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Low-cost, highly-sensitivity, and minimally invasive tests for the detection and
monitoring of life-threatening diseases and disorders can reduce the worldwide
disease burden. Despite a number of interdisciplinary research efforts, there are
still challenges remaining to be addressed, so clinically significant amounts of
relevant biomarkers in body fluids can be detected with low assay cost, high
sensitivity, and speed at point-of-care settings. Although the conventional
proteomic technologies have shown promise, their ability to detect all levels
of disease progression from early to advanced stages is limited to a limited
number of diseases. One potential avenue for early diagnosis is microRNA
(miRNA). Due to their upstream positions in regulatory cascades, blood-based
miRNAs are sensitive biomarkers that are detectable earlier than those targeted
by other methods. Therefore, miRNA is a promising diagnostic biomarker for
many diseases, including those lacking optimal diagnostic tools. Electric fields
have been utilized to develop various biomedical assays including cell separation,
molecules detection and analysis. Recently, there has been a great interest in the
utility of electric fields with optical detection methods, including fluorescence
and surface plasmons toward biomarker detection. This mini review first
summarizes the recent development of miRNA as a biomarker. Second, the
utility of electric fields and their integration with fluorescence detection methods
will be discussed. Next, recent studies that utilized electric fields and optical
detection methods will be discussed. Finally, in conclusion, technology gaps and
improvements needed to enable low-cost and sensitive biomarker detection in
point-of-care settings will be discussed.
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1 MicroRNA as a biomarker for disease detection

Cancer, obesity and opioid abuse together pose a great threat to worldwide health. In the
United States (US), it affects over 70% of the population and cost over $250 billion per year
in medical expenses (American Cancer Society, 2008; Birnbaum et al., 2011; Wang et al.,
2011; Florence et al., 2016; Hayba et al., 2018). A critical roadblock to combating these
diseases/disorders is the lack of sensing technologies that could detect fundamental
molecular changes at the cellular level related to initiation, progression of those
diseases/disorders and reaction to therapeutic interventions (Poruk et al., 2013; Chalana
et al., 2016; Parr et al., 2016; McGraw, 2024). Pancreatic cancer (PC) is one of the most lethal

OPEN ACCESS

EDITED BY

Felismina Moreira,
Polytechnic Institute, Portugal

REVIEWED BY

Tomasz R. Szymborski,
Polish Academy of Sciences, Poland
Yupan Wu,
Northwestern Polytechnical University, China

*CORRESPONDENCE

Dharmakeerthi Nawarathna,
dnawarat@odu.edu

RECEIVED 04 December 2023
ACCEPTED 14 March 2024
PUBLISHED 10 April 2024

CITATION

Velmanickam L and Nawarathna D (2024),
Recent progress in microRNA detection using
integrated electric fields and optical
detection methods.
Front. Lab. Chip. Technol. 3:1349384.
doi: 10.3389/frlct.2024.1349384

COPYRIGHT

© 2024 Velmanickam and Nawarathna. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Lab on a Chip Technologies frontiersin.org01

TYPE Review
PUBLISHED 10 April 2024
DOI 10.3389/frlct.2024.1349384

https://www.frontiersin.org/articles/10.3389/frlct.2024.1349384/full
https://www.frontiersin.org/articles/10.3389/frlct.2024.1349384/full
https://www.frontiersin.org/articles/10.3389/frlct.2024.1349384/full
https://www.frontiersin.org/articles/10.3389/frlct.2024.1349384/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frlct.2024.1349384&domain=pdf&date_stamp=2024-04-10
mailto:dnawarat@odu.edu
mailto:dnawarat@odu.edu
https://doi.org/10.3389/frlct.2024.1349384
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/lab-on-a-chip-technologies
https://www.frontiersin.org
https://www.frontiersin.org/journals/lab-on-a-chip-technologies
https://www.frontiersin.org/journals/lab-on-a-chip-technologies#editorial-board
https://www.frontiersin.org/journals/lab-on-a-chip-technologies#editorial-board
https://doi.org/10.3389/frlct.2024.1349384


cancers and a major unsolved health problem worldwide (Poruk
et al., 2013). About 6% of PC patients live less than 5 years after
initial diagnosis (Poruk et al., 2013). This is in part due to the lack of
a standard diagnostic tool for early detection of PC (Poruk et al.,
2013). However, if this cancer was detected early and treated with
existing therapy, the five-year survival rate could be 60%–100% (that
is, an over ten-fold improvement). Therefore, there is an urgent need
for an early detection test (Poruk et al., 2013; Ji et al., 2014;
Goonetilleke and Siriwardena, 2007). Early detection of PC
involves first-use clinical risk factors (e.g., family history, age, and
smoking) for identifying at-risk individuals (Poruk et al., 2013). The
next step is the screening to monitor the development of PC and to
determine the starting point of diagnosis and treatments (Poruk
et al., 2013). There are multiple diagnostic options available for PC,
including CT, MRI, and endoscopic ultrasound (Poruk et al., 2013).
These modalities do not have sufficient resolution or sensitivity to be
useful in the screening stage as they produce very high false-positive
rates (>90%) in screening (Poruk et al., 2013; Ganepola et al., 2014).
They, therefore are not recommended for frequent use in screening
(Poruk et al., 2013; Ganepola et al., 2014). Due to the lack of
sensitivity and specificity, usage of current biomarkers (e.g., CA-
19-9) is limited only to the prognosis analysis. A growing body of
knowledge suggests that a potential microRNA (miRNA) biomarker
panel in serum (e.g., miR-642b, miR-885-5p, and miR-22) can
differentiate healthy individuals, PC patients, and individuals in
the early stage of PC development (Ganepola et al., 2014). These
biomarkers, in combination, represent a new avenue for the
development of a clinically useful screening test.

According to the recent report from the United Nations Office of
Drugs and Crime, there were about 90000 opioid related overdose
deaths in North America in 2021. Every day, more than 100 people
in the US die after overdosing on opioids (OUD)— a class of drugs
that include the illicit drug heroin as well as licit prescription pain
relievers as oxycodone, morphine and fentanyl (Florence et al.,
2016). Overdoses directly related to the misuse of and addiction
to opioids, is a serious national crisis that affects public health as well
as social and economic welfare (Goonetilleke and Siriwardena, 2007;
Poruk et al., 2013; Ganepola et al., 2014; Ji et al., 2014; Chalana et al.,
2016; Florence et al., 2016; Parr et al., 2016; Hayba et al., 2018;
McGraw, 2024). One of the most critical issues with OUD treatment
is the high relapse rate (>60%) related to non-patient-centered
models that lack robust clinical tests for monitoring the efficacy
of the treatments at individual level (Goonetilleke and Siriwardena,
2007; Poruk et al., 2013; Ji et al., 2014; Chalana et al., 2016; Florence
et al., 2016; Parr et al., 2016; Hayba et al., 2018; McGraw, 2024;
Understanding the Epidemic Understanding the Epidemic, 2023).
Therefore, there is an urgent need for clinical tests for monitoring
individual responses to treatments. The Micro-Opioid receptors
(MOR) neuronal cells mediate most of the pharmacological effects
of opioid drugs. Recent studies have shown that opioid drugs repress
the production of MOR epigenetically through miR-23b and miR-
339 (Wu et al., 2009; Wu et al., 2013; Barbierato et al., 2015; Toyama
et al., 2017). The expression levels of these miRNAs in serum depend
on the dose of opioid and time (after taking opioids). In contrast, the
drugs (opioid antagonist) used to treat the OUD (e.g., naloxone) do
not alter the miR-23b and miR-339 levels in a dose and time-
dependent manner. Therefore miR-23b and 339 could be used as
biomarkers for monitoring the detoxification at a personal level (Wu

et al., 2009; Wu et al., 2013; Barbierato et al., 2015; Toyama et al.,
2017). One potential avenue to introduce miRNA for personalizing
treatments is the monitoring of miRNA levels over time (during
treatments) and find the time that miRNA levels no longer alter with
time. Once that time point is determined, behavioral therapy and
dosage of the drug (naloxone) can be gradually decreased and the
effects on relapse can be studied (Toyama et al., 2017).

According to the World Health Organization (WHO), about
38% of the world population who are older than 5 years are obese
(Wang et al., 2011). Obesity is skyrocketing in the US, and over
160 million Americans are either overweight or obese (Wang et al.,
2011). Current options for defeating obesity are weight loss
interventions: mainly diet and exercise or bariatric surgery.
Bariatric surgery is expensive, carries significant long- and short-
term side effects and often requires stringent pre-qualifications to be
covered by health insurance (WEIGHT LOSS SURGERY
INSURANCE COVERAGE AND COSTS, 2024; Völgyi et al.,
2008). A combined diet and exercise program is a cheaper
alternative for weight management, but there is a considerable
inter-individual variability in losing weight via this method (Parr
et al., 2016). Therefore, the inability to identify the individuals who
will likely succeed with diet and exercise for weight management is a
critical roadblock to treating obesity (Parr et al., 2016; WEIGHT
LOSS SURGERY INSURANCE COVERAGE AND COSTS, 2024;
Völgyi et al., 2008). The percentage of weight loss varies between
+10.5% and −.5% for diet and exercise, and patients who cannot lose
more than 5% of weight are considered non-responders (Parr et al.,
2016; Miller et al., 1997). Dual-energy absorptiometry (DXA) is
commonly used to measure body composition during weight-loss
interventions but there is no clinical predictability for the success of
this intervention (Völgyi et al., 2008). Recent studies have shown
that the expression of miR-140 and 935 in serum at two time points
about 12 weeks (pre-to post-intervention) apart produces a unique
expression pattern in individuals who will likely lose weight and
attain a healthy body weight through diet/exercise (Parr et al., 2016).
Therefore, miR-140 and 935 can potentially be used to develop
diagnostics test to profile patients who can lose weight through
diet/exercise.

Cellular responses to lifestyle, stress, drugs, physiopathological
conditions and pharmacological interventions have an impact on
the epigenetic code, often resulting in modulation in methylome,
miRNA expression, and covalent histone modifications (Godfrey
et al., 2007; Tang and Ho, 2007; Stöger, 2008; Hanson et al., 2011;
Thoms and Jeffrey, 2014). Since epigenetic changes are taking place
first in the biochemical cascade, epigenetic biomarkers could
provide reliable and clinically important information, earlier
than, and superior to, the downstream proteomic biomarkers
(Mercer and Mattick, 2013). It has been shown that miRNA―
small non-coding RNA molecules, involve in many major cellular
functions such as development, differentiation, growth, and
metabolism (Arroyo et al., 2011). In addition, miRNA is stably
expressed in circulating blood and therefore potential candidates for
health monitoring and diagnostics/screening tests (Arroyo et al.,
2011). As stated above, recent studies have identified unique miRNA
signatures produced during the early stages of PC and treatment of
OUD, as well as in response to obesity interventions (Parr et al.,
2016; Ganepola et al., 2014; Toyama et al., 2017). These signatures
therefore could be utilized as potential biomarkers for combating
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those diseases/disorders. Despite great progress in miRNA research,
miRNAs have not yet been translated or used in the clinical
diagnosis of any disease.

This lack of progress is partially due to the differences among
and limitations of various detection technologies, which produce
inconsistent results (Moldovan et al., 2014). The current methods
available for miRNA detection, such as Quantitative Reverse
Transcription Polymerase Chain Reaction (RT-qPCR), next-
generation sequencing (NGS), microarray-, electrochemical-,
plasmonic-, and hybridization-based miRNA sensors are not
suitable for clinical screening applications. These methods do not
provide absolute molarity of target miRNAs (e.g., RT-qPCR, LAMP,
microarray), are inefficient for short miRNAs (e.g., NGS, RT-qPCR),
have longer pre-processing times (e.g., microarray, electrochemical,
hybridization methods), insufficient sensitivity (e.g., RT-qPCR,
microarray), and low dynamic range (plasmonic,
electrochemical), as well as being expensive (all) (Moldovan
et al., 2014; El-Khoury et al., 2016; Sohel, 2016; Mumford
et al., 2018).

Fundamentally, nearly all-current detection methods rely on
non-specific, time-dependent, and unsteady molecular diffusion for
critical target-probe hybridization, causing significant variation in
results (Roy et al., 2011; Kumar et al., 2013; Degliangeli et al., 2014).
Additionally, molecular crowding near detection electrodes or
substrates produces steric hindrance (Roy et al., 2011). These
issues affect the sensitivity, limit of detection, and speed of
detection, especially, in the detection of minute amounts (<1%)
of target miRNAs from a larger background (Roy et al., 2011). To
minimize molecular crowding, a significant dilution of serum is
needed. However, a diluted serum sample (from μLs serum) is
insufficient to identify miRNA signatures that are clinically
important (Zubakov et al., 2010; Roy et al., 2011; Pritchard et al.,
2012; Cheng et al., 2013; Dong et al., 2013; Kumar et al., 2013;
Degliangeli et al., 2014). Another critical issue to overcome is the
hemolysis―lysis of red blood cells during the long pre-processing
time. Since some of the disease-related miRNAs are involved in the
normal function of circulatory and immune systems, hemolysis
could artificially increase the miRNA levels and produce
inaccurate results. For example, according to reports in the
literature, in tumor-associated circulating miRNAs, 58% are
highly expressed in blood cells, and hemolysis alters circulating
miRNA levels by about 50-fold. To minimize the hemolysis, it has
been shown that a sample needs to be analyzed within 30 min after
collection, but current pre-processing time >4 h. Since screening or
diagnosis generally depends on a single sample, this critical issue
needs to be solved immediately. One way to address this issue is to
introduce a rapid miRNA analysis, ideally, at point-of-care settings
(Teunissen et al., 2009; Tuck et al., 2009; Tiberio et al., 2015). If these
critical technical issues are solvedmiRNA, will be the newest pillar of
medical diagnostics. Electric fields have been used in many
biomedical applications including cell isolation, cell separation,
and biomarker molecule (e.g., DNA, and antigens) detection. The
electric fields provide ways of developing biomedical assays label-
free manner. Additionally, optical detection methods, including
fluorescence, surface plasmons and localized plasmons have also
been utilized in the detection of biomarker molecules. Fluorescence
has been the method of choice for many biomarker
detection methods.

2 Fluorescence spectroscopy for
biomarker detection

Fluorescence is an optical phenomenon in which some
molecules (fluorophores or fluorochromes) absorbed light energy
and excited to a higher energy state, called excited energy. Since
these molecules cannot sustain the excited energy state for very long,
they decay to a lower energy state by emitting light energy; this
process is called fluorescence. Fluorescence spectroscopy or
fluorometry or spectro-fluorometry is a category of
electromagnetic spectroscopy that examines the fluorescence
emission of a sample (Rho, 1972; Steiner, 1984; Sharma and
Schulman, 1999; Gooijer, 2000; Lakowicz and Masters, 2008;
Sauer et al., 2011). Fluorescence spectroscopy is a popular
research tool that is commonly used in biochemistry, molecular
biology, and biomedical applications for medical diagnosis.
Moreover, fluorescence spectroscopy has been used in
applications such as DNA sequencing, single bio-molecule
sensing, mineralogy, and genomics (Sharma and Schulman, 1999;
Gooijer, 2000; Sauer et al., 2011; Rho, 1972). Almost all characteristic
features of the fluorescence, including spectral offsets, quantum
yields, lifetimes, fluorescence quenching and anisotropies, have been
utilized in fundamental and applied research and detection assays
(Rho, 1972; Steiner, 1984).

The inclusion of fluorescence as a part of biosensing has led to
tremendous growth in both biosensing and fundamental
fluorescence studies. As a result, optical bio-sensors have paved
the path toward the advancement of highly sensitive, strong, and
facile detection of target biomarkers (Borisov and Wolfbeis, 2008;
Morales-Narváez et al., 2015). To use fluorescence in the detection,

FIGURE 1
Fluorescence enhancement from silver nanostructures.
Photographs of fluorescein-labeled human serum albumin (molar
ratio of fluorescein/human serum albumin = 7) on quartz and on Silver
fractal-like structures. Fluoroscence was observed with 430 nm
excitation and 480 nm long-pass filter. The excitation was
progressively moved from the quartz side to the silver side. This figure
was extracted from ref (Lakowicz et al., 2003; Aslan et al., 2005) with
permission.
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labeling of target molecules with fluorophore tags is needed, and
then fluorescence intensity is measured. Later, the fluorescence
intensity is converted to molarity values (Borisov and Wolfbeis,
2008; Patel et al., 2010; Damborský et al., 2016; Shtenberg and Segal,
2018). In sensing applications of biomolecules, there are three
fundamental parameters used to determine the applicability of
the sensing method to a specific application. These are
sensitivity, specificity, and limit of detection (Carrara, 2011).
Although sensitivity and specificity of fluorescence-based
detection are very high, the limit of detection could be further
improved to be applicable in many medical applications. For
example, studies have reported that the current detection limit of
fluorescence-based detection is not sufficient to detect many disease-
related biomarkers, particularly for detecting early-stage disease
development (Kim et al., 2009; Rusling et al., 2010; Velmanickam
et al., 2017).

To further improve the detection limit of the fluorescence-
based assays, near-field metal-fluorophore interactions could be
used (Figure 1). For example, many studies including Fu et al.
(Fu et al., 2010), White et al., (White et al., 2012), Choudhury
et al. (Dutta Choudhury et al., 2012), and others have used near-
field metal-fluorophore interactions to enhance the
fluorescence intensity. Moreover, studies have reported that
metal (e.g., silver and gold) could alter the characteristic
features of properties of fluorophore molecules; these
changes have led to increased fluorescence intensity and
stability of fluorophore molecules. We will briefly discuss
some of these properties below.

The quantum yield of a fluorophore is an important parameter
in fluorescence measurements, which gives the efficiency of the
fluorescence process (Lakowicz, 2001; Geddes and Lakowicz, 2002a;
Lakowicz, 2005). This can then be simply expressed as the ratio
between the numbers of photons emitted to the numbers of photons

absorbed. The highest quantum yield of a fluorophore is 1 (100%)
when the photon absorbed is equal to the photon emitted (Lakowicz,
2001; Geddes and Lakowicz, 2002a; Lakowicz, 2005).

We can demonstrate the quantum yield through the Jablonski
diagram (Figure 2). Moreover, the quantum yield and lifetime of a
fluorophore are dominated by the magnitudes of the radiative rate
(Γ) and the sum of the non-radiative decay rate (knr) (Lakowicz,
2001; Geddes and Lakowicz, 2002a). The quantum yield (∅0) of the
fluorophore in the absence of quenching can be represented by the
Eq. 1:

∅0 � Γ
Γ + knr

(1)

The lifetime of a fluorophore (τn) without metal is the inverse of
the radiative decay rate (τn = [Γ + knr]−1) (Lakowicz, 2001; Geddes
and Lakowicz, 2002a). When metal is present near a fluorophore
molecule, the quantum yield can be written as Eq. 2.

∅m � Γ + Γm
Γ + Γm + knr

, (2)

where Γm represents the radiative decay rate increase due to the
presence of metal nanostructures (hotspots) or metal thin films.
Then, the lifetime of the fluorophore is (τn) � (Γ+Γm + knr)−1)
(Lakowicz, 2001; Geddes and Lakowicz, 2002a; Lakowicz, 2005).
Therefore, presence of metal could increase the quantum yield and
decrease the lifetime of the fluorophore; both of these effects will
make the fluorophores very bright and stable. At fundamental level,
increasing the radiative decay rate of fluorophore molecules is highly
dependent on the ability to orient the fluorophore dipole with the
plasmonic axis of the hotspots and subsequently place the
fluorophore molecules in the area with the highest density of
surface plasmon. For example, this effect is maximum when the
fluorophore molecule is perpendicular to the surface of an ellipsoidal
nanostructures that has (ab) ratio equal to 1.75; the radiative decay
rate of the fluorophore could be increased by a factor of 1000-fold or
greater (Lakowicz, 2001; Lakowicz, 2005).

The presence of metal could alter the apparent quantum yield
(Y) of the fluorophore molecules, which is defined as the intensity of
the fluorophore relative to the control sample (without metal
surface) measured with the same intensity of excited light.
Mathematically, Y can be represented by the Eq. 3

Y � L ωex( )
∣∣∣∣∣∣∣∣ 2
Z ωem( ), (3)

where L(ωex) is the product of the fluorophore quantum yield without
metal, and the amplification of the incident field ( E

E0
) by the metal;

Z(ωem) represent the partition of energy into the radiative and non-
radiative decay pathways, as modified by the metal particles (Figure 3)
(Lakowicz, 2001). The electric field enhancement could be due to the
light scattering near nanostructures or hotspots. In addition, since the
fluorescence intensity depends on the square of the electric field
enhancement ( E

E0
), metal structures can significantly enhance the

intensity of the fluorophore relative to the control sample. Studies
have reported that the electric field enhancement due to the metal
surfaces can be as high as 140 (Lakowicz, 2001). To achieve large
enhancement of fluorescence intensity, the fluorophore should be
placed 5–20 nm from the metal surfaces or nano-structures
(Lakowicz, 2001; Geddes and Lakowicz, 2002a; Lakowicz, 2005).

FIGURE 2
Jablonski diagramwithout (A) and with (B) the effects of a nearby
metal surface. For metal-fluorophore distances over 5 nm, the effect
of quenching by the metal (km) is expected to be minimal. This figure
was adapted from ref (Lakowicz, 2001) with permission.
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As stated above, the presence of metal can have detrimental
effects, such as fluorescence quenching on fluorophores. Quenching
refers to any process that results in a decrease in the fluorescence
emission intensity (Lakowicz, 2001; Lakowicz, 1983; Dulkeith et al.,
2002; Albani, 2004). During the quenching process, the fluorophore
returns to the ground state, without emitting energy or a photon.
The quantum yield (∅0) of a fluorophore with quenching can be
represented by the Eq. 4:

∅0 � Γ
Γ + knr + kq Qu[ ] (4)

kq[Qu] represents the quenching rate (Lakowicz, 2001; Geddes,
2010). The quantum yield of a fluorophore in the presence of a
metal surface (∅m) can be represented by the Eq. 5

∅m � Γ + Γm
Γ + Γm + knr + km

, (5)

where the km refers to the quenching effect by the metal surface.
Because of the quenching effect, the lifetime of a fluorophore can
be defined as (τn) = [Γ + Γm + knr + km]−1 (Lakowicz, 2001;
Geddes and Lakowicz, 2002a). The quenching effect could
decrease both quantum yield and the lifetime of a
fluorophore. As a result, quenching will significantly decrease
the fluorescence intensity. One way to minimize the quenching is
to increase the metal-fluorophore distance (Lakowicz, 2001;
Geddes and Lakowicz, 2002a; Lakowicz, 2005; Gryczynski
et al., 2004).

As we discussed above, the fundamental mechanisms
responsible for the fluorescence enhancement are:

(a) Decreasing fluorophore quenching by reducing the energy
transfer from fluorophore molecules to the metal or increase
the metal-fluorophore distance,

(b) Increasing the radiative decay rate of fluorophore molecules
by aligning the fluorophore dipole with the plasmonic axis
and placing the fluorophores in the high surface
plasmonic region, and

(c) Concentrating the fluorophore molecules in an area where a
local electric field is produced from light scattered by
plasmonic structures (Aslan et al., 2005; Lakowicz, 2001;
Geddes and Lakowicz, 2002b).

Under optimized conditions, mechanism (a) eliminates the
fluorophore quenching, mechanism (b) contributes about 105

times (maximum), and mechanism (c) contributes about 104

times (maximum) to the fluorescence enhancement (Aslan et al.,
2005; Lakowicz, 2001; Geddes and Lakowicz, 2002b). Therefore, if
mechanisms (a), (b) and (c) are integrated, a maximum of one-
billion-fold fluorescence enhancement is possible to achieve. Billion-
fold enhancement will easily produce the detection of few
fluorophore molecules. Unfortunately, there were no studies that
focused on developing strategies to integrate these mechanisms with
solutions that are easily implemented in point-of-care settings
(Lakowicz, 2001). In the upcoming sections, we will discuss the
avenues of using electric fields (<10 MHz) to enhance the
fluorescence intensity. One of the potential avenues associated
with electric field is the dielectrophoresis of molecules which can
potentially be used to optimize the effects of the fluorescence
enhancement mechanisms indicated above and achieve
significantly large fluorescence enhancement.

In addition to fluorescence spectroscopy, Surface-Enhanced
Raman Spectroscopy, Surface Plasmon Resonance and Localized
Surface Plasmon Resonance techniques offer promising avenues for
biomarker detection.

Surface-enhanced Raman scattering (SERS) is a phenomenon
that significantly enhances the Raman signal of molecules when they
are in close proximity to nanostructured metallic substrates (Choi
et al., 2020; Arabi et al., 2021; Geka et al., 2023). This enhancement
arises from two main mechanisms: electromagnetic and chemical
effects. The electromagnetic enhancement (GEmSERS) results from
the localization of light at the surface of the substrate, leading to
strong spatial amplification of the incident laser light in small
regions called hot spots (Geka et al., 2023). This amplification
increases the local electric field experienced by the molecules,
enhancing their Raman scattering signal. Additionally, the
presence of the metallic structure modifies the efficiency with
which the molecules radiate Raman power, further contributing
to the enhancement. The chemical enhancement (GChemSERS), on the
other hand, stems from the modification of the polarizability of the
molecules due to their interaction with the substrate (Choi et al.,
2020; Geka et al., 2023). While the electromagnetic enhancement is
independent of the type of molecule and can reach extremely high
values, the chemical enhancement depends on the specific molecule-
substrate interaction and is typically smaller in magnitude.

The electromagnetic enhancement arises from two main
mechanisms: local field enhancement and re-radiation
enhancement. The local field enhancement is quantified by the
square of the ratio of the local electric field to the incident
electric field at both the excitation laser frequency and the
Raman frequency (Geka et al., 2023).

FIGURE 3
The effects metallic nanostructures on the radiative decay rate of
a fluorophore. The volume of each spheroid is equal to a sphere with
40 nm diameter. This figure was adapted from ref (Lakowicz, 2001)
with permission.
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For SERS to effectively utilize these enhancements, it is essential
to grasp the maximal potentials. Studies have outlined approximate
maximal values fo GEmSERS and GChemSERS , offering insights into the
immense amplification capacity of SERS. Averaged over the
substrate, GEmSERS reaches 108 , while in localized “hot spots,” it
surges to 1010 . Comparatively, GChemSERS achieves approximately
102 for effects tied to atomic-scale roughness and peaks at 104 for
phenomena related to charge transfer resonance (Geka et al., 2023).

These maximal values underscore the transformative potential
of SERS in highly sensitive molecular detection and analysis,
providing invaluable insights into molecular interactions and
surface phenomena.

Surface Plasmon Resonance (SPR) and Localized Surface
Plasmon Resonance (LSPR) techniques operate based on the
principles of exciting and detecting surface plasmons, which are
collective oscillations of free electrons at the interface between a
metal and a dielectric medium, typically a prism or a glass substrate
coated with a thin metal film (usually gold or silver) (Jazayeri et al.,
2020; Azzouz et al., 2022).

In SPR, a collimated beam of monochromatic light, typically
from a laser, is directed onto the metal-dielectric interface at a
specific angle known as the resonance angle (Azzouz et al., 2022).
When the incident light matches the resonance angle, it couples with
the surface plasmons, leading to a reduction in reflectivity of the
light. This reduction is detected as a dip in the reflectance curve,
which is highly sensitive to changes in the refractive index of the
medium adjacent to the metal surface (Rezabakhsh et al., 2020;
Azzouz et al., 2022). When biomolecules bind to receptors
immobilized on the metal surface, they induce changes in the
refractive index, causing a shift in the resonance angle or a

change in the shape of the reflectance curve. By monitoring these
changes, SPR can provide real-time information about biomolecular
interactions, including binding kinetics, affinity constants, and
analyte concentrations (Azzouz et al., 2022).

LSPR, on the other hand, relies on the interaction of light with
metallic nanoparticles, such as gold or silver nanoparticles (Jazayeri
et al., 2020). When nanoparticles are illuminated with light of a
specific wavelength, the collective oscillations of free electrons in the
nanoparticles result in a resonance phenomenon known as LSPR
(Jazayeri et al., 2020). This localized resonance leads to enhanced
electromagnetic fields in the vicinity of the nanoparticles, which can
be exploited for sensing applications.

In both SPR and LSPR, the sensitivity of the technique depends
on factors such as the refractive index of the medium near the metal
surface, the size, shape, and material properties of the nanoparticles
(in the case of LSPR), and the quality of the immobilized receptors
on the sensor surface (Rezabakhsh et al., 2020). By optimizing these
parameters and employing signal amplification strategies, such as
nanoparticle functionalization or secondary detection with labeled
molecules, the sensitivity and specificity of SPR and LSPR
techniques can be further enhanced (Jazayeri et al., 2020; Azzouz
et al., 2022).

3 Dielectrophoresis: utility of electric
fields to detect circulating biomarkers

The term dielectrophoresis (DEP) was first used by Phol in 1951,
derived from the Greek word “phorein,” an effect where a particle is
carried as a result of its dielectric properties (Pohl, 1951). First, Phol
defined this effect as “the motion of suspensoid particles relative to that
of the solvent resulting from polarization forces produced by an
inhomogeneous electric field” (Pohl, 1951; Pethig, 2010). Any
material, which can be polarizable when its subject to an exterior
electric field is known as dielectric (Gupta, 2009). When a dielectric
material is placed in an applied exterior electric field, electric charges do
not pass through them due to the electrical insulator characteristic; only
the electric charges deviate slightly from their average equilibrium
positions, which cause a dielectric polarization in the dielectric
materials (Pethig, 2010; Sihvola, 2007; Pethig et al., 2017). Due to
the polarization of the dielectric material, electric dipoles are produced
in the dielectricmaterials (Belkin et al., 2017; Thoms et al., 2017). DEP is
produced on a suspended dielectric particle in a buffer solution when an
exterior non-uniform electric field polarizes the particle; the polarized
dielectric particles experience a force called dielectrophoretic force (DEP
force). The time-average magnitude of the DEP force on a spherical
isentropic homogeneous dielectric particle located in a non-uniform
electric field region can be represented by the Eq. 6.

FDEP � 1
2
α∇ E| |2 (6)

where α is the polarizability of the dielectric particle, ∇ is the vector
operator, and E is the RMS value of the electric field. The α or
polarizability of the suspended dielectric particle depends on the
frequency and field dependent dielectric properties of particle and
the suspended medium (Pethig, 2010; Pethig et al., 2017; Goater and
Pethig, 1999; Chou et al., 2002; Gascoyne and Vykoukal, 2002;
Hughes, 2002; Jones, 2003; Dimaki and Bøggild, 2004; Kadaksham

FIGURE 4
(A) Traditional DEP force can be used to concentrate particles
near electrodes using positive or negative DEP force, (B) another
electrode configuration to concentrate particles either on electrodes,
or away from electrodes, (C) integration of DEP force with
viscous drag force for continuous separation of particles. This figure
was adapted from ref (Lee et al., 2016) with permission.
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et al., 2004; Zhang et al., 2010; Çetin and Li, 2011; Velmanickam
et al., 2016; Pethig, 2017). The DEP force can be attractive or
repellent from electrodes based on the value of α. The attractive
DEP (positive DEP) produced when α is positive and the DEP
force move the dielectric particle towards electrode edges or to
the higher electric field gradient region or to the region that
has maximum value for ∇|E|2; similarly, repulsive DEP
(negative DEP) is produced when α is negative and DEP
force move the particle in the opposite direction of the
higher electric field gradient and to the weak electric field
gradient (Figure 4) (Pohl, 1951; Sihvola, 2007; Pethig, 2017;
Lee et al., 2016).

The polarizability of a spherical particle can be derived given in
the Eq. 7:

α � 4πr3εmRe fCM ω( )[ ] (7)
where is the radius of the spherical dielectric particle, εm is the
permittivity of the suspending medium, ω is the radial frequency of
the applied electric field, and Re fCM(ω){ } is the real part of the
Clausius-Mossotti factor (CM) and for the spherical particle, is
defined by the Eq. 8

fCM ω( ) � ε*p − ε*m
ε*p + 2ε*m

(8)

where ε*p is the complex permittivity of the dielectric particle and ε*m
is the complex permittivity of the suspending medium. The complex
permittivity is given by ε* � ε − j(σω) with σ the real conductivity, ε
the real permittivity, and j � 			−1√

and ω the angular frequency
(Pohl, 1951; Pethig, 2010; Pethig, 2017; Goater and Pethig, 1999;
Chou et al., 2002; Gascoyne and Vykoukal, 2002; Dimaki and
Bøggild, 2004; Kadaksham et al., 2004; Zhang et al., 2010;
Ehrlich, 1953; Gierhart et al., 2007; Urdaneta and Smela, 2007;
Honegger et al., 2011; Hwang et al., 2013; Lo et al., 2014; Mortadi
et al., 2016; Salimi et al., 2016; Zhong and Li, 2017).

Variations in the CM factor alter the value of α and subsequently
vary the DEP force. For example, for a sphere, the real part of the CM
factor is theoretically bounded between −1/2 and 1. Moreover, we can
re-define positive DEP and negative DEP. Positive DEP occurs when
Re[fCM(ω)]> 0 and negative DEP occurs when Re[fCM(ω)]< 0. If
Re[fCM(ω)] becomes zero under certain conditions, the DEP force
act on the polarized particles also becomes zero (Ehrlich, 1953;
Gierhart et al., 2007; Hwang et al., 2013; Lo et al., 2014; Salimi
et al., 2016; Zhong and Li, 2017; Urdaneta and Smela, 2007). The
frequency at which zero DEP force occurs is called crossover
frequency (fCO), which is defined by the Eq. 9

fCO � 1
2πε0

																	
σm − σp( ) σp + 2σm( )
εp − εm( ) εp + 2εm( )

√√
, (9)

where σ is the real conductivity and ε is the real permittivity, and sub-
index p, m are the particle and medium respectively (Pethig, 2010;
Zhong and Li, 2017; Urdaneta and Smela, 2007; Cui et al., 2001). The
conductivity (σp) of the homogeneous dielectric spherical particle can
be written as the sum of bulk conductivity (σpbulk) and surface
conductance (KS), which can be represented by the Eq. 10

σp � σpbulk + 2KS

r
, (10)

where r is the radius of the spherical particle. Depending on the
material of the particle, such as polystyrene and silica, the bulk
conductivity (σpbulk) can be negligible. Therefore, surface
conductance (KS) provide a dominating contribution to the
conductivity of the particle (Pethig, 2010; Zhong and Li, 2017;
Salimi et al., 2016; Urdaneta and Smela, 2007; Cui et al., 2001).

DEP force has been used in sensing, trapping, transporting,
and sorting different type of dielectric particles (Figure 5)
(Pethig, 2010; Pethig and Markx, 1997). In Figure 5C, the
electrode design plays an crucial role in creating a non-
uniform electric field within microfluidic systems. This
electric field is engineered to selectively manipulate particles
based on their dielectric properties. By employing electrodes
strategically positioned along the microfluidic channel, the
design facilitates the trapping and separation of particles.
Target particles, responsive to positive DEP, are drawn
towards the electrodes and effectively trapped, while non-
target particles, experiencing negative DEP or minimal DEP,
continue their flow through the channel. Since the biological
samples, such as cells, proteins, DNAs, RNAs, and miRNAs are
considered as dielectric particles, they can use in DEP studies.
The earliest dielectrophoretic studies were largely conducted
with the aim of understanding how cells produce DEP forces,
and how to use DEP and dielectric properties of cells to better
understanding their physicochemical properties (Pethig, 2010;
Pohl and Crane, 1971; Pethig and Markx, 1997; Kim et al., 2008).
Currently, DEP has made it possible to achieve: separation of
cancer cells from healthy cells (Pethig, 2010; Pethig and Markx,
1997; Mulhall et al., 2011; Borchers et al., 2024); separation dead
cells from live cells (Patel et al., 2012; Markx et al., 1994); high
speed cell sorting (Pethig and Markx, 1997; Kim et al., 2008); cell
patterning (Pethig and Markx, 1997; Pohl and Crane, 1971;
Velmanickam and Nawarathna, 2017; Velmanickam and
Nawarathna, 2016; Wu Y. et al., 2024); rotation of cells (Zhao
et al., 2018; Huang et al., 2019; Wu Yupan et al., 2024), and
electroporation (Pethig, 2010; Jones, 2003; Pethig and
Markx, 1997).

Positive and negative dielectrophoretic phenomenon utilized in
the separation of cells or particles. A selected frequency of the signal
will be applied to the particle sorting device, where the target
particles will feel the positive DEP and become trapped at the
electrodes; at the same time nontarget particles experience
negative DEP (or repulsive DEP from electrodes) or zero DEP
force, and flow out without trapping (Figure 5). Finally, the
trapped target particles were released from the electrodes by
switching off the field and collected separately. In addition, there
are other methods that combine DEP trapping with viscous drag
force used to separate materials continuous fashion (Urdaneta and
Smela, 2007; Pethig and Markx, 1997; Kim et al., 2008; Qian et al.,
2014). In addition to cells, biomarker molecules (such as DNAs,
proteins, and RNAs) were trapped on the electrodes using DEP force
for calculation of expression levels or molarities (Chou et al., 2002;
Asbury et al., 2002; Velmanickam et al., 2019a). In addition, high-
speed hybridization of DNAs and RNAs was also successfully
conducted using the DEP force, and this might drastically
improve the biological assay time (Swami et al., 2009; Gagnon
et al., 2010); these developments collectively advanced the
biosensing techniques involved in the detection of rare
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biomarkers in biological, environmental, and other samples
(Pethig, 2010; Velmanickam et al., 2019a). Studies have also
focused on using DEP in biomarker sensing applications
(Demircan et al., 2013). With the introduction of DEP in
biosensing, critical sensing parameters such as sensitivity,
specificity, and detection limit have significantly improved
(Velmanickam et al., 2017; Velmanickam et al., 2019a). For
example, the miRNA molecules, which are short in size
(~8 nm) and represent a biomarker for early-stage cancers, have
been successfully detected using DEP and proved to be superior to
the other current detection techniques available in the medical
industry (Velmanickam et al., 2019a).

In addition to the medical applications, DEP has also been
widely used in other industrial applications, such as separating
minerals (Ballantyne and Holtham, 2010; Ballantyne and
Holtham, 2014; Olariu et al., 2017), self-recovering current
limiting fuse (Ohtsuka et al., 2006), depositing a patterned
coating of a nanostructure material onto a substrate (Pethig,
2010; Froude and Zhu, 2009), collecting of micron-scale particles
(granular, threadlike, sheets, or microelectronic parts) (Pethig, 2010;
Allahrabbi et al., 2015), polishing local areas of 3D surfaces using
abrasive powders (Pethig, 2010; Kim et al., 2004), biodegradation of
organic pollutants in soil (Pethig, 2010; Luo et al., 2005), and in
water treatments systems (Pethig, 2010; Abbasi Monfared et al.,
2018). During the separating of minerals, DEP is applied at different
frequencies and based on the frequency, the polarizability of the
mineral particles’ changes. Because of these polarizability changes,
the minerals are separated from each other using the DEP force
(Ballantyne and Holtham, 2014; Ballantyne and Holtham, 2010;

Thwar et al., 2007). In self-recovering current limiting fuse, the
current-limiting operation was attained by frequently switching
between a conducting position, collection of conductive particles
between two electrodes brought by DEP, and evaporation or
spreading state of the conductive particles due to Brownian
motion or diffusion (Pethig, 2010).

In the process of coating a nanostructure material onto a
substrate, an AC potential applied between two electrodes for a
time limit period. The applied AC potential create a DEP force on
the nanostructure materials suspended in the solution and them to
the electrodes (Pethig, 2010; Ohtsuka et al., 2006). The polishing of
3D surfaces was achieved by abrasive powders, such as Al2O3,
diamond or SiC, dispersed in silicone oil and agitated by DEP
forces similar to the coating process (Pohl, 1951; Allahrabbi et al.,
2015). In the water treatment systems, the live bacteria and microbes
in water were selectively concentrated and separated by the nature of
the polarizability of the particle due to the DEP force in different
frequencies (Pohl, 1951; Luo et al., 2005). Advances in the use of
DEP for manipulation of nanoparticles are also opening up new
applications, including the fabrication of a new generation of
electronic devices and sensors (Pethig, 2010). In addition to the
traditional metal electrode-based DEP studies, the electrode-less
DEP has also been developed and used in multiple studies (Chou
et al., 2002; Chou and Zenhausern, 2003; Thwar et al., 2007;
Regtmeier et al., 2011). The electrode-less DEP could be
produced on the molecules that are suspended in the
physiological buffers, such as blood, serum, and urine (Chou
et al., 2002; Regtmeier et al., 2011); it could further simplify
the assays.

FIGURE 5
(A) Trapping particles with positive DEP force. (B) Trapping particles using negative DEP force and (C) Use DEP force (positive and/or negative) of
particles in microfluidic systems for separating particles. This figure was adapted from ref (Gossett et al., 2010) with permission.
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When fluorescence enhancement can potentially integrate with
electric fields and DEP, the fluorescence enhancement could be
increased well beyond the current limits. Traditional fluorescence
enhancement studies use the diffusion of molecules or a
combination of diffusion and sample flow to concentrate
fluorophore molecules in hotspots (Sharma et al., 2014).
Diffusion is not a selective or steady state process for selectively
concentrating target biomarker molecules. Since the diffusion is not
a steady state process, it produces results with a large degree of inter-
sample variability. The introduction of DEP could provide a
selective method for concentrating biomarker molecules in
hotspots for detection. In addition, below, we will discuss a
potential avenue for electric fields and DEP force to be used to
integrate fluorescence enhancement mechanisms (a), (b) and (c)
(indicated above) as well as to eliminate or minimize
fluorophore quenching.

4 Utility of electric fields to enhance the
near-field fluorescence enhancement
mechanisms

Studies have shown that energy transfer from fluorophores to
metal quench the fluorescence (mechanism (a) discussed under
the title Fluorescence spectroscopy for biomarker detection),
which is effective for the fluorophores that are located within
about 5 nm from the metal edges of hotspots (Geddes and
Lakowicz, 2002b; Seprödi et al., 1969). When dielectrophoresis
is used to concentrate molecules in hotspots, fluorophore-labeled
biomarker molecules (e.g., miRNA) are fully stretched by the
high-electric fields in the hotspots. Therefore, for example,
miRNA molecules will form rod-like shapes that are about
8 nm long (each base pair is about 4 Å long) and 2 nm in
diameter. When the biomarker molecule experiences
dielectrophoresis, it rotates such that the dipole along the
longest non-dispersed axis aligns with the field (Seprödi et al.,
1969; Morgan et al., 1999). Therefore, the long axis of the rod will
be aligned with the field (Seprödi et al., 1969).

The dipole moment of biomarker molecules is larger than the
fluorophore molecules at low frequency. For example, dipole
moment of miRNA molecules are about 10 times larger than
typical fluorophores (e.g., fluorescein and cyanine 3 (Cy3))
(Seprödi et al., 1969; Iqbal et al., 2008). Therefore, miRNA
molecules have about 10-times larger polarizability (α) than
fluorophores (Nawarathna et al., 2009). Since the polarizability is
directly proportional to the dielectrophoretic force, miRNA
molecules experience larger DEP force than fluorophore
molecules. Therefore, the miRNA portion is attracted to the
region with the largest electric field gradient (∇(E2)). Since the
largest electric field gradient is produced near the electrodes, miRNA
molecules will be located closer to the metal edges of the hotspots
(Nawarathna et al., 2009). As a result, fluorophore molecules will be
located about 8 nm from the metal edges. As a result, the
introduction of dielectrophoresis aligns the fluorophore molecules
outside the active region of fluorophore quenching. This ability is
highly significant for detecting low miRNA concentrations. Similar
arguments can be made for the antigen and other nucleic acid
biomarker molecules.

The fluorescence enhancement expected from increasing the
radiative decay rate (mechanism (b)) is highly dependent on the
ability to orient the fluorophore dipole with the plasmonic axis of the
hotspots and subsequently place the molecules in the area that has
large amount of surface plasmons (Lakowicz, 2005; Geddes and
Lakowicz, 2002b). When dielectrophoresis is used to concentrate the
fluorophore-labeled biomarker molecules (e.g., fluorophore labeled
miRNA molecules), the electric field gradient and electric
polarization produced by the external electric potential on the
molecules is used (Nawarathna et al., 2009). Metal
nanostructures can be approximated as a dipole (Jain and El-
Sayed, 2010). Therefore, the highest electric field and the field
gradient will be produced along the dipole axis (Pethig, 1996).
Typically, this dipole is formed in the sharp edges of the
nanostructures (Nawarathna et al., 2009). As a result,
fluorophore-labeled biomarker molecules will be aligned along
the electric dipole axis. When fluorophore molecules are excited
with the appropriate wavelength of light, even though the frequency
values are different, if the surface plasmon dipoles is also produced
in the same locations as the electric dipole, fluorophore molecules
can be aligned with plasmon dipole axis. Therefore, when
dielectrophoresis is used to concentrate fluorophore molecules,
fluorophore dipole of each molecule could be aligned with the
plasmonic dipole axis of the hotspots. This is critically important
in enhancing fluorescence because studies have shown that well-
aligned fluorophores with the plasmonic axis could enhance the
fluorescence by up to a few thousand times. In addition,
dielectrophoresis can be used to vary the fluorophore-metal
distance to concentrate the fluorophores in the high surface
plasmonic region. Briefly, first, attractive dielectrophoresis
concentrate molecules near the metal edges of the electrodes and
apply repulsive dielectrophoresis to push the concentrated
molecules away from the electrode-edges to the lowest field
gradient region (Velmanickam et al., 2016; Pethig et al., 1992).
One can record fluorescence intensity of the sample as the molecules
are being pushed from metals edges. Finally, the distance that
produces the largest fluorescence intensity can be found. The two
effects that are related to mechanism (b) combine to produce about
105 times enhancement of fluorescence.

The contribution from mechanism (c) depends on the ability to
concentrate the fluorophores in an area where there is a large electric
field produced by scattered light near the hotspots (Lakowicz, 2001;
Sharma et al., 2014). Since sizes of the nanostructures are below
100 nm, significantly large electric field distribution is expected in
the hotspots. Moreover, fluorescence enhancement is proportional
to the square of the electric field enhancement. To enhance the
fluorescence, fluorophore labeled biomarker molecules must be
placed in the region that has the largest electric field
enhancement (Lakowicz, 2001). The dielectrophoresis of
fluorophore labeled biomarker molecules can be used to
concentrate the molecules in the high electric field regions. As
stated above, the distance between the fluorophore-metal edges
will be altered using a combination of attractive and repulsive
dielectrophoresis. This effect will have a maximum of 10 4 fold
enhancement of fluorescence. For these reasons, the introduction of
dielectrophoresis could potentially approach the theoretical limit of
about one billion-fold (104+5) enhancement. In theory, billion-fold
enhancement translates to increasing fluorescence intensity of one
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fluorophore molecule to the fluorescence intensity of billion
fluorophore molecules. Therefore, the detection of just a few
fluorescently labeled molecules without complicated machinery,
cost, or capital will be possible. This would be ideal for the
detection of early-stage diseases in point-of-care settings. Next,
we will discuss recent studies and devices that utilized integrated
electric fields and optical detection methods, including fluorescence
enhancement to detect biomarker molecules in clinical samples. We
have surveyed the recent published studies that utilized electric fields
and optical detection methods, including enhanced fluorescence and
discussed the few studies to highlight the utility of electric fields with
optical detection methods.

5 Integrated electric fields and optical
detection methods for biomarker
molecular detection

Velmanickam Logeeshan et al. reported on a miRNA detection
device (iLluminate-miRNA platform) for point-of-care applications.
iLluminate-miRNA platform utilizes microscale and nanoscale
metallic structures to achieve rapid and sensitive miRNA
detection (Asbury et al., 2002). The fabrication of the device
involved the creation of a T-shaped interdigitated array of

microelectrodes (TIAMs) with nanoscale plasmonic hotspots
(Figures 6A–C). The nanoscale hotspots produced large electric
field gradients of approximately 1017 V2/m3 (Asbury et al., 2002).
Large electric field gradient produced strong DEP force on the
fluorophore labeled target miRNAs or fluorophore labeled
miRNA-DNA duplexes and concentrated them on the electrodes.
The study used the fluorescence enhancement mechanisms
discussed and detected very low levels of miRNA levels.
Experimental results demonstrated the detection of miRNA in
serum samples (Figure 6D). Importantly, iLluminate-miRNA
platform demonstrated superior sensitivity when compared to
conventional methods. The detection limit of the iLluminate-
miRNA was few fM (Asbury et al., 2002). This technique holds a
promise for future clinical applications and warrants further
investigation to optimize specificity and explore its potential in
measuring miRNA cancer biomarkers.

Velmanickam et al. (2020) presented an extension of their
previous study, introducing a method to amplify the fluorescence
intensity of fluorophore molecules using AC electric fields. This
study emphasizes the technique’s potential in developing highly
sensitive biosensors for clinical applications. This study addressed
the challenge of detecting weak fluorescence intensities from a few
target biomarker molecules by enhancing the fluorescence intensity
using low-frequency electric fields. The electric fields were utilized to

FIGURE 6
(A) Scanning Electron Microscope (SEM) image of TIAM electrodes, (B) SEM image of a single T-electrode, and (C) SEM images of hotspots. (D)
Fluorescence intensity variation with the frequency of applied external potential for miRNA-DNA and DNAmolecules. Blue arrows indicate fluorescence
intensities at 1 MHz, with insects showing fluorescence images with miRNA-DNA (bright) and without miRNA (dark) molecules (scale bars: 50 μm). (E)
Fluorescence intensity of the sample with and without DEP force. (F) Device fabrication via atomic layer lithography, including batch fabrication of
trench resonators. (G) A picture of six-device chip with Polydimethylsiloxane (PDMS)microfluidics. (H)Optical-microscope image of the chip, and (I) top-
down SEM of trench resonator. (J) Spectral shift as bovine serum albumin molecules (10 pM concentration) are trapped with positive DEP bias of 5 V and
1 kHz frequency, followed by a 0 MHz frequency application after 5,000 s, leading to negative DEP. With permissions from publishers, images labeled
(A–C) were extracted from (Velmanickam et al., 2019b), (D) was extracted from (Asbury et al., 2002), (E) was extracted from (Velmanickam et al., 2020),
and (F–J) were obtained from (Yoo et al., 2021).
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minimize fluorophore quenching, increasing the radiative decay rate
(RDR), and concentrating molecules with DEP force in the local
plasmonic hotspots and harnessing energy from the excitation
source (Figure 6E). Additionally, the authors draw from Nitzan
and Gerten’s initial studies to develop an electromagnetic model
predicting enhancement based on hotspot properties and distance
(Gersten and Nitzan, 1981). Their calculations indicate an
approximate 50-fold enhancement. As RDR increases,
fluorophores become more stable, allowing for an additional 50-
fold increase in illumination intensity, resulting in a total
enhancement of 2,500-fold (Velmanickam et al., 2020).
Therefore, by combining all the mechanisms provided, the
research results in about 6 × 108 fold fluorescence enhancement
(Velmanickam et al., 2020).

Yoo et al. (2021) reported on a study on the integration of
plasmonics and electronics using a split-trench resonator platform.
This platform combines high-quality-factor resonant plasmonic
biosensors with radio frequency (RF) nanogap tweezers, enabling
dielectrophoretic trapping of analytes. These researchers utilized a
scalable fabrication process, involving photolithography and atomic
layer deposition, to create centimeter-long trench resonators with
sub-10 nm gaps. To fabricate the device, photolithography was used
to transfer rectangular patterns onto a photoresist-coated wafer
followed by metal deposition and lift-off to form the first Au
rectangular hole patterns (Yoo et al., 2021). Subsequently, a

conformal coating of Al2O3 was applied using atomic layer
deposition. Directional evaporation was utilized to deposit a
second Au film, filling the rectangular hole patterns. The excess
second Au film was then removed, resulting in vertically oriented
Al2O3 gaps along the perimeter of the patterns. This process was
followed by additional lithography steps to create nanogap patterns
and a trench structure (Figures 6F–I). Finally, a 1 μm thick Ag layer
was deposited using electron-beam evaporation to create a trench
along the gap. The key highlight of this study was the successful
integration of DEP with nano-plasmonic sensing. By applying an RF
electrical bias across the 10 nm gap, strong electric field gradients
were generated for efficient trapping of nanoparticles and proteins
(Yoo et al., 2021). The trapped analytes were then detected using
refractive-index sensing by leveraging the interference between
surface-plasmon standing waves and transmitted light through
the nanogap. The platform demonstrated remarkable sensitivity
and detected the analytes as low as 10 pM (Figure 6J) (Yoo et al.,
2021). The integration of DEP in the split-trench resonator platform
offers numerous advantages, including enhanced analyte transport
and rapid detection capabilities. Compared to traditional diffusion-
limited methods, this platform significantly reduces detection times.

A study reported by Cao et al. (2018) explored the integration of
insulator-based dielectrophoresis (iDEP) with nanostructured
sawtooth and castellated electrode arrays with the nanorods
(NDs) for protein enrichment and the development of highly

FIGURE 7
Illustration of two types of electrode arrays used in the experiments: (A) sawtooth and (B) castellated electrode array, where the insets provide
schematic representations ofmicroelectrodes integratedwith nanorods (NDs). Scale bars: 200 µm. Fluorescent images demonstrate the DEP behavior of
bovine serum albumin (BSA) in the castellated electrode device at (C) 5Vp-p, 1 MHz and (D) 5Vp-p, 10 MHz, as well as the sawtooth electrode device at (E)
5Vp-p, 1 MHz and (F) 5Vp-p, 10 MHz, both incorporating oxide nanorods (NDs). (G) PVOT operation scheme using the sequential method involving
sinusoidal light profile illumination on a z-cut PV substrate. (H) Microphotographs, (I) SEM images, and (J) histograms of fringes patterns (Pattern III)
cluster sizes. (K) FL images and corresponding averages, (L) FL enhancement profiles along the perpendicular direction to the fringes for three Au 170 nm
fringe patterns. (M)Contrast the reflectivity of conventional chips with iSPR chips (EG = 5.5 µm). IDEs are perpendicular to SP propagation for EW values of
10 μm, 20 μm, and 100 µm. (N) The DEP-SPR device employs DEP-active interdigitated electrodes (IDEs), replacing the traditional Au sensing surface in
the Kretschmann SPR setup. Alternating IDEs, connected to a function generator, generate an AC potential for DEP, enabling the transportation of
bacterial mass to the IDE sensing surface by overcoming fluid drag. Panels (A–N) extracted with explicit permission from (Cao et al., 2018; Elvira et al.,
2022; Galvan et al., 2018), respectively.
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sensitive immunoassays (Figures 7A, B). The authors described the
fabrication process of the devices, which involves the deposition of
SiO2 and Ag NDs using a customized e-beam evaporator. The ND
arrays were designed to create a strong electric field and a high
electric field gradient needed to efficiently enrich proteins. This
study highlighted the effectiveness of the DEP integrated with ND
arrays for protein binding and enrichment. The authors
demonstrated a significant acceleration of binding kinetics
through fast DEP trapping near the NDs, leading to a shorter
incubation time compared to traditional methods (Cao et al.,
2018). The signal level reached a steady state within a minute,
enabling fast detection of biomarkers. The validation of the concept
was carried out using fluorescence-labeled beads and BSA protein,
and the corresponding results are presented in Figures 7C–F. The
specificity of the detection was evaluated by employing streptavidin
proteins as a negative control, which showed a significantly smaller
fluorescent signal compared to the positive response of mouse IgG.
The incorporation of repeated washing steps during the assay helped
to reduce nonspecific binding and eliminated the false-negative
results. The accuracy of the assay system was assessed by
examining the recovery rate of spiked mouse IgG in human
serum. The percent recovery rates fall within the acceptable
range of 80%–120%, indicating the high accuracy of the platform
for immunoassays (Cao et al., 2018). The authors also demonstrated
the clinical utility of their device by detecting prostate-specific
antigen (PSA) in human serum, achieving a detection limit of
2.6 ng/mL (Cao et al., 2018).

Elvira et al. (2022) conducted a study on the fabrication of a
novel device combining DEP and plasmonic-based detection for
enhanced molecular detection. Authors employed DEP as a
powerful technique for manipulating and trapping molecules,
while harnessing the plasmonic properties of metallic
nanostructures to enhance the detection sensitivity (Figure 7G).
The device fabrication process involved the assembly of gold
nanoparticles (Au NPs) into periodic micro-patterns using
photovoltaic optoelectronic tweezers (PVOT). Two different sizes
of Au NPs, 170 nm and 3.5 nm, were utilized to explore their
respective performance (Elvira et al., 2022). The Au patterns
fabricated through PVOT exhibited high homogeneity at the
microscale and controlled spatial distribution of aggregates with
micrometric accuracy (Figures 7H–J). The plasmonic response of
the patterns was characterized by reflectance spectroscopy, revealing
broad plasmonic bands extending into the visible and near-infrared
range. For fluorescence enhancement, the patterns were tested with
molecules such as Rhodamine B (RB) dye and DNA biomolecules
tagged with RB. The results demonstrated significant fluorescence
enhancement factors, reaching up to 10-fold for RB dye and 3-fold
for DNA biomolecules, when compared to control samples (Figures
7K, L) (Elvira et al., 2022). This remarkable enhancement was
attributed to the synergistic combination of DEP trapping and
plasmonic effects, which led to increased excitation rates and
quantum efficiencies of the molecules. The integration of DEP
and plasmonic in the fabricated device showcases its potential for
highly sensitive molecular detection. By leveraging the precise
manipulation capabilities of DEP and the enhanced optical
properties of plasmonic structures, the device offers a promising
platform for various applications such as bio-imaging and
biosensing. The fluorescence enhancement of DNA biomolecules

tagged with RB further demonstrates the versatility of the device for
molecular detection in biological systems.

Velmanickam et al. (2017) presented a study on the integration
of dielectrophoresis and fluorescence enhancement to enhance the
detection of biomarker molecules using Pearl-shaped Interdigitated
Electrodes (PIDEs) (Figures 8A–C). The study focused on the use of
fluorescently labeled Avidinmolecules as the target biomarkers, with
the objective of quantifying low concentrations of Avidin using the
integrated DEP and fluorescence enhancement. The authors
employed PIDEs, which allows precise patterning and control of
the electrode geometry. The device fabrication technique ensures the
formation of well-defined electrode structures, crucial for efficient
DEP and fluorescence enhancement. To determine the optimum
frequency of the electric field, the authors varied the frequency from
50 kHz to 500 kHz and measured the fluorescence intensity near the
electrodes. Based on their results, a frequency of 120 kHz was
identified as generating the highest fluorescence intensity,
indicating efficient concentration of Avidin molecules in the
hotspots (Velmanickam et al., 2017). The authors employed
fluorescently labeled Avidin molecules with an excitation
wavelength around 500 nm and an emission wavelength around
515 nm, enabling specific targeting and detection of the biomarkers
(Velmanickam et al., 2017). Furthermore, the authors investigated
the fluorescence decay curves of tetramethylrhodamine (TRITC)
labeled streptavidin molecules using time-correlated single photon
counting (TCSPC) to measure the fluorescence lifetime (Figure 8E).
The results demonstrated a reduction in the fluorescence lifetime of
molecules placed in the electrodes, providing evidence of the
interaction between biomarkers and enhanced electric fields or
surface plasmon polaritons (SPPs). The authors reported that
their technique was capable of detecting about 1.5 pM of Avidin
molecules (Velmanickam et al., 2017). This represents a significant
improvement compared to the standard fluorescence technique,
which could only detect Avidin at a concentration of 1.5 μM
(Figure 8D). Therefore, the integrated technique enhances the
detection of Avidin molecules by approximately 1,000,000-fold
(Velmanickam et al., 2017). The research presented in this work
reported an advancement in the field of biomarker detection by
successfully integrating DEP and plasmonic effects. The novelty of
this work lies in the fabrication of PIDEs using photolithography
and their integration with fluorescence enhancement, enabling
efficient concentration of biomarkers and their subsequent
interaction with enhanced electric fields. The improvement in
detection sensitivity, coupled with the remarkable detection limit
improvement, highlights the potential of this integrated approach
for the sensitive detection and quantification of biomarker
molecules (Velmanickam et al., 2021).

The integration of DEP force and surface-enhanced Raman
scattering (SERS) offers several advantages, including rapid and
sensitive analysis, label-free detection, and the ability to monitor
molecules in real-time. Akinobu Yamaguchi et al. reported a
technique for the detection of biomarkers at low concentrations
by integrating dielectrophoretic manipulation and SERS
(Yamaguchi et al., 2016). This platform enables label-free, real-
time monitoring of molecules with exceptional sensitivity. The
fabrication of the electrode involves the use of gold electrodes
and the manipulation of gold/polystyrene (Au/PS) microparticles.
By applying an AC electric field at a frequency of 100 kHz, the
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attractive van der Waals forces between the Au/PS microparticles
were utilized to aggregate and fix them at the middle of the gold
electrodes (Yamaguchi et al., 2016). This controlled aggregation
creates unique “hot spots” that greatly enhance the SERS signal,
allowing for highly sensitive detection of biomarkers. The
researchers demonstrated the effectiveness of their platform by
detecting and analyzing the Raman spectra of 4,4′-bipyridine
(4bpy), a biomarker, in real-time. Notably, they achieved
detection at concentrations as low as 100 pM, highlighting the
exceptional sensitivity of their platform (Yamaguchi et al., 2016).
The fabrication techniques employed in this platform ensure the
formation of a tight-knit higher-order structure consisting of the
Au/PS microparticles and the biomarker, leading to accurate and
reliable detection. This platform holds a promise for various
applications, including biomarker detection, environmental
pollutant analysis, and investigations of chemical and biological
reactions, and opens avenues for its commercial utilization in “lab-
on-a-chip” applications and the study of mammalian and plant
cell cultures.

Giulia Barzan et al. developed a rapid antibiotic susceptibility
test (AST) using a DEP-Raman device to obtain quick results in
clinical and microbiological samples. The DEP-Raman device was

fabricated using laser lithography, which allows for the creation of
intricate and tailored structures with high resolution. The device
enabled the characterization of various bacterial strains with high
specificity and provided insights into dynamic bacterial interactions
with antibiotics. By employing multivariate data analysis, the
researchers modeled molecular-level spectral differences within
just 1 hour of antibiotic treatment (Barzan et al., 2020). The
Raman-based susceptibility test accurately classified bacteria as
non-susceptible when treated with sub-minimal inhibitory
concentration (MIC) levels of the antibiotic ciprofloxacin (CP),
as well as bacteria displaying induced tolerance to the antibiotic
due to pre-treatment with triclosan (TCS). Additionally, an
environmental E. coli strain naturally resistant to CP was
successfully identified as non-susceptible after only 1 hour of
treatment at the minimum bactericidal concentration (MBC) of
CP (Barzan et al., 2020). These findings underscore the remarkable
potential of the DEP-Raman approach as a rapid and reliable
method for AST, eliminating the laborious sample preparation
and overnight incubation required by conventional
microbiological techniques while offering high accuracy and
versatility for various applications. The Raman-based
susceptibility test exhibited promising performance in predicting

FIGURE 8
(A) Fabrication and characterization of PIDEs and hotspots. (B, C) Characterization of the hotspots of various sizes and shapes using SEM. (D)
Comparison of the fluorescencemeasured from a sample with andwithout DEP. The inset shows the picture of the samplewith DEP used to generate the
histogram plot. (E) Fluorescence decay curves for the TRITC labeled biotin molecules in glass coverslip, on electrodes with DEP and on electrodes
without DEP. (F) Chip design and Construction. The chip design included bottom-layer electrodes on a cover slip and top-layer electrodes on
treated glass. A metal shelter in front of the top-layer trapping electrode minimized fluorescence noise and boosted Raman signals. (G) Bright field
microscope image (top) and Atomic Force Microscope (AFM) image (bottom) of two types of roughened Au surface. (H) The measurement results of S.
aureus and P. aeruginosa show distinct SERS spectra that are promising for fingerprint discrimination. (I) SERS signatures of S. aureus, Red Blood Cells
(RBC), and RBCs/bacteria mixture (RBCs: bacteria= 1: 10). Figures (A–E) have been extracted from (Velmanickam et al., 2017), while figures (F–I) have
been obtained from (Cheng et al., 2010), all reused with explicit permission.
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bacterial susceptibility to antibiotics. The validation results showed
that after 1 h of treatment, the sensitivity in predicting susceptibility
was 67%, which increased to 100% at 2 h (Barzan et al., 2020). This
result indicates that the DEP-Raman method successfully identified
non-susceptible bacteria after a relatively short treatment duration.
On the other hand, the specificity of the prediction was 100% after
1 h but decreased to 50% and 33% at 2 h and 3 h, respectively. The
classification error in the prediction was 17% at 1 h, which rose to
25% and 33% at 2 h and 3 h, respectively (Barzan et al., 2020). The
combined DEP-Raman approach was further validated by standard
microbiological assays, which confirmed the significant induction of
tolerance over multiple time points after treatment. This method
holds great promise for revolutionizing bacterial AST, eliminating
the need for time-consuming sample preparation and overnight
incubation required by traditional microbiological techniques. With
its exceptional accuracy, versatility, and ability to provide rapid
results, this approach has the potential to significantly improve
patient outcomes and reduce the selection of antibiotic-
resistant organisms.

Cheng et al. (2010) developed a DEP-based microfluidic chip
with a roughened metal surface for on-chip SERS detection of
bacteria (Figure 8F). The chip employed a laser power of
approximately 1 mW for SERS signal collection from
Staphylococcus aureus (S. aureus). Comparing smooth and
roughened electrode surfaces, the researchers observed a
significant 30-fold enhancement in the SERS signal due to the
greater sharpness and higher electromagnetic tip enhancement
provided by the roughened surface. The microfabrication process
involved etching glass slides using buffered oxide etchant (BOE)
solution to create surface roughness. Two types of roughened
surfaces were obtained using controlled etching rates (Figure 8G).
After surface roughening, a thin Au/Cr layer was deposited on the
glass slide and cover slip. Microelectrode patterning and
photolithography techniques were employed to create a
microchannel for sample flow. The chip demonstrated effective
discrimination between Gram-positive S. aureus and Gram-
negative Pseudomonas aeruginosa (P. aeruginosa) bacteria in the
detected SERS spectra (Figure 8H). The study focused on the
detection and concentration of bacteria using negative DEP force.
The DEP behaviors of human red blood cells (RBCs) and S. aureus
bacteria were observed to transition from negative to positive as the
frequency increased beyond their respective crossover frequencies,
which were approximately 700–800 kHz for RBCs and 6–7 MHz for
S. aureus (Figure 8I) (Cheng et al., 2010). The researchers prepared
the sample by diluting the blood cell solution 1000-fold and
resuspending it in an isotonic solution to achieve a final
concentration of 106 cells/mL. Similarly, the bacterial solution
was prepared at a concentration of 106 colony-forming units per
milliliter (CFU/mL) (Cheng et al., 2010). These solutions were
mixed in a 1:1 ratio to create the final mixture solution used in
the study.

Avijit Barik et al. presented a study on the integration of gold
nanohole arrays with a transparent electrode to demonstrate the
enhanced surface plasmon resonance (SPR) sensing using
dielectrophoresis (Figures 9A–C). In contrast to the suspended
flow-through nanohole structure, the authors opt for dead-ended
nanohole films, which offer easier fabrication and handling while
still generating strong DEP forces for efficient molecular trapping

(Barik et al., 2014). By modulating the frequency of the applied
alternating current (ac) signal, the authors successfully captured and
released 190 nm polystyrene beads on the gold nanohole surface,
showcasing the enhanced molecular transport (Barik et al., 2014).
Additionally, the biosensor achieves the detection of bovine serum
albumin (BSA)molecules at a remarkable concentration of 1 pM in a
5 μL sample droplet (Figure 9D) (Barik et al., 2014). The
experimental setup involves large-area gold nanohole arrays
prepared through a combination of nanoimprinting and template
stripping techniques. Transparent top electrodes composed of ITO-
coated glass slides are utilized, and the gap between the ITO-coated
slide and the gold nanohole array is defined using 3M Scotch Magic
tape as a spacer (Barik et al., 2014). Real-time monitoring of binding
events is achieved by tracking the SPR wavelengths in the
transmission spectrum. The nanohole array, characterized by a
hole diameter of approximately 140 nm and a periodicity of
600 nm, exhibits resonant peaks and dips in the transmission
spectrum indicative of SPR (Barik et al., 2014). The spectral
features shift towards longer wavelengths as the interfacial
refractive index increases due to surface-bound molecules. To
measure the resonance shift, a tungsten-halogen lamp illuminates
the nanohole array, and the transmitted light is collected and
analyzed using an imaging spectrometer coupled with a CCD
camera. The study also demonstrates the manipulation of
fluorescent polystyrene beads using dielectrophoresis. The
absence of applied bias established a baseline measurement, while
the application of positive DEP at 1 kHz and negative DEP at
10 MHz provided insights into the behavior of the system under
different conditions. Voltage (10 Vp-p) and the specified
frequencies ensured effective manipulation of the fluorescent
polystyrene beads and enabled the researchers to study their
response to the DEP forces (Barik et al., 2014). The fluorescence
measurements over the nanohole region reveal an increase in
intensity during the positive DEP cycle, indicating successful
molecular trapping, while a residual response persists during the
subsequent negative DEP cycle due to suspended beads in
proximity to the nanoholes.

On another study, Velmanickam and Nawarathna (2019)
investigated an approach for augmenting the Radiative Decay
Rate (RDR) of fluorophore molecules, specifically concentrating
on Cy3-labeled miRNA-DNA duplexes. The utility of external
electric fields in this context could lead to significant
advancements in the realm of fluorescence enhancement and
biomolecular detection. The miRNA-DNA duplex molecules were
labeled with the low quantum yield fluorophore Cy3 (Quantum
yield: 0.04, excitation: 550 nm, emission: 570 nm) and probed how
their lifetimes were affected when concentrated in hotspots using
dielectrophoresis (Velmanickam and Nawarathna, 2019). The
T-shaped Interdigitated Array of Microelectrodes (TIAMs) in
conjunction with fractal-like hotspots was used for these
experiments. These intricate structures, which are created using a
cost-effective method that rivals the traditional E-beam lithography
technique, are critical for the successful integration of miRNA-DNA
and subsequent fluorescence enhancement. The DEP force was used
to concentrate the molecules inside the hotspots to enhance the
fluorescence emission (Figures 6A–C). The authors provided a
detailed experimental protocol that employs low-quantum yield
Cy3 fluorophore molecules and utilizes electric fields to modulate
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the RDR (Velmanickam and Nawarathna, 2019). Their approach
yields evidence for the possibility of RDR enhancement by
employing an applied electric field, with the fluorophore’s
lifetime dropping from 1.92 ns (without hotspots or electric
fields) to 0.35 ns when a 1 MHz, 10 Vpp electric field is applied
(Velmanickam and Nawarathna, 2019).

On another study, Barik et al. (2016) presented a study on the
integration of Raman spectroscopy and Dielectrophoresis for
label-free detection of analyte molecules loaded within small
vesicles. The authors emphasized the fabrication technique
involving producing a large array of metallic pyramids for
DEP-assisted Raman spectroscopy. The fabrication involves
the use of standard (100) silicon wafers coated with a 100 nm
thick Si3N4 film, followed by photolithography and reactive ion
etching to create circular holes of 20 μm diameter. This
fabrication method yields approximately 100,000 pyramids on
a 4-inch silicon wafer (Figures 9E–G) (Barik et al., 2016). These
pyramids possess an asymmetrical metal thickness on opposite
facets, creating subwavelength hotspots at the tip when
illuminated with linearly polarized light. Through the
combination of DEP preconcentration and nano focusing
capabilities, the platform enables fast and directed transport of

analytes (Barik et al., 2016). The authors successfully trapped
200 nm vesicles and 70 nm gold nanoparticles, highlighting the
potential for lab-on-a-chip devices used in studying subcellular
structures (Barik et al., 2016). To demonstrate label-free
detection using Raman spectroscopy, gold nanoparticles
coated with 4MP molecules (AuNP-4MP) are chosen as target
particles. The DEP trapping of AuNP-4MP on the pyramid tips is
achieved by applying a voltage of 8 Vpp at a frequency of 1 kHz
(Figures 9H, I) (Barik et al., 2016). The Raman signal is
simultaneously collected, resulting in the appearance of
signature Raman peaks from 4MP molecules. The Raman
peaks at 1,013, 1,065, 1,099, and 1,584 cm−1 correspond to the
ring-breathing mode, the in-plane C−H bend, the ring-breathing
mode coupled with the ν(C−S) stretching mode, and the ring-
stretching mode, respectively (Barik et al., 2016). The platform
demonstrates an order of 104 enhancement in Raman scattering
signals when the pyramid is internally illuminated. The platform
is further used to detect the contents of vesicles through DEP-
assisted Raman spectroscopy. Vesicles containing 4MP
molecules are prepared, and an 8 Vpp potential at a frequency
of 1 kHz is applied for trapping (Barik et al., 2016). Real-time
Raman signals are collected, showing the detection of 4MP

FIGURE 9
(A) Schematic presentation of the experimental setup for used dielectrophoretic concentration of analyte molecules. (B) Dielectrophoretic forces
pull analyte molecules toward hole edges where the electric field intensity gradient is strongest (red color). (C) SEM of a nanohole array reveals a ~140 nm
hole diameter and 600 nm periodicity. Scale bar: 500 nm. Inset: Photo of the template-stripped gold nanohole array. Scale bar: 1 cm. (D) Detection of
Low-concentration BSA. Also shows the time-resolved spectral shift from various concentrations of BSA (1 nM, 10 pM, and 1 pM) and control
experiment (water). (E) Schematic representation of the template-stripping method used to fabricate an asymmetric pyramid array. (F) SEM image of
template-stripped asymmetric pyramids with the base dimension of 20 μm×20 μm. (G) Illustration of the experimental setup. (H) Raman signal collected
before and after DEP trapping of AuNP-4MP on the tip of the pyramid. (I) Negative control experiment with bare AuNP showing disappearance of
characteristic Raman peaks from 4MP. (J) PDMSmicrochannel is sandwiched between an electrode substrate and a glass cover. Yellow pipette tips serve
as fluidic reservoirs/connections. Aluminum wires, soldered to contact pads, establish electrical connections between the chip and the AC signal
generator. (K) Zoomed in view of themicro channel and the electrodes. Figures (A–K) are extracted from (Barik et al., 2014; Barik et al., 2016; Salemmilani
et al., 2018) respectively with explicit permission.
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molecules over time. Within 60 s of DEP, signal-to-noise ratios of
208 and 326 are observed at the Raman peaks of 1,013 and
1,099 cm−1, respectively (Barik et al., 2016). The experimental
setup offers low background and high signal-to-noise ratios in a
fast manner, making it suitable for various experiments.

Salemmilani et al. (2018) presented an integrated microfluidic-
dielectrophoresis and surface-enhanced Raman scattering (SERS)
platform (Figures 9J, K) for the rapid and specific detection of
methamphetamine in saliva under 2 min. The authors successfully
addressed challenges related to silver nanoparticle stability,
interference from capping agents, and device fouling, resulting in
a robust and reusable detection system. By establishing electrical
connections and applying AC potentials at specific frequencies, the
authors achieved the controlled nanoparticle trapping and
agglomeration within the microfluidic device. The experimental
setup involves loading 25 μL of saliva samples pre-mixed with
freshly prepared iodide-modified silver nanoparticles into the
microfluidic device. The flow rate is adjusted to approximately
5 μL/min, and the device is placed on a LabRam Aramis Raman
microscope platform with a 633-nm laser as the excitation source
(Salemmilani et al., 2018). A 50X objective lens focused the laser
onto one of the four trap regions. The fluid flow was then stopped,
and a 16Vpp, 2.5 MHz AC potential was applied to the electrodes.

The SERS signal intensity increases over time, reaching a maximum
intensity after approximately 2 min, demonstrating the successful
agglomeration of nanoparticles by dielectrophoresis (Salemmilani
et al., 2018). To ensure reusability of the device and minimize
fouling, the authors employed passivation techniques such as
functionalizing gold electrodes with polyethylene glycol (PEG)
and using fluorinated polymers on wet surfaces. After data
acquisition, flow was re-established at a higher rate of
approximately 20 μL/min, and an AC potential of 12 MHz at
80 Vpp was applied to the electrodes. This combination of high
flow rate and secondary electrokinetically-induced flow clears the
agglomerated nanoparticles from the microchannels, preparing the
device for a new detection run. The authors demonstrated the
reusability of the device by performing three consecutive
detection-clearance cycles with 500 nM methamphetamine-
positive saliva samples and negative controls (Salemmilani et al.,
2018). By combining controlled nanoparticle trapping, passivation
techniques, and optimized detection-clearance cycles, the authors
overcame challenges associated with nanoparticle stability and
device fouling. The platform’s ability to detect methamphetamine
at physiologically relevant concentrations, its compatibility with
complex biological samples like saliva, and its demonstrated
reusability make it a promising tool for point-of-care diagnosis.

FIGURE 10
(A) 7 × 7 mm chip with wire-bonded connections featuring 15 pairs of gold (Au) electrodes. (B)Microscopic view of a single pair of microelectrodes
and nanoelectrodes. (C) The sensing system integrated onto a specially designed printed circuit board. (D) Electron microscope image showcasing the
nanogap between electrodes. Visualization of Aβ40 in solution using the ThT fluorescence assay. (E) SERS spectra captured by the nanogap device
without Zn2+, and (F) with Zn2+ at various time points (0, 43, 79, and 144 h). The highlighted yellow bars represent the amide III β-sheet mode at
1,240 cm–1 . Diagram showing particle capture by ametallic nano-cone through dielectrophoresis. (G) Indium TinOxide (ITO) electrodewith a gold cone
and a top ITO electrode connected to AC voltage. Particles in the solution (green) polarize and move along the squared electric field gradient (red lines).
(H) Top view of gold nano-cone arrays in a microfluidic channel. SEM images of arrays of gold nano-cones with different cone distances: (I) 1 μm, (J)
500 nm. (K) Enhanced contrast fluorescence image depicts gold nano cones arranged in a fluidic channel following the capture of BSAmolecules on the
cone arrays through DEP. Figures were used with permission. (A–F) Have been acquired from (Vu et al., 2021), and figures (G–K) were obtained from
(Galvan et al., 2018).
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TABLE 1 Advanced techniques combining dielectrophoresis (DEP) with various sensing modalities for biomolecular detection.

Technique used Electrode design Advantages Molecules detected References

DEP+ Plasmonic enhancement T-shaped Interdigitated Array of
Microelectrodes (TIAMs) with
nanoscale plasmonic hotspots

Rapid and sensitive miRNA
detection for point-of-care
applications; superior sensitivity
compared to conventional
methods

miRNA Asbury et al. (2002)

DEP+ Plasmonic enhancement T-shaped Interdigitated Array of
Microelectrodes (TIAMs) with
nanoscale plasmonic hotspots

Amplification of fluorescence
intensity using AC electric fields;
potential for highly sensitive
biosensors for clinical applications

miRNA Velmanickam et al.
(2020)

Integration of plasmonic and
electronics

Split-trench resonator platform Integration of high-quality-factor
resonant plasmonic biosensors
with RF nanogap tweezers;
dielectrophoretic trapping of
analytes

Nanoparticles and proteins Yoo et al. (2021)

Integration of insulator-based
dielectrophoresis (iDEP)

Nanostructured sawtooth and
castellated electrode arrays with
nanorods (NDs)

Protein enrichment and
development of highly sensitive
immunoassays; fast DEP trapping
near the NDs accelerates binding
kinetics

Fluorescence-labeled beads, BSA
protein, PSA in human serum

Cao et al. (2018)

DEP and plasmonic-based
detection

Assembly of gold nanoparticles
(Au NPs) into periodic micro-
patterns using photovoltaic
optoelectronic tweezers (PVOT)

Manipulating and trapping
molecules with DEP while
enhancing detection sensitivity
with plasmonic properties of
metallic nanostructures

Rhodamine B dye, DNA
biomolecules

Elvira et al. (2022)

Integration of DEP and
fluorescence enhancement

Pearl-shaped Interdigitated
Electrodes (PIDEs)

Enhancement of biomarker
molecule detection by integrating
DEP and fluorescence
enhancement; precise patterning
and control of electrode geometry

Avidin molecules Velmanickam et al.
(2017)

Integration of DEP force and
surface-enhanced Raman
scattering (SERS)

Gold electrodes and gold/
polystyrene (Au/PS)
microparticles

Rapid and sensitive analysis, label-
free detection, real-time
monitoring of molecules;
controlled aggregation creates
unique “hot spots” for highly
sensitive detection

4,4′-bipyridine (4bpy) biomarker Yamaguchi et al. (2016)

DEP-Raman device for rapid
antibiotic susceptibility testing

Fabricated using laser
lithography

Rapid antibiotic susceptibility
testing; high resolution and
specificity for characterizing
bacterial strains

Various bacterial strains Barzan et al. (2020)

DEP-based microfluidic chip with
roughened metal surface for on-
chip SERS detection of bacteria

Roughened metal surface Effective discrimination between
Gram-positive and Gram-negative
bacteria using SERS; significant
enhancement in SERS signal due to
surface roughness

Bacteria Cheng et al. (2010)

Enhanced surface plasmon
resonance (SPR) sensing
using DEP

Gold nanohole arrays with
transparent electrode

Enhanced SPR sensing by
integrating gold nanohole arrays
with transparent electrode using
DEP; easier fabrication and
handling with dead-ended
nanohole films

Bovine serum albumin (BSA)
molecules

Barik et al. (2014)

Targeted concentration and
capture of biomarker molecules

Integration of gold nano-cones
into microfluidic channels

Efficient capture of BSA molecules
through integration of gold nano-
cones and application of AC
voltage; promising for molecular
sensing applications

Bovine serum albumin (BSA)
molecules

Schäfer et al. (2015)

DEP trapping combined with
SERS for protein conformation
studies

Microwires and nanoelectrodes
fabricated using e-beam
lithography and e-gun
evaporation

Control of molecular orientation
through DEP trapping for
consistent and enhanced SERS
spectra; high sensitivity for
detection of low peptide
concentrations

Aβ40 peptides and FAM-Aβ42
oligomers

Vu et al. (2021)

(Continued on following page)
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Schäfer et al. (2015) presented study to introduce an approach
for the targeted concentration and capture of biomarker molecules.
Through the integration of gold nano-cones into microfluidic
channels and the application of an alternating current (AC)
voltage, the authors successfully demonstrated the efficient
capture of bovine serum albumin (BSA) molecules. The
fabrication technique employed by Schäfer et al. involves the
transfer of circular etch masks into a gold layer using argon ion
milling, resulting in the formation of conical-shaped nanostructures
(Figures 10G–J). The nano-cones are then integrated into
microfluidic channels using electron beam lithography and
polymethyl methacrylate (PMMA) for the preparation of Al2O3

etch masks (Schäfer et al., 2015). This meticulous fabrication process
ensures the precise positioning and alignment of the nano-cones
within the fluidic channels, enabling effective molecule capture. The
experimental results showcase the efficacy of the proposed method,
with the collection of BSA molecules observed on the gold nano-
cone arrays. The authors varied the channel height to optimize the
electric field gradients, and for a channel height of 5 μm, a visibly
increased concentration of fluorescently labeled BSA was achieved.
An AC voltage of 10 V with a frequency of 2.5 MHz was applied
between the nano-cone substrate and the channel cover to produce
DEP forces (Schäfer et al., 2015). The combination of plasmonic
nanostructures, microfluidic channels, and dielectrophoresis holds
significant promise for molecular sensing applications. The authors
suggest that this method can be coupled with optical sensing
techniques such as surface-enhanced Raman spectroscopy (SERS)
or localized surface plasmon resonance (LSPR) sensing, enabling
high sensitivity and spatial resolution (Schäfer et al., 2015).
Furthermore, the integration of plasmonic nanostructures into
microfluidic channels opens doors to incorporating sorting
mechanisms, overcoming challenges related to nonspecific
binding of different molecules during the sensing
process (Figure 10L).

Vu et al. (2021) presented a platform that combines
dielectrophoresis trapping with SERS for protein conformation
studies. The device fabrication involved e-beam lithography and
e-gun evaporation with a subsequent lift-off process on a silicon
substrate coated with a 1 μm SiO2 layer (Figures 10A–D). The
nanostructures, including microwires and nanoelectrodes, were
precisely defined using UV lithography and e-beam writing,
respectively. Scanning electron microscopy was employed to
inspect the fabricated chips, confirming the quality and
dimensions of each nanogap. In experiments, Aβ40 peptides and

FAM-Aβ42 oligomers were used. Aβ40 peptides were synthesized
using Fmoc N-(9-fluorenyl) methoxycarbonyl solid-phase
chemistry, purified by reverse-phase high-performance liquid
chromatography, and dissolved in Tris-HCl buffer (Vu et al.,
2021). The Aβ40 solutions were prepared in the presence or
absence of Zn2+ ions to investigate their effects on peptide
aggregation. FAM-Aβ42 oligomers, purchased from Biopeptide,
were used for fluorescence observations (Vu et al., 2021).
Fluorescence microscopy was employed to acquire images using
an inverted fluorescence microscope equipped with an LED lamp as
the light source. A 100× oil-immersion objective and an EMCCD
camera were used to observe the fluorescent signals. Raman spectra
were obtained using a confocal Raman microscope with a 640 nm
excitation laser. The laser power was controlled to deliver 1–2 mW
to the samples, and a 100× air objective was used to focus the laser on
the nanoelectrodes (Vu et al., 2021). Raman measurements were
taken at different stages of peptide aggregation, and the recorded
wavenumber axis was calibrated using the Si phonon peak (Figures
10E, F). By controlling the molecular orientation through DEP
trapping, the researchers achieved consistent and enhanced SERS
spectra (Vu et al., 2021). The high sensitivity of the device allowed
for the detection of low peptide concentrations, which is particularly
relevant for studying biomarkers in physiological fluids.

Galvan et al. (2018) and his team conducted a study to improve
the performance of surface plasmon resonance (SPR)-based
bacterial biosensors. These biosensors often face challenges due
to the diffusion-limited mass transport of bacteria to the sensing
surface. To overcome this, the team developed a dielectrophoresis
(DEP)-enhanced SPR system, modifying conventional SPR chips
with micron-sized gaps to generate interdigitated electrodes (IDEs)
on interdigitated SPR (iSPR) chips (Figure 7N). The IDEs were
patterned into a ~3 μm SU-8 film on a silicon wafer, with fixed
electrode gaps of 5 μm and electrode widths of 10, 20, and 100 μm
(Figure 7M) (Galvan et al., 2018). These were then integrated into
50 nm Au films to create iSPR chips. The fabrication process
involved several steps, including the creation of a patterned self-
assembled monolayer (SAM) of ODT on the SPR chips and an Au
etching solution to remove unprotected regions of the Cr/Au film
(Galvan et al., 2018). These IDEs produced asymmetrical electric
fields that exerted an external force on individual bacterial cells,
driving cellular adsorption on the IDE surface for detection. The
team investigated the effect of externally applied DEP on the
generation of surface plasmons and the influence of the imposed
dielectrophoretic force on mass transfer of bacterial cells during

TABLE 1 (Continued) Advanced techniques combining dielectrophoresis (DEP) with various sensing modalities for biomolecular detection.

Technique used Electrode design Advantages Molecules detected References

Integrated microfluidic-
dielectrophoresis and surface-
enhanced Raman scattering
(SERS) platform

Microfluidic device with silver
nanoparticles and passivation
techniques

Rapid and specific detection of
methamphetamine in saliva under
2 min; overcoming challenges
associated with nanoparticle
stability and device fouling

Methamphetamine in saliva Salemmilani et al.
(2018)

Dielectrophoresis-induced
plasmonic enhancement

T-shaped Interdigitated Array of
Microelectrodes (TIAMs) with
nanoscale plasmonic hotspots

Augmentation of Radiative Decay
Rate (RDR) of fluorophore
molecules using DEP; significant
fluorescence enhancement and
potential for biomolecular
detection

Cy3-labeled miRNA-DNA
duplexes

Velmanickam and
Nawarathna (2019)
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SPR-based detection. The iSPR chips with 100 μm electrode widths
were found to effectively support SPR, with sensitivity comparable to
conventional SPR chips. The team modified the surfaces of these
iSPR chips with mannose to target the FimH adhesin of Escherichia
coli, thereby increasing cellular adhesion. Authors have achieved a
limit of detection (LOD) of approximately 3.0 × 102 CFU/mL E. coli
on mannosylated iSPR chips under positive-DEP conditions
(Galvan et al., 2018). This represents a nearly five orders of
magnitude improvement compared to mannosylated
conventional SPR chips without DEP. Furthermore, authors
amplified the SPR responses and enabled selective detection using
anti-E. coli polyclonal antibodies, demonstrating that dilute
suspensions of target bacteria can be selectively detected in the
presence of non-target bacteria with iSPR chips.

6 Conclusion

We discussed the recent efforts of integrated electric fields and
optical detection techniques toward the detection of biomarkers
(Table 1). Fluorescence spectroscopy is one of the widely utilized
techniques in biomarker detection. Since fluorescence enhancement
play a critical role in detection of weak fluorescence, deep
understanding of how each fundamental mechanism exclusively
contributes to the fluorescence enhancement is needed to
successfully enhance the fluorescence beyond current capabilities.
Since all three of the mechanisms are directly related to near-field
electromagnetic phenomena, their contribution to fluorescence
enhancement is primarily dependent on the metal-fluorophore
distance and their orientation (Aslan et al., 2005; Velmanickam
et al., 2017; Lakowicz, 2001; Lakowicz, 2005; Geddes and Lakowicz,
2002b). We have discussed the utility of low frequency electric fields
(<5 MHz) and DEP force to integrate and optimize the near-field
electromagnetic phenomena. Additional investigations are needed
for enhance the deep understanding of metal-fluorophore
interactions using low electric fields and DEP force. In addition,
studies have used the DEP force to separate molecules, e.g., isolate
fluorophore-labeled miRNA-DNA duplexes without contamination
with non-hybridized fluorophore labeled complementary DNA
molecules in hotspots. Utilizing dielectrophoresis successfully
requires fundamental understanding on the electric polarization
of biomarker molecules (Nawarathna et al., 2009). Dielectrophoresis
studies have also focused on studying the long nucleic acid
molecules (e.g., mRNA and DNA) and proteins. Unfortunately,
the basic understanding of short nucleic acid molecules is still
developing, especially for short miRNA, DNA and miRNA-DNA
duplex molecules (Asbury et al., 2002; Washizu and Kurosawa,
1990). Therefore, future studies should focus on estimating the

frequency dependent electric polarization of miRNA, short DNA,
miRNA-DNA duplexes, antigens, and antigen-antibody molecules.
These studies will provide new knowledge on how molecular
structures (single and double stranded) and types of molecules
(miRNA and DNA) interact with electric fields and polarize in a
frequency-dependent manner. Overall, based on our review of
recent published studies, integrated optical detection and electric
fields show a great promise toward detecting biomarkers in clinical
samples at point-of-care. We believe that the combination of
electric fields and optical detection provides a viable pathway
for rapid and sensitive detection of biomarkers at point-of-care.
Once fully developed, rapid biomarker detection can be
performed at point-of-care eighter to develop diagnostic and
prognostics tests or to develop routine screening for cancer and
other diseases.
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