).
We placed liquid with bacteria (Fig. 3b, left) into the vial, and

DEP-SERS detection strategy
In this section, we demonstrate in detail the construction of the
electrodes and the mechanism of the bacterial deposition onto
the SERS platform. Figure 3 presents the comprehensive approach for deposition and detection of bacteria, based on the
combined negative dielectrophoresis with the flexible SERS
platform. The general scheme of the experimental setup was
described in the section “Setup for dielectrophoretic deposition of bacteria” and demonstrated in Fig. 1.
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Fig. 3 a The scheme of the SERS platform used in the experiments. b
Deposition of bacterial cells in the DEP-SERS device (situation for the
non-applied and applied AC electric field). c An example of the electric

field distribution in cylindrical geometry numerically calculated using the
finite element method (Vpp = 20 V), where one electrode is on the edge
and the second is in the very center of the cylinder

when the AC electric field was not applied (i.e., the generator
was off), the bacteria were randomly distributed in the liquid
matrix. After the AC electric field was applied (Fig. 3b, right),
a dielectrophoretic force (F DEP) acted on the bacteria,
directing them from the area of high gradient to the area of
low gradient of the electric field, towards the SERS-active
area. As a result, bacteria were deposited on the surface of
the SERS-active electrode due to a negative dielectrophoretic
effect (nDEP). The DEP electrodes were in contact with the
liquid solution. Still, there was no electrolysis effect, as the
applied electric field was alternating and of a high frequency
(hundreds of kilohertz).
Afterwards, the electric field was turned off, and the SERS
platform was removed from the vial and placed on the glass
slide. The platform was placed in room temperature for 3 min
to evaporate the residues of the fluid, and then the substrate
with the bacteria was ready for measurement.
For a better understanding of the process and evaluation of
the parameters (applied voltage U, frequency f and time of
deposition t), in the experiments we used E. coli TOP10

bacteria with a green fluorescent protein (GFP) in their structure. Figure 4 demonstrates the SERS platform prepared by
the procedure described in “Fabrication of the surfaceenhanced Raman spectroscopy platform” section with
E. coli TOP10 on the surface, observed with a fluorescence
stereomicroscope. Figure 4a demonstrates the SERS platform
after t = 180 s in the glass vial, where the liquid with E. coli
bacteria was present. No AC electric field was applied between the SERS-active electrode and the metal electrode in
the very center; thus, there was no dielectrophoretic force
acting on the bacteria in the liquid. As shown in Fig. 4a,
E. coli TOP10 bacteria were present on the surface, aligned
with the structural discontinuities caused by the DBD process.
The presence of the bacteria may be a result of electrostatic
interactions between the negatively charged surface of the
bacteria and the surface of the silver, which in the electrolyte
solution may possess a positive charge as well.
Figure 4b demonstrates the SERS platform after t = 180 s
deposition of E. coli TOP10 bacteria with a sinusoidal AC
electric field (U = 10 Vpp and f = 450 kHz). The density of
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Fig. 4 E. coli TOP10 bacteria on the PET/ITO/Ag SERS platform under
a fluorescence stereoscope a without applied electric field (no nDEP force
was used for deposition of bacteria) and b after an applied sinusoidal AC
electric field (U = 10 Vpp, f = 450 kHz). The E. coli TOP10 were
deposited on the surface of the platform via the nDEP phenomenon.
The time for both cases was 180 s

the bacteria on the surface is higher and more uniform. The
area of higher concentration of the bacteria and place of their
absence might be related to local non-uniformities of the electric field associated with the highly developed surface of the
PET/ITO/Ag platform or nonuniform distance between both
electrodes. Figure 4b demonstrates that for the relatively short
time (180 s), the nDEP force is sufficient to attract many
bacterial cells, mostly those close to the surface, toward the
DEP-SERS platform. The SERS platform with bacteria after
deposition via the nDEP effect for two different magnifications is demonstrated in Fig. S2 (see ESM).

Parameters of the DEP process
In order to effectively deposit bacteria onto the surface of the
SERS platform, the frequency ( f ) and the voltage (U) range
must be selected accordingly. It is particularly important to
choose the appropriate range of the frequency so that a negative dielectrophoretic effect occurs for the applied electric
field parameters, the physicochemical parameters of the

bacteria, and the medium in which the bacteria are placed
(e.g., ε and σ).
Castellarnau et al. [61] demonstrated that the first crossover
frequency (fcr1) for conductivity of a certain medium (up to
5.5·10−2 S/m) in a two-shell model (see ESM Fig. S3) can be
found in the range of 500 kHz to 10 MHz. To predict the
crossover frequency for E. coli for double-shell ellipsoid particles in 0.1 PBS solution, we calculated the real part of the
Clausius–Mossotti factor (Re[fCM]) as a function of the frequency of the applied electric field. The calculations were
performed in MyDEP software [62]. For the calculation, we
applied the parameters of the E. coli used by Park et al. [63].
An example graph of the real part of the Clausius–Mossotti
factor (Re[fCM]) as a function of the frequency of the applied
electric field for a typical E. coli strain is shown in Fig. S4 (see
ESM). The crossover frequency (fcr1) for E. coli in 0.1 PBS
solution is 483 kHz. Therefore, for the effective deposition of
E. coli bacteria onto the surface of the SERS-active platform,
we must use a frequency below the crossover frequency (f <
483 kHz), and thus operate in the nDEP area (see ESM Fig.
S4). It should be noted that different E. coli strains may differ
significantly in their cell envelope composition. This can be a
result of the protein composition of the cytoplasmic membrane or the lipopolysaccharide composition in the outer
membrane of the bacteria. In our experiments, we used
E. coli TOP10 bacteria, for which detailed parameters necessary for calculations of nDEP and pDEP regions are unknown.
Since the TOP10 strain is genetically modified to produce a
GFP, the parameters of the membrane may differ from a typical E. coli strain (e.g., K-12). Therefore, we used known
E. coli strains for the numerical calculations to have a good
starting point for the experimental verification of the nDEP
and pDEP regions.
The impact of other parameters, e.g., the effects of external
voltage and time on the DEP phenomenon, were investigated
experimentally to determine the optimal conditions for deposition of the bacteria.

Influence of the nDEP parameters on the SERS
detection efficiency
To establish the best conditions for trapping of the bacterial
cells and the optimal performance of the DEP-SERS device,
the parameters of the DEP process including the frequency of
the alternating electric field ( f ), applied voltage (U), the electrical conductivity (σ) of the medium where the bacterial cells
were suspended, and the time of deposition (t) were
investigated.
We examined the performance of the DEP-SERS system for
molecular recognition by measuring the SERS responses of
E. coli TOP10 in PBS buffer. All SERS spectra (see Fig. 2a)
exhibited vibrations characteristic of bacteria [64, 65] but with
distinctly varying intensities depending on the parameters of
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the DEP deposition. The strongest SERS band at 724 cm−1 was
selected for comparison of the efficiency of trapping of E. coli
TOP10 at different DEP capture conditions. Figure 5 demonstrates the influence of the average intensity of the 724 cm−1
band as a function of the frequency of the applied electric field
for two selected times of deposition: 60 s and 180 s. Table S1 in
the ESM summarizes the detailed data depicted in Fig. 5.
In our studies, we applied relatively low voltage (10 Vpp)
because we observed that for the highest possible voltage
obtained with our function generator (i.e., 20 Vpp), the bacterial cells were damaged (the damage to the cells was observed
with SEM). It is well known that for high applied voltage,
both the cell membrane stress of the biological cells and
Joule medium heating may damage bacteria. The capture conditions of nDEP and parameters of the medium which allow
us to gain the most intense SERS spectrum of E. coli TOP10
are presented in Table 1.
It should be noted that the optimal frequency for deposition
of the E. coli TOP10 bacteria is 450 kHz, which is below the
crossover frequency (fcr1). The dependency of the intensity as
a function of the frequency of the applied voltage demonstrates that intensity increases with the frequency to the optimal value and then decreases. The shape of the plot for deposition time is similar for 60 s and 180 s, but for deposition time
of 180 s, the intensity is much greater. A longer deposition
time and larger number of bacteria deposited on the SERS
platform thus result in higher intensity of the SERS signal.
The presence of the signal above 450 kHz might be a result
of inaccurate calculation of crossover frequencies related to
unknown parameters of the E. coli TOP10 strain. It may also
be related to the state of the bacteria examined (we assume that
they were all alive, which may not be true) or their morphology (some might be aggregated, which changes physical

Table 1 Optimal parameters for nDEP (top part of the table) deposition
of bacterial cells of E. coli TOP10 and parameters of the medium used
(bottom part)
Parameter

Experimental value

Voltage (U)
Electric field (E)
Frequency ( f )
Time of deposition (t)
The electrical conductivity of the medium (σm):
0.1 PBS
Urine
Apple juice

10 Vpp
4.13×103 V/m
450 kHz
180 s
0.19 S/m
1.7 S/m
0.188 S/m

parameters such as size). To better analyze the dependence
of the frequency on the nDEP or the pDEP process, more
advanced experiments should be conducted, preferably under
a fluorescence microscope.
In the next step, we compared the efficiency of SERS detection of E. coli TOP10 bacterial deposition with and without
nDEP force. Figure 6 presents the selected SERS responses
for (a) the established capture conditions in the DEP-SERS
system and (b) the spontaneous adsorption (no nDEP) of bacteria onto the SERS substrate.
When the electric field is turned on, the nDEP force causes
the bacteria to settle on a flexible electrode on the cylinder
wall (see SEM image in Fig. 6a). The SERS spectra of bacteria
are determined by the molecular species that are in proximity
to the nano-plasmonic substrate. Therefore, the recorded
SERS spectrum, presented in Fig. 6a, is dominated by the
bands at 657, 724, 858, 1000, 1094, 1129, 1218, 1320,
1380, 1455, 1536, 1585, 1610, 1696 and 2928 cm−1 assigned
to the oscillations as follows:
(i) In the metabolites of purine degradation, e.g., adenine,
adenosine monophosphate, guanine, uric acid (AMP),
xanthine, hypoxanthine [66]
(ii) In bacterial cell wall components, e.g., phospholipids
and proteins [65]

Fig. 5 The average intensity of the band at 724 cm−1 of the E. coli TOP10
bacteria deposited on the SERS platform via nDEP force for two selected
times of deposition: 60 s and 180 s. The two plots demonstrated a similar
shape, but 180 s produced higher intensity. Therefore, it was used in
further experiments

The bands at ca. 657 cm−1 and 858 cm−1 come from tyrosine; the band at 1003 cm−1 is characteristic of phenylalanine.
The bands at around 724 cm−1 and 1320 cm−1 are attributed to
adenine/AMP and to CH3 and CH2 wagging, respectively.
The band at 1094 cm−1 can be assigned to C–O–C stretching
in carbohydrates, whilst the band at 1129 cm−1 is assigned to
C–O–C glycosidic ring breathing of nucleic acids. The intense
band at 1455 cm−1 can be linked to CH2 deformation, and the
band at 1585 cm−1 is attributed to ring stretching in adenine
and phenylalanine. The very intense band at about 2926 cm−1
corresponds to CH3, CH2 and =CH2 stretching vibrations in
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Fig. 6 The SEM images and corresponding SERS spectra of E. coli
TOP10 were recorded in the DEP-SERS device with nDEP (a) and without applying the dielectrophoretic trapping of bacteria (b). The optimal

deposition time and the frequency of the nDEP force were determined
experimentally and were equal to 180 s and 450 kHz, respectively

carbohydrates with some contribution from lipids, proteins
and olefins [60, 64, 65]. For more details and precise band
assignment, please see Table 2.

In the absence of the nDEP force, i.e., where the function
generator is off, bacterial cells are freely suspended in the
liquid and randomly deposited (by Brownian movement

Table 2

The most prominent bands observed in the SERS spectra of E. coli TOP10 [60, 66]

Range (cm−1)

Component

Band assignments

645–660

Proteins

724
858
1000
1094
1129

DNA
Proteins
Proteins
Nucleic acids
Nucleic acids, lipids, DNA

C–S str., C–C tw. of proteins tyrosine def. (COO−) in amino acids
Guanine
Adenine, glycosidic ring mode from flavin (FAD, NAD, ATP, DNA)
Tyrosine
Phenylalanine (the symmetric ring breathing mode)
The symmetric stretching of O−P−O− and C−O−C stretch from glycosidic link
υ(COC), ring breathing

1218
1320
1380
1455
1585
1610
1696
2926

Proteins
Proteins, DNA
DNA/RNA
Proteins and lipids
Proteins
Proteins
Proteins
Lipids, proteins, olefins

Tyrosine, phenylalanine
υ(NH2) adenine, polyadenine, DNA, CH3CH2 wagging of protein
Ring breathing (T/A/G)
δ(CH2) saturated lipids, CH2 deformation/CH deformation/CH2 scissors
Phenylalanine, amide II
Tyrosine
Amide I
CH3, CH2 and =CH2 carbohydrates
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and/or electrostatic interactions between negatively charged
bacteria and the silver layer of metal) onto the whole SERS
substrate (Fig. 6b). Consequently, the spectral intensity and
resolution of the collected SERS spectrum is significantly
lower. For example, the intensity of the marker band for bacteria at 724 cm−1 has 3500 counts per second (cps), while in
the case of dielectrophoretic force-induced trapping, it reaches
10,000 cps.
Additionally, for configurations both with and without application of dielectrophoretic force, the SEM images were
registered to monitor the presence and distribution of bacterial
cells onto the SERS platform. Figure 6 displays the SEM
images of the PET/ITO/Ag platform when an electric field is
present or absent.
When the AC voltage is applied to the electrodes (voltage
10 Vpp, frequency 450 kHz and time 180 s), the bacteria are
clearly visible and concentrated onto the small area of the
SERS support, which explains the considerable increase in
the intensity of the collected SERS signal, as shown in Fig.
6a. The SEM observations are in good agreement with our
previous examinations of the E. coli TOP10 bacteria with
fluorescence microscopy (see Fig. 4 and ESM Fig. S2).
Without applying the electric field to the electrodes, the
E. coli TOP10 bacteria are accidentally distributed over the
entire SERS-active surface (Fig. 6b), and in the corresponding
SERS spectrum, only several major bands could be easily
distinguished (726, 1320, 1455, 1585 and 2928 cm−1).
These results illustrate the outstanding benefits of the developed DEP-SERS hybrid device. Our approach resolves the
major challenges associated with SERS detection of bacteria:
(i) The production of reproducible substrates, resulting in
reproducible SERS spectra
(ii) The concentration/trapping of bacterial cells, especially
from diluted media, onto the SERS substrate, resulting in
rapid and highly sensitive detection

DEP-SERS device in practical applications
To validate the use of the DEP-SERS device in practical applications, the SERS detection of E. coli TOP10 in urine was
demonstrated. Urinary tract infections (UTI) are some of the
most common bacterial infections in humans [67]. Nowadays,
the serology method, which requires at least 24 h of cultivation of bacteria, is the gold standard for diagnosis of UTI.
Alternative techniques for direct detection of bacteria in urine
such as polymerase chain reaction (PCR) or enzyme-linked
immunosorbent assay (ELISA) are expensive and time-consuming, require complex results analysis, and suffer from
problems with contamination and selectivity; thus they are
not feasible for real-time diagnosis [68]. Therefore, a simple,

rapid, high-throughput, low-cost and sensitive method for
clinical bacterial detection is desired.
Here, we investigated the ability of our DEP-SERS system
to complete rapid and direct detection of bacteria from fresh
urine samples. In the first step, the urine sample was filtered
through a 2.5 μm filter to remove larger, epithelial cells, white
blood cells, possible bacteria and large debris. Next, the
laboratory-grown culture of E. coli at an initial concentration
of 2 × 106 cells per mL determined by optical density was
added to 20 mL of urine sample after filtration.
Figure 7a presents the PET/ITO/Ag SERS platform without any analyte on the surface. The spectra can be compared
with other spectra to verify the influence of the SERS platform
on the quality of the analyte spectra. Figure 7b presents the
representative SERS spectrum of a urine sample without bacteria from 10 randomly selected spots on the SERS-active
surface. The most intense band at 997 cm−1 corresponds to
the N–C–N stretching vibrations of the urea molecule,
confirming that this band can be directly used for urea analysis. Other bands at 659 cm−1 (O=C−N deformation of uric
acid), 887 cm−1 (C−O−H twisting vibration of D-galactosamine), 1288 cm−1 (C−H deformation of adenine stretching)
and 1609 cm−1 (ring stretching of phenylalanine) can be also
identified as human urine [69].
Figure 7c presents the SERS spectra of E. coli in urine,
without the use of nDEP. Next, we performed the
dielectrophoretic deposition of the bacteria in the urine sample
in the DEP-SERS device for 3 min at a frequency 450 kHz. As
a result, the target bacteria were collected on the SERS-active
surface for SERS measurement and identification. Figure 7d
demonstrates the recorded SERS response. In this spectrum,
one can observe two very intensive band markers of bacteria
at 657 and 724 cm−1, and several weaker bands at 1001, 1129,
1218, 1320, 1455, 1610 and 1696 cm−1, with slight variations
in accordance with the previously presented SERS spectra of
E. coli TOP10 in PBS buffer (Fig. 7e, reference spectrum of
E. coli TOP10). There are no strong bands corresponding to
the vibrations of urine, or these bands may be overlapped by
strong bands of trapped and concentrated bacterial cells. This
effect of bacterial concentration in the urine sample is impressive, as we can see almost no signal from the bacterial cells
without their dielectrophoretic concentration, and then the
SERS signature of urine is mainly measurable (see Fig. 7c).
Additionally, to confirm the feasibility of the DEP-SERS
device in practical applications, the SERS detection of E. coli
TOP10 in apple juice was demonstrated. Pathogenic bacteria
such as E. coli are responsible for a significant proportion of
food poisoning, which is one of the most common causes of
disease and death in developing countries [70, 71]. This infection can occur due to the quality of the raw material, production hygiene and the possibility of interrupting the cooling line
during transport. As was shown by Leyer et al. [72], in unpasteurized apple juice, which we refrigerate, E. coli bacteria can
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Fig. 7 Average SERS spectra
recorded for the a PET/ITO/Ag
platform without analyte, b urine
on the PET/ITO/Ag platform, c
E. coli TOP10 bacteria in urine
without the DEP force on
the PET/ITO/Ag platform, d
E. coli TOP10 bacteria in urine
deposited on the PET/ITO/Ag
SERS platform via nDEP force,
and e E. coli TOP10 bacteria in
0.1 PBS buffer deposited on the
PET/ITO/Ag SERS platform via
nDEP force (reference spectrum
of studied bacteria). Mean spectra
were averaged over 10 spectra
from different spots.
Experimental conditions: 5 mW
of 785 nm excitation, and
acquisition time of 4 × 10 s

survive for long periods despite the low pH of the juice; therefore, a sensitive and efficient method for bacterial detection in
food samples is important. As one can see from Fig. S5 (see
ESM), the target bacteria in apple juice are separated from the
fluid, deposited onto the SERS-active surface via nDEP at
frequency ( f ) 450 kHz, voltage (U) 10 Vpp, time of deposition
(t) 180 s, and distance between electrodes (R) 2.42 mm, and
taking into account the electrical conductivity of the medium
(σ). The fingerprint of E. coli is clearly detectable in the collected SERS spectrum (ESM Fig. S5c) under such conditions
in the DEP-SERS device. In contrast, without the electric field
applied, the SERS signature of apple juice is mainly measurable (ESM Fig. S5b).
The vibrational frequencies of the bands observed in recorded SERS spectrum of apple juice and their assignments
are listed in the ESM, Table S2.
The proposed DEP-SERS device introduces a new possibility for pathogen detection without the cultivating and incubation steps and provides same-day fast results. In the future,
studies should be extended to real clinical sample analysis.

We experimentally optimized the parameters of the nDEP
process including the frequency of the alternating electric field
( f ), applied voltage (U) and the time of deposition (t) for the
electrical conductivity of the medium (σ) in which the bacterial cells were suspended, i.e., urine and apple juice. In both
cases, we were able to successfully deposit E. coli TOP10
using nDEP and to record strong SERS spectra.
Finally, the identification of bacteria in urine and apple
juice was demonstrated in order to explore the practical application of the developed DEP-SERS device. The proposed
device enables the separation and concentration (via nDEP)
and then detection and identification (via SERS) of pathogens
from fluids in 5 min without the culturing of bacterial cells.
The method is universal and can be tuned (by applied voltage,
frequency and time) for any fluid.
The proposed approach combining a flexible SERS platform and the nDEP phenomenon may enable the development
of a handheld point-of-care device for application in real clinical trials.
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03169-y.

Conclusions
In this work we present, for the first time, the implementation
of negative dielectrophoresis (nDEP) for the SERS-based detection of bacteria using a flexible SERS platform. The proposed hybrid DEP-SERS device has the combined advantages
of both these techniques. The dielectrophoretic force enables
precise separation and controlled deposition of bacterial cells
on the flexible SERS platform, and the SERS technique enables very sensitive vibration-based bacterial identification.
The effectiveness of the deposition of E. coli TOP10 via
nDEP was demonstrated with scanning electron microscopy
(SEM) and fluorescence microscopy.
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