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Nanomaterials manipulation using dielectrophoresis (DEP) is one of the major research areas that
could potentially benefit the micro/nano science for diverse applications, such as microfluidics,
nanomachine and biosensor. The innovation and development of basic theories, methods or
applications will have a huge impact on the entire related field. Specifically, for DEP manipulation of
nanomaterials, improvements in comprehensive performance of accuracy, flexibility and scale could
promote broader applications in micro/nano science. Therefore, to explore the directions for future
research, this paper critically provides an overview on the fundamentals, recent progress, current
challenges, and potential applications of DEP manipulation of nanomaterials. This review will also act

as a guide and reference for researchers to explore promising applications in relevant research.
Color online: See article online to view Figs. 1-10 in color.
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1. Introduction

Inspired by the macro creation of organisms in nature, scientists from multidisciplinary fields have
explored various types of artificial manufacturing systems at nanoscale (10~ m) based on

nanotechnology [1-4]. Nanotechnology is a method to unfold the mysterious physics of nanoscale
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world. To build those nanoscale artificial systems, the building blocks and production tools are
required. The basic building blocks used to create nanoscale products are a variety of nanomaterials,
such as nanoparticle [5—7], nanowire [8, 9], graphene [10, 11] and so on [12, 13, 72-77]. And the
production tools at nanoscale are various types of field forces, such as electric field force [14],
magnetic field force [15], hydrodynamic field force [16] and the force produced by the chemical
reaction [17]. Dielectrophoresis (DEP) is one of these tools which utilizes the interaction between a
non-uniform electric field and an induced dipole to manipulate various nanomaterials. And there is an
increasing interest in implementing DEP technique for nanomaterial manipulation due to its
advantages of label-free, noninvasive and low-cost [12]. Herein, what we call nanomaterial

manipulation involves separating, trapping, rotating, propelling and assembling.

In recent years, the manipulation of nanomaterials using DEP technique has become an
exponentially growing research focus [18-22]. However, there still remain some challenges on how to
create arbitrary complex non-uniform electric field at nanoscale, and then achieving high precise,
flexible and large-scale manipulation of nanomaterials. It is gratifying that scientists from
multidisciplinary fields have made much subdivision of efforts in improving the accuracy, flexibility
and scale of DEP manipulation of nanomaterials, which has laid a vital foundation for the researches

of nanoscale manufacturing systems, drug delivery, precise nanosurgery and so on [23-31].

In this review, we critically provide an overview on the advances in DEP manipulation of
nanomaterials over the latest five years. In the following sections, we firstly introduce the theory of
DEP and the electrode configurations commonly used to manipulate nanomaterials. Then, we review
the recent progress, current challenges, and potential applications of DEP manipulation of
nanomaterials. Finally, we explore the outlook for recently developed DEP-based systems and the

challenges that lie ahead.

2. Dielectrophoresis (DEP) theory for nanomaterials manipulation

When a polarizable nanomaterial is subjected to a non-uniform electric field, the force exerted on the
nanomaterial causes it to move toward high or low field density regions; this behavior is known as
dielectrophoresis [32]. Both DC and AC electric signals can be applied to electrodes to generate
resultant forces across nanomaterials, thus leading to the DEP behavior. If the nanomaterial moves
towards the electrode edge, the region of high electric field gradient, then the response is entitled

positive DEP (pDEP). If the nanomaterial moves away from the electrode edge, then the response is
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entitled negative DEP (nDEP) [33]. The dielectrophoretic force exerted on a nanomaterial is
dependent on: (1) nanomaterial's characteristics, such as its dielectric properties, size and shape, (2)
the suspending medium's properties, such as conductivity and permittivity, and (3) the applied electric
field, which produces the field gradient [26]. Simply put, the manipulation of nanomaterials in
dielectrophoresis is based on the difference in polarizability between the nanomaterials and the
surrounding medium. In order to get a better understanding of AC dielectrophoresis and DC

dielectrophoresis, detailed introductions along with analytical expressions are given below.

2.1 Alternating current dielectrophoresis (AC-DEP)
2.1.1 Spheroid model (zero-dimensional nanomaterials)

The time averaged dielectrophoretic force on a spheroid is given as the following analytical

expression [34]:

Fpgp = 2113 &,, Re(Fcy) VIE?|
6]
The magnitude of the DEP force is linearly dependent on four variables: the particle volume (r3), the
permittivity of the medium (&,,), the real part of the Clausius-Mossotti factor (Fcv), and the gradient
of the squared external electric field (V|E?|), known as the field gradient factor. For an alternating

electric field (AC-DEP), the root mean square value (| |) is used in the calculation.

Few is the Clausius-Mossotti factor that governs the frequency response and force direction in
DEP manipulation. Fcv also is the value of dipole moment which represents the interaction between

the nanomaterials and the medium (see Eq. (2a)):

* *

_ Ep~&m
Fem = ept2em
(2a)
* . O
g =& —j=
(2b)
* . Om
Em = &m —J
(20)
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where €, and &, are the complex permittivities of the particle and the medium, respectively. In
Egs. (2b) and (2¢), € and o denote the electrical permittivity and conductivity, respectively, j is

v—1, and w is the angular frequency of the applied signal.

Equation (2a) indicates that, if €, > &p,, particle is pulled toward high electric field density
region, inducing the positive DEP (pDEP) phenomenon. If &, < &, particle is pushed toward low

electric field density region, inducing the negative DEP (nDEP) phenomenon.

Moreover, Egs. (2-a, b, ¢) indicate that, if €, = &, thatis to say there is a frequency at which
the Re(Fcym) becomes zero. This frequency is called as DEP crossover frequency (fiross), Which can be

formulated for spheroid as [35]:

1 (O'm—dp)(dp+20'm)

2n (sp—sm)(sp+28m)

f;:I‘OSS -

3)

If two spheroids with similar size have different f..ss, different forms of manipulation (e.g.,
separation) based on dielectric property can be achieved with DEP. If £, values of nanomaterials are
too close, they can be separated by size-based DEP, since DEP force is directly proportional to the
cube of the radius of spheroid (see Eq. (1)).

For low frequency electric fields, the sign of the Fy is determined by the electrical conductivities
of the particle and the medium, see Eq. (4a). Whereas, for high frequency electric fields, the Fcey
depends on the permittivity, see Eq. (4b) [28]:

Op—0m

Low frequency: Llolir(l) Re(Foy) = oy 20m (4a)
High frequency: lim Re(Fy) = “p=Em (4b)
®— 00 Sp+28m

Moreover, equation (4a) indicates that, for very low frequencies, if o, is much larger than oy,

the Fom will be at its maximum value of 1.0. In contrast, if o, is much larger than o, then the Fem
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will be at its minimum value of -0.5. These outcomes are also valid for very high field frequencies

when permittivity is concerned in Eq. (4b) [35]. For spheroid, the Fcy varies between -0.5 and 1. As a
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result, the manipulation force on the nanomaterial under pDEP is generally higher than the force on

the nanomaterial under nDEP.

In AC-DEP condition, the use of a high-frequency (>100 kHz) AC field has some advantages: (1)
the electrothermal effects can be reduced, (2) electrochemical reactions, such as those producing gas
(i.e., bubble generation) can be reduced and (3) no electrophoretic movement is observed due to the

cell membrane being statically charged.

In concentrated suspensions, interparticle interactions become dominant when high gradient AC
fields are applied. Hence, concentrated suspensions restrain the electric field strength for DEP

applications [36].

2.1.2 High aspect-ratio oblate spheroid model (one, two-dimensional nanomaterials)

The Clausius-Mossotti factor for a high aspect-ratio oblate spheroid (one, two-dimensional

nanomaterials) can be calculated as [37]:

®)

where g, and &, are the complex permittivies of the particle and fluid medium, respectively. The

formulas of the complex permittivity refer to Egs. (2-b, ¢).

Moreover, for other complicated nanomaterials, the effect of a multi-layered spheroid can be
numerically determined by using an effective volume calculation for iterative layers. Models for
elliptical particles (prolate and oblate geometries) contain an axis depolarization factor and have been

used to represent spheroid such as bacteria [38].

A major factor in the effectiveness of the DEP force is the size of a particle; as the volume
decreases, the force will also decrease. However, for extremely small nanomaterials such as DNA
fragments, viruses, or cellular organelles, effective separation and trapping may cease below a certain
size. At this limit, Brownian motion and random thermal drift will overcome any induced DEP force.
An equation for the limit has been previously calculated by Hughes [39] for opposing electrodes with a

fixed trap width or electrode gap (Ad).

3 10KT
r>
e, Re(Fem) VIEZ| Ad

(6)
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where K is Boltzmann's constant and 7 is the temperature.

2.2 Direct current dielectrophoresis (DC-DEP)

Direct current dielectrophoresis is a novel technique employing insulating objects or hurdles within
the channel to create spatial field non-uniformities. It is also known as insulator-based
dielectrophoresis (iDEP) or electrodeless dielectrophoresis (¢eDEP) or contactless dielectrophoresis
(cDEP), owing to the fact that the electrodes are placed far outside the channel in the inlet and outlet

ports.

Neglecting the frequency component for strict DC-DEP, the Fcy in Eq. (2a) is modified to Eq. (4a)
[40].

Op—0m

Fryv_ =
CM-DC Op+20m

(7

When the dimension of the material being manipulated is nanoscale, the manipulation of these
nanoscale materials would be more affected by van der Waals force, electrostatic force and
electrothermal force. However, when the distance between the material and the microelectrode is
within the control radius and larger than 10 nanometers, the DEP force dominates. This control radius
is the region where the DEP force (decaying exponentially in the far field) is larger than the other
resistance force. So the simplification Eq. (7) could substituted into Eq. (1), yielding

Op—0m 2
Fprp = 2mr3e,, =% V|E
DEP My 20m |E3c]

®)

where Epc is the magnitude of the applied DC electric field.

DC-DEP techniques are advantageous compared to the classical AC-DEP manipulation. The
advantages of using such insulating obstacles are enormous [26]: (1) electrochemical reactions are
removed, (2) fabrication process is simpler and more stable because no embedded metal components
are required, (3) the electrothermal effects can be reduced remarkably, (4) the samples are less
affected by fouling, (5) devices are chemically inert and robust, (6) high manipulation efficiency of

sensitive biological particles.
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However, electric field magnitude is inversely proportional to the gap between electrodes which is
often in the order of centimeters in DC-DEP. Thus, if DEP manipulation device is performed under
purely DC fields or <100 kHz AC fields, it often requires very high voltages to create a suitable
electric field gradient for DEP manipulation, which in the meantime raises the risk of electric shock

during operation [41].

2.3 (AC+DC)-DEP

Another novel manipulation technique is the combination of AC-DEP and DC-DEP which uses both
AC and DC fields in the insulating obstacle geometry to achieve manipulation [42]. By using both AC
and DC signals, high voltage DC signal can be reduced and replaced by the low frequency AC signal
in the order of <100 kHz, thus reducing the potential problems of Joule heating and sample
degradation [43]. Meanwhile, a larger manipulation area could be achieved and the fabrication
process becomes simpler and more stable, owing to the fact that the electrodes could be placed outside
the channel. The force associated with this form of DEP is a function of the ratio of both the AC and
DC voltage, as defined by Zhang et al. [30]. Besides, some groups have accomplished outstanding
achievements in DEP manipulation of nanomaterials by applying (AC+DC)-DEP, as discussed in part

four.

2.4 Fluid force

2.4.1 Pressure-driven flows

It is obvious that fluid flows can be generated by applying hydrostatic pressure differences on the
device. The most well-known example of such pressure-induced flow is the parabolic
Hagen-Poiseuille profile in a straight channel [44]. Even in general channel designs with nontrivial
structures (posts, constrictions, etc.), the main characteristics of pressure-driven flows are small flow

velocities close to the device boundaries and high velocities in the middle of the fluidic channel.

The Fgoy is the drag force for an isolated cylinder in laminar flows parallel to the axis of

symmetry (the wall effect is neglected). The formula of Fy,,, is given as [45]:

4mtulUa

Friow = In(2a/b)—0.72

©)
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where p is the viscosity of the fluid; U is the fluid velocity; a and b are the length and radius of
the cylinder, respectively. From Eq. (9), it is found that the F g, is proportional to velocity U which

achieves the maximum at the channel centerline.

All of these formulas reveal that the Fpep decays exponentially with increasing distance of
nanomaterials away from the electrodes while the Fj,,, increases with increasing distance of

nanomaterials away from the channel wall.

2.4.2 Electrothermal and electroosmotic flow

Except for generated by applying hydrostatic pressure, fluid flows can also induced from electric field
gradients. Electric fields act on the nanomaterial suspension when there are gradients in the fluid
charge density, which can pronouncedly impact the forces on nanomaterial. Electric-field-induced

fluid flows are subdivided into two categories: electrothermal flow (ETF) and electroosmotic flow.

The applied electric field causing electric current flow in the solution and then Joule heating. Joule
heating of the fluid induces permittivity and conductivity gradients, thus creating electrothermal force
on the fluid. Afterwards, nanomaterials in the solution are subjected to motion by the imposed drag
force from the electrothermal flow of the fluid [46, 47].

Another electric-field-induced fluid flow is electroosmotic flow. Electroosmosis is caused by the
interaction of an electric field with free charges in the electric double layer and has its origin in the
Coulomb force. Charges in the diffuse layer migrate in the vicinity of an interface due to the applied
electric field and generate a drag flow in the fluid. If the electric field is nonuniform, an AC signal
induces analogous behavior on metallic surfaces [46, 47]. In this force system, Brownian motion has
been shown to be less of an impediment to the dielectrophoretic movement of nanomaterials [47]. The
above electrophoresis theory provides the theoretical basis and tool for analyzing the forces and

movement behavior of nanomaterials (nanoparticles, nanowires, etc.) in the following quoted articles.

3. Micro/nano-electrodes for nanomaterials manipulation

Dielectrophoretic manipulation, such as assembling, sorting, trapping, and electro-rotation, can be
accomplished by applying different electrode patterns and electric signals (voltage, phase and
frequency) [48]. Several years ago, non-uniform electric fields were produced using traditional

electrodes, such as metal needles, wires, rods, and sheets. Electric field gradient is inversely
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proportional to the distance between electrodes [41]. To induce electric field gradients appropriate for
required voltage levels, on the order of tens of volts, the gap between the electrodes must be
optimized to the size of the nanomaterials intended to be manipulated. With the development of
micro-fabrication techniques, it possible to fabricate precise micro/nano-electrodes to produce the

needed specific field gradients [49].

The advantages in employing micro/nano-electrode are obvious. Firstly, the miniaturization
substantially reduces the electrode decay and Joule heating effects, thus retaining the viability of
suspension. And then, the dielectrophoretic force hinges on the gradient of the square of the electric
field, and direct dimensional analysis has substantiated the substantial rise in dielectrophoretic force
achieved with micro/nano-sized electrodes. So the dielectrophoretic force exerted on the

nanomaterials vastly increases [26].

3.1 Internal electrodes

In recent decades, the vast majority of research works of nanomaterials manipulation performed on
DEP has been done using internal electrodes. Internal electrodes are implant inside the microchannel
producing non-uniform electric field directly and coming into contact with the nanomaterials and the
suspending medium. There are a variety of materials that have been used in DEP applications but
platinum and gold remain the best options given their proven good electrochemical stability and
biocompatibility. Indium tin oxide (ITO), a sort of transparent conductor when applied in thin layers,
is also democratic to fabricate microelectrodes following techniques similar to those applied to
metals. The main potential imperfection of applying metal electrodes are electrolysis at high
frequencies and fouling. The net aftereffect of these matters can be gas generation or dissolution of

the electrodes, which might potentially damnify the nanomaterials being manipulated.

A huge diversity of electrode pattern designs have been applied by different research groups. There
are some popular configurations applied to achieve DEP effects using an AC field, such as
interdigitated microelectrodes [50, 51], multiphase electrodes [52], trapezoidal electrode array, checker
board arrangement, and pyramidal arrangement [53]. The interdigitated electrode array is the most
commonly used electrode pattern applied to achieve non-uniform electric field as it is easy to model and
creates large arrays. The interdigitated electrode array comprises two sets of electrode arrays, with
one of the sets designated as the ground [48]. Castellated electrodes are similar to interdigitated
electrodes but they comprise square-wave-shaped electrodes. Those electrodes are positioned parallel

to each other, and regions of field maxima and minima are produced [30]. Specially, there was a kind
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of leadless dot matrix electrodes pattern (internal electrodes), which could achieves continuous-area

manipulation of nanomaterials without electric field interference from the leads [54].

3.2 External electrodes

Secondary common method of producing non-uniform electric field is the usage of external electrodes
which is placed outside the channel of DEP chip. It is also known as electrodeless dielectrophoresis
(eDEP) or insulator-based dielectrophoresis (iDEP) or contactless dielectrophoresis (cDEP). Instead
of producing non-uniform electric field directly, the external electrodes are producing an relatively
large area of uniform electric field, and then shape-designed insulating hurdle or obstacle in the
microchannel is utilized to split the uniform electric field into the required non-uniform electric field
[42]. The main advantage of applying external electrodes is that the electrodes are not fabricated
along with the DEP device. This advantage to a large extent reduces the complexity and costs of the
fabrication. Meanwhile, the problem of Joule heating is largely eased and there will be no bubbles

generated from electrolytic reaction inside the channels.

The number and shape of these insulating hurdles can be designed according to the required
non-uniform electric field, and meanwhile the microchannel itself can be shaped into any needed
geometry. Several common geometries were explored including saw tooth channel [55], spiral [56],

oil droplet [57], triangle [58], a serpentine microchannel [59, 60], and a rectangle [58, 61, 62].

A required complicated non-uniform electric field is created as the electric field lines diverge
around the insulating hurdles. Owing to the insulating hurdles, a region of high electric field density is
created within the narrow channel regions produced by the hurdles. The nanomaterials are driven by
fluid flow through these narrow regions, while the field gradient shape aids in nanomaterials motion.
Since dielectrophoretic forces drive the nanomaterials away from or toward the high electric field
density, the nanomaterials experience a repulsive or attractive force as they flow around the corner of

the hurdles, thus promoting nanomaterials motion according to its polarizability.

4. Dielectrophoretic manipulation of nanomaterials
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The main components of nanomaterial manipulation are manipulation methods (DEP) and
manipulated objects (nanomaterials). In this section, there are four parts divided according to the
morphological properties of the manipulated nanomaterials (Fig. 1): (1) zero-dimensional
nanomaterials (nanoparticle, quantum dot etc.); (2) one-dimensional nanomaterials (nanowire,
nanotube, nanorod, nanomotor etc.); (3) two-dimensional nanomaterials (graphene etc.); and (4) other
nanomaterials (DNA, viruses, vesicles, supramoly, molecules, bacteria etc.). These nanomaterials
almost have unique properties such as, physical property (e.g. high surface-to-volume ratio),
mechanical property (e.g. outstanding robustness), electrical property (e.g. high carrier mobility) and
versatile chemistry. And then, the three primary criteria for judging the ability of DEP manipulation

of nanomaterials are discussed respectively: (1) accuracy; (2) flexibility; (3) scale.

In summary, the main challenge of putting forward the research in DEP manipulation of
nanomaterials is how to create arbitrary complex non-uniform electric field in the nano-scale, and
then achieving the high precise, flexible and large-scale manipulation of nanomaterials. Table 1
contains the key information of DEP manipulation collected from the articles we discussed below

divided according to the morphological properties of the nanomaterials.

4.1 Zero-dimensional nanomaterials (nanoparticle, quantum dots etc.)

4.1.1 Nanoparticle

Nanoparticles are bulk materials that are three dimensional at the nanometer scale. In recent years,
nanoparticles have been widely implemented for nanoscience applications [90-117]. Thus, effective
and efficient nanoparticle manipulation are significant for advancement in these fields. Tanaka et al.
(Fig. 2A) [82] achieved accurate DEP manipulation of the single nanoparticle passing through a
solid-state pore. In their experiments, a trap field was created by applying AC electric signals between
electrodes embedded in a low-aspect-ratio micro-pore. Besides, accurate DEP manipulation technique
was applied to assemble multifarious nano-sensors which had excellent performance in sensitivity,
repeatability and stability [76, 77, 81, 84]. Besides, extensive researches had been accomplished about

continuous accurate separation of nanoparticles based on DEP technique [81].

Knigge et al. (Fig. 2B) [78] achieved the large-scale temporary or permanent immobilisation of
polystyrene (PS) nanoparticles on vertical nano-electrodes by dielectrophoresis-based technique. The
electrodes had diameters of 50 nm or 500 nm, respectively, and were fabricated in arrays of several
thousand electrodes, allowing huge amount of experiments simultaneously. Moreover, Gallego et al.

(Fig. 2C) [118] achieved large-scale pyroelectric manipulation and patterning of nanoparticles in
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lithium niobate opposite domain structures. They for the first time used the specific ferroelectric
domain structure of periodic opposite domain lithium niobate (ODLN) crystals for structured
nanoparticle manipulation. In particular, the surface charge density created by a temperature change in
this pyroelectric material was the fountainhead of the trapping forces: electrophoretic on charged ones

and dielectrophoretic on neutral particles.

The year ensuing, Rozynek et al. (Fig. 3A) [5] achieved large-scale formation of printable colloidal and
granular chains through dielectrophoresis and capillary effects. The chains were automatically
stabilized by liquid bridges formed between adjacent nanoparticles, without the need for special
particle functionalization or continuous energy input. This study advances the scale of nanoparticle

assembly from micrometer scale to centimeter scale.

Outstanding performance in the comprehensive ability of accuracy, flexibility and scale was
achieved in the researches of Cihan Yilmaz et al. (Fig. 3B) [83]. They demonstrated that colloidal
nanoparticles could be manipulated and simultaneously accumulated into three-dimensional metallic
nanostructures with complex geometries such as nanorings, nanoboxes and nanopillars with feature
sizes of 25 nm in less than one minute by applying externally electric field. The systematic study of
the DEP manipulation of nanoparticles has laid a vital foundation for the applications of single cell
analysis, targeted drug delivery and precise nanosurgery. Besides, increasing number of relevant and

promising applications is to be developed by multidiscipline scientists.

4.1.2 Quantum dots (QDs)

Quantum dot is a kind of special nanoparticle (nanoscale semiconductors) and it can emit a specific
frequency of light when applying a certain electric field or light. Accurate assembly of arrays of
QDs-nanowire hybrid for location deterministic biochemical detection was achieved by Liu et al. (Fig.
4A) [87]. QDs (diameter < 10 nm) were precisely positioned on the tips of the pre-assembled Au
nanowires. The mechanisms of manipulation were quantitatively understood as the cooperative effects

of alternating current electroosmosis (ACEQO) and dielectrophoresis due to AC electric fields.

Flexible manipulation of single QDs and polystyrene nanoparticles at a gold nanostructure by
applying the AC-dielectrophoretic force was achieved by Kim et al. (Fig. 4B) [86]. Manipulation in
three degrees of freedom (end-facet, side, and position-selective manipulation) was actualized in gold

nanostructures between microelectrodes.
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Nasti et al. (Fig. 4C) [85] has achieved large-scale, complex and reversible manipulation of CdSe
quantum dots driven by pyroelectric-dielectrophoresis. They investigated experimentally the dynamic
behaviors of CdSe QDs by time-lapse fluorescence microscopy imaging. Specially, the QDs for
visualization, manipulation and measurement were immersed in polydimethylsiloxane (PDMS) fluid.
Their research opened the pathway for designing a switchable and reversible device allowing two

different final QDs-patterned states.

4.2 One-dimensional nanomaterials (nanowire, nanotube, nanorod, nanomotor etc.)

In the aspect of accuracy of nanomaterials manipulation, Leiterer et al. (Fig. 5A) [71] achieved
accurate manipulation of single silicon nanowire and sufficient contact between nanowire and two
pre-patterned electrodes by applying DEP-based technique. In the same year, high precise
manipulation and actuation of arrays of nanowire were achieved by Kim et al. (Fig. 5B) [70]. In this
work, they reported innovative mechanisms for accurate manipulation and actuation of nanowire
arrays that could synchronously oscillate between two pre-designed positions for over 4000 cycles.
The actuation mechanisms and manipulation were based on dielectrophoresis (DEP)-based technique
and unique magnetic interactions between perpendicular magnetic anisotropy (PMA) with

nanoentities.

In the aspect of flexibility of nanomaterials manipulation, Liu et al. (Fig. 6A) [54] presented a
novel ‘leadless’ dielectrophoresis chip with dot matrix electrodes (LDME-DEP chip) fabricated by
stacking three different functional layers. The LDME-DEP chip excels mainly in two aspects: (1) they
for the first time applied the technique of separating the lead and the electrode pattern into two
different layers to manipulate nanowires, which achieved continuous-area manipulation of nanowires
without interference from the lead; (2) the use of dot matrix electrodes made the manipulation more
flexible. In the same year, Wang et al. (Fig. 6B) [65] achieved flexible assembly of Ag nanowire
arrays with arbitrarily angle on an independent, removable polyethylene terephthalate (PET) film by
rotating the reusable ITO electrodes. The PET film was placed on the reusable ITO electrodes, and a
sinusoidal AC electric signal was applied to the electrodes to induce DEP force for nanowire
assembly upon the flexible film. And then, Boehm et al. (Fig. 6C) [64] achieved reconfigurable
positioning of vertically-oriented nanowires around topographical features through dielectrophoretic
and electrohydrodynamic forces which were manipulated through frequency and voltage variation.
Nanowires were assembled in water solution between two parallel plane electrodes, where the bottom

plane electrode was patterned with cylindrical photoresist posts.
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In the aspect of scale of nanomaterials manipulation, conventional DEP manipulation of
nanomaterials using electric fields has been restricted to small scale structures. Bornhoeft et al. (Fig.
7A) [72] broke this limitation by applying the Tesla coil’s antenna to create a gradient high-voltage
force field that projected into free space. This was an upgraded form of DEP, which they called
Teslaphoretic (TEP). They showed that carbon nanowires placed within the TEP field polarized and
self-assembled into wires at remote distances (>30 cm). Thus, the scale of the manipulation of
nanomaterials span from the nanoscale to the macroscale was achieved through this technique.
Besides, another work of large scale manipulation of nanomaterials was achieved by Venkatesh et al.
(Fig. 7B) [68]. They achieved directed assembly of ultrathin Au nanowires over large area fingertip
pointing shaped electrodes using AC DEP. On the basis of the electric signal (voltage and frequency),
the ultrathin Au nanowires either at the sides of or align between the electrodes. Moreover, numerous
research works about fabricating various high performance surface emitting LEDs has been

accomplished based on large-scale assembly of nanomaterials [74, 75].

Outstanding performance in the comprehensive ability of those three indicators (accuracy,
flexibility, scale) was achieved in the researches of Guo et al. (Fig. 8A) [9]. They reported a precise and
controllable method in manipulating nanomotors by strategically applying three-dimensional electric
fields. With the high controllability, the nanomotors demonstrated versatility in capturing,
transporting, and releasing of cargos to pre-designated destination. Under the combination of DC and
AC electric fields, nanomotors could effectively change their speeds instantly by the DC electric
fields and accurately aligned by the AC electric fields. Within the three-dimensional orthogonal
micro-electrode sets, the in-plane delivering of nanomotors could be fleetly turned on and off, and
these nanomotors could also move in the perpendicular direction. In the same year, Yu et al. (Fig. 8B)
[63] achieved the simultaneous Automated characterization, manipulation, and assembly of nanowires
(ACMAN) with selectable electrical conductivities into nanodevices by applying an integrated
DEP-based method. These multiple individual nanowires could be selected according to their
electrical characteristics and precisely positioned at different locations in a low-conductivity liquid to
form functional nanodevices with desired electrical properties. In addition, there are numerous other
relevant excellent researches based on DEP manipulation of one-dimensional nanomaterials, which

are not be discussed in detail here [119-144].

4.3 Two-dimensional nanomaterials (graphene etc.)

Graphene is a two-dimensional, schistose nanomaterial with high specific surface area, excellent

chemical and physical properties. Thus, efficient and effective graphene manipulation is crucial for
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advancement in nano-science and technology. Oh et al. (Fig. 9A) [145] achieved high-precise and
selective positioning of high-quality graphene sheets on a transparent and flexible polyethylene
substrate by applying dielectrophoresis- based technique. In the same year, Park et al. (Fig. 9B) [146]
achieved high accurate and large scale assembly of graphene under a non-uniform electric field.
Graphene flakes were aligned precisely with the pre-defined Ti/Au electrodes on Si02/Si substrate. A
remarkable increase in conductivity and carrier mobility was observed after vacuum annealing at 100
°C.

Wang et al. (Fig. 9C) [89] achieved large-scale assembly of graphene oxide (GO) nanostructures
mixed with platinum (Pt) nanoparticles between the parallel finger electrodes. The Pt-modified GO
nanostructures were well positioned between a pair of pre-patterned Ti/Au electrodes by applying the
DEP technique with the optimized parameters. Two year later, Hong et al. (Fig. 9D) [10] demonstrated
electric-field-induced isotropic- nematic or biphase-nematic phase separation applying
dielectrophoretic condensation of GO particles in a dispersion medium. Large-scale assembly of GO
using dielectrophoresis had advantage that the spatial shape of phase separation could be arbitrarily
tailored through electrode design, and the GO was well aligned. This work corroborated that DEP was
a powerful tool to manipulate and assemble GO in wet dispersions. Besides, some other relevant
researches based on DEP manipulation of two-dimensional nanomaterials are not be discussed in
detail here [147-166].

4.4 Other nanomaterials (DNA, viruses, vesicles, supramoly, molecules, bacteria etc.)

Kopperger et al. (Fig. 10A) [12] created a 55-nm—by—55-nm DNA-based molecular platform with an
integrated robotic arm (length of 25 nm), which could be lengthened to more than 400 nm and
actuated with DEP-based technique. Specially, computer-controlled switching of this integrated
robotic arm between arbitrary positions on the platform could be realized within milliseconds.
Moreover, the arm could be used for electrically driven transport of nanoparticles or molecules over

tens of nanometers.

Schéfer et al. (Fig. 10B) [167] achieved accurate assembly of bovine serum albumin (BSA)
molecules on arrays of metallic nanocones by dielectrophoresis. The gold nanocones are integrated
into a microfluidic channel and used as nanoelectrodes. By applying an AC voltage, BSA molecules
near the nanocones in the channel would be captured by DEP. After assembly of the BSA molecules,
the plasmonic nanostructures can be directly demonstrated by optical read-out techniques (Fig.
10B-d).

This article is protected by copyright. All rights reserved.

15



Accepted Article

www.electrophoresis-journal.com Page 16 Electrophoresis

Another accurate DEP manipulation of nanomaterials was achieved by Barik et al. (Fig. 10C) [13].
They excogitated that atomically sharp edges of single-layer graphene could create singular electrical
field gradients for manipulating nanomaterials through dielectrophoresis-based technique. They found
that graphene-edge dielectrophoresis could generate 10 times higher gradient forces as compared to
metal electrodes. Thus, they achieved near-100% nanoparticle accurate positioned at an extremely
voltage (0.45 V) with nanodiamonds, nanobeads, and DNA within seconds through graphene-edge
dielectrophoresis. Graphene-edge dielectrophoresis puts forward the physical limit of gradient-force
based manipulating by generating atomically sharp tweezers. Besides, some other researches
accomplished based on DEP manipulation of nanomaterials, such as MoS, nanosensors fabricated by

dielectrophoretic assembly for ultrasensitive and rapid sensing of volatile organic compounds [168].

5. Conclusion and outlook

The research in DEP manipulation of nanomaterials opens a door of putting forward macro science
and technology into nanoscale world. There are three main criteria for judging the ability of DEP
manipulation of nanomaterials which are also challenges we need to put efforts into: (1) accuracy; (2)
flexibility; (3) scale. In summary, the main challenge of putting forward the research in
dielectrophoresis manipulation of nanomaterials is how to create arbitrary complex non-uniform
electric field in the nanoscale, and then improving the comprehensive performance in the ability of

those three indicators, achieving high precise, flexible and large-scale manipulation of nanomaterials.

Until now, scientists from multidisciplinary fields have explored and developed numerous
excellent DEP manipulation systems. However, due to the drawback that dielectrophoretic mechanism
is not compatible with high-ionic-strength biological fluids, in vivo applications based on current
nanomaterials manipulation and assembly face significant challenges. Future research efforts might be
looking into the possibility of solving this problem. Moreover, a possible step-forward in improving
the comprehensive performance of those three indicators is the usage of AC+DC, Teslaphoretic (TEP,
an upgraded form of DEP), three-dimensional electrodes and dot matrix electrode pattern, thus
achieving the high precise, flexible and large-scale manipulation of nanomaterials. In particular, the
manipulation scale span from the nanoscale to the macroscale (>30 cm) was achieved through using
TEP. In addition, the usage of three-dimensional electrodes enables the three-dimensional
manipulation of nanomaterials. Thorough consideration of the aforementioned suggestions might pave

the way for more attention and development in DEP manipulation of nanomaterials.

The developments in the research of DEP manipulation of nanomaterials are likely to have

profound impact upon diverse applications, such as nanodevice manufacture, directed drug delivery,
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and precise nanosurgery. Given the enormous interests in this cutting-edge research field, we
anticipate inexhaustible innovative ideas and useful applications in the future. With such careful
attention to requirements and key challenges, along with developments and innovations, DEP
manipulation of nanomaterials is expected to have tremendous impact on diverse applications,
providing infinite opportunities limited only by one's imagination. These gradually accumulated
developments will eventually revolutionize nano-science and technology, leading to significant

improvements in the quality of our life and facilitating the realization of the glorious future vision.
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Table 1 (continued)
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Fig. 1 (A) The research in DEP manipulation of nanomaterials (zero-dimensional, one-dimensional, two-dimensional and
other nanomaterials) has laid vital foundation on putting forward macro science and technology into nanoscale world. The
gradually accumulated developments in DEP manipulation of nanomaterials will eventually arouse The Butterfly Effect to
revolutionize all the other nano-science and technology, leading to significant improvements in the quality of our life, and

facilitating the realization of the glorious future vision. (B) Most commonly used microelectrodes are the combination or array
of the smallest electrode elements in B-(a-m). Furthermore, these electrode units are divided according to the dimensions of the

nanomaterials they are commonly used to manipulate. Internal electrodes: (a-b, i) zero-dimensional; (c-f) one-dimensional;
(g-h) two-dimensional and other nanomaterials. External electrodes: (j-m) zero-dimensional.

This article is protected by copyright. All rights reserved.

29



Accepted Article

www.electrophoresis-journal.com Page 30 Electrophoresis

(a) o
100pm

Fig. 2 (A): (a) Schematic illustrations of a four-electrode embedded micropore. (b) SEM image of a micropore consisting of a
hole in a thick SiN membrane with four Pt electrodes arranged in a cross-wise configuration. (c¢) The schematic models for
characteristic [, signals. (B): (a) Schematic illustration of the electrode configuration. (b) Micrographs of DEP immobilised
nanoparticles. (C): (a-c) SEM images of trapped nanoparticles forming chains. (e, f) Micrographs of Ag nanoparticles trapped
mainly on alternate domain walls
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Fig. 3 (A): Experimental realization. (a-c) Pulling a conductive chain out of a container filled with a dispersion of Ag-coated
hollow silica spheres in silicone oil. (d) A nearly 3-cm-long chain comprising hundreds of particles. (B): (a, b) NPs suspended
in water solution are (a) assembled and (b) fused. (c) Removal of the patterned insulator film. (e-g) Fabricated nanopillars
made of (e) copper, (f) aluminum, (g) tungsten, (h) gold and silicon, (i) gold and fluorescent PSL. (j) Top-down and high-angle
SEM images of a 3-D nanobox and a nanoring.
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Fig. 4 (A): (a) Schematic diagram of ACEO flows for QDs manipulation. (b) Schematic diagram of manipulation QDs in the
circular microelectrodes. (c). Quantum dots can be precisely positioned on the tips of arrays of nanowires. (B): (a) Schematic
view of nanoparticle manipulation at metal nanostructures and the calculated electric field around nanostructures with the
floating DEP force. (b-¢') Manipulated single QD at Au nanostructures (C): Schematization of the optical setup used for the
acquisition of the frame sequences (a) and two opposite QDs patterns achievable by the same periodically poled lithium
niobate (PPLN) crystal after heating (top) and cooling (bottom) the crystal (b) (scale bar 200 pm)
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non-welded, unreliable contact

Fig. 5 Accurate DEP manipulation of single nanowire. (A): SEM image of DEP trapped SiNW. (a) Trapped SiNW without
welding having insufficient contact to the electrodes. (b) SINW welded to the electrodes with short pulse of higher voltage is
closely clinging on the electrodes, which provides reliable contacts for electrical measurements. (B): (a) Schematic diagram of
dielectrophoresis (DEP)-based setup consists of Au quadrupole electrodes with a magnetic nanoanchor array at the center. (b)
Overlapped snapshots and schematic diagrams of oscillating nanowires assembled on a single disk magnetic nanoanchor and a

2x2 array of bar-shaped magnetic anchors.

A Electric field gradient (V/im e Experiments B (a) Second assembly
Field-directed assembly

c (a' rr-wmim light
ITO coated cover slip

Nanawire suspension| %
LR

Au coated cover slip

Photaresist post . Tape spacer

Objective

Fig. 6 Flexible DEP manipulation of nanomaterials. (A): (a), (b) Contour plots of the electric field gradient of the dot matrix
electrodes with and without lead. (c) The interference of the lead in the electric field distribution. (d) Dark-field image
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illustrating that a nanowire hovers centered above two energized dot electrodes without interference from the lead. (B): (a)
Schematic illustration of the multi-step nanowire assembly process. (b-g) Flexible assembly of Ag nanowire arrays with
arbitrarily angle on an independent, removable PET film by rotating the reusable ITO electrodes. (C): (a) Side view schematic
of experimental set up. (b) Nanowire assemblies could be reconfigured by changing the applied frequency. (c) When the field
was off, nanowires laid parallel to the substrate. When the field was turned on, the nanowires stood perpendicular to the
substrate.

Ag — 10V, 20 MHz
Antenna s g 2 N y
[ 21
: i
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R RN T
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Fig. 7 Large scale DEP manipulation of nanomaterials. (A): Teslaphoretic (TEP) directed self-assembly of bulk CNTs into
long macroscale wires. (a) TEP system with a Teflon dish containing ~1 mg of CNT powder in a pool of 1% Pluronic water. (b)
Directional control of nanotube wire growth using an electrically grounded metal plate located 10 cm away from the upper
right corner and lower right corner of the Teflon dish. Scale bars =3 cm. (c) Nanotube wire remotely self-assembled 30 cm
away from the antenna in <40 s. (B): Directed assembly of ultrathin Au Nanowires over large area by DEP. SEM images of
nanowires aligned (a) between electrodes and (b) along the sides.
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Fig. 8 Outstanding performance in the comprehensive ability of the three indicators (accuracy, flexibility, scale) in DEP
manipulation of nanomaterials. (A): (a) Scheme of 3D orthogonal microelectrode setup. (b) Schematic diagram of 3D
manipulations of Pt-Au catalytic nanomotors in H,0O, fuel with AC E-fields. (c) SEM and (d) energy-dispersive X-ray
spectroscopy (EDX) images of Pt-Au catalytic nanomotors. (¢) Overlapped snapshots of a catalytic nanomotor guided by AC
E-fields. (B): (a) Schematic of the ACMAN system to fabricate nanowire-based FETs with selected electric properties. (b)
Fabrication schematic for the Si NW-based bottom-gate FETs. (c) Schematic of microfluidic device with 2x2 independently
actuated assembly electrode array on a bottom substrate, with a common top electrode. (d) Overlaid trajectories of two Si NWs

separated by their different electrical conductivities using the ACMAN process.
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Fig. 9 (A): Schematic of device fabrication process. (B): (a) Raman spectra after various treatments (b) microscope and (c, d)
SEM images after DEP process. (C): (a) Optical microscopy image and (b) higher magnification optical microscopy image of
the prepatterned parallel finger electrodes. (¢) Schematic of the experimental setup for DEP processing. (d) Schematic showing
assembled GO nanostructures and Pt nanoparticles. (¢) AFM image and height profile of GO nanostructures. (D): (a)
Gravity-induced phase separation in bottles containing various concentrations of GO. (b) Optical reflective and (c)
transmissive microscopic images of 0.25 wt% GO freeze-dried fracture sample. (d-g) SEM image of GO freeze-dried fracture
sample near the boundary of the H and L regions. Scale bars, 100 um.

Fig. 10 (A): A molecular platform with an integrated rotatable positioning arm. (a) Sketch of the DNA origami structure in side
and top view. (b) TEM class-average and single-particle micrographs of the structure. (c) AFM image of particles on mica.
(d-e) Electrically controlled movement of molecules and nanoparticles. (f) TEM micrograph of a structure with a 25-nm
AuNR. (B): (a) Top view of arrays of gold nanocones in a microfluidic channel. (b) SEM images of arrays of gold nanocones.
(c) Schematic of the capture of particles by a metallic nanocone via dielectrophoresis. (d) Fluorescence image of BSA
molecules arrays captured by DEP. (C): (a-d) DEP manipulation of DNA molecules.
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