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Abstract
Polydimethylsiloxane (PDMS) based microfluidic devices have found increasing
utility for electrophoretic and electrokinetic assays because of their ease of fabri-
cation using replica molding. However, the fabrication of high-resolution molds
for replica molding still requires the resource-intensive and time-consuming
photolithography process, which precludes quick design iterations and device
optimization. We here demonstrate a low-cost, rapid microfabrication process,
based on electrohydrodynamic jet printing (EJP), for fabricating non-sacrificial
master molds for replica molding of PDMS microfluidic devices. The method is
based on the precise deposition of an electrically stretched polymeric solution
of polycaprolactone in acetic acid on a silicon wafer placed on a computer-
controlled motion stage. This process offers the high-resolution (order 10 μm)
capability of photolithography and rapid prototyping capability of inkjet print-
ing to print high-resolution templates for elastomericmicrofluidic deviceswithin
a few minutes. Through proper selection of the operating parameters such
as solution flow rate, applied electric field, and stage speed, we demonstrate
microfabrication of intricate master molds and corresponding PDMS microflu-
idic devices for electrokinetic applications. We demonstrate the utility of the
fabricated PDMSmicrochips for nonlinear electrokinetic processes such as elec-
trokinetic instability and controlled sample splitting in ITP. The ability to rapid
prototype customized reusable master molds with order 10 μm resolution within
a few minutes can help in designing and optimizing microfluidic devices for
various electrokinetic applications.
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Abbreviations: DIW, direct ink writing; EHD-jet,
electrohydrodynamic jet; EJP, electrohydrodynamic jet printing; EKI,
electrokinetic instability; HCl, hydrochloric acid; NaOH, sodium
hydroxide; PCL, polycaprolactone; PEO, polyethylene oxide; PLGA,
poly(D,L-lactide-co-glycolide).

1 INTRODUCTION

The advancements in microfabrication have led to the
development of miniaturized lab-on-a-chip systems for
integrating and performing various biochemical analyses
techniques. The efforts to develop lab-on-a-chip systems
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2 CHOUBEY et al.

were originally driven by the interest in miniaturizing
electrophoretic and electrokinetic systems for enhanced
performance and reduced analysis time [1, 2]. The inte-
gration of various electrophoresis techniques, including
capillary zone electrophoresis (CZE) and isotachophoresis
(ITP) on a microchip format, have been major commercial
successes of microfluidic technology [3, 4].
Microfluidic devices for electrophoretic and electroki-

netic assays are typically fabricated using wet etching of
glass, which is not amenable to rapid prototyping and
customization. Moreover, the necessity of a clean room
facility, cumbersome glass bonding method, and the need
for skilled personnel for fabricating glass microfluidic
devices result in the high cost of the devices [5]. To
overcome the challenges in fabricating glass microfluidic
devices, alternative methods based on elastomers such
as polydimethylsiloxane (PDMS) and thermoplastic poly-
mers such as polymethylmethacrylate (PMMA) have been
developed [5–8]. Over the years, PDMS has become the
material of choice for fabricating cost-effective microflu-
idic devices as it offers favourable optical properties like
glass, is biodegradable, and is thermally and electrically
insulating [9]. PDMS-based microfluidic devices with fea-
ture sizes of the order of 10 μm can be easily fabricated
using the replica molding process, wherein PDMS is
poured on the master mold and cured to get a negative
replica of the master. Thereafter, the negative replica is
bonded to another PDMS or a glass substrate to form
a tight seal [7]. While replica molding of PDMS devices
allows inexpensive replication ofmicrofluidic devices from
the master mold in a laboratory setting, the method also
lacks the capacity for rapid customization. This limita-
tion is due to the need for microfabrication of master
molds with expensive photolithography or electron beam
lithography process, which requires skilled personnel and
a clean room facility [10]. Consequently, master mold fab-
rication is typically outsourced to central facilities, which
precludes rapid design iterations and device customiza-
tion.
Various alternatives to photolithography have been

explored to fabricate customized master molds for replica
molding. These include mold fabrication using 3D print-
ing [11, 12], laser ablation [13], micro-milling [14], and
xurography [15]. The primary limitation of the above-
mentioned alternative methods is that the morphology
of the mold features depends on the dimension of the
nozzle or the machining tool for additive and subtractive
manufacturing processes, respectively. Consequently, the
minimum feature size obtained using these methods is
of order 100 μm in contrast to 10 μm or smaller feature
sizes obtained using photolithography. Moreover, mold
fabrication using the subtractive-manufacturing processes
often involves an additional step of preparing a male mold

from a female mold [13, 14], making the process tedious
and material-consuming.
Typical microfluidic applications, including electroki-

netic assays, require microchannel width and depth of
order 10 μm as small device dimensions provide better
heat dissipation and low sample dispersion [16]. There-
fore, there is a need for a micromanufacturing technique
for which the feature morphology does not depend on the
tool size, offers high resolution, is flexible in construct-
ing complex features, and favours customization. Recently,
electrohydrodynamic jet printing (EJP) has emerged as
a promising direct ink writing (DIW) method for high-
resolution printing of customized polymeric structures
with micrometer resolution. In EJP, a polymeric solu-
tion or melt is flown through a needle onto a motion-
controlled substrate, and a large potential difference is
applied between the nozzle and the substrate. The high
electric field (∼ 104 V/cm) deforms the spherical menis-
cus of the polymeric ink at the nozzle tip into a cone,
called a Taylor cone [17] (see Supporting Information).
For a specific range of applied voltage difference and
flow rate, a stable jet emerges from the cone tip, whose
radius is relatively independent of the nozzle diameter [18].
Consequently, micrometer resolution features can be pat-
terned [18], while using a large-diameter nozzle to prevent
clogging. The comparison of EJPwith standardmicrofabri-
cation techniques (presented in Table S1) suggests that EJP
is more suitable for rapid prototyping of high-resolution
customized master molds.
While the use of EJP has been demonstrated for var-

ious applications such as printing polymeric scaffolds,
microlens arrays, and footpaths for electronic circuits [18],
its capability to print reusable master molds for replica
molding of elastomeric microfluidic devices has still not
been fully explored. The only reported work in the liter-
ature on EJP-based master mold fabrication are those by
Coppola et al. [19], and Chi et al. [20], who fabricated
sacrificial master molds of poly(D,L-lactide-co-glycolide)
(PLGA) and wax for replica molding of microfluidic
devices. Unlike the reusable molds obtained from pho-
tolithography or electron beam lithography, the molds
fabricated by Coppola et al. and Chi et al. can be used only
once for fabricating microfluidic devices.
In the currentwork, we demonstrate a low-cost, additive

microfabrication method using EJP to fabricate reusable
master molds for replica molding of PDMS microfluidic
chips for electrokinetic and electrophoretic assays. To
this end, we use a customized polymeric ink to print
high-resolution master molds on a silicon wafer substrate
with a feature resolution of order 10 μm within a few
minutes. In particular, we demonstrate the printing of
reusable molds with a straight line, cross-shaped and
Y-shaped features. We then demonstrate the use of PDMS
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CHOUBEY et al. 3

devices replicated from these molds for two electrokinetic
applications: (i) electrokinetic instability and (ii) sample
preconcentration and controlled splitting of the stacked
sample using ITP. The ability to rapid prototype cus-
tomized reusable master molds with 10 μm resolution
within a few minutes can help in the iterative design and
optimization of microfluidic devices.

2 MATERIALS ANDMETHODS

2.1 Experimental setup for EJP

Figure 1 schematically shows the various components of
an electrohydrodynamic jet (EHD-jet) printer consisting
of a metallic needle, a collector plate, a high voltage DC
power supply unit (Ionics, 0−5 kV, 10 mA), and a poly-
meric solution feeding system. The collector plate and the
needle are mounted on high-precision motorized stages
(Newport, model XPS-D, USA), having motions along 𝑥-𝑦
and 𝑧 directions, respectively. The substrate was mounted
on 𝑥-𝑦 linear stage having a travel distance of 140 mm and
100 mm with 1 μm incremental motion in each direction.
The nozzle was mounted on a linear stage, having a travel
distance of 40mmwith 0.1 μm incremental motion to vary
the nozzle to substrate distance.
The precision stages were connected to a motion con-

troller (Newport), which in turn was connected to a
computer through a serial LAN port. The solution feed-
ing system consists of a standard 2.5 ml syringe having
an inner diameter (I.D.) = 8.5 mm and a flexible hose
having I.D. = 1.5 mm connecting the syringe and the noz-
zle. We used nozzles made of stainless-steel of 25G (I.D.

F IGURE 1 Schematic showing the experimental setup used
for EHD-jet printing of master molds. (A) The setup consists of a
metallic needle, collector plate, liquid dispensing system and high
voltage DC source. (B) A representative snapshot of a stable cone-jet
during the experiments performed using 40% (w/v) PCL solution.

= 0.25 mm, 𝐿 = 25 mm) and 27G (I.D. = 0.21 mm, 𝐿 =
25 mm) grades. The polymeric solution was pumped using
a computer-controlled syringe pump (Cole-Parmer, dis-
pensing accuracy of ±0.3%, repeatability of ±0.05%). The
positive terminal of the power supply was connected to
the metallic nozzle, whereas the substrate was grounded
to complete the electric circuit. The master molds were
fabricated by printing polymeric features on a polished p-
type silicon wafer (conductivity range = 10−100 S/m) of
diameter two-inch and thickness of 0.5 mm.
The position, the motion of the stages, the flow rate

of the polymeric solution, and the potential difference
across the needle and the substrate were controlled using
an in-house developed programmable LABVIEW virtual
interface. The printing process was monitored by a CMOS
camera (IDS,UI-1220LE-M-HQ, 6μmpixel size) fittedwith
the zoom lens.

2.2 Solution preparation

Among various polymeric solutes commonly used for EJP
such as PEO (polyethylene oxide), PCL (polycaprolac-
tone), PVP (polyvinylpyrrolidone), and PLGA, we used
PCL (polycaprolactone, average 𝑀𝑛 ∼ 45,000 Da, Sigma
Aldrich) as it is a non-toxic, biocompatible and biodegrad-
able polymer with good mechanical properties [21]. In
the solvent-based EJP process, an essential requirement
for adequate printing is the quick solidification of the
polymeric ink during deposition on the substrate. To this
end, a high polymeric concentration must be used for
printing to ensure rapid solidification of the polymeric
fibers over a short distance between the needle and the
collector plate (stand-off distance). Therefore, we prepared
a polymeric solution with a concentration of 40% (w/v) for
the experiments reported here by dissolving PCL in acetic
acid (CH3COOH, Sigma–Aldrich, 99.7% pure). To obtain
a homogeneous solution, we gradually dissolved the
PCL pellets in acetic acid and simultaneously stirred the
combination using a magnetic stirrer at 700 rpm and 40◦C
for a period of 7−12 hrs. We finally degassed the polymeric
ink for 20−30 mins to remove any notable air bubbles.
To avoid solidification, the polymeric ink was stored at
30◦C. Following a similar procedure, we also successfully
prepared and tested PCL in acetic acid solutions with
concentrations ranging from 30% to 60% suitable for EJP.

2.3 Master mold and microchip
fabrication

Following the procedure mentioned above, we printed
straight line, cross and Y-shaped features on a silicon
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4 CHOUBEY et al.

substrate using the 25G nozzle and 40% (w/v) PCL in acetic
acid solution. For all these experiments, we maintained a
small stand-off distance of H = 4 mm between the nee-
dle and the collector to suppress the whipping instability
observed in the electrospinning process. We maintained
a high stage speed of Vstage = 50 mm/s to achieve stable
printing of fine features. The detailed effect of the process
parameters on the printed features is described in the Sup-
porting Information. The printing of a typical structure,
such as a cross-shaped feature, takes a minute. We used
the substrates with printed features as the master molds
for developing the corresponding microfluidic devices
through the standard replicamolding process (see protocol
in Supporting Information). Further, to confirm the non-
sacrificial nature of themastermold, we performed replica
molding several times on the master mold and found that
the printed features remained intact even after twelve rep-
etitions. Finally, the negative replica of the master mold
in PDMS was bonded to a glass slide after plasma treat-
ment (Harrick Plasma, PDC-32G-2) for 50 s at 212 mtorr
vacuum pressure to obtain the final microfluidic device.
Figure 2A–H shows the master molds, PDMS replica, and

(A) (B)

(C) (D)

(E) (F)

(G) (H)

F IGURE 2 Microfabricated master molds, PDMS replicas, and
PDMS microchips. (A) Negative replica of the printed straight line
feature and (B) cross-section of the microchannel. Panels (C) and
(D) show the master molds with cross-shaped and Y-shaped
features, respectively. Panels (E) and (F) show the SEM images of
negative PDMS replicas obtained from the corresponding master
molds. Panels (G) and (H) show the top views of the final
microfluidic devices obtained after plasma bonding with glass slides.

plasma-bonded PDMS devices. First, we printed a straight
line feature to check the morphology, resolution, and con-
tinuity of the deposited ink on the substrate. For printing
the straight line feature, the solution was fed at a rate of
0.2 μl/min and the applied potential was set at 2.56 kV.
Figure 2A shows the PDMS microchannel replicated from
the printed straight line. We measured the width (𝑤) and
depth (ℎ) of the obtained microchannel by observing a cut
section of the channel under an optical microscope (Nikon
Eclipse, TS100, Japan) with 20× objective lens (CFI Achro-
mat, LWD, NA = 0.40). The measured lateral dimensions
were 𝑤 = 66 μm and ℎ = 16 μm, as shown in Figure 2B.
Thereafter, we printed the cross-shaped and T-shaped fea-
tures of the same dimensions using the same experimental
conditions, as shown in Figure 2C and Figure S4B, respec-
tively. The length of each channel segment connecting
the north (N), west (W), and south (S) reservoirs to the
junction was 5 mm, whereas the length of the channel
segment from the junction to the east (E) reservoir was
15 mm. The edges of the replicated straight line, and cross-
shaped microchannels show a high degree of straightness,
as shown in Figures 2A and 2E. The top view of the cross-
shaped PDMS microfluidic device is shown in Figure 2G.
Next, we printed a Y-shaped geometry using different

operating conditions. Figures 2D and 2F show the printed
master mold and the corresponding PDMS-based negative
replica of the Y-shaped feature. We printed the feature at
the applied voltage 𝑉 = 2.45 kV while the flow rate was
maintained at 𝑄 = 0.52 μl/min.
For the Y-shaped microchannel, the top view is shown

in Figure 2H, the length of the channel segment from the
west end to the junction was 15 mm, and each branch from
the junction was 5 mm long. The width, height, and length
of themicrochannels are provided in Table 1. Besides these
devices, we fabricated high-resolution master molds for
various other designs such as mesh, gradient generator,
and cross with a bifurcation, details of which have been
provided in the supporting information.
Here, we also note that the microchannels obtained

from the EHD-jet printed master molds are of circular
cross-section, similar to other inkjet printing processes,
as shown in Figure 2B. The circular cross-sectional shape
of the microchannel is a characteristic of this fabri-
cation process, just as wet etching, laser ablation and

TABLE 1 Dimensions of fabricated microfluidic channels.

SI
No.

Channel
feature

Width
(𝛍m)

Height
(𝛍m)

Length of
channel (mm)

1 Straight line 66, 80, 120 16, 20, 25 30
2 Cross-shaped 66 16 20
3 Y-shaped 120 25 20
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CHOUBEY et al. 5

photolithography are characterised by D-shaped,
Gaussian-shaped and rectangular cross-sections,
respectively [22].

2.3.1 Accuracy of the master molds and
negative replicas

In this section, we discuss in detail about the replica-
tion fidelity, repeatability and uniformity of the printed
features. At the outset, we measured the width of the
printed features and the corresponding PDMS-based repli-
cas after the twelfth iteration of replica molding. For
cross-shaped geometry, the mean width of the printed fea-
ture and the corresponding negative replica was measured
as 66.5±1.5 μm and 66.0±1.5 μm, respectively. Similarly
for Y-shaped geometry, the mean width of the mold and
replica was 120.7±1.4 μm and 120.0±1.4 μm, respectively.
Figure S6 compares the widths of the master molds and
negative replicas corresponding to cross and Y-shaped
features. In both cases, at a 95% confidence level, the dif-
ference in the mean line widths for mold and replica is
smaller than the uncertainty in the widths. This suggests
that the mold dimensions do not alter during the replica-
tion process, confirming the non-sacrificial nature of the
master molds with good replication fidelity.
Similarly, to check the repeatability of the printing

process, we printed ten straight lines using the 25G
nozzle at two different time instances with the same
ambient conditions. The operating conditions were kept
fixed at 𝑄 = 0.2 μl/min, 𝑉 = 2.56 kV, 𝑉𝑠𝑡𝑎𝑔𝑒 = 50 mm/s,
and 𝐻= 4 mm in both experiments. The difference in
the mean widths of the lines printed at two different
time instances was 0.3 ± 1.7 μm at a confidence level
of 95%. So, we can not statistically conclude that the
mean widths corresponding to both sets of experiments
are different; hence, the experiments can be considered
repeatable.
Next, to check the uniformity of the printed line, we

measured the line width at ten different locations along
the axial direction.We repeated this process for each of the
ten straight lines printed at 𝑄 = 0.2 μl/min, 𝑉 = 2.56 kV,𝑉𝑠𝑡𝑎𝑔𝑒 = 50 mm/s and 𝐻 = 4 mm. The axial variability in
the line width estimated using 𝑡−distribution for each of
the ten lines was < 2%, which advocates the uniformity
of the printed features. However, we would like to high-
light three important factors that cause non-uniformities
in the printed features. Firstly, the accumulation of an
additional volume of ink at the cross-over and the junction
points leads to the spreading of the ink resulting in a local-
ized non-uniformity. Consequently, the dimensions at the
cross-over point (as in the cross-shaped feature) and at the
junction point (as in the Y-shaped feature) are higher than

the remaining parts of the respective features, as shown in
Figure 2C–F, respectively. Also, the spreading around the
junction point is more in the Y-shaped feature than that
in the cross-shaped feature, as can be seen in Figures 2E
and 2F. This is because the horizontal segment of the cross-
feature got sufficient time to solidify before the vertical
line was printed over it. On the other hand, for the Y
feature, the printed segment near the junction got insuffi-
cient time to solidify before the two branches were printed
via the junction point, resulting in higher width near the
junction. The geometrical non-uniformity due to overlap-
ping structures is an artefact of continuous EJP and can
be minimized but not fully avoided by choosing a suitable
stand-off distance, ensuring adequate solidification of the
fiber during its travel from the needle tip to the substrate.
Secondly, the residual charges on the substrate may

affect the stability and uniformity of the printed features.
The charge relaxation time of the substrate (𝜏𝑐 = 𝜀∕𝐾 ∼
10−12−10−11 s for p-type Si wafer) and the lifetime of the
jet (𝑡𝑗𝑒𝑡 = 𝜋𝑑2𝑗𝑒𝑡𝐻∕𝑄 ∼ 10−4−10−3 s) are the two character-
istic time scales that determine whether uniform features
can be deposited on the substrate or not. For 𝜏𝑐 ≪ 𝑡𝑗𝑒𝑡 as
in the case of conductive and semiconductive substrates,
uniform features can be deposited on the substrate [23].
In our case, non-uniformity due to charge accumulation
did not occur as we used a sufficiently conductive p-type
silicon wafer.
Lastly, the small undulations observed along the edges

of the mold are mainly due to the inhomogeneous solvent
evaporation from the printed feature causing aggrega-
tion of the polymer near the edges. This ultimately leads
to convective capillary flow from regions of high poly-
mer concentration to low polymer concentration, causing
undulations along the edges [24]. Despite the presence of
these undulations, the axial variability in width for the
cross and the Y-shaped features are well within 3% and 2%
of their respective mean widths.

3 APPLICATIONS OF FABRICATED
DEVICES

In this section, we demonstrate the use of our in-house
fabricated PDMS microfluidic devices for two non-linear
electrokinetic processes. The cross-shaped microchip was
used to perform electrokinetic instability (EKI) exper-
iments, whereas the Y-shaped microchip was used to
perform sample preconcentration using ITP, followed by
sample splitting at the Y junction. Note that, we used
PDMS devices a week after plasma bonding and after such
a time gap the PDMS surface attains its intrinsic surface
zeta potential [25]. For both of these experiments, the
electrolyte solutions were prepared by diluting respective
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6 CHOUBEY et al.

1 M stock solutions with de-ionized water. An inverted
epifluorescence microscope (Nikon Eclipse, TS100, Japan)
equipped with a collimated LED light source (Thorlabs,
USA) and Nikon G2-A filter set (510−560 nm band-pass
excitation filter and 590 nm long-pass barrier filter) was
used to visualize the fluorescent species. A high voltageDC
power supply unit (Ionics, 5 kV, 10 mA) was used to apply
high electric potential at the reservoirs using platinum
wires as the electrodes. All the experimental observa-
tions corresponding to EKI and ITP were recorded using
a CCD camera (pco.pixelfly, Germany). The raw images
were corrected for background noise and normalized with
flat-field images.

3.1 Electrokinetic instability

We performed experiments on electrokinetic instability
that develops during electroosmotic flowwith stream-wise
conductivity gradients [26]. In particular, we performed
EKI experiments similar to those of Posner et al. [26]
and Dubey et al. [27], wherein a high-conductivity fluid
flows in between two low-conductivity sheath streams, as
illustrated in Figure 3A. The high and low-conductivity
electrolyte solutions consisted of 200 mM HEPES and 100

F IGURE 3 Experimental demonstration of cross-shaped and
Y-shaped PDMS device. (A) Schematic shows the base state of EKI.
(B)-(C) Stable and unstable flow. (D) Schematic showing the ITP
experiments in the Y-shaped channel. (E) Symmetric splitting and
(F) asymmetric splitting of the focused analyte zone due to the
application of the same and different potentials at the two ends of
the Y channel, respectively.

mMNaOHand 200 μMHEPES and 100 μMNaOH, respec-
tively. The measured conductivity ratio (𝜎𝐻∕𝜎𝐿) was 640.
We chose a high-conductivity ratio for our experiments so
as to observe the instability at a relatively low-electric field.
Figure 3A shows the experimental configuration of EKI

experiments in the cross-shaped PDMS device. We filled
the W reservoir with the high-conductivity electrolyte
solution, while the N and S reservoirs were filled with
the low-conductivity electrolyte solution. To visualize the
instability, we mixed an electrically neutral fluorescent
tracer, rhodamine-B, into the center stream. Application
of electric field (𝐸) causes the electrolyte solutions to
flow from the N, W, and S reservoirs towards the junc-
tion where the low-conductivity streams hydrodynami-
cally squeeze the high-conductivity stream. Thereafter, the
high-conductivity stream and two low-conductivity sheath
streams convect towards the E reservoir.
Figures 3B and 3C show the experimental results

obtained at two different electric field values. At a low
electric field, 𝐸 = 100 V/cm, the flow remains stable
as no significant perturbations are observed, as can be
seen in instantaneous snapshots in Figure 3B. The high-
conductivity stream at the center convects and gradually
expands across the channel due to molecular diffusion.
At a higher electric field, 𝐸 = 600 V/cm, unstable fluid
motion is observed in the flow. At this condition, a sinu-
soidal disturbance emerges at the interface between high-
and low-conductivity streams, as shown in Figure 3C. The
EKI is characterized by these disturbances resulting in the
rapid mixing of the fluid streams over a short distance
from the junction. The sinusoidal flow structures are qual-
itatively similar to those observed in similar experiments
performed by Posner et al. [26] and Dubey et al. [27]. How-
ever, we observed the flow instability at a higher electric
field as compared to those by Posner et al. and Dubey et al.
This is attributed to the small channel height of our fabri-
cated PDMS device, which has a stabilizing effect on the
instability. Moreover, the electroosmotic mobility of the
native PDMS surface is lower than that of glass used in pre-
vious studies, resulting in a thicker interface between high
and low-conductivity streams and, consequently, a higher
threshold for the onset of instability.

3.2 Isotachophoresis

Next, we used the Y-junction device to perform ITP pre-
concentration of a fluorescent analyte. In ITP, ionic species
are focused and preconcentrated between zones of a lead-
ing electrolyte (LE) and a trailing electrolyte (TE) under
the effect of the applied electric field. Firstly, we performed
experiments using the Y-junction device similar to those of
Persat et al. [28], wherein preconcentration of fluorescent
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analyte is done in the anionic ITP followed by controlled
sample splitting at the Y-junction, as shown in Figure 3D.
To this end, we used 340 mM TRIS (Sigma-Aldrich) and
150 mM HEPES as TE, while 150 mM TRIS and 50 mM
HCl (hydrochloric acid, CDH, India) as LE. We added 1%
PVP (polyvinylpyrrolidone) in both electrolyte solutions
to suppress the electroosmotic flow [29]. The sample ana-
lyte, fluorescein, was mixed with the TE for continuous
sample preconcentration.
To perform ITP experiments, initially, all the channel

segments of the Y microchannel were filled with LE solu-
tion from reservoirs 2 and 3 by applying a vacuum at
reservoir 1 (Figure 3D). Reservoir 1 is then rinsed with DI
water and filled with the TE-sample mixture. High elec-
tric potentials 𝑉1 and 𝑉2 were applied at reservoirs 2 and
3 while reservoir 1 was grounded, as shown in Figure 3D
As soon as the electric field (𝐸) was applied, fluorescein
got stacked between LE and TE zones. The focused ana-
lyte zonemigrated in the direction opposite to the direction
of the applied electric field towards the Y-junction and
bifurcated into two distinct zones.
In Figure 3E, we show the peak of stacked fluorescein

at various time instances by overlaying the instantaneous
snapshots. In the first set of experiments, we applied equal
electric potentials 𝑉1 = 𝑉2 = 400 V at reservoirs 2 and
3, resulting in symmetric splitting in the upper and lower
branches (Figure 3E). As suggested by Persat et al., the
splitting of the focused sample can be controlled by vary-
ing the electric field in each branch of the Y-channel.
To show the asymmetric splitting, we performed another
experiment where we applied different potentials 𝑉1 =
400 V and 𝑉2 = 320 V at reservoirs 2 and 3, respec-
tively. As a result, the fraction of the total sample that
bifurcates into the upper branch is more than that in
the lower branch, as can be seen in Figure 3F. Besides
these experiments, we also performed anionic peak-mode
ITP experiments in the cross-shaped microchannel, and
the corresponding experimental results are provided in
Supporting Information.

4 CONCLUDING REMARKS

We have demonstrated the use of EHD-jet printing (EJP)
for rapid and low-cost fabrication of customizable andnon-
sacrificialmastermolds for replicamolding ofmicrofluidic
devices.We performed several experiments using PCL 40%
(w/v) solution to show the effect of operating parame-
ters on the morphology of the printed features. Our study
shows that thewidth of the printed feature scales with flow
rate as 𝑤 ∼ 𝑄1∕3 (see supporting information). Also, an
increase in the applied electric field and the stage speed
results in a finer feature. After configuring the suitable

operating parameters, we printed uniform (uncertainty in
width < 3%) and high-resolution (∼10 μm) features on the
siliconwafer, which subsequently acts as amastermold for
microfluidic device fabrication. In particular, we demon-
strated mold and device fabrication of the cross-shaped
and the Y-shaped microfluidic devices using the current
method to demonstrate two highly nonlinear electroki-
netic applications that are routinely used in lab-on-a-chip
systems: (i) electrokinetic instability (EKI), and (ii) sam-
ple preconcentration and controlled splitting of the stacked
sample using ITP. The EKI and ITP experiments in the fab-
ricated microfluidic devices are in good agreement with
those in the literature.
The microfabrication method presented here is quick

and inexpensive as no photomask is involved in prepar-
ing the master molds. Also, the substrate with the printed
features is used directly as the mold, which allows rapid
customization. Most importantly, the morphology of the
printed feature is independent of the needle diameter used
for EJP,which allows high-resolution printed featureswith
good replication fidelity. Hence, the ability to print cus-
tomized designs on a single substrate makes the method
highly suitable for iterative design and optimization of
microfluidic devices.
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