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ABSTRACT: We report a new approach, molecular dam,
to enhance mass transport for protein enrichment in
nanofluidic channels by nanoscale electrodeless dielec-
trophoresis under physiological buffer conditions. Dielec-
tric nanoconstrictions down to 30 nm embedded in
nanofluidic devices serve as field-focusing lenses capable of
magnifying the applied field to 10°-fold when combined
with a micro- to nanofluidic step interface. With this strong
field and the associated field gradient at the nano-
constrictions, proteins are enriched by the molecular
damming effect faster than the trapping effect, to >10°-fold
in 20 s, orders of magnitude faster than most reported
methods. Our study opens further possibilities of using
nanoscale molecular dams in miniaturized sensing plat-
forms for rapid and sensitive protein analysis and
biomarker discovery, with potential applications in
precipitation studies and protein crystallization and
possible extensions to small-molecules enrichment or

screening.

M iniaturized biosensors and bioanalytical systems promise

to revolutionize the field of health care and personalized
medicine in light of sample reduction, speed, and sensitivity.1
However, mass transport has generally been recognized as a
major limiting factor in the sensitivity and performance of
miniaturized sensor platforms, in that miniaturization leads to
penalties on passive transport of biomolecules to the sensor
surface due to increased diffusion length from the bulk liquid or
in the direction of the fluidic channels.* Further, for low-
abundance protein analysis, sample enrichment is often
regarded as the first prerequisite for high-resolution analysis,
since chemical amplification methods are not readily available
for proteins. These factors pose major challenges for early or
acute disease diagnostics and biomarker discovery using micro-
or nanoscale sensor platforms. We report a new method for
rapid enrichment and mass transport of proteins based on
electrodeless dielectrophoresis (eDEP)® using an array of
insulating nanoconstrictions as molecular traps or dams
(preferred implementation), depending on the corresponding
dielectric response of the molecules. We show that nano-
constrictions, serving as field lenses, may enhance local electric
field to ~10°-fold over the applied ac field and the associated
field gradient. As a result of this strong field at the
nanoconstrictions, Alexa-488-labeled streptavidins (52.8 kDa,
S nm in diameter) are enriched by the molecular damming
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effect to >10°-fold in <20 s in high-conductivity physiological
buffers, orders of magnitude faster than most reported
methods.* Our study opens further possibilities of using
nanoscale molecular dams in miniaturized platforms for
sensitive protein analysis, biomarker discovery, precipitation
studies, and protein crystallization.®
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Figure 1. Concept of nanoscale molecular trap and dam. When an ac
electric field is applied across an insulating nanoconstriction with a gap
of tens of nm embedded in a sealed channel, the field can be highly
focused, and a strong field gradient is generated for (a) positive
dielectrophoresis (PDEP) or (b) negative dielectrophoresis (NDEP) if
the dielectric permittivity of an analyte (shown in dots) is larger or
smaller than that of the medium, respectively. The attractive potential
in (a) serves as a molecular trap, while the repulsive potential in (b)
keeps molecules away from the constriction. However, if a dc bias is
applied in the case of NDEP, as shown in (c) for negatively charged
particles, it tilts the repulsive potential into a slanted well, where the
force balance condition, Fgp = Fyg + Fypgp, Occurs at local potential
minimum, which could then cause protein accumulation in a
continuous fashion, effectively working as a molecular dam.

Among the efforts for protein enrichment, electrokinetic
methods using ion exclusion-enrichment effect by electrical
double-layer (EDL) overlapping in a nanofluidic channel, or
ion-selective permeable membranes such as Nafion, have been
the most commonly adopted.%_11 Other methods based on
conductivity gradient, temperature gradient,“k_m and pat-
terned membranes*” for preconcentration have also been
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demonstrated. However, integrating sensing elements into
these methods is not straightforward, since preconcentration is
localized at the edges of the nanochannels. On the other hand,
DEP® and the recently introduced eDEP,*’ or insulator-based
dielectrophoresis (iDEP),® are known to be effective in the
enrichment of DNA,*® RNA,' viruses,'' and cells”** by
exploiting the dielectric response of the bioparticles and its
interaction with non-uniform electric fields. In particular, eDEP
and its integration of DNA sensors demonstrated simultaneous
sample enrichment and sensing."* However, recent reviews on
eDEP cast doubts as to whether it could be implemented on
chip for protein enrichment since either the size or the
polarizability of proteins is much smaller than those of DNA or
cells, and hence the demand for ultrahigh field gradient may not
be easily realized.'* In the current study, while we utilize highly
focused fields at nanoconstrictions to enhance DEP forces, we
alleviate problems associated with sensor integration by
applying negative dielectrophoresis (NDEP) with dc bias; ie.,
the net transport from electrophoresis (EP) is opposed by
NDEP and electroosmosis (EO) through the force balance
condition, Fgp = Fgo + Fypgp, to enrich proteins away from the
nanostructured points, a scheme we call a molecular dam
(Figure 1). This scheme holds in general as long as the ac field
imposes a strong NDEP scenario (ac field amplitude > dc
bias) at the constriction.

Classical DEP theory defines the translational force, i.e., the
dielectrophoretic force, acting on a polarizable particle in a non-
uniform field as Fppp = 2ar°e, Re[K(w)]VE?, where r is the
radius of the particle, &, the absolute permittivity of the
suspending medium, E the amplitude of the applied field (ie.,
root-mean-squared E in the case for an ac field), and Re[K(®)]
the real part of the Clausius—Mossotti (CM) factor,
representing the frequency-dependent dielectric contrast
between the particle and the suspending medium in an external
driving field.*" It determines whether the particle transport is
toward, when Re[K(®)] > 0, or away from, when Re[K(w)] < 0,
the high field gradient region of the fluidic channel,
correspondingly by positive dielectrophoresis (PDEP) or
NDEP. The nanoscale molecular traps and dams implemented
in this study are depicted in Figure 1.

Since Fppp is proportional to the size of the molecules (~°),
for proteins of few nanometers in size (~10—100 kDa) and
small CM factor due to low polarizability, it is challenging
within conventional devices to enrich proteins by DEP.'* To
overcome this issue, one needs to create a highly focused field
and field gradient to enhance Fpyp by engineering the VE* (or
E-VE) term described above. The use of insulating nano-
constrictions provides both an enhanced field and field gradient
to compensate the small size and low CM factor of the proteins,
and to overcome its large diffusion coefficient. Based on this
disposition, we have developed a fabrication process to
construct eDEP nanoconstrictions embedded in nanofluidic
channels (nanochannels) with interconnections to microfluidic
channels for sample handling. (Device fabrication is detailed in
the Supporting Information (SI).) To achieve nanoscale eDEP
devices, fused silica was selected as the insulating substrate due
to its robustness and low auto-fluorescence. The experimental
layout and overall chip configuration are displayed in Figure
2a,b. Optical and scanning electron micrographs (Figure 2c,d)
show that parallel nanochannels containing arrayed nano-
constriction structures may be constructed on one chip.

Due to the simple fact that the displacement current in a
conducting buffer may be focused (or enhanced) by reducing of
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Figure 2. (a) Schematic of the experimental layout. Four Au electrodes
are inserted into the reservoirs, shown in (b), where the electric field is
applied. Experiments are monitored by an inverted fluorescence
microscope via a 40X objective and an EMCCD (see Supporting
Information). (b) Photograph of an assembled device (14X14 mm?®)
made in fused silica (see Figure S1). The two reservoirs at each side of
the H-shaped microchannel, 750 um X 3 ym, are kept at equal
potential. (c) Optical micrograph showing the center of the “H” where
long nanofluidic channels (30 ym X 220nm) are connected by
microfluidic channels. Three nanoconstrictions are seeded in each of
the five nanochannels (two shown here). (d) SEM image of the boxed
nanoconstriction (viewed in 90° turn) in (c), with 30 nm gap size.
Scale bar: (c) 30 um; (d) S00 nm.

a cross-section of an insulating fluidic channel, it is
straightforward to estimate the field-focusing factor in our
device. If a microchannel with dimensions X, ;,oXZicro
(widthxheight) is reduced to a nanochannel of X ..0XZ o
and the nanochannel is further reduced to a nanoconstriction of
width X, then from the continuity equation (current
conservation) one can easily find the design rule for the overall
ﬁeld lens power to be (Xmicro/Xnano)X(Zmicro/znano)x(Xnano/
X_)/n, where n is the number of parallel nanochannels (n = S in
our device), provided the conductivity of the buffer remains
constant over all fluidic passages. This assumption is valid as the
Debye screening length (<1 nm) in the buffers used in our
experiments is much less than the nanoconstriction width and
nanochannel height of our device. This condition is still far
from the EDL overlapping scenario, where the concentration
polarization effect is prounced.** ™" From our current design, the
cross section of the microchannel is 750 gm X 3 ym?, and that
of the nanochannel is 30 gm X 220 nm, with nanoconstriction
width 30 nm. The overall field-focusing factor is ~7 X 10%X,
leading to an enhancement factor of ~S$xX10° for the
dielectrophoretic force (~E?) at the nanoconstrictions.>’
Empowered by such a strong enhancement of the field and
field gradient, we were able to perform both PDEP and NDEP
in our device using Alexa-488-labeled streptavidins as model
proteins in physiological buffer conditions (10 mM phosphate-
buffered saline with 150 mM NaCl, conductivity 1.6 S/m).
Conversely, conventional metal electrode-based dielectropho-
resis (MDEP) is not effective to overcome the strong EDL
screening effect, due to the limitation of applied field strength,
and hence could not easily polarize the protein—counterion
cloud complex in high-salt conditions.***" On the other hand,
the protein enrichment schemes using the co-ion depletion
effect, caused by EDL overlapping, suffer from the relatively low
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potential barrier; hence, high dc bias cannot be applied for
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Figure 3. Protein trapping and damming with nanoscale eDEP. (a)
Proteins (Alexa-488 streptavidins, 10 yg/mL) loaded in the chip by
capillary force. Protein trapping with PDEP (b) 20 and (c) 40 s after
473 V,,/cm ac field applied across the chip at 10 kHz. This field is
focused 7x10*fold (~3.3x10° V,,/m) over the applied field at the
constrictions. All three constrictions show trapping of streptavidins,
indicating PDEP is at work. (d—f) Protein damming demonstrated by
NDEP+dc: ac field of 214 Vpp/cm is applied at 1 MHz with 1.5 V/cm
dc bias (with positive potential at the right side of the channel). The
image in (f) was taken with a 25% transmittance neutral density (ND)
filter to keep the intensity below saturation of the EMCCD. The dark
zone at the center of the first constriction indicates NDEP is at work
where streptavidins are repelled. Virtually no excess molecules go
beyond the first dam before reaching its saturation for effective
accumulation at the second and third dams to show dark zones with
good contrast. (g) Corresponding intensity plot of protein enrichment,
at the same initial concentration of 10 ug/mL, under the same
experimental conditions used for molecular trapping and damming.
The plateau in the damming curve means the EMCCD has reached
saturation (an extended intensity plot with the use of ND filter is
shown in Figure S2). (h) Protein enrichment curves for various initial
concentrations (10 ng/mL or 189 pM, 100 ng/mL, and 10 ug/mL)
when operated under the molecular damming effect with correspond-
ing dc bias of 1.5, 4.5, and 1.5 V/cm. The concentration rulers of
streptavidin are drawn as horizontal lines. Note that 10 ng/mL
proteins are enhanced >10°-fold in <20 s. The inset shows the
damming of goat anti-human IgG, which reaches 400-fold enrichment
in 7.5 s from a concentration of S ug/mL (33 nM), against
streptavidins (500-fold enrichment in <1 s) under the same applied
field conditions as in (d—f).

Figure 3 summarizes our observation of the molecular
trapping and damming effects through the operation of PDEP
and NDEP with dc bias, respectively. Panels a—c demonstrate
that PDEP for streptavidins may operate in arrayed nano-
constrictions and occurs at 10 kHz. However, when the
frequency is increased to ~1 MHz, the DEP undergoes a
crossover response from PDEP to NDEP with a changed sign
of K(w), consistent with other published results.® Panels d—f
show the molecular damming effect for streptavidin enrichment
when operated under NDEP with dc bias. These observations
verify that the concepts depicted in Figure 1 are at work.

To compare the effectiveness of protein enrichment by
PDEP (trapping) and NDEP with dc bias (damming), we
loaded the chips with the same initial concentration of 10 pug/
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mL Alexa-488 streptavidins. Figure 3g indicates that the
damming effect is much more efficient in protein enrichment,
as 10*-fold concentration enhancement may be achieved 2—3 s
after the field is turned on, much faster than the trapping effect
(see SI Figure S2 and Movies M1 and M2). In fact, this result
suggests that, for practical applications, nanoscale eDEP as a
molecular dam (NDEP+dc) is particularly advantageous for
three reasons: it is much more effective in protein enrichment
than PDEP; concerns of potential Joule heating effect are
alleviated by displacement of the molecular dam away from the
hot spot, ie., the geometrical center of the nanoconstriction;
and the sensing element can be placed micrometers away from
the nanoconstriction, a task easily achievable by conventional
photolithography. This circumvents the great technical
challenge of integrating biosensors at the center or in the
immediate proximity of the nanoconstrictions when operating
in PDEP scheme.

To further characterize the enrichment factors for different
initial protein concentrations under molecular damming
conditions, streptavidins of 10 ng/mL, 100 ng/mL, and 10
ug/mL were loaded into the chips. Figure 3h shows the
enrichment curves at various starting concentrations of
streptavidin, where the concentration rulers of 1 and 5 mg/
mL are drawn as horizontal lines under the same buffer
conditions as those used in experiments to serve as references
for calculating the enrichment factor and the time needed to
reach the concentration rulers. To ensure the molecular
damming strategy developed here is applicable to other
proteins, we also tested Alexa-488-labeled goat anti-human
IgG (~150 kDa, see SI) in comparison to Alexa-488
streptavidins (inset in Figure 3h). The results indicate the
effect of the molecular size and the polarizability for different
proteins. Note that all the data presented in Figure 3gh and
Figure S2 are plotted from the region of highest intensity of
fluorescent signals (with an area of 9.6 um? or 24 pixels) where
proteins are mostly enriched, after subtracting the background
from dark counts and auto-fluorescence from the substrate.
Based on these results, a protein enrichment factor of >10°-fold
may be achieved in just seconds when operating in the
damming scheme, orders of magnitude faster than most
previous studies.***" We attribute the fast transport of
molecules to the highly constricted field at both the micro-
to nanochannel junction and the nanoconstriction. This is
indeed a unique feature of our device. Streptavidin velocity is
enhanced from ~1.5 pm/s in microchannel (1.5 V/cm applied
dc bias and bulk mobility 0.8 + 0.9 ym-cm/V-s)* to ~100 ym/
s by a 70-fold field enhancement when entering into the
nanochannel, and further to ~10—15 cm/s by another 1000-
fold field enhancement from the junction to the nano-
constriction (~45 um distance). To estimate the effective
potential energy U, involved in the damming process using
Boltzmann distribution, 10°-fold concentration enrichment
corresponds to U, & —12 kT, where kzT is the thermal
energy. Since in the experiments the system did not reach
equilibrium as proteins kept accumulating during the process,
this estimation would suggest a lower bound of the effective
potential well.

To demonstrate that the balance of Fyg and Fyp alone cannot
achieve the significant protein enrichment observed in our
device, we studied the case of a pure dc field (up to 4.5 V/cm)
but did not observe any discernible protein enrichment (see S,
Movie M3). In fact, it suggests Fgp is much higher than Fyq in
our device. To further demonstrate the essential role of Fypgp
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in molecular damming, we turned off the ac field but not the dc
bias and observed the highly enriched proteins quickly diffusing
away due to the concentration gradient established by the
molecular dam (see SI, Movie M4). Hence, Fypgp is essential
for the protein damming effect in our design.

The potential Joule heating effect due to the highly focused
field (total current 25 uA, or S uA/nanochannel) at the
nanoconstrictions may be alleviated by the small sample
volume (~1 pL/nanochannel), with a 220 nm liquid layer in
the nanochannels, used in our devices. Hence heat dissipation
through the substrate, as a bulk thermal bath, is very effective
based on our previous study by finite-element multiphysics
simulation."*"” Within our experimental conditions, we assume
the proteins at the trap are not denatured, as the trapping
events are reversible, and there is no denaturation-associated
aggregation observed in our experiments. The issues discussed
here are further assuaged if one operates the device as
molecular dams where enriched proteins are away from the
highly focused field constrictions.

Although protein trapping has been demonstrated using a
100-nm nanopipet with quasi-dc driving field,'® and insulator
post-array with dc field (iDEP with low-conductivity buffers to
avoid Joule heating)," it remains challenging to detect ultra-
low protein targets due to the limited protein enrichment factor
achieved (up to 1000-fold) and to integrate it within a fluidic
chip platform where multiplexing and parallel analysis are
desirable (in the nanopipet approach). However, the concept of
the molecular damming effect introduced in this study is
exceedingly compatible with multiplexing, parallel analysis, and
high-conductivity buffers, and thus suitable for integrating
biosensors.

In summary, we present a nanoscale active molecular
transport scheme for ultrafast protein enrichment by
constructing nanoscale molecular traps and dams using
electrodeless dielectrophoresis generated by insulating nano-
constricted structures. A protein enrichment factor >10° has
been achieved in <20 s, orders of magnitude faster than most of
the reported methods. Multichannel layout for parallel
operation has also been demonstrated. In this scenario,
miniaturization alleviates rather than accentuates the transport
limitations, so that any sensor applications can capitalize on the
ultrafast sample enrichment schemes introduced here. Though
our device could also be applied to DNA and RNA
analysis,>'*'? it may find applications in general protein assays,
protein crystallization, rare biomarker discovery (e.g., coupled
with mass spectroscopy), and early disease diagnostics in lab-
on-a-chip systems, with potential extensions to enrichment or
screening of small molecules (e.g., peptides or carbohydrates).
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Details of device fabrication and protein enrichment; movies
showing molecular trapping and damming effects. This material
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