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Abstract

Insulator-based dielectrophoresis (iDEP) is a simple, scalable mechanism that can be used for
directly manipulating particle trajectories in pore-based filtration and separation processes.
However, iDEP manipulation of nanoparticles presents unique challenges as the
dielectrophoretic force (Fpep) exerted on the nanoparticles can easily be overshadowed by
opposing kinetic forces. In this study, a molecularly thin, SiN-based nanoporous membrane
(NPN) is explored as a breakthrough technology that enhances Fpgp. By numencally assessing
the gradient of the electric field square (V |E [*)—a common measure for FDEP magnitude—it
was found that the unique geometrical features of NPN (pore tapering, sharp pore corner and
ultrathin thickness) act in favor of intensifying the overall V EPR. A comparative study indicated
that V |E generated in NPN are four orders of magnitude larger than track-etched
polycarbonate membranes with comparable pore size. The stronger V |E suggests that iDEP
can be conducted under lower voltage bias with NPN: reducing joule heating concerns and
enabling solutions to have higher ionic strength. Enabling higher ionic strength solutions may
also extend the opportunities of iDEP applications under physiologically relevant conditions.
This study also highlights the effects of V |E ? induced by the ion accumulation along charged
surfaces (electric-double layer (EDL)). EDL-based V |E [ exists along the entire charged
surface, including locations where geometry-based iDEP is negligible. The high surface-to-
volume ratio of NPN offers a unique platform for exploiting such EDL-based DEP systems. The
EDL-based V |E [> was also found to offset the geometry-based V |E [2, but this effect was
easily circumvented by reducing the EDL thickness (e.g. increasing the ionic strength from 0.1
to 100 mM). The results from this study imply the potential application of iDEP as a direct,
in-operando antifouling mechanism for ultrafiltration technology, and also as an active tuning
mechanism to control the cut-off size limit for continuous selectivity of nanomembrane-based
separations.

Keywords: insulator-based dielectrophoresis, ultrathin nanoporous membrane, numerical
analysis, low voltage
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1. Introduction

Silicon-based nanomembranes are molecularly thin
(10-100 nm) freestanding permeable membranes with pore
sizes that can be tuned between 5 and 100 nm [1]. This unique
structure combined with porosities as high as 40% give SiN-
based nanoporous membranes (NPN) exceptional perfor-
mance characteristics as platforms for biological tissue mod-
els [2, 3], as electroosmotic pumps and flow sensors [4, 5], as
molecular sensors [6-8], as cell concentrators [9], and as
various separation devices [1, 10-13]. A key challenge for
advancing this attractive technology is to mitigate the dele-
terious effects of fouling—adsorption of proteins and other
particles onto the nanomembrane—and improve membrane’s
operational life and costs [14]. The nanomembranes are par-
ticularly susceptible to clogging effects due to their extremely
high permeation flux [15]. We report a theoretical study on
the application of dielectrophoresis (DEP) as a direct, in-
operando particle-trajectory manipulation mechanism for
nanomembranes.

DEP is a well-known electrokinetic mechanism that is
induced in polarizable particles immersed in a medium and
exposed to a non-uniform electric field. The magnitude of the
DEP force (ﬁDEP) exerted on a particle is a function of
the particle and suspending medium properties, as well as the
gradient of the electric field square (V IE ) [16],

Fpgp = 21,7 Re{CM}(V |E P), (0

where r is the particle radius, €, is the absolute permittivity of
the surrounding medium and CM is the Clausius—Mossotti
factor that describes the effective polarizability of the particle
in the medium:

CM=2"M z_ 0+ 2, )

gp + ng 1w

where w is the frequency of the applied voltage bias, and
subscripts P and M represent the particle and the medium,
respectively, o is the conductivity, and i is the imaginary
number. The above equations indicate that the ﬁDEP exerted
on a particle can be controlled by simply tuning the frequency
or the magnitude of the applied voltage [16—18]. When the
value of Re{CM} is positive, particles migrate towards
stronger electric-field regions (positive DEP), and when Re
{CM} is negative, particles move away from stronger elec-
tric-field regions (negative DEP) [19]. When ¢,,, r, and CM
are constant, ﬁDEP becomes proportional to V |E [>—a value
commonly used as a measure of ﬁDEp magnitude in numerical
analyses [20].

Generating V |E [2, and thus ﬁDEP on particles, by
focusing electric field across pore orifices of insulating porous
membranes is one type of commonly studied insulator-based
DEP (or iDEP) systems [9, 21, 22]. Employing negative DEP
forces drives particles away from the pore orifice, offering a
simple, scalable mechanism for manipulating particle trajec-
tory in pore-based separation/filtration systems [9, 23-28].
However, application of iDEP to manipulate nanoparticles is
challenging due to the presence of other opposing kinetic
forces—such as electroosmotic flow (EOF), electrophoresis

(EP), convection and/or Brownian motion—that can easily
overshadow ﬁDEp exerted on nm-scale particles. Larger ﬁDEp
are commonly achieved by increasing the applied voltage
from tens of volts to thousands of volts, but such high vol-
tages cause rapid Joule heating that alter the electrokinetic
forces acting on the particle and lower the energy efficiency
of the process [29-36].

This study was motivated by the hypothesis that the
unique nm-scale geometry of nanomembranes will lower the
ohmic losses and enhance the field-focusing effect at the pore
orifice. Key parameters that affect Fpep are identified by
COMSOL® numerical analyses. The results indicate that the
nanomembrane geometry has the potential to increase Fogp by
four orders of magnitude compared to commercial track-etch
polycarbonate (TEPC) membranes with comparable pore size.
The study also showed that Fogp generated in NPN geome-
tries are susceptible to V |E? induced by electrical double
layer (EDL). The EDL-induced V IE [ fields are concentra-
tion dependent, cover the entire charged surfaces, and may
affect the V |E * induced by the geometric effect.

2. Methods

2.1. Numerical model

A two-dimensional (2D) axial symmetric model of a single
nanopore in a membrane was developed to analyze the induced
V |EP (figure 1). The axial symmetry boundary was set at
r = 0. The dimensions of the nanopore are defined by the pore
tip radius (v,), pore taper angle (¢), radius of curvature at the
edge of the pore opening (r,) and the thickness of the membrane
(H). To evaluate the magnitude of steady-state V |E|2, an
arbitrary electric potential (¢,,, = 1'V) is placed 20 pm above
the top surface of the membrane (z = 0) and the ground (0 V) is
placed 20 um below the bottom surface of the membrane
(z = —H). The radial boundary of the fluid (i.e., the membrane
and the electrode radii) were 10 m. Ample height and radius
was given to the fluid reservoir (relative to the pore radius
(~15 nm)) to ensure minimal effect of the fluid reservoir size on
the electric field distribution. All other boundaries (red and green
lines, figure 1) are defined as electrically insulating.

The relative permittivity of water (¢,, = 78.5) and aqu-
eous solution conductivity of either 0.1mM NaCl
(14.45 uS cm ™', measured experimentally) or 100 mM NaCl
(10mSem™, interpolated from [37]) was used for the fluid
property. Details of the domains and boundary equations
applied to solve our computational model are given in table 1.

The Poisson equation was used to relate the local charge
density to the electrostatic potential, and the Nernst—Planck
equation was used to describe the contribution of diffusion, EP
and EOF to the ionic species distribution [38, 39]. The model
was calculated assuming steady-state with no convection effects,
and both equations were coupled during the analyses.

The ions were assumed to be monovalent, with diffu-
sivity of 1 x 107?m?s ™', The initial concentration and the
concentration at the two electrodes (boundaries 1 and 2 in
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Figure 1. Schematic representation of the 2D axial symmetry model
(half of a pore). The parameters r,, 0, r. and H represent the pore tip
radius, pore taper angle, radius of curvature at the edge of pore
opening, and the thickness of the membrane, respectively. The blue
region represents the fluid domain, the green line indicates the
surface boundary of the membrane, the red lines indicate the radial
boundary of the fluid, and the black lines indicate the surface
boundary of the electrodes. The numbers indicate the boundary
labels used to define the computational model in table 1.

figure 1) were defined to be equal to the bulk concentration
(0.1 or 100 mM).

2.2. Cross-sectional scanning electron microscopy (SEM)
imaging

A 6 pum thick TEPC membrane (Sterlitech) was first photo-
oxidized by exposure to UV light (A\ = 185 nm, Novascan
Technologies, Ames, Iowa, USA) for 11 h. Photo-oxidation
made the TEPC membrane brittle, preventing membrane
deformation during the fracturing process [40]. The NPN
(SiMPore, West Henrietta, NY, USA) is naturally brittle and
could be fractured without prior treatment. Both fractured
membranes were mounted on a stub using a conductive tape,
and then sputter-coated (Denton Vacuum, Moorestown, NJ,
USA) with platinum at 15mA and 100 mTorr for 80s. The
final thickness of the sputtered platinum was about 8 nm. The
SEM images were obtained at 15kV (ZEISS, Thornwood,
NY, USA).

3. Results and discussion

3.1. Pore geometry considered for the numerical model

The pore dimensions considered in the numerical model
(figures 2(a) and (c)) were based on averages of several

measurements taken from cross-sectional SEM images of
TEPC membrane and NPN with comparable pore diameters
(figures 2(b) and (d)). The NPN modeled in this study is 120
times thinner than the TEPC membrane, has conical pores
instead of cylindrical pores, and has a much sharper pore
corner.

3.2. Effect of pore geometry on electric field distribution

The discussion in this section is focused on the effect of nm-
scale membrane geometry on the magnitude and coverage of
V |EP at and around the pore orifice (z ~ 0). This study
considers that all particles will exhibit negative dielec-
trophoretic behavior and are repelled from the pore orifice.
This is a reasonable assumption as it can be accomplished
through careful selection of the voltage frequency and sus-
pending medium conductivity. Smaller magnitudes of V |E?
correspond to weaker repulsive fDEp, which increases the
probability for particles to slip into the pore and/or foul the
nanoporous membrane. It is critical that a wide coverage of
strong V |E | is generated at and around the pore orifice to
achieve the effective manipulation of nanoparticle
trajectories.

Figure 3 illustrates the 2D distribution of V |E [ at the
vicinity of a pore orifice for different pore geometries.
Figure 3(a) shows that the magnitude of V |E'|2 increases
significantly with decreasing membrane thickness: at
H = 10nm, strong V |E'|2 fills the entire pore (figure 3(a),
left), while at H = 10000 nm, V IE'l2 is too small to be
imaged with the given color scale (figure 3(a), right). The
image for H = 100 nm (figure 3(a), center) shows the typical
distribution trend for V |E |2 induced by an axial-symmetrical
pore geometry: the V |E? is stronger at the pore edge where
the electric field is intensely perturbed (as illustrated in red
color), and is weaker along the pore center (r = 0) where the
electric field is less perturbed [41, 42]. Figure 3(b) shows that
tapered (or conical) pores result in stronger V |E compared
to cylindrical pores. This is attributed to the ‘field-focusing
effect’ of tapered pores that is well-known in single-nanopore
membrane studies [38, 43] and iDEP studies in tapered geo-
metries [44, 45]. Figure 3(c) studies the effect of radius of
curvature which is also a well-known attribute in affecting
V |E]? of iDEP systems [20]. It is interesting to note that
larger curvature not only weakens V |E 2, but also shifts the
location of strong V |E [> deeper into the pore (figure 3(c),
left)—leaving the pore opening more susceptible to particle
adsorption and accumulation.

Figure 4 is a quantitative representation of the relative
effect of the three pore geometric variables (H, 6, and r.)
shown in figure 3. Defining the maximum V |EPatz=0as
V |E P the ‘Relative V |E 2. at each variable is calcu-
lated as the relative magnitude of V |E 2. With respect to the
smallest V |E |2 in the figure. For example, the smallest

max

\ |E'|12,nax in figure 4(a) is at H = 10000 nm. Therefore,
Relative V |E |2

max for a membrane that is xnm thick is
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Table 1. Domain and boundary conditions used in the computational model.

Domain/boundary (see figure 1) Equation
The electostatics interface
Charge conservation Blue E= —Vo_
V- eoswE) = p,
D = gyewE
Axial symmetry 6 N/A
Zero charge 3,4 i-D=0
Space charge density Blue V.-D= Py
Surface charge density 5 i-Di—D)=p
Ground 2 ¢=0
Electric potential 1 ¢ = ¢app
The Nernst—Planck equation interface
Transport properties Blue V - (=DiV¢; — ziumiFc;iVe) =0
ﬁ; = —D;V¢; — zityiFe; Vo
Axial symmetry 6 N/A
No flux 5 —ii - N, =
Concentration 1,2 ¢ = Co,i
Symmetry —i-N, =0

liote. V\Q)}CI‘C E is the electric field, ¢ is the electric potential field, <y is the permittivity of free space, B is the electric flux density, 7 is a normal vector,
D) and D; are the electric flux density of water and membrane surface, respectively, p,, is the volume charge density, D; is the diffusivity coefficient for the ith
ionic species, ¢; is the concentration of the ith ionic species, co; is the initial concentration of the ith ionic species, z; is the charge number of the ith ionic
species, uy,; is the ionic mobility of the ith ionic species, and F is Faraday’s constant.
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Figure 2. (a) Illustration of the pore geometry used in the numerical
model for the TEPC membrane and (b) representative SEM image of
the cross-section of a TEPC membrane. (c) Illustration of the pore
geometry used in the numerical model for the NPN and (d)
representative SEM image of the cross-section of an NPN. The
dimensions in the numerical models for both membranes are average
values of the dimensions measured from representative SEM images.

calculated as:

(Relative V |E |%naxat H = x nm)
Y |17f|fnax at H = x nm)
(V |EPgat H= 10 000 nm)

3

Figure 4(a) shows that the Relative V |E 2. increased
by a factor of ~90 000 by reducing the membrane thickness
from 10 000 nm (comparable to TEPC membrane) to 10 nm
(comparable to NPN). The almost linear increase in intensity
(illustrated by the dotted line) with decreasing membrane
thickness can be attributed to the linear drop in ohmic
resistance with thinner membranes. Deviation from the line-
arity that starts around H = 100nm is attributed to the
overlap of V |E[? from the top and the bottom of the mem-
brane, as shown in figure 3(a) (left).

Our numerical analyses also indicate that a three orders
of magnitude increase in Relative V |E %.x can be achieved
with just 5° tapering of the pore (figure 4(b)). At @ = 20°, the
Relative V |E 2.« Was four orders of magnitude larger than
that of cylindrical pores (# = 0°). Figure 4(c) shows that
Relative V |E|ﬁ1ax drops by an order of magnitude as r,
increases from 3° to 10°. As shown in figure 3(c), this is
because the location of V |E |? shifts deeper into the pore with
larger r.. For all variables studied here (H, 6, and r.) it was
found that V |l:f [ along the centerline of the pore (the loca-
tion with the weakest V |E [ within the pore) was larger for
cases with larger Relative V |E % This is important
because it indicates that the geometry-based V |E 2
enhancement not only intensifies ﬁDEP, but also decreases the
chance of particles slipping through the locations with rela-
tively lower ﬁDEp.
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Figure 3. 2D COMSOL® image of the spatial distribution of V |E|? at the vicinity of the pore opening. Each row illustrates the effects of
(a) membrane thickness, H, (b) pore tapering, ¢, and (c) radius of curvature at pore corner, ... Unless treated as a variable, H, 0, r. and r,, are

6 pm, 0°, 3 nm, and 15 nm, respectively, for all calculations.

Both figures 3 and 4 indicate that all the key geometrical
features of the NPN (ultrathin, tapered pore with small radius of
curvature) act in favor of inducing stronger negative ﬁDEP on the
particles than what was available using conventional nanoporous
membranes (e.g. TEPC membranes). Indeed, when V |E [2
induced with conventional TEPC (figure 2(b)) and NPN

(figure 2(c)) geometries are compared (figure 5), the maximum
\ |E [ along the surface (z = 0) of the NPN model was found
to be around four orders of magnitude stronger than that of the
TEPC model. The results in figure 5 are clear evidence that NPN
combined with iDEP offer an attractive opportunity to realize
tunable antifouling membrane processes.
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Figure 4. Effect of pore geometry on relative V |E o (@
membrane thickness, H, (b) pore tapering, 6, and (c) radius of
curvature at pore corner, r.. The dotted line in (a) is added to
illustrate the linear region of the plot. Unless treated as a variable, H,
0, re and r, are 6 um, 0°, 3nm, and 15 nm, respectively, for all
calculations.

3.3. Effect of EDL on |E>|2

It has been shown that NPN possesses a negative surface
charge [46], which accumulates cations at its surface (i.e.
EDL formation) [5]. The discussion in this section is focused
on the effect of the cationic EDL on V |E [>. An NPN model
with surface charge density of —1 uCcm™> [47] was com-
pared to a hypothetical model with no surface charge, and an
intermediate surface charge of —0.5 uCcm 2 (figure 6).
Figure 6(a) compares the concentration of cations under three
different surface charge density (p) magnitudes. At zero
surface charge, the ion concentration in the solution is uni-
form at its bulk concentration (0.1 mM). As expected, higher

TEPC

Nanomembrane

0 15 30”018

VIEP [V¥m’]

Figure 5. Illustration of the 2D distribution of V |E [>. In a pore
using (a) TEPC model and (b) NPN model (figure 2).

accumulation of cation is observed at surfaces with larger p
magnitude. Considering that a positive voltage bias is placed
above the smaller pore orifice (tip), it may seem counter-
intuitive that cation concentration is higher at the tip than at
the base (larger pore orifice). This is because the cationic EDL
starts to overlap as the pore radius becomes smaller, and
forms a cation-rich region around the tip opening [38, 48].
When the same numerical analyses are repeated for a
cylindrical pore with the radius of the base opening (0 = 0°,
r, = 22.5 nm), the cation concentration is higher at the base,
away from the positive electric bias (data not shown). Anion
and cation distributions within the nanopore can be tuned by
controlling the EDL thickness, the electric field imposed by
the electrodes and the sign (positive or negative) of the
membrane surface charge.

The effect of surface charge density on the magnitude
and distribution of V |E [> (figure 6(b)) highlights a unique
feature of nm-scale geometries: EDL can have a significant
effect on the geometry-induced V |E. In micron-scale
geometries, EDL formation has a negligible effect on iDEP
because the EDL thickness can be assumed to be negligible
when compared to the pore radius. However, in nm-scale
pores, the dimensions of EDL may become comparable to the
pore radius and exhibit significant effect on the electric-field
distribution (and hence the V |E [*) within the pore. The left
figure in figure 6(b), at zero surface charge, illustrates the
V |EP generated purely by the NPN geometry. Strong and
focused V |E 2 is observed at and around the tip opening. In
contrast, V IE'|2 is less focused and more distributed for
models with surface charge (figure 6(b), center and right).
This is because the cations accumulated around the pore tip
screens and cancels the V |E 2 generated by the geometry.
The magnitude of V |E > was partially restored by increasing
the surface charge density from —0.5 to —1 uC cm ™2,

Another, perhaps more interesting, observation from
figure 6(b) is the appearance of V |E along the flat surface
of membranes when the surface charge is non-zero. This is
again attributed to the accumulation of cations in EDL
(figure 6(a)), which results in electric field non-uniformities at
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Figure 6. Effect of surface charge on (a) cation distribution and (b) V |E [> distribution. The dimensions of the model is as shown in

figure 2(c). Bulk concentration was 0.1 mM.

(a) TEPC (b)  Nanomembrane
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Figure 7. Illustration of 2D images of (a) V |E ? distribution using a
TEPC geometry with surface charge of —0.2 4C cm ™2, and (b) NPN

geometry with surface charge of —1 ;C cm™ 2 The bulk salt
concentration is 100 mM.

the membrane surface regardless of position. Without surface
charge, V |E? diminishes rapidly beyond the pore opening
(figure 6(b), left). These EDL-based V IE [> do not depend on
the applied voltage bias but on the concentration gradient of
the cations within the EDL, which is a function of surface

charge density, ion concentration, and ion species [49]. At
higher surface charge density, the ion concentration gradient
within the EDL increases, which results in larger V |E [2, as
shown in figure 6(b) (center and right).

The above discussion also indicates that the effect of
EDL-based V |E]> on the geometric field-focusing based
V |E P can easily be manipulated by modifying the thickness
of the EDL. Figure 7 demonstrates this concept, where the
thickness of EDL—being inversely proportional to the square
root of concentration [49]—is reduced by increasing the salt
concentration from 0.1 mM (in figure 6) to 100 mM. The
figure shows a thin, dark red layer around the entire surface of
the nanomembrane indicating strong V |E 2 due to EDL. The
EDL thickness is much thinner than the pore radius, allowing
for a strong geometric field-focusing based V IEP? to develop
around the pore orifice without being significantly cancelled
by the cationic EDL. Compared with the V |E * induced from
conventional TEPC model (figure 7(a)) [50], the NPN model
shows significantly stronger V |EP? at the pore opening
(figure 7(b)). The numerical analyses estimated the maximum
\ |E |> along the surface (z = 0) of the NPN model to be
~3000 times stronger than that of the TEPC model.

Finally, it is important to note that a particle with dia-
meter comparable to (or larger than) the membranes’ pore
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Figure 8. Illustration of V |E [? for a 20 nm radius particle placed at varying distances above and within a 15 nm radius pore opening. The
TEPC model was used for the analyses, and effects of surface charge are neglected in these models.

diameter will experience increasing V |E intensity as it
approaches the pore opening [26, 51]. This concept is illu-
strated in figure 8, which shows the numerical analyses of
V |E|* when an insulating particle is placed at varying dis-
tances from a TEPC pore opening. This suggests that nano-
particles experience an even larger negative Fpgp at NPN pore
orifice than those predicted in figures 3—7. In combination
with the EDL-based V |E [2 that covers the entire area of a
charged surface, iDEP offers an appealing opportunity for
NPN as a potential mechanism for antifouling and/or tunable
particle size-separation process.

4. Conclusions

The objective of this study was to explore the unique nm-
scale geometry of insulating NPN on the magnitude of DEP.
V |E|* was numerically estimated as a representative measure
of the iDEP force. As a result, geometry-based V |E? was
found to increase by almost five orders of magnitude when
the thickness of a porous membrane was decreased from
10000 nm (comparable to conventional systems) to 10 nm
(comparable to NPN systems). Furthermore, the extra sharp
pore corners and tapering of the pores—based on NPN cross-
sectional images—were also found to be significantly bene-
ficial in increasing geometry-based V |E*. The stronger
V |E] suggests that iDEP can be conducted under lower
voltage bias with NPN: reducing joule heating concerns and
enabling solutions to have higher ionic strength. Enabling
higher ionic strength solutions may also extend the opportu-
nities of iDEP applications under physiologically relevant
conditions.

The analyses also highlighted the effect of cationic EDL,
where non-uniform distribution of cations along the nega-
tively-charged surface induced V |E|? at locations where
conventional geometrical iDEP is considered negligible (e.g.
along flat surfaces). This may offer a novel approach for
manipulating particle trajectories using DEP with only surface
and solution properties, and zero voltage biases. The NPN
with high surface-to-volume ratio would be one of the ideal
platforms for taking full advantage of such surface-charge-
based DEP systems. The EDL also had undesirable effects of
significantly reducing the geometry-based V |EP at the
vicinity of pore orifice, especially when the relative thickness
of EDL is comparable to pore radius. This effect can be

minimized by additional, practical strategies that decrease
EDL thickness, such as increasing salt concentration,
increasing the valence of the ions, or decreasing the surface
charge density of NPN.

Although the comparative discussion is limited to
membranes with identical porosity (number of pores per unit
area), this work lays the foundation for exploring iDEP as an
in-operando mechanism for manipulating nanoparticle tra-
jectories at nanoporous membranes. Successful incorporation
of iDEP into the ultrafiltration technology will enable a
groundbreaking approach for membrane antifouling, as well
as for actively tuning the cut-off size limit: a novel mech-
anism for continuous selectivity of nanomembrane-based
separations.
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