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Abstract

We have used self-assembled monolayer techniques to produce a new class of microspheres with
specifically engineered dielectric properties to enable their dielectrophoretic manipulation and
identification in microsystems. Dielectrophoresis is an electrokinetic phenomenon that exploits
frequency-dependent polarizability differences between a particle and its suspending medium to
drive the movement of the particle toward or away from the high-field regions of an
inhomogeneous electric field. While dielectrophoretic methods have been used extensively for cell
manipulation, separation, and identification, we wished to extend the applicability of
dielectrophoresis to molecular analysis by developing a panel of dielectric microspheres or
“handles”. Dielectric shell theory was used to model the dielectrophoretic response for a
biomimetic particle composed of a thin insulating shell over a conductive interior. We specifically
sought to modulate the specific capacitance, and thereby the dielectric properties, of the particle by
controlling the thickness of the insulating layer. Such a structure was fabricated by covering a
gold-coated polystyrene core particle with self-assembled monolayers of alkanethiol and
phospholipid. To test the prediction that the carbon chain length of these layers should dictate the
dielectric properties of the particles, we constructed a panel of six microsphere types with shell
compositions ranging from a C9 alkanethiol monolayer to a C32 hybrid bilayer membrane. These
microsphere populations were distinguishable and manipulatable by dielectrophoresis in a
characteristic, frequency-dependent manner as predicted by theory. Experimentally derived
specific membrane capacitance values were inversely related to the insulating shell thickness and
agreed with published capacitance values for planar layers of similar thicknesses. These proof of
principle studies are the first to demonstrate that the dielectric properties of particles can be
specifically engineered to allow their dielectrophoretic manipulation and are a first step toward the
development of bead-based dielectrophoretic microsystems for multiplexed molecular separation
and analysis.

Introduction

Polymer microspheres are routinely used as labels, carriers, and solid supports for the
separation and analysis of chemical, biochemical, and biological analytes. Micro-spheres
conjugated with ligands, antibodies, or nucleic acid probes can be used to isolate pathogens,
cell sub-populations, organelles, and RNA from a sample and to identify the presence of
specific epitopes or nucleic acid sequences.1–4 Analyte quantitation and microsphere
identification are generally fluorescence based. Microspheres are typically manipulated in
solution by means of hydrodynamic forces, as in a cytometer or other flow systems. 5
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Additionally, magnetophoretic forces induced by high-gradient magnetic fields are
frequently employed to move and trap paramagnetic microspheres in a number of
microsphere-based separation methods.6–10 Here we introduce a new class of microspheres
that have been specifically designed such that they can be both manipulated and identified
using dielectric methods.

Dielectrophoresis (DEP) is a phenomenon in which entities of high electrical polarizability
tend to move toward the high-field regions of an inhomogeneous electric field distribution
and, conversely, entities of low electrical polarizability tend to be excluded from the high-
field regions in the presence of a more polarizable medium.11 This effect can be used to
drive the movement of particles such as cells and biomolecules within a suspending medium
toward or away from high-field regions in a manner dependent on the frequency of the
applied electric field.11 Several groups have exploited dielectric differences between
different cell types to facilitate the trapping, separation, focusing, and identification of
component cell populations within a mixed sample, for example.12–18 In the frequency
range typically used for DEP-based analysis of mammalian cell samples, cell dielectric
properties are dominated by the capacitance properties of the cell membrane, which depend
on membrane thickness, composition, and morphology.19,20

Dielectrophoresis is ideal for use in microfluidic microsystems, or “lab-on-a-chip” devices,
particularly micro total analysis systems in which all sample preparation and analysis steps
are integrated into a single device to facilitate rapid, high-throughput, low-volume molecular
assays.21–24 The DEP trapping of both cells12,13 and molecules17,25 has been shown to be
straightforward. While high-discrimination dielectrophoretic analysis can be achieved for
different cell types using dielectrophoretic field-flow fractionation (DEP-FFF),26 for
example, sequence-specific analysis of biomolecules and other macromolecular analytes by
dielectrophoresis is much more challenging. This is because the dielectric properties of a
particle are influenced by all polarizable entities associated with it, including the diffuse
double layer of ions in the suspending medium that arises from particle surface charge.27
The polarizable volume of this charge double-layer region is small compared to the volume
of a large particle such as a cell. However, this double-layer volume is very large compared
to the volume of a molecule and therefore dominates the dielectric properties of molecular
analytes. The DEP properties of a nucleic acid molecule, for example, are dominated by the
double layer associated with the charged phosphate backbone, rather than by the sequence
information contained within the base pairs. This makes it impossible to employ DEP to
discriminate between the minute sequence differences that are significant in typical
molecular analyses.27 To circumvent this limitation and thereby extend the applicability of
dielectrophoresis to molecular analysis, we sought to develop a panel of different
microsphere types, each having different, well-defined, or engineered dielectric properties
and predictable dielectrophoretic behavior. By use of attached protein or nucleic acid probes
to confer molecular specificity, these engineered particles could serve as dielectric “handles”
for the manipulation of analytes that otherwise might not be readily discriminated on a
molecular level using their intrinsic dielectric properties alone. Such microspheres would be
ideally suited to micro total analysis systems because they would be amenable to selective
manipulation by attractive and repulsive DEP forces provided by direct electronic control,
and each particle type could be distinguished by its characteristic impedance. This is a
significant advantage over magnetic particles which can only be trapped by magnetic forces
or physical barriers.

In this paper, we describe the design, fabrication, and characterization of a panel of
dielectric microspheres. We used a dielectric shell model28 to predict the properties of
microspheres having a variety of different structures and compositions, including a
biomimetic thin-insulating-shell-over-conducting-interior architecture. These calculations
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suggested that we could produce a panel of engineered microspheres having the desired
dielectrophoretic characteristics by using a single type of conductive core particle and
varying the thickness of the outer insulating layer. To produce such particles, we applied
self-assembled monolayers of alkanethiols and phospholipid to gold-coated polystyrene
microsphere cores. Microsphere populations having layers of different thicknesses were
distinguishable and manipulatable by dielectrophoresis in a characteristic, frequency-
dependent manner as predicted by the modeling studies. Analysis of the experimental DEP
crossover frequency data revealed that the specific membrane capacitance of each
microsphere type was related to the thickness of the insulating alkanethiol/phospholipid
shell in accordance with dielectric shell theory predictions.

Theoretical Considerations

Dielectrophoretic Particle Manipulation

DEP is an electrokinetic phenomenon that exploits polarizability differences between
particles and their suspending media to enable particle characterization and separation in
spatially or temporally inhomogeneous electric fields.11 Dielectrophoretic methods include
conventional dielectrophoresis (cDEP), traveling wave dielectrophoresis (twDEP), and
electrorotation (ROT). These can be applied to electrically manipulate, focus, disperse, trap,
or levitate biological particles and macromolecules within their suspending media.12–18

For a particle that is more polarizable than its suspending medium, the cDEP force drives
the particle to the high-gradient electric field region, a phenomenon known as positive
dielectrophoresis. Conversely, if a particle is less polarizable than its suspending medium,
the cDEP force drives the particle away from the high-gradient electric field region, a
phenomenon known as negative dielectrophoresis. The conventional dielectrophoretic force,
FcDEP, is given by

(1)

where r is the particle radius, ϵm is the electrical permittivity of the suspending medium, and
∇E2 is the gradient of the applied electric field.11 Re(fCM) is the real part of the Clausius–
Mossotti factor which relates the frequency-dependent complex permittivities of the particle

and suspending medium ,

(2)

In the frequency range typically used for the DEP manipulation of cells and engineered
microspheres, particle dispersions are dominated by the Maxwell-Wagner, or interfacial,
polarization mechanism.29 Polarization of charge double layers associated with particle and
cell surfaces may also be exploited for dielectrophoretic manipulations. However, these
surface conductance effects are most pronounced for small-diameter (5 µm or less) particles
suspended in media of very low conductivity and are usually observed at frequency

extremes.30 Providing the conductivity of the dielectric membrane is small,  may be
approximated as

(3)
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where ϵ is the permittivity and σ is the conductivity of the dielectric, f is the frequency of the
applied electric field, and j = (−1)1/2

Modeling the Dielectrophoretic Response of an Engineered Microsphere

The dielectric properties of mammalian cells have been characterized extensively, and
theoretical models for their dielectrophoretic behavior have been developed.19,30,31

Dielectrically, a microsphere with the structure shown in Figure 1A mimics a mammalian
cell: a spherical, conductive core (analogous to the cytoplasm) surrounded by a thin, poorly
conducting shell (analogous to the plasma membrane). The dielectrophoretic responses of
such engineered dielectric microspheres were modeled using dielectrophoretic shell theory

(using MATLAB; MathWorks, Natick, MA). The complex permittivity  of microspheres
such as that illustrated in Figure 1A are given by the single-shell model28,31–33

(4)

where  are the complex permittivities of the interior and the insulating shell, r
is the sphere radius, and d is the thickness of the insulating layer. On the basis of our
experience in the dielectrophoretic manipulation of mammalian cells, we were particularly
interested in the effects of modulating the specific capacitance of the insulating outer shell
by changing its thickness, permittivity, or surface area. Figure 1B illustrates the cDEP
frequency responses predicted for microspheres having insulating shell thicknesses between
1 and 10 nm. These responses suggest that it should be possible to engineer different types
of microspheres having discrete and differentiable dielectrophoretic responses. The unique
frequency response of each microsphere type would then permit dielectric indexing,
whereby different microsphere types could be individually identified and manipulated.
Additional simulations were performed to examine the effects of changing other structural
characteristics, including the conductivity and permittivity of the microsphere core, shell,
and suspending medium. To demonstrate the principle of discrete engineered microspheres,
we focus here on altering shell thickness as a means of controlling the dielectrophoretic
properties of the particles.

Engineered Microsphere Design

When designing the microspheres, we sought a fabrication method that would provide a
means of precisely controlling the thickness of the insulating shell that coats the microsphere
core. After evaluating the properties of a variety of materials (including metals, conductive
polymers, metal oxides, and insulating polymers) and a number of fabrication methods
(including electroless plating, self-assembled monolayers, and thin-film methods such as
physical vapor deposition and chemical vapor deposition), we decided to use gold-coated
core particles and self-assembled monolayer techniques to produce microspheres with the
desired structure. Dielectrically, a core consisting of a conductive shell appears identical to a
solid conductive core. By use of a core particle that is primarily low-density polystyrene, the
overall particle density could be greatly reduced, keeping the sedimentation force acting on
the particle in aqueous suspensions reasonably small and thereby minimizing the DEP force
needed to move particles that had settled. A fabrication approach utilizing self-assembled
monolayers is ideally suited for this application because it permits precise control of the
thickness of the outer insulating shell. The engineered microsphere depicted in Figure 2A
comprises a gold-coated polymer microsphere core surrounded by a self-assembled
monolayer (SAM) of alkanethiolate with an optional self-assembled outer layer of
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phospholipid to form a hybrid bilayer membrane (HBM). Alkanethiols chemisorb
spontaneously onto gold surfaces and self-organize into robust, densely packed monolayer
films of reproducible thickness with insulating properties. 34–37 Plant and others have
shown that well-ordered biomimetic HBMs can be formed by fusing phospholipid vesicles
with alkanethiolate monolayers.38–43 While these monolayer and bilayer films have been
typically produced on flat, gold-coated surfaces, the microsphere design used here, and
shown in Figure 2A, involves instead the fabrication of composite bilayer membranes on
gold-covered microspheres. The thickness of the insulating layer surrounding the core of an
engineered dielectric micro-sphere is, in principle, dependent on both the number of
methylene groups in the alkyl chain of the alkanethiol SAM film and the number of
methylene groups in the lipid tail of the phospholipid used to form the hybrid bilayer
membrane. It should therefore be possible to produce a library of particles having insulating
layers of different thicknesses and different dielectric properties (Figure 1B) by changing the
length of the hydrocarbon chain in the alkanethiolate and phospholipid layers within the
basic architecture depicted in Figure 2A.

Experimental Section

Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC, product 850345) and
gangliosideGM1(product 860065) were obtained from Avanti Polar Lipids (Alabaster, AL).
The alkanethiols nonyl mercaptan(CH3(CH2)8-SH, product N31400), n-dodecyl mercaptan
(CH3(CH2)11-SH, product 471364), and octadecyl mercaptan (CH3(CH2)17-SH, product
O1858) were obtained from Sigma-Aldrich (St. Louis, MO).

Preparation of Engineered Microspheres

Gold-coated polystyrene microspheres manufactured by Dynal Particles AS (Oslo, Norway)
were obtained from Bangs Laboratories (Fishers, IN). These beads were 9.6 µm in diameter
(coefficient of variation of <5%) and had a density of 2.2 g/cm3. The gold-coated beads
were briefly washed in piranha solution (70% concentrated H2SO4, 30% H2O2),44

thoroughly rinsed with absolute ethanol, recovered by centrifugation, and dried under a
stream of nitrogen. They were then combined at a concentration of 1 mg micro-sphere/mL
with 1mMnonyl, dodecyl, or octadecyl mercaptan in absolute ethanol.34–36 The suspension
was gently mixed for a minimum of 12 h to promote formation of the self-assembled
monolayer on the microsphere surface.36 The alkanethiol-coated microspheres were
recovered by centrifugation, washed twice in absolute ethanol and twice in triple-distilled
water, and stored at 4 °C.

Small unilamellar vesicles of either DMPC or DMPC/GM1 were prepared as follows. A 1
mg/mL solution of phospholipid in chloroform was dried under a stream of nitrogen to yield
a thin film and then placed under a vacuum overnight to remove residual solvent. Solutions
containing both DMPC and ganglioside GM1 (in a 20:1 mol/mol ratio) in chloroform were
mixed at room temperature for an hour before the lipid was dried as described above. The
dried lipid was resuspended at a concentration of 1 mg/mL in 50mMKPi (pH 7), 150 mM
NaCl buffer with vortexing to form a suspension of large multilamellar vesicles. This vesicle
solution was then subjected to bath sonication under N2 for several minutes to produce small
(approximately 20–100 nm) unilamellar vesicles.

Alkanethiol-coated microspheres (1 mg microsphere/mL solution in buffer) were combined
with the phospholipid vesicles (0.2 mg/mL final concentration) and gently mixed for 2 h at
room temperature to form a hybrid bilayer membrane on the micro-sphere surface.38,45 The
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alkanethiol–phospholipid-coated microspheres were recovered by centrifugation, washed
twice in buffer, and stored in buffer at 4 °C.

Dielectric Characterization of Microspheres

Engineered microspheres were characterized using the dielectrophoretic crossover frequency
method described previously for cells.46,47 Briefly, the microspheres were suspended in an
aqueous medium containing 8.5% (w/v) sucrose, 0.3% (w/v) dextrose, and phosphate-
buffered saline (PBS) to adjust the electrical conductivity. As described previously, an
aliquot of the bead suspension was placed in an open reservoir above an interdigitated,
parallel gold-on-glass electrode array comprising 50 µm electrode traces separated by 50 µm
gaps. The electrode was energized with between 1 and 10 V peak-to-peak at frequencies
between 1 and 200 kHz to generate inhomogeneous fields for DEP manipulation. By
observing microsphere movement (see Figure 3), it is possible to determine the direction and
relative magnitude of the DEP force acting on each microsphere. The field frequency was
adjusted until the net DEP force acting on the particle was neither positive nor negative.
This frequency is the dielectrophoretic crossover frequency (fc). Measurements were
repeated for aliquots of beads at conductivities between 25 and 425 µS/cm.

Results and Discussion

Engineered Microsphere Fabrication

Gold-coated polystyrene microspheres were washed and then coated with alkanethiolate and
phospholipid self-assembling monolayers as described in the Experimental Section. Six
different types of engineered dielectric microspheres (see Figure 2B) were constructed in
this manner. Specifically, microspheres with a relatively thin insulating layer were made by
coating the core particles with a single alkanethiolate monolayer of (i) nonyl
mercaptan[CH3(CH2)8-SH] to give aC9 insulating layer, (ii) n-dodecyl mercaptan
[CH3(CH2)11SH] to give a C12 insulating layer, or (iii) octadecyl mercaptan
[CH3(CH2)17SH] to give a C18 insulating layer. Microspheres with thicker insulating layers
were made by forming a second insulating monolayer of DMPC [with a tail length of C14]
phospholipid over the alkanethiolate layer to form a HBM as follows: (iv) nonyl mercaptan
plus DMPC to give a C23 insulating layer, (v) n-dodecyl mercaptan plus DMPC to give a
C26 insulating layer, or (vi) octadecyl mercaptan plus DMPC to give a C32 insulating layer.

Initial studies revealed that the engineered microspheres had a tendency to aggregate and to
stick to glass surfaces. In an effort to mitigate these effects, we incorporated the sialic-acid
bearing phospholipid ganglioside GM1 into the DMPC vesicles to impart a net negative
charge on the microsphere surfaces (as displayed by mammalian erythrocytes48,49) and
thereby reduce microsphere interaction with the glass and other microspheres. Ganglioside
incorporation into the outer lipid layer of the engineered microspheres reduced sticking
qualitatively without noticeably altering their DEP properties.

Dielectric Characterization of Engineered Microspheres

We analyzed the dielectrophoretic crossover frequencies of the six different microsphere
types to determine if the engineered beads possessed discrete dielectric properties as
expected. The single-shell dielectric model predicts that an increase in the thickness of the
insulating outer shell will result in an increase in the crossover frequency of the microsphere
(Figure 1B) according to the approximate expression shown below (eq 5).50 Note that this
expression is valid only when the conductivity of the insulating shell is negligible:
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(5)

where, also, from basic dielectric theory

(6)

Cmem is the specific membrane capacitance, σs is the conductivity of the suspending
medium, r is the radius of the engineered microsphere, fc is the crossover frequency, ϵ0 is
the permittivity of free space, ϵmem is the permittivity of the insulating layer, and d is the
thickness of the insulating layer. Equation 5 shows that the slope of a plot of fc versus σs will
be inversely proportional to the Cmem for a given engineered microsphere type. Combining
eq 5 and eq 6 yields the relationship

(7)

indicating that the slope of a plot of fc versus σs should increase with increasing membrane
thickness.

The dielectrophoretic crossover frequency was determined for each microsphere type (C9,
C12, C18, C23, C26, and C32) in suspending media of different conductivities by adjusting the
field frequency until microsphere movement reached a null. As shown in Figure 4, the
dielectrophoretic properties of the engineered dielectric microspheres showed a clear
dependence on the thickness of the insulating outer shell determined by the choice of
alkanethiol and phospholipid carbon chain length, as predicted.

The y-intercept on the conductivity axis occurs close to zero, showing that the conductivities
of the insulating layers are very low and suggesting that the self-assembled monolayers
provide a robust insulating layer for which the approximation of eq 5 is valid.50 These data
also suggest that we have avoided any significant surface conductance effects, which would
have instead been indicated by a positive y-axis intercept.30 The coefficient of variance of
the dielectric properties of each engineered microsphere type evident from the error bars on
the crossover frequency plot far exceeded measurement errors, was the same for all of the
microsphere types, and was comparable to the large variability we have previously reported
in dielectrophoretic studies of mammalian cell populations which are known to be
inhomogeneous.19,20,51 This was surprising in light of the uniform particle size
distributions generally associated with polymer microspheres (and specified by Dynal for
the gold-coated beads) and the precise control of layer formation that self-assembled
monolayer techniques generally afford. We thought that this distribution of dielectric
properties might reflect variability in the characteristics of the microsphere core particle
population, such as slight differences in surface roughness or uniformity of the gold coating.
Scanning electron microscopy (SEM) analysis revealed that while the size distribution of the
particles was fairly tight, the surfaces of the gold-coated polystyrene microspheres were
rough and that the extent of roughness varied greatly from particle to particle. As shown in
Figure 5, the microsphere surfaces appear to be stippled with multiple deposits of gold
approximately 0.15–0.55 µm in diameter. Dynal Particles AS supplies the gold-coated
microspheres primarily for use in electronic applications, including conductive adhesive and
microspacer applications.52 Thus, the manufacturing scheme for these particles is
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presumably optimized to yield uniformly sized, conductive spheres for which the extent of
surface roughness is not important. For our application, however, any variability in surface
roughness is detrimental because it will affect the total surface area, and thereby the
capacitance properties, of the self-assembled insulating outer layers. Our studies of cells
have indicated that dielectrophoresis is an exquisitely sensitive method for sensing changes
in membrane capacitance associated with tumorigenesis, apoptosis, and other cellular
disease states because small changes in cell membrane capacitance corresponding to
alterations in membrane surface area can be detected easily.19,20 In light of those findings,
the variability in surface roughness, and correspondingly, in surface area, of the self-
assembled insulating layers could account for the larger than expected coefficient of
variance in the dielectric properties displayed by the engineered microspheres. Indeed, more
careful analysis of the standard deviations of the crossover frequencies reveals
approximately 20% variation within every engineered bead type we made, regardless of the
thickness or composition of the outer insulating layer and regardless of the suspending
medium conductivity. This variation far exceeds the random error in measuring crossover
frequencies, which has been determined to be approximately 5%. This supports the
conclusion that the observed variations in the dielectric properties of the engineered
microspheres resulted from a consistent distribution of microsphere core structures in our
stock of metallized polystyrene beads rather than from random variations in the thicknesses
of the different self-assembled dielectric layers.

Analysis of Engineered Microsphere Characteristics

To compare the characteristics of the insulating monolayer and hybrid bilayer shells
surrounding the engineered microspheres with those that have been reported for planar layer
systems, we chose to evaluate the crossover frequency data in terms of capacitance. We
derived the specific capacitance for the insulating layers of the six microsphere types from
the slopes of the dielectrophoretic crossover frequency plots using eq 5.50 For preliminary
analysis, we chose to present this capacitance data in a format utilized by Plant38 in which
the inverse specific capacitance for each microsphere type is plotted versus the number of
carbons present in the alkanethiol monolayer (Figure 6). We also performed a more rigorous
analysis of the dependence of the microsphere properties on the insulating shell thickness d
as used more typically in DEP modeling. We estimated the thickness of the various
insulating shells by using literature values for the thickness of the hydrocarbon tail of the
DMPC phospholipid53 (since only the hydrocarbon portion of the phospholipid layer
contributes to the capacitance, we ignored the thickness of the hydrated headgroup38,54)
and the thickness of the alkanethiol layers as determined by optical ellipsometry.35 A plot of
the inverse specific capacitance versus the estimated layer thickness in angstroms for the six
engineered microsphere types is shown in Figure 7 (closed squares). The calculated
thickness for the C18 alkanethiol SAM was quite similar to that of the C23 HBM (25.5 and
24.8 Å, respectively), explaining the coincidence of the crossover frequency plots for those
microsphere types (Figure 4).We also calculated the Cmem for each layer using eq 6 and the
total theoretical specific membrane capacitance for the engineered microspheres using the
following relationship:38

(8)

where the permittivities (ϵmem) of the alkanethiol and lipid layers were taken to be 2.2540,55

and 2.7,39 respectively. These theoretical specific membrane capacitance values are also
shown in Figure 7 (open circles).
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The crossover-frequency-derived specific capacitance values are in general agreement with
those observed by others for planar layers of similar thicknesses,40,41 but a confounding
factor in comparing the capacitance values is the difference in solvent conditions and other
experimental conditions which can modify the composition and permittivity of the layers.
Previous studies of alkanethiol monolayers have revealed that self-assembled monolayers
composed of relatively short-chain alkanethiols (C10 and shorter) are less completely
ordered and do not pack as well as those formed by longer chain alkanethiols, presumably
because interchain van der Waals interactions are not as extensive.35,56,57 In keeping with
these previous observations, we noted that engineered microspheres coated with a C9
alkanethiol monolayer displayed a higher specific membrane capacitance than expected
(with an observed Cmem of 4.10 µF/cm2 versus a theoretical 1.66 µF/cm2), indicating that
the insulating shell behaved as if it were much thinner than predicted by previous
measurements.35 This increase in capacitance is also consistent with that observed by
Lingler et al. for hybrid bilayer membranes having small coverage defects.45 Comparison of
the specific membrane capacitance values for engineered microspheres coated with
alkanethiol monolayers versus those having hybrid bilayer membranes suggested that the
addition of the phospholipid layer to the alkanethiol monolayer caused the alkanethiols to
become more organized (see Figure 6). This agrees with the previous observations by Plant
of hybrid bilayer membranes in a planar configuration.42 The ability to detect such
differences in the organization of the insulating shell of the engineered microsphere is
evidence of the sensitivity of dielectrophoretic measurement techniques.

Our ability to successfully modulate the specific capacitance of the microspheres by varying
the insulating layer thickness is illustrated in Figure 7.The experimental specific membrane
capacitance values were determined using data from the dielectrophoretic crossover
frequency studies. The theoretical Cmem for each microsphere type was calculated from
basic capacitance theory (eq 6 and eq 8) using values for the layer thicknesses and
permittivities obtained from the literature. These reported values are dependent upon solvent
and experimental conditions, as well as layer morphology; thus, they may not be entirely
representative of our particular system. Nevertheless, the experimental and theoretical
capacitance values are in reasonable agreement.

Several groups have presented the concept of using beads in microfluidic devices to increase
the total surface area available for chemical and biochemical reactions, including packing
beads into microfluidic channels,3,58 trapping beads at built-in physical barriers59 or inside
microfilter chambers,60,61 and patterning functionalized beads in microfluidic devices
using microcontact printing and self-assembly.62 The new class of dielectrically engineered
microspheres described in this paper provides functionalities that go beyond those of more
conventional microspheres because the customized dielectric properties allow both
microsphere manipulation and identification within a microfluidic environment. Because the
specific capacitance of each microsphere type was a function of the thickness of the
insulating shell, differential dielectrophoretic manipulation of the various microsphere types
within a mixed suspension was possible. Furthermore, the characteristic dielectric properties
of each microsphere type permit the dielectric identification and indexing of different
microsphere types within a mixture by alternating current (ac) impedance spectroscopy (data
not shown). Our studies therefore provide a proof of principle demonstration that the
dielectric properties of microspheres can be specifically engineered to yield particles that
can be selectively and differentially trapped, released, moved, and identified in microfluidic
devices using dielectrophoretic forces. The self-assembled, biomimetic surface of these
engineered microspheres could be functionalized with nucleic acid or antibody probes using
established methods63–65 to enable the development of a dielectrophoresis-based
microsystem for multiplexed molecular separation and analysis. Using mixture theory, we
calculate that the binding of analyte molecules to an engineered microsphere at a surface
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coverage of 10% yields only a 3% change in the microsphere crossover frequency, assuming
ϵanalyte = 2ϵmem and an analyte diameter similar to the thickness of the bilayer. This
indicates that at typical binding densities, the dielectric properties of engineered
microspheres should be essentially independent of analyte binding. Therefore, a mixture of
appropriately functionalized dielectric microsphere types could be used to simultaneously
assay a sample for multiple analytes. Quantitation of the captured analytes by secondary
fluorescent labeling could be correlated with simultaneous impedance spectroscopy to
identify the microsphere type and therefore yield multiplex analysis capabilities. Finally,
methods such as dielectrophoretic field-flow fractionation could be used to isolate multiple
analytes from a mixture for additional characterization, if required, using different
dielectrically engineered microspheres as handles for the various target species.

Conclusions

The aim of this study was to design and produce microspheres with calculable dielectric
properties and predictable dielectrophoretic behavior for use as mobile components in
dielectrophoresis-based microsystems for molecular analysis. Insulating self-assembled
monolayers of alkanethiols and phospholipid were formed on conductive gold-coated core
particles to produce a panel of microsphere types with different shell thicknesses. As
predicted, the dielectrophoretic crossover frequencies and the specific membrane
capacitances of the microspheres could be modulated by varying the thickness of this
insulating layer. Because these engineered dielectric microspheres are both identifiable and
differentially manipulatable, they should extend multiplexed molecular assay and isolation
capabilities to dielectrophoresis-based microfluidic devices.
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Figure 1.

(A)Structure of an engineered microsphere comprising a highly conductive core surrounded
by a thin insulating layer. Such biomimetic particles were designed to have specified
dielectric properties and dielectrophoretic behaviors. (B) The frequency-dependent cDEP
response was modeled (see text) for such particles having different specified dielectric
properties. In this example, the thickness of the insulating shell (dshell) was varied from 10 to
100 nm. At the crossover frequency, fc, the relative cDEP force acting on the microsphere is
zero. At frequencies below fc, the particle experiences negative dielectrophoresis, and at
frequencies above fc, the particle experiences positive dielectrophoresis. Notice that the DEP
crossover frequency is predicted to increase with increasing shell thickness. Similar
modeling can be used to predict the effects of altering other parameters of the microsphere
structure.
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Figure 2.

(A)Engineered microsphere architecture used in the present study. The depicted microsphere
comprises a gold-coated polystyrene core particle surrounded by a SAM of alkanethiolate
with an optional self-assembled outer layer of phospholipid. The thickness of the insulating
layer, and therefore the corresponding dielectric properties of the particle, can be adjusted by
changing the length of the hydrocarbon chains in the alkanethiol and phospholipid that are
used to form the self-assembled monolayers. (B) Panel of different engineered dielectric
microsphere types. Microspheres were coated with insulating shells of six different
compositions: (a) a C9 alkanethiol SAM shell; (b) a C12 alkanethiol SAM shell; (c) a C18
alkanethiol SAM shell; (d) a C9 alkanethiol SAM plus a C14 phospholipid SAM to yield a
C23 shell; (e) a C12 alkanethiol SAM plus a C14 phospholipid SAM to yield a C26 shell; (f) a
C18 alkanethiol SAM plus a C14 phospholipid SAM to yield a C32 shell.

Vykoukal et al. Page 14

Langmuir. Author manuscript; available in PMC 2010 August 2.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.

Dielectrophoretic manipulation of engineered microspheres. C32 (C18 + C14) microspheres
were suspended in an aqueousmedium(220 µS/cm conductivity) above a parallel gold-on-
glass electrode array as described in the Experimental Section. An inhomogeneous fringing
electric field, normal to the electrode plane, is generated at the edges of the 0.35 µm thick
gold electrodes. The metallized electrode traces appear as dark bands; microspheres can be
observed in the open glass areas between the electrodes. (A) At 10 kHz (3 Vp-p), negative
DEP forces direct particles to the field minima between electrode pairs. (B) At 70 kHz,
positive DEP forces direct particles to the field maxima at the electrode edges.
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Figure 4.

Experimentally determined dependence of the crossover frequency on the insulating shell
composition. The dielectric crossover frequency was determined for each microsphere type
as a function of the electrical conductivity of the suspending medium as described in the
Experimental Section: (■) C9 shell; (●) C12 shell; (▲) C18 shell; (□) C23 (C9 + C14) shell;
(○) C26 (C12 + C14) shell; (△) C32 (C18 + C14) shell. Each point represents the mean and
standard deviation for five individual microspheres.
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Figure 5.

SEM photos of gold-coated microsphere core particles. These images were obtained using a
JEOL JSM-5900 scanning electron microscope. Note the presence of surface roughness
from the gold-coating process and the variability in surface area for the three example
microspheres from the same lot (shown in panels A, B, and C).
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Figure 6.

Insulating shell characteristics as a function of layer composition. Crossover frequency
values and eq 5 (see text) were used to calculate the specific membrane capacitance for
microspheres coated with either (■) an alkanethiol self-assembled monolayer or (□) an
alkanethiol SAM with an additional DMPC phospholipid layer to yield a HBM.
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Figure 7.

Dependence of the specific membrane capacitance on insulating shell thickness. Specific
membrane capacitance values are as follows: (■) experimental values derived from
dielectrophoretic crossover frequency data; (○) theoretical values calculated using basic
capacitance theory (eq 6 and eq 8, see text).
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