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Abstract

Processes to accomplish this useful solution include biphasic equilibrium (chromatographies, 

extractions), mechanical, bulk property, chemical equilibria, and molecular recognition. 

Ultimately, the goal of all of these is to physically remove all non-like protein molecules—to the 

finest detail: all atoms in the full three dimensional structure being identical down the chemical 

bond and bulk structure chirality. One strategy which has not been effectively pursued is exploiting 

the higher order subtle electrical properties of the protein-solvent system. The advent of 

microfluidic systems has enabled the use of very high electric fields and well defined gradients 

such that extremely high resolution separations of protein mixtures are possible. These advances 

and recognition of these capabilities has caused a re-evaluation of the underlying theoretical 

models and they were found to be inadequate. New theoretical descriptions are being considered 

which align more closely to the total forces present and the subtlety of differences between similar 

proteins. These are focused on the interfacial area between the protein and hydrating solvent 

molecules, as opposed to the macroscale assumptions of homogeneous solutions and particles. 

This critical review examines all data which has been published that place proteins in electric field 

gradients which induce collection of those proteins, demonstrating a force greater than dispersive 

effects or countering forces. Evolving theoretical constructs are presented and discussed, and a 

general estimate of future capabilities using the higher order effects and the high fields and precise 

gradients of microfluidic systems is discussed.
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Introduction

There are any number of basic research needs and clinical applications where a pure, 

isolated and concentrated solution of a specific protein are required. High information 

content techniques like mass spectrometry, electron microscopy and nuclear magnetic 

resonance are utterly dependent upon samples with very rigorous requirements. These 

samples must be within a set concentration range, have limited interfering proteins—often 

several orders of magnitude difference between the target and other species—and the bulk 

solution properties must match the technique used. Further, lower information content 

bioanalytical techniques, like immunoassays or spectroscopies, always function better with a 

purified sample and, generally, with an increased concentration. To obtain these specific 

solutions, efforts have been expended on developing separations techniques to match the 

complex and difficult problem of removing just one protein from the intensely complex 

samples typically encountered. In these samples, there may be millions of proteins spanning 

eight orders of concentration range. Techniques include biphasic equilibrium 

(chromatographies, extractions), mechanical, bulk property (density), chemical equilibria 

(pH, ion-specific precipitation/solubilization), and molecular recognition (immunocapture, 

SELEX, imprinted polymers), where these are used in creative multistep benchtop 

processes.
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Electric field based separations have also played a prominent role, where they exploited the 

first order or monopole effects (total charge state, Coulombic, electrophoresis) to induce 

differential velocity, drive the targets through porous media or provide a restorative force in 

altered charge state chemical equilibria (isoelectric focusing). Beyond the forces generated 

by the charge of the proteins interacting with an electric field are the higher order native and 

induced moments. The most prominent work has been done on induced polarization or 

dielectrophoresis which is studied by dielectric spectroscopy [1–5]. In this technique the 

conductivity and permittivity of concentrated pure solutions are probed. These studies 

provide fundamental mechanistic information but do not attempt to change the location or 

concentration of the protein. Directly related, but not coupled with these studies is the 

generation of a force based on these higher order moments. These forces can be effectively 

created and exploited on the micro-and nanoscale to selectively move proteins based on their 

inherent native properties (Figure 1). Further, when precisely coupled with counter forces 

(flow, electrophoresis), highly efficient separations may be obtained to the level of 1:108.[6] 

For comparison, the highest resolution mass spectrometers obtain mass/charge resolution on 

the order of 1:106. These higher order moments reflect all of the specific and subtle changes 

in the properties of the protein dissolved in its native state in condensed phase. This review 

comes at a time of re-evaluation of the capabilities of manipulating proteins using these non-

linear electric fields, as the evidence is mounting that the classic theory applied to 

dielectrophoresis is not adequate to describe the protein-solvent-electric field system and 

new theoretical approaches are being examined which more closely match the data 

published.

It is a well-accepted paradigm, repeated in numerous studies, that small particles and 

molecules are difficult to influence with dielectrophoretic force with respect to overcoming 

diffusive effects.[7–14] Accordingly, there have only been only sporadic efforts to observe 

and quantify the behavior of proteins using dielectrophoretic (DEP) approaches (Table 1).

[10, 15] However, experimental evidence showing DEP forces dominating diffusion for 

proteins such that localized concentrated boluses are formed (termed capture or trapping) 

reaches back nearly thirty years, to 1994 with the work of Washizu (Figures 1D and 2A).[7] 

Working on a foundation of successful manipulation of DNA polymers [16], they 

unequivocally showed trapping of avidin (68 kDa), concanavalin A (52 kDa), 

chymotripsinogen A (25 kDa), and ribonuclease A (13.7 kDa) using an interdigitated array 

of sinusoidally corrugated electrodes invoking electrode-based DEP (eDEP)(1 kHz to 1 

MHz, 4, 15 and 55 micron gap, up to 7 Vp-p). Very interestingly, in discussing the 

mechanism which enabled capture, the authors avoid speculating and noted that, “…we do 

not go further into biophysical discussions here…”. Noting this work and others, it was 

observed that dielectrophoretic forces appear to create movement at values well below the 

“…simplistic diffusion [force] argument of Pohl [17].” for macromolecules (nominal 10−7 m 

radius).[15]

A variety of works followed which can be grouped in three categories: 1) creating very high 

gradients and fields, consistent with values estimated by the Clausius-Mossotti factor (CMf) 
that would be required to overcome diffusion of proteins [9, 11–14, 18–34], 2) applied 

projects where DEP effects were observed, but the underlying theoretical limitations were 
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not addressed [35–42], and 3) streaming or capture at mild gradients (for large protein 

structures and aggregates)[8, 43–47].

Pertinent reviews and position papers have been written which contain valuable perspectives 

of dielectrophoresis in general with varying degrees of attention being paid to proteins.[48–

53]

High field/gradient works

Following and noting the work of Washizu, Morgan’s group showed images consistent with 

positive (pDEP) and negative (nDEP) dielectrophoresis (9 MHz crossover frequency) for 

avidin using eDEP at quadruple electrodes and a discussion of DEP for proteins followed in 

chapter form.[18, 54] Somewhat later, Burke’s group was investigating circuit assembly and 

showed bovine serum albumin (BSA) (a very popular choice, Table 1), could be trapped by 

positive dielectrophoresis at 30 MHz across five to fifteen micron gaps using quadrupole 

eDEP (Figure 1C).[9] Alternatively, proteins were captured by ‘pinching’ the electric field 

between insulators to induce the needed gradient using a glass nanopipette tip in the 

landmark work of Clarke et al. (Figures 1A, 1B and 2B). [19] They probed Alexa-488 

labeled protein G and immunoglobulin G captured near and in a nanopipette tip 

approximately 50 nm internal diameter, showing a trapped zone of protein approximately 

one micron in length. They note, “There seems to be no theoretical basis for this 

observation…and…there…appears to be a significant contribution from the protein…” and 

speculate that the forces may be due to surrounding solution organization rather than from 

the protein structure itself. They followed up these proteins with yellow fluorescence protein 

with similar results, using them to calculate a classic theory-based surface conductivity.[21]

Accurate and precise nanoscale electrode fabrication allowed for large gradients to be 

induced, such that DEP forces exceeding those calculated by established theory could be 

induced, generating a ∇E2 factor exceeding 1021 V2/m3, resulting in a calculated force on R-

phycoerythrin (RPE) molecule of 0.1 pN (Figures 1E and 2C).[11] Interestingly, in 

determining the needed force to overcome diffusion, it was estimated that only 3 × 10−16 N/

molecule would be needed, showing a graphic indicating a large volume relative to the tip-

gap zone about the electrode structures should induce capture (see Figure 6 in cite). A 

surface conductance and electric double layer structure argument was noted to suggest DEP 

forces are larger than expected, even though the experimental data suggest fewer molecules 

were captured than could be expected. Other works showed evidence of immobilization of 

fluorescently labeled BSA at nanoelectrodes, retention of enzymatic activity for 

immobilized horseradish peroxidase and quantum dot-labeled streptavidin at carbon 

nanotubules.[20, 22]

Streptavidin was used to probe a nanoconstriction (50 nm) device, resulting in highly non-

linear and dynamic 2D spatially diverse distributions of the protein as a result of the 

interplay of several forces near the nano gap (Figure 3A).[14] For the DEP related 

components of these interactions, classic theory was invoked.

A similar structure was used to create ‘molecular dams’, where AC electrokinetic forces 

were used to concentrate streptavidin, invoking similar physical forces.[13] Others followed 
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with similar structures fabricated via more economic means, probing the system with 

streptavidin and phycoerythrin.[31] Streptavidin was also used as a probe of positive (pDEP) 

and negative (nDEP) dielectrophoresis (Figures 1A and 1B) in the presence of varying 

amounts of electrothermal flow using physiologic buffers. Much smaller molecular targets 

were tested in a biosensing-oriented study where frequency dependent capture behaviors 

were observed for neuropeptide Y.[24] β-galactosidase and micellar IgG in nanoconstriction 

device under DC conditions resulted in an intensely complex, voltage dependent patterning 

of concentration behaviors (Figure 3B).[29]

Frequency was used at a nanoconstriction to differentiate two proteins, prostate specific 

antigen (PSA, 150 kDa) and anti-mouse immunoglobin antibody (150 kDa), where pDEP 

and nDEP were observed (Figure 3C). The physical basis for the differentiation was 

qualitatively attributed to differences in surface conductance. Significant asymmetries and 

non-linear concentration distribution near the constriction were not discussed.[33] An array 

of electrodes fabricated at the nanoscale was able to capture, RPE, IgG antibodies, and BSA 

(Figure 1F), while showing retention of biological activity for RPE and horseradish 

peroxidase.[25, 26, 55] Gold nanohole arrays used for plasmonic sensing [28] and, 

separately, nanotips were exploited to concentrate BSA using DEP forces.[30] Very closely 

spaced conductors, forming a nanoscale gap, gave enhanced spectroscopic performance in 

addition to collection of R-phycoerythrin at very high ∇E2 values, 1024 V2/m3[27] and 

aligned enhanced green fluorescent protein was generated on an interdigitated array of 

parallel electrodes.[32] In another nanoconstriction study, where the narrow channel was 

formed via gold coated DNA nanowire negative impression, fluorescein isothiocyanate 

conjugated BSA was trapped by a nDEP mechanism using DC offset AC DEP (Figure 3D).

[34] The fabrication difficulties and the appearance of spatially and temporally dynamic 

non-linear processes (concentration polarization, electrothermal effects, local electroosmotic 

effects, etc.) of the high gradient/field systems has hampered their adoption.

Experimental results without note of theoretical limitations

Washizu’s original works from 1994 is included in this category (Figures 1D and 2A), [7] 

along with the work of Morgan’s group.[18] Multipost insulator based dielectrophoresis was 

used to trap BSA under constant voltage conditions by the Lapizco-Encinas research group 

(Figures 1A, 1B and 2D).[35] pHs of 8 and 9 were used with buffers of 25–100 μS/cm 

conductivity. The mechanism of capture, again, remained elusive and was not quantitatively 

discussed, although they noted that the trends of the CMf were consistent with the results. 

Some aggregates were observed, and it was speculated that these larger particles aided in 

capture. Among others, BSA was also a test probe for a droplet (liquid-gas) DEP system 

where an asymmetric concentration profile was induced across the fluid by eDEP forces.[36] 

In this study, the other proteins were lectin protein (120 kDa) and fibrinogen (340 kDa). The 

concentration changes were modest (~2:1), induced by a 34 Vrms 100 kHz voltage across a 

25 micron eDEP gap. No discussion of the mechanism of influence was presented.

A functional exploitation of nDEP and pDEP on an eDEP system was shown by Gong, 

increasing sensitivity for a biosensor sensitive to PSA (33 kDa), where the mechanisms were 

not discussed in detail and much of the improved signal most likely resulted from non-
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selective AC electroosmotic transport.[37] An insulator-based DEP device fabricated to high 

resolution with ion beam techniques was able to trap BSA.[12] An example with finite value 

to the current discussion shows DEP of PSA and A Beta 42 for a sensor application [38] 

and, in a separate study, cardiac troponin I was sensed.(41) A silver nanoparticle dendritic 

growth electrode scheme was used to generate surfaced enhance Raman spectra from DEP 

collected avidin.[42]

A more mechanistic study on BSA using a label-free, impedance-based strategy showed at 

least two dispersions as a function of frequency using eDEP quadrupole electrodes. The 

authors note that there was a belief that nanoparticles and proteins could not be manipulated 

by DEP, without further comment.[39]

Streaming and mild field/gradient works

An attractive force was demonstrated in a field flow fractionation system for insulin, BSA 

and IgM [8], and variances in concentration distribution were noted for avidin on ‘Zipper’ 

electrodes.[43] Streaming, but not trapping, was observed for immunoglobin G (IgG) on an 

insulator-based dielectrophoresis device within a study aimed at monitoring the pH of the 

buffer filling the device and no discussion of mechanism of influence was offered.[44] Two 

common targets, BSA and IgG were tested in a shaped post array iDEP device by the Ros 

group and streaming was observed, noting that the effects were stronger than the CMf forces 

indicate.[45] The Ros group followed up with further studies on IgG where streaming was 

observed. Their treatment of the theory and literature was thorough and complete, but like 

other researchers, little foundational support for the observed behaviors could be identified.

[46] Mata-Gomez and co-workers subjected PEGylated Ribonuclease A to dielectrophoresis 

and observed streaming and some capture along with behaviors consistent with 

concentration polarization.[40]

Fibrils associated with Alzheimer’s disease, along with A-beta monomer, were studied by 

the Hayes group. The fibrils were well-captured, and the monomers could only be streamed. 

These behaviors were interpreted using traditional theoretical constructs.[47]

Theory

The theoretical constructs underlying dielectrophoresis for particles larger than 

approximately one micron have been shown to be quite robust.[53] They have been 

incredibly valuable and accurate for a wide range of particles.[17, 48, 56–60] An excellent 

summary and description of this foundational theoretical work can be found in the first 

section of Pethig’s recent position paper.[10]

These theoretical constructs assumed a homogeneous particle was placed into a 

homogeneous solution with an infinitesimally thin interface between the two. These 

constructs modeled the homogeneous materials to extend all the way to the interface, and the 

boundary conditions set the potential, current density and flux to be continuous across that 

interface (Figure 4A).[10]

The constructs predicted that the force generated would be small compared to the Brownian 

motion, or so-called force of diffusion, under anything but the most extreme experimental 

Hayes Page 6

Anal Bioanal Chem. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conditions.[9, 11] In this context, other forces besides diffusion have been considered and 

Coulombic force (including electrophoresis and electroosmosis), concentration polarization, 

and electrohydrodynamic and electrothermal effects [40, 61–63] are significant under some 

experimental constructs.[15]

The processes within the interfacial region and more subtle aspects of proteins in polar 

solvents (their inherent flexibility on the molecular scale, for instance) are now being 

included in theories describing smaller bioparticles in the presence of an external electric 

field gradient.[10, 64–66] These new approaches are founded on ion solvation asymmetry, 

spontaneous polarization of the protein-solvent interface, and the dipole moment of the 

protein. From these works, two major features are now supported by analytical theory: the 

forces imparted on proteins are much larger than previously thought and the very modest 

changes to the structure at the molecular scale will definitively alter those forces. These 

forces are predicted to dominate diffusion force and more effectively compete with other 

induced forces. The complexity and interplay of the biomolecules with its surrounding 

buffer have been recognized and discussed.[21, 67]

The new approaches recognize that molecular scale properties and events are not necessarily 

reflected in traditional bulk property measurements of permittivity and conductivity. 

Specifically, the spontaneous and asymmetric polarization of the interfacial region requires 

introduction of an independent parameter (∈int interface dielectric constant, in [64]) that is 

reflected by the interaction of molecular dipole moment, M0, and the solution permittivity, ∈ 
(Figure 4B). According to this new construct, the dielectrophoretic force (fDEP) can be 

described as (from [64], converted to SI units):

fDEP = ϵ2χc
6 βM0

2∇E2 (1)

where χc is the Lorentz cavity susceptibility, β is the reciprocal of the thermodynamic 

temperature (1/kBT, kB is the Boltzmann constant and T is the experimental temperature), 

and E is the electric field. This relationship can be directly compared to the traditional 

Clausius-Mossotti approach (Figure 4A):

fDEP = 2πR3ϵ0ϵCMf * ∇E2 (2)

where R is the radius of the particle and CMf* is the classic Clausius-Mossotti factor (in its 

simplest form, a sphere, is equal to ϵp * − ϵ * /ϵp * + 2ϵ * , ϵp * and ϵ * is the complex 

permittivity of the particle and the medium, respectively) (abbreviated as CMf hereafter). It 

is quite notable that eqn. 1 does not have a direct dependence on the radius of the particle, 

although the dipole moment is a function of particle volume. This contrasts markedly with 

eqn. 2, which predicts a severely reduced force for small values of R. Further, the molecular 

dipole moment is quadratic and will have a powerful influence on the overall force 

generated. This derivation arrives at this rather simple result by examining the cross 

correlation of the dipole moment of the particle and local solvent molecules using a 

simplification via mean-field theories of dielectrics by introducing the concept of the ‘cavity 

field’ (see ‘Dipole in Solution’, section IV in [64]).
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Another approach which includes interfacial features to calculate dielectrophoretic forces is 

massive molecular dynamics simulations.[65, 68–71] These are focused on the solvation free 

energy which also can be used to determine the force on a solvated particle in an electric 

field gradient (Figure 4C).[72] While a completely different approach, it focuses on adding 

similar features to the model (complex interfacial phenomena), and it also predicts a much 

larger dielectrophoretic force than CMf-based theory. No overarching equation can emerge 

from this approach, as it provides highly detailed localized information that is summed. 

From these localized interactions, very subtle changes between two proteins may be studied 

theoretically, while providing an estimated force which can be experimentally determined.

Discussion

It is completely clear in looking at the published data that proteins can be effectively 

controlled using dielectrophoresis in a variety of formats and conditions. These results show 

that dielectrophoresis induces effects that far outpace diffusion and countering forces. For 

particles somewhat larger than proteins (100s of nanometers), Ramos, Morgan, Green and 

Castellanos thoroughly and quantitatively discussed the various forces for eDEP systems 

back in 1998.[15] Comparing experimental results with CMf calculations and classic 

diffusion theory, the opposing forces were understood to be on the same order of magnitude 

for these somewhat larger particles.

While the data for protein capture by DEP has been sparse, there has been a long period of 

time to build up data. From these data, the gradients and the corresponding ∇E2 factor 

shows an extremely large range of values, from 1012 to 1023 V2/m3 (Table 1), the molecular 

weights include 1 to 500 kDa and the frequency was varied from DC to 10s of megahertz. 

Both iDEP and eDEP showed strong effects, and pDEP and nDEP were observed. Among 

these data, some highly preliminary queries may be posed, such as molecular weight (as a 

proxy for diameter) versus the magnitude of the ∇E2, where there is no correlation 

(R2=0.0004). Given the range of experimental systems and specific device and solution 

details, this lack of correlation is hardly surprising. However, given the vast range for the 

magnitude of forces (seven orders of magnitude) some relationship may have been expected 

to be observed. Overall, there is not enough organized and relatable data available to assess 

trends or validity of any particular theory versus another. The protein BSA (Table 1) was 

studied in six different works, at DC to 30 MHz, using eDEP and iDEP and demonstrated 

trapping at ∇E2 values ranging from 1012 to 1024, as example of the diversity of results. As 

noted, the available conclusion is that proteins respond to dielectrophoretic forces to a 

greater extent than diffusion or other forces present, and this fact alone is counter to 

prevailing historical theory.

As there is a realization that native proteins in the condensed phase are a much more 

accessible target for accurate, precise and selective manipulation at the micro-and nano-

scale, several capabilities are enabled. The separatory process takes place over a several-

microns or less distance, allowing multiple steps to be performed in a tiny footprint. These 

processes are independent of each other and may be performed in parallel or in series, or any 

combination thereof. The actual separatory process occurs over a very short time period, the 
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protein either is trapped or passes through the zone in a matter of seconds or less. This 

enables the probing (separation and concentration) of relatively fast events (protein binding, 

equilibria and kinetics, conformational states, etc.). A secondary limiting factor will be 

overall transport rates, but as devices become more compact and detection elements are 

made more intimate, these issues will be diminished. The exploitation of the higher order 

moments and interfacial subtleties of the protein-solvent-electric field for separations 

provides a very sensitive differentiation, and promises very high fidelity capabilities 

(supported by single amino acid substitution separations based on the monopole moment 

and resolution predicted at 1:108 [6]). These higher order moments probe a unique set of 

properties of the proteins compared to classic separations schemes and are more universal in 

that internal structures contribute to the forces generated. Taken together, it is reasonable to 

envision reverse engineered separations on the microscale, where the requirements of the 

detection element or clinical need are established and the separation system designed around 

those needs.[73]

Conclusion

Recent efforts to update theoretical constructs for dielectrophoretic forces on proteins in 

polar solvents has initiated a re-examination of pertinent experimental data. These data were 

generated in a large variety of formats and buffers, preventing an organized interrogation 

towards comparing and contrasting the proposed theories. However, an overarching result is 

that the force on proteins is larger than predicted using the CMf approach. New approaches, 

which include the permanent dipole and interfacial polarizability and other subtle interfacial 

features, appear to match the observed experimental forces. These new theories provide for 

much more nuanced differentiations of similar protein structures compared to previous 

constructs and an improved capability for correlating those molecular structural differences 

into changes in the force present.

Acknowledgements

Dmitry Matyushov and Yameng Liu are acknowledged for their insightful and valuable discussions, and Alex 
Ramirez for proofreading. The referees are also acknowledged for their valuable comments. This work was 
supported by URI ASU Innovation Hub Collaborative Research Seed Grant and National Institutes of Health grant 
5R03AI133397–02.

Biography

Mark A. Hayes is Professor in the School of Molecular Sciences at Arizona State 

University in Tempe, Arizona (USA) and W.W. Clyde Visiting Chair, College of 

Engineering, University of Utah in Salt Lake City, Utah (USA). His current work is focused 

Hayes Page 9

Anal Bioanal Chem. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript
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Abbreviations

(DEP) dielectrophoresis

(iDEP) insulator-based dielectrophoresis

(eDEP) electrode-based dielectrophoresis
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(BSA) bovine serum albumin

(CMf) Clausius-Mossotti factor

∇E2, dielectrophoretic gradient factor
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Figure 1. 
Schematic representations of various forms of dielectrophoresis experimental platforms used 

to manipulate proteins. A) Insulator-based dielectrophoresis where the electric field gradient 

(represented by the relative closeness of the electric field lines (blue)) is induced by 

constricting the conductive solution using structural elements (of a variety of shapes and 

spacings, two general classes shown) and the electrodes are at a distance. See Table 1, 

section ‘iDEP’ for specific realizations. B) Insulator-based system can induce positive 

(pDEP) and negative (nDEP) dielectrophoresis, where pDEP (left) causes the proteins to be 

attracted to the higher electric field gradient and nDEP (right) to the lower areas. The nDEP 

is commonly set to oppose one or more forces (flow, Coulombic). C) Quadrupole electrode-

based (eDEP) system, where pDEP induces movement to the electrodes (black) and nDEP 

towards the center of the structure within the solution.[9] D) Sinusoidally corrugated 

electrodes used in the original 1994 eDEP work led by Washizu.[7] E) Highly refined, small 

radius of curvature electrodes used for capture of single molecules in the works of Hölzel.

[11] F) Nanometer sized array of electrodes used to capture protein in the work of Laux 

from the Hölzel laboratory.[55]
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Figure 2. 
Seminal dielectrophoretic collections of proteins. A) Original DEP trapping data for protein 

(fluorescently labeled avidin) using interdigitated sinusoidally corrugated electrodes (Figure 

1D). Proteins (avidin and chymotripsinogen) were shown to be reversibly collected (© 1994 

by the Institute of Electrical and Electronics Engineers, reproduced with permission).[7] B) 

Using a nanopipette tip as a gradient inducing structure, labeled protein G is captured 

exactly at the tip of the entrance (white spot in sub-image ‘A’ in original figure letter label). 

The protein is highly localized in the first micron of the pipette tip (‘E’ in original figure 

letter label) (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission).[19] 

C) Single molecule trapping at sharp nanoelectrodes using dielectrophoretic forces. R-

phycoerythrin is held at the strongest gradient near the tip of electrodes spaced 0.5 μm apart 

(© 2005 by the American Physical Society. Reprinted figure with permission from [11]). D) 

Fluorescently labeled bovine serum albumin captures in an array of insulating posts at 

applied global potentials of (letter labeled from original cite) a: 700, b:1000, c: 1600 and d: 

900 V/m (© Elsevier 2008, with permission from Elsevier, adapted from [35]).
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Figure 3. 
Sub-micron gap insulators, frequency-based differentiation and nanoscale protein collections 

using dielectrophoresis. A) Collection of streptavidin near nanoconstriction (50 nm) using 

DC offset and 1 MHz field showing collection of the protein and complex dynamic 

behaviors near the entrance (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission from [14]). B) Paired nanogaps of varying width (100 – 500 nm) between 

micronscale triangle insulators showing collections of β-galactosidase at varying applied 

potentials (Reproduced from Ref. [29] with permission from the Royal Society of 

Chemistry.). C) Frequency-dependent differential collection of separate proteins, enrichment 

of prostate specific antigen versus anti-mouse immunoglobulin G at 0.8–5 MHz AC-and 1.5 

V DC-applied voltage (Reproduced from Ref. [33] with permission from the Royal Society 

of Chemistry.). D) Bovine serum albumin collected near a nanogap (the diameter of a double 

stranded DNA molecule, about 2 nm) insulating body constriction at various potentials (© 

IOP Publishing. Reproduced with permission. All rights reserved).[34] Images shown here 

are for illustrative purposes: to assess the details of these works, the reader is referred to the 

original reference material.
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Figure 4. 
Representations of theoretical approaches used to describe dielectrophoresis. A) Classic 

Clausius-Mossotti approach where a homogeneous medium contacts a homogeneous particle 

and the properties are continuous across the interface (adapted from [10]) (© Wiley-VCH 

Verlag GmbH & Co. KGaA. Reproduced with permission). This approach typically assigns 

less than 10−19 N of force for common experimental conditions for proteins. B) Alternative 

theoretical approach which includes the permanent dipole moment and the discreet 

properties of the polarized interface in a polar solvent (adapted from [64] © American 

Institute of Physics. Reproduced with permission of AIP Publishing), giving approximately 

10−15 N-range forces. C) A completely different approach based on calculating the solvation 

free energy in the presence of an electric field gradient specific to individual proteins 

(personal communication [72], reproduced with permission; manuscript in preparation). For 

the proteins examined, the forces are in the range of 10−16 N for common experimental 

conditions.
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TABLE 1:

List of proteins captured or trapped with DEP forces

DEP Type and protein MW (kDa) †
Estimated ∇E2 (V2/m3) Frequency

(MHz)
cite

eDEP

ribonuclease A (RNase A) 13.7 1018 0.1–1 [7]

chymotripsinogen A 25 “ “ [7]

concanavalin A 52 “ “ [7]

avidin 68 “ “ [7]

“ “ 1019 1–20 [18]

insulin 6 1018 1 [8]

bovine serum albumin (BSA) 66 “ “

IgM 900 “ “

BSA 66 1018 0.01–30 [9]

R-phycoerythrin 250 1021 1 [11]

avidin 68 indeterminant 0.8 [43]

BSA 66 1019 1 [20]

streptavidin 55 indeterminant 1 [22]

lectin protein 120 1019 0.1 [36]

BSA 66 “ “ [36]

fibrinogen 340 “ “ [36]

R-phycoerythrin 250 1015 0.1–0.5 [25]

Horseradish peroxidase 44 1013 0.01 [26]

R-phycoerythrin 250 1024 1 [27]

BSA 66 1018 2.5 [30]

BSA 66 1021 0.01 [55]

cardiac troponin I 24 1014 0.001–1 [41]

e-green fluor. protein 36 1020 0.1 [32]

avidin 68 indeterminant 0.01 [42]

iDEP

protein G 22 1021 DC [19]

immunoglobulin G (IgG) 150 “ “ [19]

yellow fluor. protein 24 1020 DC [21]

BSA 66 1012 DC [35]

BSA 66 1018 DC [12]

A-beta fibrils Large 1016 DC [47]

PEGlyted RNase A 13.7+ 1019 DC [40]

b-galactosidase 520 1018 DC [29]

IgG 150 “ “ [29]
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DEP Type and protein MW (kDa) †
Estimated ∇E2 (V2/m3) Frequency

(MHz)
cite

streptavidin 55 1020 1 [14]

streptavidin 55 1021 1 [13]

goat anti-human IgG 150 “ “ [13]

Streptavidin 55 1020 0.1 [23]

neuropeptide Y 1.4 1021 3 [24]

orexin A 3.5 “ “ [24]

strepavidin 55 1021 10−5 [31]

phycoerythrin 240 1022 10−5 [31]

BSA 66 1018 0.1 [28]

prostate specific antigen 32 1019 1–6 [33]

Anti-mouse immunoglobulin
antibodies

150 “ “ [33]

BSA 66 1023 0.001 [34]

†
Bolded value quoted from cite, others are estimated minimum values from characteristic distance (gap for eDEP, constriction ratio iDEP) and the 

applied electric field.
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