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ABSTRACT

A low-cost fabrication method of microfluidic devices with micrometer-sized constrictions used for electrodeless dielectrophoresis (eDEP)
is demonstrated here. A structure on a commercial printed circuit board (PCB) template of one-sided copper clad fiberglass-epoxy lam-
inate was used as a molding master for polydimethylsiloxane (PDMS) soft lithography. This was achieved by printing a constriction-based
microchannel pattern on glossy paper with a micrometer-scaled resolution laser printer and transferring it to the laminate’s Cu face, rendering
a microstructure of ~17 ym height and various widths across tips. The Cu master’s pattern was transferred to PDMS, and smooth constric-
tions were observed under the microscope. Following air plasma encapsulation, PDMS chips were loaded with an inactivated bacterial sample
of fluorescently stained Brucella abortus vaccine strain S-19 and connected to an amplified voltage source to examine the sample’s response to
electric field variations. After an AC/DC electric field was applied to the bacterial solution in the microfluidic device, the combined effect of
electrokinetic + hydrodynamic mechanisms that interact near the dielectric microconstrictions and exert forces to the sample was observed
and later confirmed by COMSOL simulations. Our fabrication method is an alternative to be used when there is no access to advanced micro-
fabrication facilities and opens ways for target selection and preconcentration of intracellular pathogens as well as sample preparation for
metagenomics.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5049148
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I. INTRODUCTION

Members of the Brucella genus are facultative extracellular and
intracellular a-proteobacteria responsible for causing brucellosis in
a variety of mammals. This chronic disease can cause abortion and
infertility in livestock with economic losses mainly in middle and
low-income countries.” Humans are infected through direct con-
tact with infected animals or through contaminated food prod-
ucts derived from infected animals. Brucellosis is considered by
the World Health Organization (WHO) as a “forgotten neglected
zoonosis,” estimating that for every reported human case, there
are 25-50 unreported cases.” The ability to survive inside immune
cells is a keystone for Brucella to cause disease, evading the innate
immune response and causing unspecific symptoms which are eas-
ily confused with other infectious diseases.” As with many infectious
diseases, the available tools for diagnosis of brucellosis are limited,
particularly in developing countries, leaving health care personnel
without clear and opportune answers for effective treatment. It is in
these settings where the chance for the outbreak of these pathogens
increases.’

WHO has established basic criteria for an ideal diagnostic
method of pathogens such as Brucella abortus in developing coun-
tries. Methods or devices to detect these pathogens must be eco-
nomically accessible, user friendly, sensitive, specific, rapid, and
not dependent on complex technology or nonportable energy.” The
miniaturization of diagnostic technology, thanks to micro- and nan-
otechnologies and the use of LOC (lab-on-chip) technologies,”” is
a way to achieve the WHO criteria because it can handle com-
plex chemical and biological management such as trapping, sort-
ing, separation and patterning, purification characterization, and
analysis.” '’ LOC microfluidic devices are also very attractive due
to their capability of detecting microorganisms in situ. Previous
work has demonstrated that low concentrations of the target bacte-
ria are detectable through the use of electrokinetic preconcentration
techniques such as dielectrophoresis (DEP)."

DEP is the movement of particles in a nonuniform electric field
due to the interaction of the particle’s induced dipole and the spatial
gradient of the electric field.'”"” When a dielectric particle is under
the influence of an electric field, the particle becomes electrically
polarized as a result of a partial charge separation, which leads to an
induced dipole moment at the particle’s surface. The induced dipole
moment is either aligned with or directed against an applied field,
resulting in positive or negative DEP, where the particle is attracted
to or repelled from a region of high electric field strength, respec-
tively."" DEP trapping and levitation, electrorotation, and traveling-
wave particle transport are examples of important applications of
dielectrophoresis in biotechnology.'

DEP can manipulate biological particles such as bacteria,
viruses, spores, yeast, and other types of eukaryotic cells in LOCs
because of their favorable scaling for the reduced size of the system.'”
It has also been used to manipulate proteins,“‘ % nucleic acids,"’
and other types of biomolecules."” Pathogens such as Escherichia
coli, Clostridium difficile, and Cryptosporidium parvum experience
DEP and can be manipulated with a specific range of frequencies
in an electrodeless DEP (eDEP) device, allowing characterizations
and label-free separations of heterogeneous samples.”””' There-
fore, after lysis and filtering, DEP is the most suited technique to
selectively preconcentrate Brucella abortus species and other
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intracellular pathogens, which normally exist in very low concentra-
tions in a blood sample from the infected host, thus making it easier
to perform subsequent metagenomic studies.””

However, when applying strong AC electric fields within an
eDEP system, DEP is not always the only significant electroki-
netic (EK) force and other nonlinear electrohydrodynamic (EHD)
effects may give rise to fluid flows in the microfluidic channel which
exert additional forces to the particles. The most relevant effects
are induced charge electroosmosis (ICEO) and electrothermal flow
(ET). ICEO is dependent on the induced charges on the surface
of polydimethylsiloxane (PDMS)—a polarizable dielectric material
with low but finite dielectric properties (conductivity and permit-
tivity), exposed to an external electric field. ET emerges from the
gradients in the intrinsic dielectric properties of the fluid due to Joule
heating effects. Microvortex flow patterns near dielectric microcon-
strictions due to the combination of these long-range effects along
with the short-range DEP have been reported to assist the trap-
ping or deflection of particles in eDEP devices.”””* These regions
of recirculation, though, have mainly been avoided due to potential
detrimental effects on both the medium and the bioparticles.”

Nevertheless, some groups have reported eDEP devices using
the combined effect of electrokinetic and hydrodynamic (HD)
mechanisms harnessing vorticity to preconcentrate bioparticles. For
instance, ET effects can enhance particle trapping and deflection by
means of perturbing electrophoretic (EP) and electroosmotic flow
(EOF) fields, creating vortices near the microchannel constriction.”
Similarly, eDEP biomolecular trapping experiments can be assisted
by ET flow vortices, enabled by long-range fluid sampling and local-
ized stirring.”” An example of the use of the enhancement of eDEP
device efficiency is for the separation of a tumor cell by means of
leveraging the vortex generation as a product of mixed hydrody-
namic (HD) and EK phenomena.28 In addition, eDEP with a DC
field was employed to separate red blood cells (RBC) from plasma
by combining nDEP, EOF, and HD force taking advantage of the
channel geometry with stagnation zones.”” However, the combined
use of eDEP and vorticities arising from opposing direction flow
profiles (hydrostatic pressure driven flow—HPDF and EOF) has not
been reported before to aid the enrichment of bioparticles near the
constriction tips.

Microfabrication technologies needed for DEP microfluidic
LOCs require expensive equipment and facilities such as pho-
tolithography and metallic vapor deposition that are beyond the
budget of the majority of institutions in developing nations.”’
The introduction of polydimethylsiloxane (PDMS) has enabled fast
and inexpensive fabrication of microfluidic LOC devices by “soft
lithography” under normal benchtop conditions.””* In addition to
being robust, flexible, biocompatible, and of low electrical and ther-
mal conductivity, PDMS is also ideal since it can seal to a variety
of materials. The major problem lies in the fabrication of SU-8
master molds for PDMS patterning, an expensive traditional pho-
tolithographic process. Hence, the development of low-cost molding
master’s fabrication techniques is imperative to do research in such
scenarios.

A simpler alternative for fabricating microfluidic molds relies
on the shrinkage properties of biaxially oriented polystyrene ther-
moplastic sheets; however, only rounded channel patterns can
be achieved and limited reproducibility has been reported.”
Direct-printing or toner transfer masking (TTM) has been used to
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produce low-cost and disposable plastic-based microfluidic chan-
nel devices for on-chip applications without the need for clean-
room facilities.” ** The use of rapid marker and direct laser printing
masking to replace photolithography, a similar fabrication method
of microfluidic devices formed from replica molding of printed cir-
cuit board (PCB) copper-clad substrates, has been demonstrated.
However, these patterns were either drawn or printed directly.”” "’
Nevertheless, none of the abovementioned methods focuses on
microfabricating devices for constriction-based eDEP manipula-
tions. An earlier work introduced low cost technologies used to fab-
ricate microfluidic DEP devices. However, the reported method used
microelectrodes (Ti/Au or Cr/Au) patterned on a glass substrate and
microchannels were fabricated using parylene, stereolithography-
based resins, and SU-8.*

In this work, we demonstrate a low-cost fabrication method of
microfluidic devices with micrometer-sized constrictions for eDEP"”
applications using a structure on a commercial FR-4 one sided cop-
per clad PCB template, as a molding master for PDMS soft lithogra-
phy. PDMS chips were later fabricated with a standard soft lithog-
raphy procedure using the Cu master. The microchannel pattern
was clearly transferred to PDMS, and smooth constrictions were
observed under the microscope. Chips were later encapsulated with
a cleaned cover glass, under air plasma activation conditions. To
demonstrate functionality, PDMS chips were loaded with Texas Red
Succinimidyl Ester (TRSE) stained inactive samples of Brucella abor-
tus S-19 in an aqueous solution and imaged using an inverted fluo-
rescence microscope. After an electric AC + DC field was applied
to the bacterial solution in the microfluidic device, the combined
effect of phenomena of DEP, EOF, and HPDF was observed near the
constrictions, providing a proof of principle of an operational device
suitable for particle enrichment.

() (b) (©)
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Il. MATERIALS AND METHODS
A. PDMS microfluidic device fabrication

The preparation of a Cu molding master is the experimen-
tal basis to create PDMS microchannels; its fabrication process is
summarized in Fig. 1.

The pattern’s design was made in a CAD software using two
variables to control its shape, which allowed establishment of dif-
ferent initial conditions for the printing of the constrictions. Later,
these patterns were printed on a glossy paper of 200 g/m* using a
HP Color Laser Jet printer, model CP3525n [Fig. 1(a)]. For the con-
struction of the mold, a commercial FR-4 PCB template of one sided
Y, 0z. copper clad fiberglass-epoxy laminate of 1.8 cm x1.8 cm was
used. The template was cleaned with acetone, isopropanol (IPA),
and diH>O in an ultrasonic bath for 5 min. After cleaning, the Cu
template was positioned to the glossy paper’s printed side by means
of wetting the copper’s surface with a 1 ul droplet of 99.5% IPA to
facilitate the adhesion to the glossy paper [Fig. 1(b)]. The PCB +
glossy paper with the ink pattern assembly was dried for 20 min on
a hot plate at 165 °C by placing an iron on top of the assembly and
allowing the system to reach thermal stability before manually press-
ing it [Fig. 1(c)]. After removing from the heat and pressure source
and cooling down, the assembly was submerged in a container with
diH,O at room temperature for 20 s [Fig. 1(d)] and afterward, the
glossy paper was peeled softly from the PCB template, leaving only
the ink of the printed H-shape on the Cu’s surface [Fig. 1(e)]. The
surface of the copper plate was then rubbed with care to remove any
remnant pieces of paper, rinsed again, and allowed to dry. Then, the
PCB template was submerged in PCB etchant solution (GC Elec-
tronics, Rockford IL) under constant stirring for 15 min, and the
H-shape design transferred to the copper surface served as a wet

)
&

~ Vo «+
/"va\

@ B. Abortus cells

@ PDMS

QO Fluidic channel
—» p-DEP forces

FIG. 1. Fabrication process of PDMS microfluidic device with microconstrictions: (a) H-shaped ink pattern was laser printed on a glossy paper with micrometer-scaled
resolution. (b) The pattern was transferred to a laminate’s copper sheet by contacting the glossy paper with 1 ul droplet of an organic solvent between surfaces and
(c) heating the assembly on both sides and pressing it. (d) The assembly was submerged in DI water. (e) The glossy paper was removed leaving only the microchannel’s
ink masking pattern on the Cu’s substrate. (f) Wet etching: PCB template is immersed in etching solution for 15 min under stirring. (g) Wet etching result: Ink-masked Cu
remains, rendering a resulting H-structure that can serve as a master mold. A constriction is formed in the middle. (h) The Cu mold is used for PDMS soft lithography, (i) inlet
through-hole punching and encapsulation, and (j) schematics of the device: 4 holes are used as inlet reservoirs for introducing sample and electrodes and to more effectively
minimize static and dynamic pressure effects in the y-coordinate of the constriction channel. The region in the central channel is where particle enrichment and electrokinetic

manipulation of the B. abortus cells are expected to occur.
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etching mask, removing the copper in the exposed areas and leav-
ing only the protected patterns [Figs. 1(f) and 1(g)]. Experiments
were carried out previous to this last step to determine the etch-
ing rate of the etching solution at different dilution ratios (refer to
the supplementary material, Sec. I), and the resulting steplike fea-
ture was measured using a profilometer (Bruker’s DektakXT® Stylus
Profiler).

Inside a laminar flow hood, the Cu molds were cleaned fol-
lowing a standard semiconductor cleaning protocol using acetone,
isopropyl alcohol, and diH,O sonicator baths and later blown with a
N, gun to remove the ink mask as well as any residues and particles
that could be present on the mold’s surface.

Measurements of the resulting pattern widths of microcon-
strictions in all stages of the process were performed using optical
microscopy and a Zeta-20 Optical Profiler (Zeta Instruments, San
Jose, CA).

Micromolding was performed using PDMS (Sylgard®184, Dow
Corning, Midland, MI) in 10:1 proportion with the curing agent.
The mixture was placed in a vacuum desiccator for 20 min to remove
bubbles. Magic Tape (3M, Maplewood, MN) was used to create a
molding cage around the master, and the PDMS mixture was poured
slowly to cover ~0.5 cm in height. A vacuum desiccator was used
for 10 min for removing the bubbles formed in the pouring pro-
cess. Afterward, PDMS was cured in a preheated muffle furnace at
80 °C for 2 h and then peeled off from the copper mold [Fig. 1(h)].
Through holes serving as fluidic reservoirs and the inlets for the
injection of microorganisms were punched on the circular regions
of the resulting PDMS structure.

Coverslips were cleaned to remove organic residues and films
following the RCA-1 or “standard clean-1,” based on sequential
oxidative desorption and complexing with H,O,-NH,OH-H,O
(1:1:5), then heated to 70 °C and soaked in the solution for 15 min,
and later transferred to a container with overflowing DI water to
rinse and remove the solution.

Room air plasma produced in a commercial plasma cleaner
(Harrick Plasma, PDC-32G) was used to promote surface activation
and subsequent bonding between RCA-1 cleaned coverslips and the
PDMS chips,” thus allowing the encapsulation of the microfluidic
channels [Fig. 1(i)].

An illustrative scheme is shown in Fig. 1(j). Since the idea is
to enrich particles of the B. abortus cells in the central microchan-
nel, we chose an H-shaped microfluidic channel architecture with 4
loading reservoirs, which were used as inlet channels for introducing
sample and AgPt electrodes, and with a central microchannel con-
tainin?g dielectric microconstrictions where EK manipulations take
place.””

B. Inactivated Brucella cells solution

B. abortus vaccine strain S-19 was grown in a broth media
for 24 h. Bacteria were killed after exposure to a 1.5% bleach solu-
tion, centrifuged, and resuspended in water. Survival tests were
performed to assure that bacteria were killed.

Bleach-inactivated cultures of B. abortus S19 were centrifuged
at 2500 g for 5 min and washed twice in phosphate-buffered saline
(PBS) at room temperature. Cell pellets were resuspended with
Texas Red Succinimidyl Ester (TRSE, EX 595 nm, EM 605 nm,
Invitrogen™) in PBS at a concentration of 1 ug/ml and incubated

scitation.org/journal/adv

for 30 min in the dark. The bacteria were then washed twice in PBS
and observed using a fluorescence microscope. A highly concen-
trated S-19 in solution was obtained, and its concentration value of
3.2 x 10° CFU/ml was determined using a spectrophotometer.

A 1:10 diluted solution from the original concentrated solu-
tion was used in the experiments. The conductivity of the solution
was measured using a conductivity meter (Horiba, LAQUAtwin EC-
22). Diluted solutions of inactivated B. abortus vaccine strain S-19
previously stained with Texas Red were injected to the microfluidic
chip.

C. Experimental setup

Fluorescent inactivated bacterial solution was loaded in our
device and observed at 40x magnification in an inverted fluores-
cence microscope (Leica DMI8) with a mercury metal halide bulb
(Leica EL6000) as the light source and a Y3 filter cube (Leica, Exc:
545/23 nm; mirror: 565 nm; Em: 605/70 nm). A commercial wave-
form generator (Keysight 3350013 Series) was used to produce an
AC signal which was amplified through a high voltage linear ampli-
fier (FLC Electronics AB A400) and used to apply an AC/DC E-field
across the chip’s fluidic reservoirs using electrodes to induce the par-
ticle’s electrokinetic response. An oscilloscope (BK Precision) was
used to observe the variation of the signal supplied by the source.
The results were recorded using a scientific sSCMOS camera (Andor
Technologies, Zyla 4.2 PLUS).

D. Computational modeling with finite element
analysis

COMSOL Multiphysics® version 5.4.0.295 (Palo Alto, CA) was
used to evaluate the feasibility of our low-cost fabricated eDEP
microfluidic device with microconstrictions for the preconcentra-
tion of inactivated Brucella cells by the combined effect of elec-
trokinetic and hydrodynamic phenomena. The device was simu-
lated by modeling a 2D-model geometry which encloses a conduc-
tive buffer where Brucella particles are immersed. The model was
built using the following physics modules: creeping flow (microflu-
idic module) to model the fluid flow in the microfluidic device;
electric currents (AC/DC module) to model the electric field dis-
tributions; heat transfer (heat transfer in fluids module) to study
the Joule heating effect in the fluid; and particle tracing for fluid
flow (particle tracing module) to solve for the trajectories of par-
ticles experiencing drag and dielectrophoretic forces (refer to the
supplementary material, Sec. II, for the underlying equations solved
for the simulation, model description, parameters, and boundary
conditions).

Ill. RESULTS AND DISCUSSION

Measurements were performed using optical microscopy and
an optical profiler to characterize the structures produced at each
step of the fabrication process. First, the structure printed with ink
on the glossy paper was observed, as shown in Fig. 2(a), finding
that the ink’s thickness was (1.9 + 0.2) ym and constrictions could
be printed down to ~160 ym (mean width). However, as shown in
Fig. 2(b), constrictions became wider and less pronounced during
the ink transfer to the PCB surface, possibly due to heat expan-
sion and wetting effects. After chemical etching, the thickness of
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FIG. 2. (a) Optical micrography of a 175.3 um wide constriction pattern laser-printed on glossy paper with a (1.9 + 0.2) um thick top layer of ink, (b) optical micrography
of a 235 um wide constriction pattern, after the same ink pattern in (a) was heat transferred to the PCB’s Cu sheet. (c) Optical micrography top view of a 139.3 ym wide
constriction pattern, after the same pattern in (b) was wet etched, defining a PCB based molding master. The inset shows the optical profilometry 3D view with a (16.3
+ 0.8) um thick layer of Cu and (d) optical micrography top view of a 155.4 um wide constriction pattern in the microchannel, after the same pattern in (c) was replicated using
PDMS micromolding. The inset shows the corresponding optical profilometry of a (20.3 + 0.5) um deep feature. (e) Statistical box plot comparison of measured results within
the different fabrication steps (Nsampies = 12 for each geometry) and different design parameters height (x) and width (y). (f) Further fabrication experiments with a higher
sample size (Nsamples = 78), for the design condition x = 50 um and y = 170 um [outlier points were included in the calculation of the whiskers following the 1.5 interquartile

range (1.5/QR) method].

copper was (16.3 + 0.8) ym with a surface roughness, Ra, of 0.9 ym
[Fig. 2(c)], as expected from the information offered by the manu-
facturer (clad copper thickness: 17 ym).

Values of the constriction width were measured at each
step of the fabrication process, as shown in Fig. 2(e). Printing a
CAD design with a sharp microconstriction was not suitable for
achieving reproducible results due to the spatial resolution of the

printer. To overcome this limitation, we optimized the design and
found that defining a channel described by two main design parame-
ters height (x) and width (y) [Fig. 2(e) inset] results in an ink printed
pattern with a mean micrometer constriction width of (186 + 22) ym
in the glossy paper. The range of the channel parameters for which
proper microconstrictions were obtained is 50-100 ym in (x) and
150-170 ym in (y).
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Although the constriction width increases to mean values of
(320 + 66) ym due to thermal expansion when transferring the ink
pattern to the copper substrate, during the chemical etching process,
the constriction width decreases to features of (167 + 133) ym which
are smaller than the former ink pattern, due to isotropic etching
effects.

Deviations in the fabrication process shown in Fig. 2(e) might
arise starting from the nature of inkjet printing process and its res-
olution, continuing with the ink expansion during the heat transfer
process as well as differences in the copper etching arising from the
position of the measured pattern in the wafer (such as thermal gra-
dients and different removal speeds created by the orbital shaking
of the etchant solution at the center and the outside radius locations
of the wafer), thus locally influencing the conditions such as the ink
expansion and copper etch-rate and finally the size of the patterns in
each step.

The results of etch-rate tests established that a 25% etchant con-
centration was suitable to achieve an etch rate of Cu at 1.3 ym/min,
thus slowing down the etching-rate from pure etchant solution by
6.5-fold and controlling undercuts to achieve smaller constrictions.
In some cases, Cu master molds with ~20 ym microconstriction sizes
were achieved (refer to the supplementary material, Sec. III), these
values being comparable to what can be achieved with the standard
photolithography method.”’

A strategy to improve the statistics started from reducing the
number of features in the wafer so that they remain localized in
a central region where thermal and etchant stirring conditions are
almost constant. The results of further fabrication experiments with
a higher sample size (N = 78) that took into consideration the afore-
mentioned strategy are shown in Fig. 2(f). These were performed
for the design condition x = 50 ym, y = 170 ym, which was the one
with the smallest mean constriction value for the pattern transferred
to Cu sheet in Fig. 2(e), showing an increase in the number of data
falling in the range between the first and the third quartiles (25%-
75%) and within the 1.5 interquartile range (1.5IQR) (refer to the
supplementary material, Sec. III).

Transferring the ink pattern to the laminate’s Cu sheet was
the process with the highest deviations, possibly due to the nonuni-
form application of pressure on top of the PCB + glossy paper with
the ink pattern assembly toward the hotplate using an iron which
in turn leads to a nonuniform heat distribution, thus affecting the
repeatability and scatter of the data, as shown in Fig. 2(f). A future
strategy to correct this part of the process relies on the use of a heat
press transfer machine similar to those used in sublimation printing,
which might help for the application of uniform heat and pressure
conditions to the assembly and reduce the variation in this process.

After PDMS micromolding with the resulting copper masters,
microchannels of (20.3 + 0.5) yum depth with slightly pronounced
microconstrictions were successfully replicated in the middle of H’s
central microchannel. An example of the resulting microstructure is
shown in Fig. 2(d). Later on, a plasma encapsulation process took
place. This last step does not seem to be a low-cost procedure as it
requires a high price equipment that can put into question the over-
all cost of the device. Alternately, a plasma corona wand could be
used to activate surfaces” and reduce the fabrication cost further.

As a proof of principle of the device’s operation and capability
of handling the bioparticle of interest, experiments were attempted
with the inactivated Brucella cells. After injection of solution at
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the chip’s inlet reservoir, a capillary flow was observed within the
channels.

Experiments were performed with both concentrated and
diluted solutions. In a first line of experiments, the concentrated
solution was used, having a conductivity of ¢ = 25 pS/cm.

Without the application of any electrical field, there is still a
unidirectional movement of the fluid and the S-19 bacterial particles
toward one end of the microfluidic channel, mainly due to hydro-
static pressure driven flow (HPDF) coming from column height
differences between the reservoirs. To reduce HPDF, droplets with
exact volumes on two fluidic reservoirs located on opposite sides
of the device were placed after the initial filling process and allow-
ing the system to balance itself for few minutes until it reached
equilibrium. Despite the effort, the HPDF could not be completely
ruled out. In order to compensate for this situation, a DC voltage
was applied, creating an electroosmotic flow (EOF) in the reverse
direction of the HPDF and forcing the fluid and the S-19 particles
to temporarily stop when the value of the potential was +9 V. The
reversibility of this effect was confirmed several times switching the
DC voltage on and off. The increase in the DC voltage above the
+9 V value eventually overcomes the equilibrium and generates a
flow reversal that carries the bacterial particles toward the oppo-
site direction from the one that they were originally moving due
to HPDF. Later, this counteracting DC voltage was applied as an
offset of the AC signal that was expected to generate DEP. Parame-
ters for DEP separation were found fixing the AC voltage amplitude
value and performing a variable frequency sweep, doing one exper-
iment at a time. AC voltage amplitude was changed between 10 and
400Vpp, while AC frequency was swept from 200 kHz up to 1 MHz
for each voltage amplitude value, until the values of 400 Vpp and
1 MHz were reached, and thus, the effect of preconcentrating the
bacterial particles near the constrictions upon the application of the
AC-biased electric field was observed. An increase in fluorescence
was registered, as shown in Fig. 3(b) (Multimedia view).

Figure 3(c) shows the fluorescence intensity vs time, plotted
from a 25 ym? area [~100 pixels, shown in a circle in the inset
of Fig. 3(d)] on a region of high intensity of fluorescence near the
constriction, to which the background was subtracted. It could be
observed how under the application of the combined E-fields, as
time passes, more fluorescent-stained bacterial particles are accumu-
lated near the dielectric constriction, thus rapidly increasing in less
than 1 s the fluorescence intensity level from the initial background
of ~20 a.u. until reaching saturation between fourfold to fivefold of
that value. This effect is reversible, and one could also observe that
after switching the AC biased voltage off, the fluorescence intensity
starts decreasing until it returns near the initial background level in
~1.5s.

The point of evaluation of the fluorescence intensity shown in
Fig. 3(c) was a convenient region of interest since no fluorescent par-
ticles were nonspecifically bound to the PDMS surface at that spot,
and it was in alignment with a band of highest fluorescence intensity
where the preconcentrating effect was taking place, therefore allow-
ing the fluorescence quantification. However, there were also other
regions near the middle of the microfluidic channel which are away
from the tip of the dielectric material that forms the constriction and
which remain dark, and where the fluorescent particles swirl and
pass-by in a rapid manner that suggests that under the AC + DC field
scenario, pressure-driven flow has not been completely suppressed.
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FIG. 3. Positive preconcentration of inactivated particles of B. abortus S-19 in a concentrated solution (o = 25 ¢S/cm), around a 360 ym wide PDMS microconstriction. (a)
Without applying an AC field, (b) applying an AC field at 1 MHz | 400V,,| +9 V DC bias, (c) fluorescence intensity vs time (background corrected) with an ON-OFF cycle of
the AC-biased field as in (b), averaged from a circular region of interest of 25 um? (~100 pixels) shown in an inset in (d), and (d) fluorescence signal difference vs distance
from tip, measured and averaged at different evaluation circular regions along the central line collinear to the midpoint of the constriction’s axis (inset). Fluorescence intensity
difference was measured between the upper and lower fluorescence intensity asymptotic values during the “ON” part of the AC-biased field cycle (see the supplementary
material, Sec. 1V, for the individual line graphs and the calculation of asymptotes using a sigmoidal fitting). Multimedia view: (b): https:/doi.org/10.1063/1.5049148.1

It is important to mention that the fluorescent particles, which con-
tribute to a strong background fluorescence in certain spots that are
unchanged in position or intensity in Figs. 3(a) and 3(b), may cor-
respond to larger aggregates or clusters of inactivated bacterial cells,
nonspecifically adhered to surface areas where the roughness is the
biggest due to the PDMS reverse copy of the cooper’s surface [such
as the one seen in Fig. 2(c)]. Due to the high bacterial cell concentra-
tion in the solution, Brucella cell’s small size, cells’ high velocity, the
use of a middle objective magnification (40x), and the low-number
of frames per second (fps) used in the camera operation, it was not
possible to resolve the individual nonaggregated bacterial cells in
Fig. 3(b) (Multimedia view).

In order to understand such fluorescence intensity distribution,
later we quantified the fluorescence accumulation in different points
(5 ym, 45 ym, 80 um, 115 ym, and 135 ym) distanced along the

central line collinear to the midpoint of the constriction’s axis, as
seen in the inset of Fig. 3(d) inset, and these data are shown in
Fig. 3(d). Each point refers to the difference between the upper and
lower asymptotes calculated from a sigmoidal fitting for each of the
fluorescence graphs shown in Fig. S8 that provide a numerical value
close to the mean value of the fluorescence intensity fluctuation in
the levels before preconcentration and after preconcentration (refer
to the supplementary material, Sec. IV).

Results show that the further the evaluation spot is from the
constriction tip, the lower the fluorescence intensity increase during
the application of the AC+DC fields, and finally, near the center of
the microfluidic channel, there is a fluorescence intensity decrease
(negative fluorescence signal difference), due to the lower particle
concentration. The phenomenon was observed several times, occur-
ring similarly in all cases, and it was possibly due to a combination
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of DEP, EOF, and HPDF driven forces interacting near the dielec-
tric constriction.””"’ The mechanism of rapid fluorescence intensity
decreases after turning the AC biased field off may be due to a
restored dominant HPDF coming from column height differences
between the reservoirs. HPDF is faster than diffusional mechanisms,
which was in-line with the rapid particle movement we observed.

In order to understand the full extent of the complex phe-
nomena observed, Multiphysics COMSOL parametric calculations
were performed to evaluate the distribution, variation, and influ-
ence of the DEP, EOF, and HPDF driven forces in our device, as
well as the influence of Joule heating induced flows. Velocity fluid
flow profiles, E-field distribution, particle tracing, and temperature
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distribution simulations were performed in our microchannel device
(for details on the geometric model and used parameters, see the
supplementary material, Sec. IT). The result of FEM solutions in the
region around the dielectric constriction, with a similar geometry
and working parameters as the device used in the experiments; is
shown in Fig. 4.

The result of FEM solutions for VE,u.s> around the dielec-
tric constriction, with a similar geometry and E-field conditions
as the device used in the experiments, is shown in Fig. 4(a). The
result shows that the E-field gradient (DEP term) is the highest
near the apex of the dielectric tip that forms the constriction and
decays rapidly over a distance along the central line collinear to the

D) oo asu s

Fluid Flow velocity
magnitude [um/s]

N
o

o

0 200 400

Distance from tip (um)

Fluid Flow Velocity (um/s)
N
o

Particle trayectories
velocity [um/s]

FIG. 4. COMSOL simulations: (a) Distribution of the gradient square of the electric field in base-10 log scale [log 10(VEZ,)] in the chip with a microconstriction width of
360 um and an applied voltage of 400V, and (inset) distance from tip (rex) along the channel width direction at the constriction center (y = 0) line-probed from (a), (b)
creeping flow velocity magnitude profile and (inset) creeping flow velocity magnitudes along the channel width direction at the constriction center (y = 0) line-probed from

(b), (c) temperature distribution, and (d) particle trajectories due to the particle’s response to the tracing force F;

https://doi.org/10.1063/1.5049148.2

= (Farag * Fpep) in the device. Multimedia view: (d):
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constriction’s axis, as seen in the inset of Fig. 4(a). For DEP spa-
tial manipulation of B. abortus S-19 bacterial particles, in order to
trap and draw them toward the constrictions, electric forces must
exceed diffusion and friction. The minimum force needed to over-
come these effects can be defined as an observable deterministic
threshold force Fy, and this corresponds to a threshold VEZ,, ~
5.69 x 10" V*/m’ for a bacterial particle of a 0.5 ym radius (refer
to the supplementary material, Sec. V, for more details). This num-
ber is smaller than the 1.11 x 10" V*/m® maximum value obtained
from the simulation at the dielectric tip’s wall. The distance from tip
(rex) along the probeline in the inset of Fig. 4(a), at which the value
VE?,. that was obtained from the COMSOL simulation equals the
threshold’s is 5.08 ym. The constriction width across dielectric tips
(360 ym) is large and thus favorable only for short-range DEP
manipulation. However, the scenario changes for larger bacterial
particle radii, 1.0 gm and 1.5 ym, where the threshold VEZ,, values
become 1.01 x 10" V*/m® and 3.65 x 10'* V?/m’, thus extending
Tex 10 47.76 ym and 84.68 pm, respectively. Bacterial particle interac-
tions as well as cell-cell associations could also be occurring, which
are normally not considered in computational models and experi-
mental discussions of DEP phenomena,”’ and that could increase the
range of DEP’s influence over larger distances, as we observed in our
experiments.

Moreover (and as shown by our simulations), DEP is not the
only existing mechanism that could aid the collection of bacterial
particles in our device. The DC offset’s field distribution near the
dielectric walls causes effects involving EO mobility which in com-
bination with the hydrostatic pressure head parabolic profile (which
is due to the pressure-difference balancing) causes the formation
of high speed flow regions in the reverse direction one from each
other which are located near the wall surface and the center of the
microfluidic channel, as well as a slow speed or “meadow” region
located between those, as seen in Fig. 4(b). An inlet flow (veloc-
ity inlet condition of 0.5 ym/s) was used which could take into
account the HPDF influence in the simulation. The superimposed
phenomenon is evident in the inset of Fig. 4(b), which shows the
fluid flow velocity profile measured using a probe line along the
channel width (x) direction at the constriction center in Fig. 4(b),
where the high velocity near the surface of the microchannel’s wall
has a value of ~45 ym/s due to EOF, which decreases away from
the tip of the constriction until reaching a minimum value close to
0 ym/s at x = 60 ym, and a central high velocity band that extends
beyond this point until reaching a maximum velocity of 16 ym/s
near the center of the microchannel (x = 180 ym) due to HPDF.
Interestingly, the location of the minimum fluid velocity value or
“meadow” at x = 60 ym corresponds to the region between the two
points with highest fluorescence intensity in Fig. 3(d), where parti-
cle accumulation seems to take place. The temperature distribution
result [Fig. 4(c)] shows that there is only a small temperature rise
of 0.02 K in the vicinity of the constrictions, as a result of a low
fluid conductivity value, thus ruling out the possible generation of
electrothermal flows due to Joule heating.

Therefore, DEP is not the only mechanism that traps par-
ticle near the vicinity of the dielectric tip but possibly also the
abovementioned combined long-range effect involving HP and DC
bias-induced EO flows, which form microvortex flow patterns near
the dielectric microconstrictions. This looks to be overcoming the
short-range VE2,, effective threshold limitations for small particle
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radii, collecting also in a band that extends ~90 ym from the tip of
the constriction, which is an unachievable effective distance by pure
DEP means as derived from our E-field calculations, thus making the
preconcentration possible without the need of small constrictions.

Simulations include COMSOL’s particle tracing for the fluid
flow module using 0.5 ym diameter particles with double shell prop-
erties (see the supplementary material, Sec. II, for details), which
simulated dielectric particles that mimic Brucella’s gram-negative
cell wall to obtain the particle trajectories and their dielectrophoretic
force Fpep + particle drag force Frsg response, proof that the
assumption is correct, as particles near the “meadow” or small veloc-
ity region get trapped in a vortexlike manner due to the combination
of the effects, and those near the central region of the microfluidic
channel that are far away from the DEP + low flow velocity region do
not get trapped in the vortex and pass rapidly driven by the HPDF,
as seen in Fig. 4(d) (Multimedia view).

As suggested by the Classius-Mossoti factor (C.M.) for micro-
bial gram-negative double shell cells such as B. abortus, at interme-
diate low-buffer conductivities, the effect of frequency is crucial to
observe the experimental preconcentration of the composite biopar-
ticles. For such microbial cells, the less conductive cell wall and the
capacitive cell membrane around the conducting cytoplasmic region
cause a polarization dispersion over a large frequency range. Only at
these high frequencies, the electric field leaks through the insulating
shell to cause cytoplasmic polarization, which triggers a strong pDEP
response. There is also an effect of microbial shape on the polariza-
tion dispersion: the higher particle eccentricity causes higher pDEP
levels at lower cytoplasmic polarization peak level values compared
to their spherical counterparts, as well as lower first crossover fre-
quency values around the 1 MHz range.”” At low frequencies, where
nDEP is dominant (C.M. < 0), bacterial particles are possibly pushed
away from the vortex and into low velocity flow “meadows” toward
the central high speed fluid velocity region formed during the appli-
cation of the AC + DC fields, therefore getting swept away in a rapid
manner that avoids their observation, possibly in a fashion as seen on
the experimental data points 4 and 5 from Fig. 3(d) and the COM-
SOL simulation. Moreover, low-frequency regimes below 200 kHz
were avoided to elude AC-electroosmotic effects which would have
compete with Fpgp. ‘> On the other hand, the AC-voltage amplitude
effect mainly determines the magnitude of Fpgp but not the trans-
lational direction of the particles. Regularly, in eDEP devices, the
electrodes are far from each other in the microfluidic channel (in our
case 1 cm apart), and thus, high AC-voltage amplitudes are required
in order to consider Fpgp.>

In this first experiment, the highly concentrated S-19 in solu-
tion (3.2 x 10° CFU/ml) made it difficult to confirm the proposed
hypothesis since the observation of a single particle’s response in the
collective motion was not possible. For these aforementioned rea-
sons, a second set of experiments were performed. A 1:10 diluted
solution from the original concentrated stock solution was used,
which was diluted in a solvent of less conductivity (in purified H,O
type II final electrical conductivity of sample: 6 = 5-6 uS/cm). This
strategy was used as it is favorable to reduce the particle’s concen-
tration and the medium conductivity value as reducing it further
can result in a change from nDEP to pDEP for a long range of low
frequencies below 1 MHz'” and as seen by our simulations (see the
supplementary material, Sec. II, for more details), making the DEP
force push particles toward strong field regions.”’ The constriction
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width across dielectric tips and the applied AC field were reduced
by half of the original 360 ym and 400 Vp, figures, to 180 ym and
to 200 V,p respectively, in order to scale down the effective VE,s
value. A counteracting DC voltage was applied as an offset of the
AC signal that generates DEP. AC-voltage amplitude was set, and
the frequency was swept setting one voltage amplitude value at a
time for each frequency sweeping experiment, starting from 10V,
and 200 kHz, respectively, until reaching the values of 200Vpp and
320 kHz where electrokinetic effects were obtained. The results of
the application of these conditions near the constriction region can
be observed in Fig. 5 (Multimedia view).

It is observed from Fig. 5(a) (Multimedia view) that the
enclosed particle moves in circles in a vortexlike fashion near the
apex of the constriction after getting initially attracted, due again
to the possible combination of short-range DEP + HPDF and DC
bias-induced EOF long-range effects.

Except from those following the microvortexes, most of the
other bacterial particles far from the constriction tip and near the
center of the microfluidic channel are strongly influenced by the
HPDF and continue their movement. Some other particles (or larger
aggregates) that remain static even before and after the application of
E-fields might have attached to the PDMS surface due to nonspecific
adhesion,” but the rest is moving because of the abovementioned
effects. Rugosity in the surface of PDMS as well as the line roughness
of the Cu mold near the constrictions may also be playing a role in
the observed effects as molecular dynamic simulations have demon-
strated that the ion distributions of the double electrical layer could
be strongly affected by surface roughness, making it less effective in
concave regions compared to flat surfaces, decreasing the EOF speed
as well as the zeta potential.””” The nonspecific adhesion of some
particles near the constrictions could be also related to this fact.

A particle tracking analysis [Fig. 5(b) (Multimedia view)] was
performed to quantitatively describe the observed vortexlike trajec-
tory shown by the bacterial particle under study (Multimedia view).
The position of the centroid of the fluorescent spots representing
the particle of interest was tracked at each frame using an in-house
MATLAB code. Image processing procedures such as averaging,
normalization, and binarization were performed previous to the par-
ticle tracking to isolate the particle of interest and assess the tracking
clearly. The pixel positions were transformed to micrometer dis-
placements, and the curve was fitted by a sinusoidal function. The
velocity of the particle was obtained by deriving the fitted function
with respect to time. The inset of Fig. 5(b) (Multimedia view) shows
the time-dependent displacement and velocity of the particle. The
particle trajectory suggests to be following a general harmonic move-
ment that describes a sinusoidal oscillation y = yo + A * sin(rrﬂ
(see the supplementary material, Sec. VI, for more details), with
a period T ~ 1.4 s. The particle periodically reaches a maximum
velocity of 22.5 ym/s in a position distanced approximately at
X = 5-8 ym away from the shadow of the constriction’s apex along
the (x) channel width direction at the constriction center (y = 0). The
observed combined effect is reversible, and the moment the E-field is
switched-off, initial conditions where the bacterial particles are just
flowing toward one direction in the microchannel due to HPDF are
observed again.

In this case, the scenario of combination of short-range DEP+
long-range HPDF and DC bias-induced EOF is demonstrated again
by our simulations. The DC E-field near the dielectric constrictions
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causes EO mobility which is superimposed to the HPDF flowing
in the reverse direction. This phenomenon is evident in Fig. 5(c),
which shows that the creeping flow velocity profile measured using
a probe line along the channel width (x) direction at the constric-
tion center displays the same two regions of velocity, the first one
near the surface of the constriction where the fluid velocity reaches
the speed value of 22.5 ym/s at x = 2.5 ym and then decreases away
from the tip of the constriction until reaching a minimum value
close to 0.4 ym/s at ~x = 50 ym, and a central velocity band that
extends beyond this point until reaching a maximum near the cen-
ter of the microchannel. The positions are in good agreement with
the experimental measurement of the location where the bacterial
particle’s speed reaches its maximum value as uncertainties in the
measurement of the particle’s position away from the constriction’s
edge may arise due to border rugosity and the isotropic profile of the
microchannel’s wall. Figure 5(d) (Multimedia view) shows the result
of COMSOL’s simulations that include particle tracing for fluid flow
module, proving that the vortexlike movement of the particles is due
to the combination of the described effects (Multimedia view). In a
similar fashion as in the 360 ym constriction, the applied AC volt-
age does not generate a significant temperature increase, thus ruling
out ET effects due to Joule heating (see the supplementary material,
Sec. 11, for results).

A parametric study evaluating the effects of the applied AC
voltage, the particle radius, and the constriction width on the pre-
concentration capability of the device was performed using COM-
SOL, using the global evaluation feature during postprocessing in
order to count the total number of particles in a defined domain
(which was a region of interest near the constrictions). COMSOL
results suggested that as long as the conditions of the parabolic pro-
file in one direction due to HPDF and the plug profile in the other
direction produced by the EOF are maintained, the generation of
vortexes will still occur, which in combination with DEP will effec-
tively trap and preconcentrate the number of particles in the device.
Particles of larger radius (1.0-1.5 ym) when in combination with
larger applied AC voltage experience significant contributions from
the DEP term and appear to accumulate near to the constriction in
a more evident fashion (see the supplementary material, Sec. V, for
more information).

Experiments to improve the ink printing resolution and con-
trolled wet-etching transfer of the features to achieve the fabrication
of more pronounced microconstrictions are currently undergoing. A
possible way to improve the current constriction size-limitation will
rely on printing with high-resolution printers (20 000 dpi or higher),
in order to reduce the constriction size of the ink feature. The use of a
high resolution printer, in combination with application of uniform
heat and pressure to the assembly during the ink transfer process
to the Cu’s laminate (using a heat press transfer machine), and fine
control over the etching rates of the chemical wet etchant, might
accurately reproduce dielectric constrictions of sizes below 100 ym
which could be an alternative to conventional fabrication of DEP
devices and result in the application of these in conventional eDEP
separation strategies.”” The use of these strategies with either exter-
nal fluid flow and/or applied DC bias could help enrich particles.
Constriction size reduction increases the E-field gradient focusing
effect, making it easier to observe/control in detail the desired phe-
nomena and to study its effect on individual particles in order to fully
characterize the pathogen’s response to frequency variations.
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FIG. 5. (a) Time-lapsed electrokinetic response of inactivated particles of B. abortus S-19 in a dissolved solution (¢ = 6 S/cm) around the PDMS microconstriction
(180 pm) when applying an amplified AC field at 320 kHz | 200Vpp| —3 V DC bias (images were pseudocolored for illustration purposes). (b) Vortexlike trajectory (yel-
low line) of the particle near the constriction, experiencing combined short and long-range electrokinetic phenomena and (inset) displacement and velocity of the first 4 cycles
of the trajectory of the particle vs time fitted with a sinusoidal function. (c) Creeping flow velocity magnitudes along the channel width direction at the constriction center (y =
0) line-probed from (inset) creeping flow velocity magnitude profile. (d) Particle trajectories due to the particle’s response to the tracing force F = (Farag + Fpep) in the device.
Multimedia views: [(a), (b), and (d)]: https://doi.org/10.1063/1.5049148.3; https://doi.org/10.1063/1.5049148 4; https://doi.org/10.1063/1.5049148.5
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Nonspecific adhesion of some bacterial particles/aggregates on the
PDMS surface could be avoided by using surface blocking agents"’
and will be examined in future experiments in order to reduce this
effect.

Future work also plans to focus on a systematic study of
the observed combined electrokinetic phenomena with model
polystyrene fluorescent particles of known physical properties, in
order to experimentally understand the in-depth kinetics of the
current particle enrichment scenario. Nevertheless, the performed
proof-of-concept experiment demonstrated that the microchip’s
fabrication and encapsulation of constrictionlike structures are pos-
sible with our proposed low-cost method and that electrokinetic pre-
concentration of pathogenic samples of interest under the current
experimental setup is feasible.

IV. CONCLUSIONS

To summarize, a micromolding method for the fabrication
of PDMS constrictionlike microstructures using a low-cost copper
master was demonstrated. A microchannel pattern was clearly trans-
ferred to the PDMS, and smooth constrictions were observed under
the microscope. Differences in the measured constriction widths in
each step of the fabrication process were characterized using a sta-
tistical analysis which shows how the two main design parameters
in the CAD file influence the result of the final constriction width.
However, these values were not always reproducible and the results
span over a large Gaussian distribution, for which further tests with
controlled conditions and a larger sample size were performed and
those helped to significantly enhance the statistics.

PDMS chips were loaded with an inactivated B. abortus S-19
bacterial sample. Different conditions of AC field frequency and
amplitudes were applied, and various electrokinetic effects were
observed on the device which are attributed to the combined effect
of short-range dielectrophoretic (DEP) + long range-electroosmotic
(EO), and hydrostatic pressure (HP) driven flows, which allowed
the vortexlike movement of collective and individual inactivated
B. abortus particles observed around the tip of the dielectric con-
strictions in aqueous solutions, as validated by our experiments and
COMSOL simulations. Nevertheless, it was confirmed that these
phenomena are reversible for the majority of the particles and occur
only after the AC+DC fields are applied.

Our fabrication method could be used in nations that lack
advanced microfabrication facilities and may open up simple ways
for target selection and manipulation of intracellular infectious
pathogens and its later implementation on a method of obtaining
appropriate enriched samples for metagenomic studies.

SUPPLEMENTARY MATERIAL

Refer to the supplementary material for more information
about complementary details of the fabrication process, the under-
lying equations, model description, parameters and boundary con-
ditions used for the COMSOL simulation, the calculation of the
distance from tip (rex), as well as the parametric study evaluating
the effect of the applied AC voltage, the particle radius, and the
constriction width on the preconcentration capability of the device.
A growth/sigmoidal fitting to provide values of fluorescence inten-
sity differences in Fig. 3(d) (Multimedia view) and sinusoidal fitting
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results to the displacement of the particle of interest in Fig. 5(b)
(Multimedia view) are also detailed.
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