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ABSTRACT: We have developed a single-step, high-throughput
methodology to selectively confine sub-micrometer particles of a
specific size into sequentially inscribed nanovoid patterns by
utilizing electrostatic and entropic particle−void interactions in
an ionic solution. The nanovoid patterns can be rendered
positively charged by coating with an aluminum oxide layer,
which can then localize negatively charged particles of a specific
size into ordered arrays defined by the nanovoid topography. On
the basis of the Poisson−Boltzmann model, the size-selective
localization of particles in the voids is directed by the interplay
between particle−nanovoid geometry, electrostatic interactions,
and ionic entropy change induced by charge regulation in the
electrical double layer overlapping region. The underlying
principle and developed method could potentially be extended to size-selective trapping, separation, and patterning of
many other objects including biological structures.
KEYWORDS: continuous nanoinscribing, nanovoid, size-selective particle confinement, electrostatic interaction, ionic entropy,
electrical double layer

Particles of micro- and nanoscale sizes have drawn
significant research interests due to their versatile
functionalities such as interactions with light1−3 and

molecules,4,5 high catalytic activity,6−8 and quantum confine-
ment effect.9,10 In particular, if particles of a certain size can be
placed in the array format, many practical applications can be
exploited including photonic crystals,11−13 nanoelectronic
devices,14−16 optical switches17,18 and filters,19,20 filtration
devices,21 and biological assays.22−24 However, it is often
tedious and energy-consuming to create controlled particle
patterns using conventional subtractive micro- and nano-
fabrication processes.25,26 Size-selective particle confinement,
separation, and sorting are highly desired in various
applications such as diagnostics, chemical and biological
analyses, food and chemical processing, and environmental
assessment.27 Those have been implemented by many
methods including pinched flow fractionation,28 lateral
displacement sorting,29 hydrodynamic chromatography,30

(di)electrophoresis (DEP),31,32 and other magnetic, optical,
and acoustic manipulation techniques.27 While effective, most
of these methods require continuous driving flow and
complicated streamline and channel design, and usually work
for particles with sizes in tens to hundreds of micrometers.

Hence, separation and sorting sub-micrometer-sized particles
and biological objects with high throughput are still very
challenging. Another widely exploited strategy is to utilize the
more scalable self-assembly of particles.33−35 While the self-
assembly processes relying on “particle−particle interaction”
have nicely worked for setups such as particle-trapping floating
electrodes in microfluidic DEP cells36 and their interaction
force measurement systems,37 assembly into high-density
arrays and with desired patterns is still tough.
To address the above issues, in this work we present a low-

cost yet highly scalable methodology of trapping of particles of
selective sizes at desired positions. Specifically, we create a
“nanovoid” pattern on a substrate and exploit a topography-
specific interaction between particles and nanovoids, which
localizes the particles of the right sizes to the prepatterned
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lattice sites. Fabrication of the microscale well arrays as
particle-trapping templates through conventional nanofabrica-
tion approach has been demanding and often of poor
reproducibility due to complex mask design, tricky etching,
and limited area.38 However, a high-throughput and scalable
fabrication of the nanovoid patterns could be implemented by
using two-dimensional dynamic nanoinscribing (2D-DNI)
comprised of sequential continuous mechanical inscribing
strokes.38−41 By exploiting geometry-induced electrostatic
interaction42−45 between charged particles and the nanovoid
array in ionic solution, we achieved topography-directed,
position-selective localization of particles, arranging particles at
positions that are predefined by the nanovoid topography and
surface charge, instead of randomly depositing them on the
substrate. We further elucidate that the "well" depth of the total
free energy is contributed by the ionic entropy as well as the
electrostatic potential between a particle and void surface. The
patterning of substrate and size-selective confinement realize
orderly localization of particles beyond random filling of the
voids.

RESULTS AND DISCUSSION

Microfluidic Nanovoid Device Development. The
proposed nanostructured 2D void pattern with sinusoidal
profile was created by DNI on a polymer film; as schematically
illustrated in Figure 1a. To perform DNI, a well-cleaved

rectangular nanograting mold edge (Figure 1b) is brought in
contact with the substrate at a proper angle and force, and then
slides over the substrate while maintaining a conformal
contact. The concentrated stress at the dynamic contact
regions on the polymer film causes plastic deformation of the
polymer to form nanograting structure with controlled profiles
(Figure 1c).39,41 The DNI strokes can be sequentially repeated
in the orthogonal direction to produce the 2D sinusoidal
nanovoid pattern (Figure 1d).38,40 In DNI, the pattern period
is dictated by that of the grating mold, and thus nanovoids of
specific sizes (i.e., depending on the target particles to
selectively catch) can be precisely created by 2D-DNI in a
continuous and scalable fashion at high speed (∼1 m/min or
faster), which is not available by other conventional
techniques. For instance, we used a 700 nm period SiO2
grating mold for the 700 nm diameter nanovoid patterning on
polycarbonate (PC) substrates in this work (unless otherwise
noted). The morphologies of the sinusoidal voids created by
2D-DNI can be further tailored by changing the substrate
material, applied force, processing temperature, and inscribing
speed.41

Figure 1e depicts the experimental setup comprising a
microfluidic slit channel chamber and a nanovoid substrate
coated with a RF-sputtered 10 nm thick Al2O3 layer which is
positively charged (surface charge density of +2.06 mC/m2

from ζ potential measurement) when immersed in an ionic
solution (10−4 M (mol/L) KCl). As the suspension of
negatively charged sub-micrometer polystyrene (PS) particles
(surface charge density of −1.6 mC/m2) flows into the fluidic
cell, interestingly, particles are nicely trapped in the voids,
depending on their relative sizes. Parametric characterization of
surface charge density under varied conditions is presented
further in detail in Section S1 in the Supporting Information.
The ionic solution, containing the particles fluorescently
labeled for ease of visualization, was injected into the chamber
and was allowed to equilibrate inside the chamber for 15 min
before microscopic observation. Under the fluorescent micro-
scope, we can directly visualize the localization and trapping
dynamics of fluorescent-labeled particles in our system.
Detailed characterization procedure is described in Methods.
The charged particles undergoing Brownian motion in solution
experience an electrostatic attraction in the vicinity of the
oppositely charged 2D-DNI-patterned surface (i.e., within the
Debye screening length; see Size Selectivity for pertinent
discussion). As will be demonstrated later, their size and
surface charge density control the trapping behavior in the
patterned voids.

Surface Charge-Directed Trapping of Sub-micro-
meter Particles in the Nanovoids. ζ potential measurement
shows that the Al2O3-coated surface immersed in ionic KCl
solution possesses a positive surface charge, which is primarily
through the protonation of terminal -OH groups. Figure S1 in
Section S1 in the Supporting Information presents this baseline
study in detail. Next, we characterize the behavior of negatively
charged sub-micrometer PS particles injected in the ionic
solution with or without the nanovoid surface. Figure 2a−d
shows the microscope images of the 500 nm diameter PS
particles (0.1 wt % concentration) trapped on the substrates
with different surface conditions in the 10−4 M KCl solution.
In the absence of the nanovoid pattern on the substrate, only
few particles are randomly adsorbed on the surface (Figure
2a), even in the case when surface charges are presented by the
Al2O3 layer (Figure 2b). The bare nanovoid surface with no

Figure 1. (a) Schematic illustration of the dynamic nanoinscribing
(DNI) patterning technique. (b) Well-cleaved rigid mold
containing desired nanograting pattern, continuously sliding over
the substrate under conformal contact and controlled heating. (c)
Single DNI stroke producing the 1D nanograting pattern with a
sinusoidal cross-section profile. (d) Two DNI strokes combined
along orthogonal directions, creating the 2D nanovoid pattern. (e)
Microfluidic device designed for particle confinement. A fluidic
cell chamber consists of two transparent slide glasses spaced by the
poly(dimethylsiloxane) (PDMS) block having a slit channel. The
oxide-coated nanovoid pattern is mounted on the bottom in the
fluidic cell chamber, and the fluorescent-labeled particles are
injected under the fluorescent microscope.
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Al2O3 coating also shows ineffective particle confinement
(Figure 2c). Finally, when the nanovoid surface is coated with
the Al2O3 layer, a much larger number of particles are trapped
onto the substrate (Figure 2d). Almost all trapped particles are
well-confined inside the nanovoids. The confined particles
strongly adhere to the surface and cannot be removed by
rinsing the channel with DI water. Only by using stronger
physical force such as sonication can particles be dislodged
from the surface.

This nanovoid topography-directed nanoparticle confine-
ment will be further discussed in the following sections via the
theoretical modeling and simulation of total free energy
including both electrostatic and entropic contributions of the
nanoparticle−nanovoid system. Briefly, the depth of the free
energy well was calculated for the three cases as shown in
Figure 2e: nonpatterned-charged (Figure 2b case), patterned-
uncharged (Figure 2c case), and patterned-charged (Figure 2d
case). As will be detailed in the next section, the potential wells
were calculated as the free energy change of the system (see eq

Figure 2. Epi-fluorescent micrograph images of 500 nm diameter particles on a nonpatterned, bare (noncoated) polycarbonate (PC)
substrate (a), nonpatterned, 10 nm thick Al2O3-coated PC substrate (b), nanovoid-patterned, bare (noncoated) PC substrate (c), and
nanovoid-patterned, 10 nm thick Al2O3-coated PC substrate (d). Upper-side illustrations depict the schemes of each surface. Insets, panels c
and d: scanning electron microscopy (SEM) images of respective cases, clearly comparing the amounts of particles trapped in the nanovoids
without or with Al2O3 coating. (e) Calculated potential wells as a function of particle diameters for cases b−d. (f) Nanovoid fill ratio as the
function of the particle concentration for case d.

Figure 3. Fluorescent microscope images (top row) and SEM images (bottom rows) of the particles trapped to the Al2O3-coated nanovoid
structures, with the diameters of 200 nm (a), 500 nm (b), and 1 μm (c). The upper-left insets show the schemes of each case. The middle
inset to panel b shows the enlarged SEM image disclosing the 500 nm diameter particles trapped in nanovoids in an orderly fashion.
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6) as the particle approaching the substrate surface from a far
distance, as demonstrated in Figures 4 and 5. Figures S4, S5,
and S6 are also based on the same conditions. This analysis
confirms that only the patterned-charged case provides the
effective potential well for the 500 nm diameter nanoparticle
trapping, suggesting that the size-selective particle confinement
is attributed to the combined effects of surface charge and
surface geometry.
In order to improve the trapping efficiency and particle

pattern quality, we study how the particle concentration affects
the void pattern fill ratio. As this process is diffusion-limited
and no external stimulus is applied, increasing the particle
concentration increases the fill ratio to a certain degree.
Further increasing the particle concentration beyond 1 wt %
seems not to appreciably increase the fill ratio, as shown in
Figure 2f. The fill ratio is saturated at around 50%, which can
be possibly explained due to the electrostatic repulsion from
the particles already confined on the surface. This suggests that
the fill ratio can be enhanced by increasing the interspacing
between individual nanovoids or by increasing the attractive
particle−substrate interaction by increasing the nanovoid
surface charge density.
Size Selectivity: Experimental and Analytic Studies.

While we have confirmed above that the 500 nm diameter
particles are effectively trapped in similarly sized voids , we
have also carried out a series of control experiment with a fixed
void size (i.e., ∼700 nm pitch), but three different particle sizes
(diameters of 200 nm, 500 nm, and 1 μm) to evaluate the size-
dependent trapping behavior. Under similar conditions and at
the same mentioned flow rate, we found that only particles of
500 nm diameter were densely confined in the voids (Figure
3b). In the case of 200 nm diameter particles, only some
nonspecific adsorption was observed in the patterned voids
(Figure 3a). A similar result was observed when testing 1 μm
diameter particles (Figure 3c). These results indicate the size-
selective nature of this method and provide the possibility for
sub-micrometer-sized particle separation and sorting on the
basis of their size and surface charge.
To understand this size-selective behavior, we modeled the

nanoparticle−nanovoid system and simulated the interaction
between the charged particles and the charged void surface
using finite element analysis (FEA) method in COMSOL
Multiphysics. We calculated the free energies for this system
on the basis of the mean field Poisson−Boltzmann (PB)
theory46 and analyzed in detail the electrostatic and entropic
contributions as a function of the particle position above the
patterned structure.

The electrostatic potential contributed by both surface
charges and ions can be calculated by the dimensionless PB
equation,

ψ κ ψ∇ = sinh( )2 2 (1)

where ψ = φe
k TB

is the dimensionless electrostatic potential with

φ denoting the electrostatic potential, and κ =
εε
c e
k T

2 0
2

0 B
with ε

denoting the relative dielectric constant of the solvent. κ−1

defines the Debye length of the electrical double layers (EDLs)
(see Section S2 in the Supporting Information for full
derivation).
We assume a fixed surface charge at both surfaces of particle

and void structure. The boundary conditions for the potential
are defined by the surface charge densities, given by

ψ σ
εε

·∇ = −
k T

n
0 B (2)

We used surface charge densities of +2.03 and −1.6 mC/m2

for the substrate surface and particles, respectively, as the same
condition in our experiment. These equations were numeri-
cally solved using COMSOL Multiphysics. Next we calculated
the free energy of the system by taking into account both the
energetic and entropic contributions as a function of particle
position above the patterned structure. In this simulation the
particle’s vertical position is referenced from “zero” defined as
the position where the particle’s bottom point just reaches the
void’s hilltop point (see insets to Figure 4). The free energy of
a charge distribution may be analyzed in terms of its
electrostatic potential energy and the configurational entropy
of the ions and solvent in the electrolyte. The electrostatic
energy of the system is given by46

∫ ∫ ∫εε
σφ ρφ= · = +U V A VE E

2
( ) d

1
2

d
1
2

d
V A V

es
0

s

(3)

where φs is the potential at the surface and ρ = ρ+ + ρ− =
c0e[exp(−ψ) − exp(ψ)] represents the local net charge.
The entropy change of the system is given by (see Section

S2 in the Supporting Information for full derivation)

∫ ∑ ψ ψ ψΔ = [ − + − − ]
l
m
ooo
n
ooo

|
}
ooo
~
ooo

S k c z z z Vexp( ) exp( ) 1 d
V i

i i iB 0

(4)

The integration volumes in both equations are the whole
simulation system comprising the charged particles, ions, and

Figure 4. Energy change of the system, calculated by simulating that particles are approaching to the bottom of the void in the z-direction
(normal to the void depth), for the particles with the diameters of 200 nm (a), 500 nm (b), and 1 μm (c). Insets to each plot show the
particles at the lowest positions in the voids, modeled for simulation.
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surface of nanovoids. The system’s free energy is then
obtained:

= − ΔF U T Ses (5)

So for our system, we can write the free energy as

{ }∫ εε
ψ ψ ψ= · − − + −F c k T VE E

2
( ) 2 ( sinh( ) cosh( ) 1) d

V

0
0 B

(6)

Figure 4 shows the calculated energy change of the system,
when particles with different sizes approach the bottom of the
void in the z-direction. Purely from an electrostatic energy
standpoint, it could seem counterintuitive that there exists an
electrostatic energy barrier preventing the particles reaching
the bottom of the voids having opposite charges. The
appearance of this electrostatic energy barrier can be more
easily understood by considering two parallel charged surfaces.
We have provided its detailed derivation and explanation in
Section S3 in the Supporting Information for this simpler case:
the energy between two charged planar surfaces in an ionic
solution derived with the linear PB equation. That is, we could
show that even with the linear PB equation, the electrostatic
energy barrier was still observed for two oppositely charged
planar surfaces at certain spacing, because at this range the
increase in the E-field and hence the electrostatic energy
density is greater than the reduction of the volume between the
two surfaces.
Nonetheless, the free energy of the system that governs the

final net force and potential experienced by the particles shows
a clear attractive interaction between the particle and the voids.
The attractive interaction governed by the free energy of the
system makes the void behave like a trap, and clearly for the
500 nm diameter particles, this trap has the deepest potential
well and strongest confinement as compared to that for the
200 nm and 1 μm diameter particles. These results explain that
the size selectivity observed in the experiment is due to the free
energy potential well for the particles having the size that
appropriately fits the void.
Importance of Ionic Entropy in Size-Selective Particle

Localization. It is instructive to examine the different roles of
electrostatic and entropic contributions to the trapping
process. The electrostatic interaction is responsible for
attracting the particles toward the void surface, but when the

surfaces of the particle and nanovoid get close to each other,
the EDLs of the two oppositely charged surfaces overlap and
the surrounding cations and anions are depleted in the EDL-
overlapping region. This phenomenon weakens the screening
of surface charges and thus increases the stored electrostatic
energy between those two surfaces. However, as the particle
approaches the nanovoid surface, some ions from the
overlapped EDL region are displaced to the free space
above, thereby increasing the entropy of the system and
further contributing to strong confinement force. In our cases,
the entropic energy contributes much more to the final
potential well and dominates the size-selective confinement, as
shown in Figure 4. Also, a better geometric fit of the particle
and the void will displace a larger number of ions in solution as
the gap between the two surfaces closes in. This accordingly
causes higher increase in entropy, which leads to deeper free
energy well. A similar ion depletion process and the
appearance of an electrostatic energy barrier as well as free
energy wells can also be observed in a simpler system of two
oppositely charged parallel surfaces (see Section S3 in the
Supporting Information).
To verify this explanation, we calculate the depth of the free

energy potential well experienced by the particles when they
are at the lowest positions in the voids for particles of different
sizes from 100 nm to 1 μm, and we also calculate the areas of
overlapping EDLs between the particles and the structures. As
clearly shown in Figure 5, the depth of the potential well shows
direct correlation with the EDL-overlapping areas and both of
these two plots expect that the nanovoid structure with current
geometry works best for the 500 nm sized particles. This is
because the best “particle−void” fit will create the largest
overlapping area between the two surfaces, which releases the
most number of ions and causes the largest entropy change.
Therefore, the nanovoid shape can be optimized in order to
better match particles of particular size and geometry.
Furthermore, ion type and concentration can also be tuned
depending on the target particles and operating environment.
These perspectives were analytically investigated by the tuning
of nanovoid periods (i.e., 500, 700, and 900 nm) and shapes
(i.e., hemispherical vs sinusoidal nanovoids) and modulation of
ionic solution as summarized in Sections S4, S5, and S6 in the
Supporting Information.

Figure 5. (a) Depth of the free energy potential well for particles in the voids with different sizes. The insets show the geometry of the
nanovoids and particles at the lowest positions in the voids. (b) Electrical double layer (EDL) overlapping areas for particles in the voids
with different sizes. The insets show the schematics of EDLs overlapping when particles are located at the lowest positions in the voids.
Particles with rightsize fitting the void geometry well can obtain the largest EDL-overlapping area, which is 500 nm in this study case.
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CONCLUSIONS

In summary, we have developed a simple and low-cost
methodology to size-selectively confine and sort the sub-
micrometer particles. This is achieved by utilizing the
nanovoid-directed electrostatic and entropic interactions,
which realized stable trapping without any chemical linkage.
A high-throughput DNI technique was used to create a 2D
nanovoid patterns on the flexible substrates, where the void
pattern period, depth, and shape can be tailored depending on
the target particle species. We have experimentally and
analytically demonstrated that the size-selective confinement
of sub-micrometer particles in the nanovoids is due to the free
energy change of the particle−void interaction system, which
arises from the overlapping of EDLs, ionic redistribution, and
the associated electrostatic and entropy energy change.
Application of the size-selective particle confinement method
delivered in this study could potentially be extended to scalable
localization, sorting, and manipulation of charged biological
objects such as proteins, lipid vesicles, cancer cells, and
bacteria, as well as the sub-micrometer-sized pollutant
collection. The interactions exploited in this work could even
be responsible for certain nonspecific adsorption of bio-
molecules on surfaces, where the interplay between nanoscale
surface topography, electrostatic interaction, and entropic
effects is important.

METHODS
The 700 nm period, 500 nm deep SiO2 grating pattern having 1:1
duty (i.e., ratio of line width to spacing) was fabricated on a 6 in., 500
nm thick SiO2-coated 6 in. Si wafer, by using the nanoimprint
lithography47 followed by reactive ion etching.48 The DNI mold was
prepared by cleaving the grating-patterned SiO2 wafer along the
direction perpendicular to the grating axis, with the length of the
cleaved edge of ∼2 cm. The nanovoid pattern was created on a
isopropyl alcohol (IPA) cleaned PC film (DE 1-1, Clear, Makrofol)
by performing the 2D-DNI process at 150 °C by using a custom-built
5-DOE DNI system.41 The inscribing forces for the first and second
DNI strokes were controlled to 1.5 and 1 N, respectively. A 10 nm
thick Al2O3 layer was conformally coated on the 2D nanovoid-
patterned surface by RF sputtering (Lab 18-2, Kurt J. Lesker), which
was then assembled into the microfluidic device. The fluorescent-
labeled (FITC-525 nm) PS particles (Molecular Probes, Ltd.) were
centrifuged and re-aliquoted into solutions with varying ionic
concentrations. The PS particle suspension at an initial volume
fraction of 0.1 wt % was injected into the chamber at a fixed flow rate
(10 μL/min). After 15 min allowed for equilibration, the particles in
solution were imaged by using a Richter CCD combined with an
Olympus BX-100 fluorescence microscope, with an exposure time of
30 ms. All SEM imaging was performed by using the Philips XL-30
FEG or JEOL JSM-6700F instruments.
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