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Abstract

Protein dielectrophoresis (DEP) has the potential to play an important role as a manipulation,
fractionation, pre-concentration and separation method in bioanalysis and as manipulation tool for
nanotechnological applications. The first demonstrations of protein DEP have been reported
almost twenty years ago. Since then various experimental realizations to manipulate proteins by
DEP as well as more targeted applications employing protein DEP have been demonstrated. This
review summarizes the experimental studies in the field of protein DEP trapping and focusing as
well as specific applications in separation, molecular patterning, on bioprobes and biosensors.
While a comprehensive theoretical model describing protein DEP is still lacking we also attempt
to provide an overview of the factors influencing protein DEP and relate to currently available
theoretical models. We further point out the variations in experimental conditions used in the past
to study the somewhat 20 proteins as well as the implications of protein molecular structure to the
DEP response.
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1. Introduction

The analysis of proteins often requires powerful separation, fractionation and pre-
concentration techniques, which can in many cases only be achieved through the
combination of orthogonal techniques. Sensitive protein detection as well as pre-purification
is also an important aspect in diagnosis as well as techniques to identify and manipulate
proteins with label-free methods. Moreover, protein analysis is often performed in complex
mixtures such as body fluids or cell lysates. Adding a novel tool, such as dielectrophoresis
(DEP), to the portfolio of protein manipulation techniques has thus large potential to
improve protein analysis techniques. As a gradient technique, DEP seems highly suited to
extend current protein separation methods as it has the potential to both provide a
concentration tool (note that proteins can not be amplified in contrast to DNA) and improve
current separation approaches especially in combination with other orthogonal techniques.
In the following, we describe the current realizations demonstrating protein DEP and
applications employing it in fields of separation, biosensing and positioning.

Dielectrophoresis (DEP) refers to the migration of a polarizable particle in an
inhomogeneous electric field (E). For most DEP applications, it is useful to describe the
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force acting on a polarizable particle. In classical DEP theory, the time averaged DEP force
for a spherical particle in a medium of permittivity &, is given as [1,2]:

(Faep)=2memr> Re [ K (w)|V|Erms|*  eq. (1)

where ris the particle radius, wthe angular frequency, E;ns the root mean square electric
field and R4 K(w)] the real part of the Clausius-Mossotti factor given by:

Re[K()= ( e ) .

* *
€p+2€m

Here, €, and £, denote the complex permittivities of the particle (p) and medium (1),
respectively. The complex permittivity for the particle (and similarly for the medium) is

given by ep=ep—j 2 where g, denotes the particle conductivity, and j=v—1 The
Clausius-Mossotti factor is characteristic for the DEP response. Depending on the sign of
the Clausius-Mossotti factor, particles are attracted to the regions of highest electric fields or
repulsed from those regions. These two cases refer to positive and negative DEP (pDEP and
nDEP), respectively. Equation 1 demonstrates the frequency dependence of the
dielectrophoretic response of a sphere and allows estimating the resulting forces in electric
field gradients of known magnitude. At high frequency, F 4, is typically governed by the
particle permittivity. At low frequency and under DC conditions the Clausius-Mossotti
factor is dominated by the conductivity of the particle and the medium. Moreover, the
frequency dependent change from positive to negative DEP is characterized by the so-called
crossover frequency where the Clausius-Mossotti factor reverses its sign. The polarization
effects on particles are often studied by investigating the changes in crossover frequency.

As a result of this description it becomes apparent that DEP can not only transport particles
or proteins along or against the electric field gradient, but also concentrate them. These
characteristics make DEP appealing for analytical applications such as fractionation, pre-
concentration and separation methods. Moreover, DEP has the potential to precisely
manipulate and position small particles such as cells [3] or even single molecules [4], which
is important for a variety of nanotechnological applications [5]. For example, DEP of
biological particles has demonstrated widespread applications. Those include cell separation
[6,7], fractionation [8-10], cytometry [11] or patterning [12] and can be achieved selectively
for various cell types. Additionally, DEP allows the manipulation of biological objects such
as cells without labeling strategies [2]. This is also an important aspect for analytical
applications of proteins where label free strategies are desired.

As we should expect DEP to occur for particles with induced dipole, a dielectrophoretic
response from biomolecules is also predicted. Among biomolecules, DNA has been
characterized most intensively, although the mechanism of polarization and the length and
frequency dependence remain still debated [13,14]. Commonly, a polarization of the counter
ions surrounding the negatively charged DNA backbone is assumed to be responsible for
DNA DEP. Theoretical models describing the DNA DEP response are available including
influences from convection, diffusion, and electrophoretic migration [15,16], however they
fail to describe DNA response in a general manner and do not apply to the variety of
experimentally observed scaling laws and DNA DEP response. Nonetheless, various
bioanalytical applications employing DEP of DNA have been demonstrated, including
separation [17-19], fractionation [20,21], and concentration [22].
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The potential of DEP for protein manipulation and analysis has been recognized and
pioneered by Washizu et al. almost 20 years ago [20]. In their work, the possibility of
fractionation of proteins was outlined as well as some fundamental characteristics of
biomolecule DEP. Microfabricated electrodes were introduced to generate high electric field
gradients in microchip devices in order to compensate for the small polarizability expected
for proteins in comparison with micrometer sized objects such as cells. Follow up work
mainly by Hughes, Morgan and coworkers showed a more detailed investigation of selected
proteins on patterned microelectrodes as well as a characteristic frequency dependence of
protein DEP [23,24]. In the last decade, the interest in protein DEP intensified due to the
demand in protein analysis tools as well as the improvement of micro- and nanofabrication
techniques applied to protein DEP, e.g. as sensing tools or in microfluidic devices [25].

The purpose of this review is to give an overview of the existing experimental approaches
and demonstrations of protein DEP in the past. The manipulation of proteins with DEP has
been demonstrated in a variety of experimental realizations thus pointing towards the
analytical and nanotechnological applications of protein DEP. We summarize these various
methodologies and applications and relate them to theoretical models relevant to protein
DEP in the last section of this review.

2. Devices to study protein DEP

Two types of devices have been used to create an inhomogeneous electric field necessary for
DEP to occur: electrode-based DEP devices and insulator-based devices. In the former case,
microelectrodes are integrated in a device employing microfabrication techniques. Some
examples include interdigitated electrodes [20], quadruple electrode geometries [23,26] and
pairs of triangular electrodes in close proximity to one another [4]. These electrode-based
DEP (eDEP) techniques have been employed most commonly in the field of protein DEP.
Another relatively new technique termed insulator-based DEP (iDEP) utilizes insulating
constrictions integrated within the device. Only a few examples can be found for protein
iDEP including sawtooth constrictions [27], insulating post arrays with various geometries
[28,29] and nano-constrictions [30-32].

Figure 1 depicts eDEP and iDEP schematically as well as the typical ranges of E and EZ in
these devices. In case of eDEP, metal microelectrodes are fabricated with a separation
distance typically within the um range requiring the application of low potential (up to
~20V). In case of iDEP, the post geometry and dimension within a microfluidic channel
greatly influence the acting field gradients. In contrast to eDEP, iDEP is mostly employed
under DC condition with relatively high voltage applied. Thus, the resolution of the
employed fabrication techniques limits the achievable electric fields and gradients thereof.
Commonly, photolithographic techniques are used resulting in ym post sizes and distances.
As shown in Figure 1, eDEP can generally create larger E and  E2 with only a few volts
applied and thus eDEP has been the major strategy for protein DEP applications. However,
these high gradients act only in the vicinity of the electrodes, which might become
disadvantageous for separations in microchannels. In order to generate a comparable
magnitude of E and  E2 with iDEP, one can improve on suitable geometries [29] or even
include nm-sized constrictions [30-33]. iDEP further prevents complicated processing steps
such as integrating metal electrodes in a microfluidic device and, moreover provides the
non-uniform field over the entire depth of a microchannel as compared to metal electrodes
shown in Figure 1(a) and (c) in eDEP. Additionally, electrode reactions interfere less with
the analytes manipulated by iDEP since the electrodes are placed far away from the
insulating post regions where DEP occurs. In the following section we will discuss the
employed device geometries used in protein DEP studies in greater detail (see also Figure 2)
together with the major experimental findings. The reader is referred to review articles more
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thoroughly detailing other experimental techniques used for DEP studies which have not
been applied to protein DEP and are thus not further discussed here [25,34-38].

3. Experimental demonstrations of protein DEP

Around 20 groups have investigated protein DEP experimentally. To provide an overview,
we first classify the reported work into two categories, trapping and focusing, and give a
short overview of them. This classification is used since these categories are different in
terms of force balances thus one can utilize either of them for DEP protein manipulation
depending on the intended purpose. Finally, we show some examples of applications
pertaining to protein DEP trapping and focusing. Figure 2 and 3 schematically depict the
representative device geometries discussed below and Table 2 lists both experimental DEP
studies as well as applications.

Trapping is defined as electric field-induced particle immobilization at certain regions in a
microstructured device. This occurs when the DEP force overcomes other competing forces
such as the electrokinetic force, thermal force, hydrodynamic force, and Brownian motion.
Washizu et al. demonstrated the first molecular DEP studies using four proteins: avidin,
concanavalin, chymotrypsinogen, and ribonuclease A. Using a field integrated circuit with a
frequency up to 1 MHz, it was shown that accumulation of proteins started with an applied
voltage of 15 V which is attributed to positive molecular DEP [20]. In contrast, Bakewell et
al. demonstrated both positive and negative DEP of the same protein avidin using quadruple
electrode geometries schematically shown in Figure 2(a) [23]. A crossover frequency of 9
MHz was experimentally determined. Bakewell et al. concluded that positive DEP occurs at
frequencies below 9 MHz, while negative DEP prevails in a frequency range between 9
MHz and 20 MHz [23]. Using similar quadruple electrode geometries, Zheng et al. reported
DEP trapping of bovine serum albumin (BSA) which was used to position BSA between the
electrode gap in order to measure protein conductance [26]. H6lzel et al. used different
electrode geometries, namely pairs of microelectrodes as close as 500 nm [4]. The expected
value of EZ2 reaches 102! VV2/m3 with which single R-phycoerythrin molecules would
experience a DEP force of 0.1 pN according to their model. The theoretical calculations
suggested that the DEP force overcomes diffusion and friction. It was further shown
experimentally that R-phycoerythrin was successfully trapped due to positive DEP at the tip
of the electrodes with an applied voltage of 10 V and a frequency of 0.1~5 MHz [4].

A nanopipette approach was used by Clarke et al. to demonstrate the trapping of two
proteins, protein G and immunoglobulin G (IgG) [39], as schematically depicted in Figure
2(b) [39]. The tip of this nanopipette has a 100~150 nm internal diameter creating an electric
field strength of 108 V/m. Using a physiological buffer to retain protein integrity, a
maximum of 3000 fold protein concentration was achieved due to positive DEP with
reversible protein accumulation [39]. Moreover, the same device was used to measure
protein conductivity (see Ref [40] and section 4).

Furthermore, Lapizco-Encinas et al. reported the first protein trapping using an iDEP device,
as schematically shown in Figure 2(c) [28]. The authors showed that BSA could be
manipulated via negative DEP under DC condition within a microfluidic device containing
insulating circular post arrays. The DEP response was systematically studied by varying the
buffer conductivity (25~100 pS/cm) and pH (8 and 9) with an applied voltage of 700~1600
V/cm. The maximum protein concentration in the trapping region was observed using the
highest conductivity buffer (100 uS/cm, pH 8) [28]. In addition, Staton et al. fabricated
insulating constrictions in a single microfluidic channel with varying sawtooth shape to
construct an iDEP system (see Figure 2(d)) [27]. They employed this device to study iDEP
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of amyloid-beta (AB) fibrils, which play an important role in Alzheimer disease
pathogenesis. With a DC-iDEP device, they showed rapid and selective concentration of the
AP species: while AR monomers exhibited streaming DEP, AB fibrils were captured and
concentrated at the narrow constriction of the sawtooth structure demonstrating iDEP
trapping [27].

Most recently Liao et al. reported iDEP devices with nm-sized constrictions fabricated by a
combination of photo- and electron beam lithography as depicted in Figure 2(e) [32] and
further employed in [30,31]. Numerical simulations suggested that with a 100 nm
constriction device the DEP force acting on a streptadivin molecule reaches 10710~10711 N
whereas less than 10 pN DEP force is generated with 1 pm constrictions [31]. They used a
physiological buffer to maintain the protein’s conformation and functionality, which poses a
challenge due to significant Joule heating. However, using a 30 nm nanoconstriction device
at 200~300 Vpp/cm AC voltage and 1 MHz frequency combined with a slight DC offset,
concentration of the protein streptavidin due to negative DEP at regions of low electric field
strength resulted. The authors specifically selected a frequency range for negative DEP so
that the protein would be trapped at the low electric field regions where a rise in temperature
is less significant. With this well-designed device, they achieved a >10° fold concentration
increase within 20 seconds [32].

3.2 Focusing

Unlike trapping, focused particles are not immobilized but flow as narrow or confined
streams. To focus particles, DEP has to overcome Brownian diffusion whereas other bulk
fluid flows such as electroosmosis overpower DEP. There are only a few groups that have
investigated DEP focusing for proteins. DEP focusing can — despite the large bulk flow
component — be employed as an analytical tool. For example, it has been shown that DEP
focusing can be successfully employed to separate or sort cells and colloidal particles
[41,42]. Moreover, DEP focusing has been demonstrated with nanoparticles by Cummings
and Singh [43] and was applied to sub-micrometer bead sorting [44]. It is thus also expected
that protein DEP focusing will be important for analytical applications as well as a general
tool to investigate protein DEP.

Nakano et al. were the first to demonstrate DEP protein streaming by iDEP using a
microfluidic device in which a tailored triangular post array was integrated (see Figure 2(f))
[29,45]. With the addition of a zwitterionic detergent to prevent protein aggregation,
immunoglobulin G was manipulated and concentrated into narrow streamlines along the
insulator posts under DC conditions. This result was further supported by theoretical
simulations considering the case of positive DEP. Nakano et al. systematically studied the
factors influencing DEP streaming by varying the medium pH and conductivity. As a result,
the concentration was enriched by 70 % (a factor of 1.7) compared to the initial protein
concentration due to positive DEP at the lowest medium conductivity of 100 uS/cm at pH 8
and under an applied electric field of 4200 V/cm. Moreover, they observed negative DEP
employing a polyethylene glycol-based block-copolymer F108 [45]. Using this block-
copolymer, the observed streaming behavior resulted in depletion in agreement with
numerical simulations for the case of negative DEP. Furthermore, a dynamic light scattering
study revealed the formation of micelles under the experimental conditions used. This
transition in the streaming behavior leading to a change from positive to negative DEP when
employing the F108 dynamic coating conditions was thus explained by F108 micelle
formation [45].

Camacho-Alanis et al. improved the iDEP device used by Nakano et al. [29,45] by
integrating nm-sized constrictions [33]. The photoresist master used as the mold for
elastomer replication was further processed by focused ion beam milling. Hence elastomer-
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based devices with integrated insulator-based nanoposts or nanopost arrays could be created.
These nanopost devices resulted in an increase of ~ £2 by three orders of magnitude
compared to iDEP devices solely constructed of microposts. Consequently, the
concentration by protein streaming DEP could be increased experimentally by a factor of 45
for the protein BSA due to positive DEP [33]. The increased protein concentration was
further observed at distinct locations near the nanopost array shifted to downstream areas in
the flow direction demonstrating the increased counteraction of DEP to electroosmotic flow
[33].

A computational study on the DEP streaming behavior of myoglobin was presented by
Gunda et al. [46]. A detailed study on the electric field distribution along an electrode-based
device was provided as well as the concentration distribution of myoglobin with a
convection diffusion model similar to the work of Nakano et al. [29,45]. The underlying
protein DEP response was modeled for different shapes such as ellipsoids as well as a sphere
according to classical DEP theory demonstrating that DEP forces overcome Brownian forces
in the presented device geometry and computed electric fields. Furthermore, an electrode-
based DEP device for protein streaming has been employed by Gong [47]. This is an
excellent application of streaming DEP and its use in nanoelectronic devices for label-free,
sensitive protein detection. This work is further detailed in the next section on applications.

3.3 Applications

3.3.1 Separations—For a successful separation of protein mixtures, forces acting on each
species have to be significantly different. DEP has the potential to be applied as a separation
method since DEP forces greatly depend on polarizability. Even though the theoretical
framework detailing the mechanism of protein polarization and dielectrophoretic response
has not been investigated for a large variety of proteins yet, current knowledge suggests a
wide variety in DEP response including the occurrence of positive and negative DEP.
Exploiting protein DEP has the advantage to probe a frequency dependent quantity
rendering the separation process ‘tunable’. However, not only the frequency can be used to
tailor DEP response, but also the magnitude of E2. Microfabricated devices (either
employing electrodes or using the iDEP approach) allow spatial tuning of the forces
molecules experience within a separation experiment, for example along a separation
channel. This can be exploited advantageously to improve resolution. Moreover, DEP
response can be used as an enrichment or trapping approach prior to separation, in which
particles with similar DEP properties can first be enriched before a higher resolution
separation follows. This approach would also be useful for situations with low sample
concentrations, such as is the case for many biomarkers. Finally, sorting or fractionation
approaches are also achievable with DEP as has been demonstrated with particles and cells

[8].

Washizu et al. first demonstrated the potential use of DEP for protein separation employing
the technique named “DEP chromatography” [20,48]. In their device, a pair of interdigitated
electrodes is mounted on a substrate as shown in Figure 3(a) and the sample mixtures are
driven into the device from the inlet at a constant flow velocity. Due to an electric field
gradient created by the integrated electrodes, species experiencing larger DEP force retard
from others; therefore they exhibit a longer elution time as detected by changes in
fluorescence intensity at the outlet. Using this device, Washizu et al. performed DEP
experiments with DNA ranging from 9~48 kbp and found that 48 kbp was separated from
the others. Next, they conducted a similar experiment with the protein avidin at 1 kHz and
could show that the protein was trapped upon application of voltage [20]. Furthermore,
Kawabata et al. used a similar DEP chromatography device to extend Washizu’s study to a
larger variety of proteins and DNAs including insulin, BSA and Immunoglobulin M [48].
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Even though no actual separation of the protein mixtures was performed in these two
studies, they both showed that more polarizable and/or larger particles are trapped more
efficiently by a DEP chromatography device. This work indicates that the development of a
protein separation assay should be possible with careful device design and choice of
proteins.

3.3.2 Molecular patterning and bioprobes—DEP has been used to investigate the
motility of biological motor systems in the field of microelectronics where molecular motor
systems such as the kinesin/microtubule system and actin/myosin system have attracted
much interest due to their possible uses as microsensors and actuators [49]. Biological motor
proteins as well as associated cytoskeletal motor proteins are responsible for a variety of
cellular processes and functionalities including muscle contraction and segregation of
chromosomes during cell division. Therefore, it is essential to understand and control the
molecular motor-based motility as well as to investigate these interactions within a
biological system. Asokan et al. applied DEP forces to pattern actin on a substrate using
quadruple electrodes in order to investigate actin motility [50]. Upon the application of 7
Vpp AC voltage in a frequency range of 100 kHz~30 MHz, they observed positive DEP and
DEP orientation torques, resulting in an alignment of actin parallel to electric field lines, as
shown in Figure 3(b-1). Additionally, the numerical simulations revealed the maximum E2
of 1020 \V2/m3 which created DEP forces of ~0.4 pN [50].

In another application, Uppalapati et al. fabricated microelectrodes on glass substrates [51].
In a low ionic strength buffer, bundles of microtubules were collected and oriented by the
application of AC voltages. The combination of DEP forces, AC electroosmosis and
electrothermal forces controls particle motion in this device. By tuning the buffer
conductivity and AC frequency, the apparent conductivity of taxol-stabilized microtubules
was found to be 250 mS/m. Using this particle conductivity value, the maximum DEP force
per unit length of microtubules was found to be 10 pN/um at a frequency of 5 MHz [51].

DEP has also been applied in order to develop carbon nanotube (CNT) bioprobes used as a
force measurement probe similar to in atomic force microscopy by Maruyama et al. [52].
CNT bioprobes could be used to investigate protein dynamics by enabling site-specific and
rotational specific force measurements. Under AC DEP conditions streptavidin-quantum dot
conjugates as well as streptavidin molecules were covalently attached mainly to the tip of
the CNTSs due to positive DEP and effectively reduced the protein attachment on the
sidewall (see Figure 3(b-2)) [52].

3.3.3 Biosensors—DEP was also used to develop a label-free detection device for
biomarkers with high sensitivity. Gong demonstrated a label-free attomolar detection system
for prostate-specific antigen (PSA), which is considered a biomarker for prostate cancer.
Gong integrated silicon nanowire field-effect transistors and planar electrodes on a sensor
substrate [47]. The nanowire surface was functionalized with PSA antibodies serving as
receptors. In order to increase the sensor sensitivity, AC DEP was utilized: AC
electroosmosis drives proteins to the receptors and moreover, proteins are pre-concentrated
in the vicinity of receptors due to positive DEP as schematically depicted in Figure 3(c-1).
This transport mechanism is considered DEP streaming where a DEP component caused by
AC excitation overlays with a convective electroosmotic flow [47]. The pathogen binding
events to the antibodies are detected by AC conductance as shown in Figure 3(c-2). It was
shown that the sensitivity of the nanowire device increased 10* fold when compared to the
mere diffusion controlled device. The lowest PSA concentration detected by the nanowire
device was found to be 10 aM under the application of 0.5 V AC and a frequency of 47 Hz
[47]. Another example for sensing probes was demonstrated with the detection of viruses
with very high sensitivity [53]. De la Rica et al. developed a peptide-nanotube sensor
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platform schematically depicted in Figure 3(c-3) on which peptide nanotubes are aligned
between the Au electrodes due to positive DEP at 10 Hz frequency and 5 VVpp (see Figure
3(c-4)). The surface of the peptide nanotubes was coated with antibodies specifically
binding to a target pathogen, so the target pathogens are selectively captured on the
nanotube surface. Virus binding events on the nanotubes were detected by an AC
capacitance change between the electrodes. This peptide-nanotube based sensor successfully
detected a label-free herpes simplex virus type 2 (HSV-2) within 1 hour with a concentration
as low as 102 plague forming units per ml (pfu/mL) which corresponds to the number of
infective virus particles [53].

Castillo et al. also studied self-assembled amyloid peptide nanotubes (SAPNT) employing
DEP [54]. SAPNT is known for excellent thermal and chemical stability as well as high
mechanical strength, which can be used for nanotechnological applications such as
biosensors and field effect transistors. In this study, bundles (Figure 3(c-5)) or a single
SAPNT (Figure 3(c-6)) were successfully manipulated and deposited on top of the micro Au
electrodes due to positive DEP with an application of 10 Vpp and a frequency of 1IMHz. In
addition, the electrical properties of the nanotubes were studied by plotting 1-V curves,
which confirmed a low ohmic conductivity of SAPNT under applied potential [54].

4. Theoretical considerations on protein DEP

Proteins are polypeptides composed of amino acids forming a particular tertiary structure. A
dipole arises in most proteins due to the spatial arrangements of polarizable groups
originating from polarizable bonds in the polypeptide backbone. Polar and charged groups
of the amino acid side chains [55] or specific motifes such as a-helices also contribute to
some extent to the overall protein dipole [56,57]. Dipoles arising from the molecular
composition of proteins are usually termed permanent dipoles with typical magnitudes of a
few hundred Debye [57-60]. Dipolar contributions from solvent (water) and solvent-protein
interactions [25] also contribute to the protein dipole moment. Moreover, the distribution of
ions in the electrical double layer (EDL) characterized via the Debye layer thickness, Ap,
can give rise to polarization influencing protein dielectrophoretic response [24]. In contrast
to contributions from the permanent dipole, the polarization in the EDL can account for a
characteristic frequency dependent dielectrophoresis as earlier reported for avidin [24]. The
following paragraphs thus briefly overview current models to account for the contribution of
the EDL polarization as established for nanoparticle DEP and are brought into relation to the
experimental work reported in the previous sections on protein DEP.

The frequency dependent DEP force for a spherical particle was described above with
equation 1. For biological particles, such as cells, viruses or organelles, the theoretical
framework of DEP is more complex. For example, detailed theoretical descriptions of DEP
taking into account specificities of biological cell structure and substructure have been
developed. Such models assign an effective cell permittivity based on shell models, i.e.
spheres mimicking various membranes and compartments in form of shells. The models are
well accepted and in accordance with experimental observations as summarized in excellent
reviews [2,3,61] and texts [1,24]. In case of viruses, the mechanism of DEP based separation
was explained by the presence of an envelope surrounding the outer surface of viruses.
Those without envelope exhibit positive DEP, while the enveloped viruses show negative
DEP response due to the presence of the insulating membrane reducing its polarizability.
Virus DEP has been investigated experimentally [62,63] and summarized in the excellent
reviews [25,36]. These models based on large cellular or virus structure are however not
directly applicable to biomolecules such as DNA or proteins.
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Applying classical theory such as described in Equation 1, a very small polarizability
(several orders of magnitudes lower than for biological cells) is expected for a nanometer
sized protein [64]. Consequently, very high field gradients are required for successful
protein DEP manipulation. However, the classical theory on spheres (eq. 1) was extended by
Clarke et al. in which the dielectrophoretic response of proteins was formulated assuming a
globular structure and assigning an ellipsoid protein shape [40]. Their work based on DC
measurements, so that the DEP force was expressed in terms of conductivities for a prolate
ellipsoid [1,40]:

Up —Om
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) VE? e (3)

where a, band ¢ (&> b= ¢) are the semi-principal axes of an ellipsoid and Zis the
depolarization factor. Clarke et al. [40] presented a nanopipette method to determine the
protein conductivity with their experimental set-up which provided a value of 24.6 S/m. This
method provided an overall conductivity value which cannot distinguish between bulk
protein conductivity and contributions from the surrounding counter ion cloud [40].

Knowing the protein conductivity allows to calculate the DEP force acting on a protein. For
example, if a specific experimental set-up can achieve £2 of 8x1017 VZ/m3, one can
expect a DEP force of ~0.4 fN (based on typical molecular extensions for an
immunoglobulin molecule (5 nm x 2.5 nm x 2.5 nm) with a medium conductivity of 0.01 S/
m, see Nakano et al. [29] for details.) In another example, a pair of sharp nanoelectrodes
with small separation distance fabricated by Holzel et al. created 22 of over 1021 \/2/m3,
resulting in F g, larger than 0.1 pN per molecule estimated by using the classical theory [4].
A similar amount of DEP force with a maximum of 0.1 pN was also calculated by Liao et al.
using a nano-constriction device while creating large  £2 [30,31]. They demonstrated that

F gep Overcomes other forces including particle diffusion, thermal forces as well as
electrophoretic forces. This classical approach might be over-simplified and does not
account for detailed protein structure, solvent interactions or EDL polarization. Its
application however allows comparisons with other acting forces and differences arising due
to the variations in experimental methods.

In order to account for the complexity of protein dielectrophoresis, polarization effects in the
EDL should play an important role influencing the dielectrophoretic behavior of proteins
[24]. Thus, the DEP response should deviate from the classical cell and particle models. In
analogy, it has been experimentally evidenced that submicrometer particles with EDL
thickness comparable to the particle diameter show different dielectrophoretic behavior than
similar micron-sized particles [65]. Polarization and induced dipoles due to the EDL
surrounding a nm-sized particle should thus also to play an important role in
dielectrophoretic behavior of proteins. Two major mechanisms are considered to contribute
to the EDL polarization. The first contribution is attributed to ionic currents caused by ion
migration and convection within the EDL. In addition, the electrophoretic motion of the
particle modifies the ion distribution around it, leading to changes in the induced dipole
moment [66]. The classical Maxwell-Wagner-O’Konski (MWO) model accounts for ion
migration and convection with a surface conductivity [67]. In the MWO theory, the particle
conductivity g, is given as:

op=0p+2K /7 eq. (4)
where gy is the particle’s bulk conductivity for a particle with radius rand K, denotes the

surface conductance [67]. This concept including ion migration and convection creates ion
concentration gradients, thus the resulting mass transport due to ion diffusion changes the
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strength of the dipole moment. At low frequency, this ion diffusion counteracts the ion
migration and the dipole moment decreases. Therefore, the MWO model only holds at high
frequency where ion diffusion ceases [15,68]. To account for ion diffusion at low frequency,
Dukhin and Shilov developed a model with the assumption that the EDL is at local
equilibrium with the bulk solution [69-71] known as the Dukhin-Shilov theory. Since both
the MWO and Dukhin-Shilov theory are restricted to particles with thin EDL, Ermolina and
Morgan extended the MWO theory [72] and considered the effective surface conductance as
the sum of the Stern layer and the diffuse layer conductance. This extended MWO theory
fits DEP response of the larger particles (>100 nm), but seems to fail for smaller particle
dimensions when Ap  rand for increasing medium conductivity [65].

These models can be brought into relation to observed frequency dependent protein DEP.
Most studies with proteins have demonstrated positive DEP typically up to the MHz range
[4,23,24,26,30] and some found a transition to negative DEP associated with a crossover
frequency in the MHz range [23,24,30,32]. For example, Bakewell et al. [23] reported on a
crossover frequency at 9 MHz. Similarly, Liao et al. [30,32] found negative DEP to appear
above 1 MHz frequency for streptavidin, although at a conductivity elevated by several
orders of magnitude as compared to the work with avidin. Moreover, Hughes [24] showed
that the changes in crossover frequency of avidin in dependence on conductivity can be
fitted with a MWO model assuming negligible internal conductivity and a surface
conductance in the pS range. In the high frequency range (MHz), a reasonable agreement
can be found with the MWO theories for this protein.

Most experimental protein DEP studies were performed at low conductivity (a few mM in
salt concentration or even below), thus situations dominate in which Apis larger than the
protein radius. While the low conductivity studies suggest that MWO maodels suffice to
explain the high frequency behavior [24], variations in the protein bulk conductivity and
situations under physiological conditions are less studied. For physiological conditions,
ionic strengths are considerably higher and the double layer thickness becomes comparable
to the protein radius. Basuray and Chang [73,74] proposed another modified MWO theory
by accounting for a normal current component in the diffuse layer as well as the classical
tangential current. Their model extends to situations where the radius of the particle is
comparable to the thickness of the Debye layer. The normal component of the ion migration
within the diffuse layer was assumed to lead to ion adsorption on the Stern layer at the
particle poles, thus inducing capacitive properties in the EDL which influence the
polarization. Interestingly, the induced dipole moment results in one order of magnitude
larger than predicted by the classical MWO theory [73]. This larger induced dipole moment
has important experimental implication, as smaller electric field gradients could be used for
protein DEP manipulations. Experimentally, indeed DEP of proteins was achieved in
devices exhibiting electric field gradients not significantly differing to those manipulating
large DNA molecules [18,29].

Recently, another theoretical approach was presented by Zhao and Bau accounting for ion
migration, convection, diffusion in the EDL as well as the electrophoretic particle motion
based on Poisson-Nernst-Plank equations [15,16]. Their results demonstrated a major
contribution of the polarization attributed to the total dipole moment due to the
electrophoretic motion within the thick EDL, which is significantly larger than the particle
radius [16]. This model could predict the DEP mobility of large DNA adequately at low
frequency [13], but was not extended to proteins yet. This model indicates that a more
complex mechanism as accounted for in the MWO theories is necessary to describe
biomolecule DEP (here DNA) and will most likely also be needed to fully describe
frequency dependent protein DEP response.
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The proposed polarization models for nm-sized colloids show the complexity influencing
polarization of similarly sized proteins. The EDL polarization might additionally be
influenced by changes in the charge state of proteins in varying buffer solutions,
conformational changes occurring in solutions of varying pH and ionic strength or
interactions with buffer additives such as surfactants. For example, given the majority of the
contribution to the dipole moment from the electrophoretic motion proposed by Zhao et al.
[15,16], pH dependence on the strength of the dipole moment seems plausible since the
protein charge state is modified by the surrounding medium pH. Experimentally, a pH
dependent dielectrophoretic behavior has been reported by two groups [24,45]. Nakano et al.
reported the increase in concentration due to positive DEP with pH and the optimized
concentration at pH 8 using immunoglobulin G with an isoelectric point (pl) of ~5 [45].
Although the authors hypothesized that the increased electrophoretic force caused by
variations in pH counteracts the DEP force under the DC condition, the aforementioned
change in polarization due to electrophoretic motion could account for the reported pH
dependence as well. In another example, dielectrophoretic response of avidin with a pl of 10
was investigated as a function of medium pH [24]. Hughes found a decline in crossover
frequency as the pH approaches the pl of the protein within a range of pH 6-10 [24] and
argued that variations in protein charge due to their amphiprotic nature influence the surface
conductance upon pH variations [24]. The influence of the medium conductivity on a
protein’s dielectrophoretic response has also been investigated using an electrode-based
DEP setting [24]. A similar qualitative dependency was shown as previously reported for
nanoparticles (discussed above) indicating a minor contribution of the protein bulk or
internal conductivity at high frequencies. In addition, several studies have been performed
using insulator-based DEP investigating conductivity dependent DEP pre-concentration
[28,29,45]. Generally, relationships follow what is expected according to the Clausius-
Mossotti factor (see eg. 3), when varying the medium conductivity in DC iDEP.
Conclusions on the influence of the EDL and surface conductance changes are however
more difficult to draw with an iDEP approach.

A more complex relationship than developed for nanoparticles seems likely to be necessary
to describe protein DEP, which should strongly depend on protein type and surrounding
electrolyte. Unfortunately, there is currently no comprehensive study including a variety of
proteins and experimental conditions to elaborate the mechanism of protein DEP in more
detail. The experimental conditions as well as experimental setups studying protein DEP
further differ significantly, making it difficult to draw generally applicable conclusions from
these studies. In most cases, positive DEP prevails up to the MHz range in accordance with
most theoretical models discussed above. As detailed above, several studies demonstrated
the occurrence of the crossover frequency at around 10%~107 Hz for avidin [23,24] and
streptavidin [30,32]. These two proteins are very similar in molecular weight, amino acid
composition as well as biological function and the findings may not be generally applicable.
Positive DEP was also observed using IgG and BSA under DC conditions which coincides
with the DEP response at low frequency [29,45]. However, negative DEP using BSA was
also observed under DC conditions [28], which might be related to variations in surrounding
buffer conditions as well as experimental setups. Furthermore, in case of proteins,
aggregation and agglomeration can significantly influence DEP as previous studies
demonstrated [20,29]. The actual trapping forces and polarizabilities for aggregates are
expected to differ from those of protein monomers and thus care has to be applied to reduce
aggregation, for example by addition of the zwitterionic detergent to the experimental buffer
[29,45]. To exclude aggregation, additional methods can be employed such as used in the
study by Holzel et al. with fluorescence correlation spectroscopy which was used to clarify
the presence of monomeric species of R-phycoerythrin in their single molecule DEP traps

[4].
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We finally note that a detailed analysis and theoretical model of frequency dependent
protein dipolar response was recently reported by Matyushov [75,76]. In his work,
Matyushov predicted a complex dipolar behavior taking into account intrinsic protein
polarization, protein-water and long-range solvent polarization employing MD simulations
for selected proteins. Matyushov predicted negative DEP to occur for the protein ubiquitin
over a large frequency range [75,76] while positive DEP was predicted for charged proteins
such as cytochrome B and lysozyme [75] in the MHz to GHz range. These results are
interesting as they account for intrinsic DEP characteristics of proteins, which could be
exploited for their guided manipulation.

We conclude that the dipolar response of proteins is complex and that equation 1 and 3
oversimplify protein polarization. Current models including details on the effects
contributing to polarization in the EDL for nanoparticles should be more appropriate to
estimate DEP forces exerted on proteins. However, such models based on non-conducting
particles do not take into structural influences of proteins on DEP or influences on the
polarization due to the amphoteric nature of proteins. Theoretical frameworks such as the
one developed by Matyushov [75,76] need to be extended to a larger pool of proteins to
reveal scaling laws and more detailed predictions for DEP response. It is further necessary to
relate the experimental investigations to the existing models in more detail. Future frequency
dependent DEP studies on a larger variety of proteins should thus allow to confirm the
theoretically predicted

5. Summarizing Remarks

In this manuscript, we summarized the current experimental realizations to study protein
DEP together with current applications. Further, a brief overview of experimental and
theoretical techniques to reveal protein dielectrophoretic behavior was given. It seems clear
that the field of protein DEP is still in its infancy. As table 1 summarizes, the experimental
studies comprise less than 20 different proteins including proteins with well defined
characteristics such as avidin and steptavidin. Hence, the experimental methods existing to
study protein dielectrophoretic behavior have to be further refined. Furthermore, theoretical
models and tools predicting the dielectrophoretic behavior of proteins should be further
advanced including the molecular composition of proteins to allow the experimentalists to
improve existing approaches for applications. Nonetheless, the experimental community has
developed devices for protein manipulation. Novel analytical applications of protein DEP
are to be expected due to the variety of applications demonstrated with nanoparticles and
cells. Hence, we expect a variety of interesting applications based on protein DEP related to
separation, fractionation and concentration to become available in the future. This field will
be even more successful, if the link between theoretical predictions and protein DEP
behavior can be further extended.
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Abbreviations

pDEP positive dielectrophoresis
eDEP electrode based dielectrophoresis
AB amyloid-beta
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HSV-2 herpes simplex virus type 2

EDL electrical double layer

MWO Maxwell-Wagner-O’Konski

nDEP negative dielectrophoresis

iDEP insulator based dielectrophoresis

CNT carbon nanotube

SAPNT self-assembled amyloid peptide nanotubes

PSA Prostate-specific antigen
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Figure 1.

Schematic depiction of eDEP and iDEP devices. (a, c) Represent a side view for an eDEP
and (b,d) a top view of an insulator-based DEP geometry. (a) Shows the electric field
distribution and (c)  EZ values resulting within the eDEP device with 5 V applied between
the metal microelectrodes. (b) shows the electric field distribution and (d) E2 created by an
iDEP device with the application of 500 VV/cm. The black bold lines in (b) and (d) indicate
the insulating walls of a microchannel and of the integrated posts. Note that the potential is
usually applied via electrodes immersed in reservoirs at the end of the microchannel and
only a small portion of a post array is represented here.
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Figure 2.

(a—f) Schematic depiction of experimental devices used to study protein DEP. (a) Quadruple
electrode geometries utilized in references [23,26] to manipulate proteins under AC
conditions. Proteins are trapped due to positive DEP (top image) between the electrodes
where the electric field gradient is high or negative DEP at the low electric field gradient
regions (bottom image). (b) A schematic image of a nanopipette used in references [39,40]:
When a negative voltage is applied to the bath electrode, negatively charged protein G is
moved electrophoretically into the opposite direction of positive DEP. Thus, DEP force and
electrophoretic force are balanced and proteins are trapped at the nanopipette tip. (c) A
circular insulating post array as utilized by Lapizco-Encinas et al. [28]. Under DC
conditions, the protein BSA is repelled from the constrictions where the electric field
gradient is highest, indicating negative DEP. (d) Insulating constrictions with varying
sawtooth shapes realized by Staton et al. [27]. With the application of DC voltage, A fibrils
are trapped at the narrow constrictions by positive DEP. (e) A nano-constriction insulating
device used in references [30-32]. Under AC conditions at a frequency of 100 kHz, the
protein streptavidin is trapped due to positive DEP (top image). With the application of an
appropriate AC voltage as well as a DC bias, proteins are accumulated continuously due to
negative DEP (bottom image). (f) A triangular insulating post array was used in references
[29,45]. With the application of a DC voltage, 1gG is focused in streamlines between the
posts due to positive DEP (left image). Note that the flow direction is from left to right. By
using tri-block copolymer F108 above the critical micelle concentration, IgG is encapsulated
within micelles, resulting in protein-depleted streamlines due to negative DEP (right image).
(9). Protein DEP focusing (streaming) used for a label-free protein detection sensor
exhibiting high sensitivity (Ref [47]). An inhomogeneous electric field is created by planar
electrodes integrated on a substrate, resulting in protein focusing in the vicinity of protein
receptors. The dotted arrow shows the direction of protein transport.
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Figure 3.

(a) A top view of a DEP chromatography device adapted from Washizu et al. [20] in which
a pair of interdigitated electrodes is used to create an electric field gradient. The samples are
supplied from the inlet at a constant flow velocity and a photomultiplier is placed near the
outlet to monitor fluorescence intensity Adapted with permission from Ref [20], Copyright
1994, IEEE. (b-1) Quadruple electrodes used to pattern actin as used by Asokan et al. [50]
showing actins trapped at the high electric field regions due to positive DEP at 1 MHz and 7
Vims- Additionally DEP torques cause the orientation of actins in the direction parallel to the
electric field. The scale bar of 7 um was estimated from ref [50]. Adapted with permission
from Ref [50], Copyright 2003, American Chemical Society. (b-2) a transmission electron
microscopy image of the CNT with streptavidin molecules attached at the tip of CNTs as
well as inside the CNT. With the application of AC voltage, proteins are selectively attached
to the tip of the CNT where the electric field gradient is high due to positive DEP. Adapted
with permission from Ref [52], Copyright 2008, The Japan Society of Applied Physics.
(c-1,2) A label-free protein detection sensor with high sensitivity developed by Gong [47].
The top image (c-1) schematically shows a microfluidic channel cross section. Upon AC
excitation, a biomarker for prostate cancer (PSA) is concentrated in the vicinity of the
nanowire surface and binds to the receptors. The bottom image (c-2) shows the change in
conductance over time after varying concentration of PSA was delivered to the device. The
device is capable of detecting PSA with concentration as low as 10 aM. Reprinted from [47]
with permission from John Wiley and Sons. (c-3,4) A design of the pathogen-sensing device
shown in (c-3) fabricated by de la Rica et al. [53]. On the substrate, a pair of planar
electrodes is integrated where the peptide nanotubes are aligned upon application of ac
voltage due to positive DEP depicted in (c-4) Target pathogen specific antibodies are
attached to the nanotubes, therefore the binding event is recognized by change in AC
capacitance. Adapted from Ref [53] with permission from John Wiley and Sons. (c-5,6)
SAPNT bundles (c-5) or two peptide nanotubes (c-6) were immobilized between electrodes
upon application of ac voltage due to positive DEP. Adapted from ref [54] with permission
from John Wiley and Sons.
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Table 1

Fundamental studies and applications of peptide and protein DEP.

Type of DEP

Devices

References

Page 19

Proteins used

Fundamental Studies

Electrode EDP

Interdigitated electrodes

Multipole electrodes

Nanopipette

Planar electrodes

Washizu et al. (ref [20])

Bakewell et al. (ref [23])
Zheng et al. (ref [26])
Asokan et al. (ref [50])

Clarke et al. (ref [39,40])

Hélzel et al. (ref [4]),
Castillo et al. (ref [54])

Avidin, concanavalin,
chymotrypsinogen and
ribonuclease A

Avidin
BSA
Actin

Yellow fluorescence protein
Protein G
19G

R-phycoerythrin
Amyloid peptide nanotubes

Trapping
Uppalapati et al. (ref Microtubules
[51])
Others Maruyama et al. (ref Streptavidin
[52])
Kawabata et al. (ref [48])  Insulin, BSA, and IgM
Hubner et al. (ref [77]) Albumin
Insulator-based DEP Nanoconstrictions Liao et al. (ref [30-32])  Streptavidin
Post arrays Lapizco-Encinas et al. BSA
(ref [28])
Sawtooth Staton et al. (ref [27]) AB amyloid
Electrode DEP Planar electrodes Gong (ref [47]) Prostate-specific antigen (PSA)
Insulator-based DEP Post arrays Nakano et al. (ref 1gG, BSA
Focusing [29,45])
Nanostructures Camacho-Alanis et al. BSA
(ref [33])
Applications
Separations Electrode DEP Interdigitated electrodes Washizu et al. (ref [20])  Avidin

Molecular patterning Electrode DEP

Bioprobes

Biosensors Electrode DEP

Electrode arrays
Planar electrodes
Multipole electrodes

Carbon nanotube (CNT)
tip
Planar electrodes

Kawabata et al. (ref [48])
Washizu et al. (ref [20])
Asokan et al. (ref [50])

Maruyama et al. (ref

Gong (ref [47]),
de la Rica et al. (ref [53])
Castillo et al. (ref [54])

Insulin, BSA, and IgM
Avidin
Actin

Streptavidin

PSA
Peptide nanotubes

Amyloid peptide nanotubes

(Note that a few publications are listed twice to emphasize on their fundamental as well as applied content.)
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