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ABSTRACT: In this work, we demonstrate the ability to use micromolds along
with a stacked three-dimensional (3D) printing process on a commercially available
PolyJet printer to fabricate microchip electrophoresis devices that have a T-
intersection, with channel cross sections as small as 48 × 12 μm2 being possible.
The fabrication process involves embedding removable materials or molds during
the printing process, with various molds being possible (wires, brass molds, PDMS
molds, or sacrificial materials). When the molds are delaminated/removed, recessed
features complementary to the molds are left in the 3D prints. A thermal lab press is
used to bond the microchannel layer that also contains printed reservoirs against
another solid 3D-printed part to completely seal the microchannels. The devices
exhibited cathodic electroosmotic flow (EOF), and mixtures of fluorescein
isothiocyanate isomer I (FITC)-labeled amino acids were successfully separated
on these 3D-printed devices using both gated and pinched electrokinetic injections.
While this application is focused on microchip electrophoresis, the ability to 3D-print against molds that can subsequently be
removed is a general methodology to decrease the channel size for other applications as well as to possibly integrate 3D printing with
other production processes.

■ INTRODUCTION
Microchip electrophoresis has been widely shown to be an
attractive separation technique for a wide range of applications
including environmental monitoring, biomedical and pharma-
ceutical analysis, forensics investigation, and clinical diagnos-
tics.1−4 Such devices are characterized by their ability to analyze
small quantities of a sample with small reagent consumption,
reduced analysis time, and in some instances lower limits of
detection.5−7 Several materials have been used for fabrication
since microchip electrophoresis devices were first proposed by
Manz et al.8 Initial approaches involved the use of photo-
lithography and wet etching to fabricate devices in glass
substrates (after thermal bonding against a cover), with channel
dimensions of ∼30 × 10 μm2.9 Glass was initially a popular
material owing to its surface similarities to fused-silica capillaries,
high thermal stability, biocompatibility, chemical resistance,
optical transparency, and stable electroosmotic flow (EOF).10,11

Despite the benefits of using glass for microdevice fabrication,
the overall process is often expensive, time consuming, uses
hazardous chemicals (such as HF), and requires a clean room
facility.12

Several polymer approaches can be used as an alternative to
glass for the rapid prototyping of microchip devices. Injection
molding or hot embossing against molds of the design of interest
can ensure mass production of polymer devices using relatively
expensive setups.13,14 Whitesides introduced the use of cross-
linked elastomeric polymer, poly(dimethylsiloxane) (PDMS),
as a substrate in microchip fabrication via soft lithography.15,16

The material has become popular due to the low cost and ease of
fabrication as well as its gas permeability and cell biocompat-
ibility. In addition, the adhesive and optical transparent nature of
PDMS allows integration to other substrates including glass and
rigid polymers with reversible or irreversible bonding.16,17

Disadvantages of using PDMS devices include the need to
fabricate the master in a clean environment and issues with
scaling the technology for mass production. In addition, the
hydrophobic nature of PDMS can lead to adsorption issues (and
less efficient separations) as well as EOF changes over time.18,19

Three-dimensional (3D) printing, also known as addictive
manufacturing, has been shown to be a viable alternative for the
fabrication of sophisticated microfluidic designs in a single
printing step.20−22 The time from initial design to final product
is possible in a few hours per iteration. Moreover, most 3D
printing technologies do not require a clean room facility, with
other advantages including ease and uniformity of fabrication,
file sharing between laboratories, and increased device-to-device
reproducibility. Fused deposition modeling (FDM) has been
the most popular 3D printing technique because of its ease and
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cost effectiveness. It has been used in microfluidics initially as a
method of developing templates for PDMS devices fabricated
from soft lithography.23 FDM deposits liquefied thermoplastics
extruded from a heated nozzle onto a surface platform layer-by-
layer. Significant challenges exist with fabricating devices that are
optically clear and liquid tight with the resolution needed to
create truemicrochannels. Higher-resolution techniques include
PolyJet and stereolithography (SLA) printing. For inkjet (i.e.,
Polyjet) 3D printing, devices are built by jetting photopolymer
droplets onto a building tray and solidifying them with a UV
light source (using acrylate-basedmaterials and photoinitiators).
A support material is used to fill enclosed microchannels, with
mechanical removal after the printing process. Stereolithog-
raphy (SLA) printing is gaining more interest in the fabrication
of microfluidic devices because of its high resolution and limited
postprocessing requirements. The technique involves focusing a
laser on to a vat of photopolymer resin that chemically solidifies
upon UV exposure. Post processing involves the removal of
unpolymerized resin liquid from the interior channels.
Several research groups have used these 3D printing

technologies to fabricate complex microfluidic devices to
analyze various chemical and biological samples.24,25 However,
fabrication of interior channels with commercial 3D printing
systems is often limited to sub millifluidic range (300−1000
μm). Such millifluidic features are typically not suitable for high-
performance microchip electrophoresis and other bioanalytical
processes such as single-cell analysis. Breadmore et al. used a
multimaterial FDM printing system to fabricate membrane-
integrated devices with interior channels (∼500× 800 μm2 cross
section) for filtration and isotachophoresis of ampicillin.22

Recently, Bahnemann et al. demonstrated a microfluidic free-
flow electrophoresis technique to separate and concentrate
amino acids.25 The 3D-printed microchip devices had interior
channels that were a cross section of 700 × 200 μm2. As
researchers continue to push for achievable feature sizes closer
to printer resolution specifications as well as improving the
overall printer resolution, the use of specially formulated resins
in custom SLA printers has demonstrated that microchip devices
with interior channels in the true microfluidic range can be
fabricated.26 Woolley et al. used such an approach to fabricate a
3D microfluidic device with channels (37 × 49 μm2 cross
section) for microchip electrophoresis separation of preterm
birth biomarkers.27 They also recently fabricated microchip
electrophoresis devices containing spiral electrodes around the
electrophoretic separation channel for capacitively coupled
contactless conductivity detection.28

In this paper, we demonstrate the use of a commercial PolyJet
printer to fabricate microfluidic devices with channel sizes <100
μm for microchip electrophoresis separation of fluorescently
labeled amino acids. Embedding removable materials or molds
along with a stacked printing process on a commercially
available PolyJet 3D printer is used to fabricate microchannel
networks. Devices are bonded against another 3D-printed part
with a heated lab press. We show that various molds can be used
(wires, brass molds, PDMS molds, or sacrificial materials) in the
printing process. The bonded devices can support electro-
phoretic separations via gated or pinched injection schemes
(cathodic EOF), with separation efficiencies similar to other
polymer devices being possible.

■ EXPERIMENTAL METHODS
Material and Chemicals. Veroclear-RGD810 print materi-

al and SUP706B support were purchased from Stratasys, Ltd.

(Eden Prairie, MN). Isopropyl alcohol was obtained from
Thermo Fisher Scientific (St. Louis,MO). Nichromewire, 0.025
and 0.05 mm diameters, was purchased from Alfa Aesar
(Tewksbury, MA). Glycine, arginine, phenylalanine, aspartic
acid, fluorescein isothiocyanate isomer I (FITC), N-cyclohexyl-
3-aminopropanesulfonic acid (CAPS), and boric acid were
purchased from Millipore Sigma-Aldrich (St. Louis, MO). N-
160 Solvent thinner and carbon ink were purchased from Ercon
Inc. (Wareham, MA). Poly(dimethylsiloxane) (PDMS) base
and curing agent (Sylgard 184) were purchased from Dow
Corning (West Salzburg, MI). Silicon wafer substrates were
purchased fromEmpak Inc. (Arrowswest, CO). SU-50 and SU-8
developers were purchased from Kayaku Advanced Materials
Inc. (Westborough, MA).

Fabrication ofMolds. BrassMold.A brass mold with raised
structures was first designed in Autodesk Inventor Professional
2021 (Autodesk, Inc., San Rafael, CA). The CAD files were sent
to the University of Kansas (Department of Physics Machine
Shop and the NIBIB-funded Biotechnology Resource Center of
Biomodular Multi-scale Systems for PrecisionMedicine), where
high-precision micromilling was used to fabricate a 42 × 42 μm2

positive relief microstructure in brass, as previously discussed.29

PDMS Mold. A negative (SU8-50) photoresist and a positive
mask (with a simple T-structure) were used to fabricate 50 × 50
μm2 recessed (negative relief) microstructures on a silicon wafer
master.30 The prepolymer PDMS was cast on the silicon master
and cured in an oven at 55 °C for 2 h. The replica polymer mold
with subsequent positive relief microstructure was then peeled
from the master and used as a mold for printing.

Carbon Ink Mold. A positive relief master on a silicon wafer
was fabricated using negative photoresist and a negative mask
(with a simple T-structure). A PDMS mold was then fabricated
on the silicon master using soft lithography. The micromolding
in capillaries technique30 was used to create carbon ink
microstructures, by reversibly sealing the PDMS microchannels
onto a glass substrate and filling with a 0.2% (w/v) carbon ink
solution. The ink was dried in the oven at 85 °C for 4 h, after
which time the PDMS mold was removed from the glass
substrate, leaving a thin film of patterned carbon ink on the
glass.31,32

PolyJet Printing. Devices were designed in Autodesk
Inventor Professional 2021 and printed on a Stratasys J735
PolyJet 3D printer using their VeroClear material. VeroClear
resin has been reported to contain isobornyl acrylate, acrylic
monomer, acrylate oligomer, acrylic acid ester, and photo-
initiator.33,34 For the embedded wire technique, a stencil design
model was first printed directly on the tray. A piece of glass was
placed on top of the stencil with double-sided tape to secure the
glass frommoving during printing. Using the stencil as a guide, a
section of nichrome wire was then placed on top of the glass and
taped down on both ends. The print tray was dropped by the
height of the glass, stencil, and outer diameter of the wire (with
the previously described stacked printing process24,35). The
designed model was then printed directly on top of the wire and
glass. The total print time for all parts was 12 min in total. When
the printing process was complete, the model was delaminated
from the glass and the embedded wire was removed, leaving a
recessed microchannel with dimensions of the outer diameter of
the wire. Straight channel devices with 25 and 50 μm diameter
channels were fabricated with the wire embedding technique.
PolyJet printing was also done against a positive relief

structure made from brass, PDMS, or carbon ink. This was done
by printing a stencil design model on the print tray and then
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placing themold on the stencil with double-sided tape. The print
tray was dropped relative to the height of the stencil, mold, and
structure. A device with reservoirs designed using Autodesk
inventor Professional 2021 was then printed directly on top of
the mold. For the brass and PDMS molds, after delaminating,
the printed devices from the molds, the negative features created
on the printed device were complementary to the positive
features of the molds. The same brass and PDMS molds were
used repeatedly throughout this work. For example, the same
brass mold was used to print over 80 devices (and counting) and
the same PDMS mold was utilized to print over 17 devices (and
counting). For the carbon ink approach, after the printing
process was completed, the carbon ink was transferred into the
resulting print. The carbon ink was then removed in a
postprocessing step using solvent thinner, leaving micro-
channels that match the dimensions of the carbon ink. Bright-
field micrographs were taken with a Keyence VHX-500K digital
microscope (Japan), and all channel measurements were done
with VHX Measurement Software. Scanning electron micros-
copy (SEM) images were taken on high-resolution Inspect F50
(Thermo Fisher Scientific, Czech Republic). Depth profiles
were measured using either a surface profiler (Dektak II, Vecco
Instruments, Boston, MA) or a laser profiler (Keyence VK-
9710K, Itasca, IL).
For all of these approaches, a thermal lab press (DABPRESS,

Guangdong, China) was used to bond the microchannel layer
with reservoirs against another solid 3D-printed part to
completely seal the microchannels and create the final closed
fluidic microchip. The overall device dimensions were 28 × 38
mm2 (W × L), and the reservoir radius was 2.5 mm. The
bonding process, which took 4 min, was performed at 54 °C and
200 psi of pressure. The bonded devices were robust, with
devices remaining bonded for up to 90 days of storage (longer
times were not investigated).
Electrophoresis-Based Separations. Regardless of the

mold that was used, each microchip device was treated with a
corona discharge unit fitted with a fine tip electrode (model ETP
BD-20, Electro-technic Products, Inc., Chicago, IL) before
running the electrophoretic separations.36 Boric acid buffer,
either 25 and 10 mM (pH 10), was prepared in deionized water
(18.0 MΩ cm). The electroosmotic flow (EOF) measurements
on untreated and corona-treated straight channel devices were
done using a boric acid buffer system (pH 10) and the current
monitoring method described by Huang.37 Briefly, the two
reservoirs were filled with 25 mM boric acid buffer (pH 10), and
one of the reservoirs was replaced by a reduced ionic strength

boric acid buffer of the same pH. The time required for the
current to reach a constant level was recorded, and the EOF was
calculated.37 A similar process was used to determine the EOF at
pH 11.2 using a CAPS buffer system. Ohm’s law experiments
were also done on 25 and 50 μm straight channel devices. The
device channels were filled with boric acid buffer (25 mM, pH
10). High voltage was applied to one reservoir, and the other was
grounded through a circuit that contained a 100 kΩ resistor. The
voltage across this resistor was measured, and the electro-
phoretic current was calculated. A range of electrophoretic
voltages were used (100−1200 V, glass high-voltage power
supply).
Gated and pinched electrokinetic injection schemes were

demonstrated in the separation of labeled amino acids on T-
devices. For gated injections, samples were prepared in 20 mM
boric acid buffer (pH 10). The amino acids glycine (Gly),
arginine (Arg), phenylalanine (Phe), and aspartic acid (Asp)
were labeled with fluorescein isothiocyanate isomer I (FITC)
overnight at room temperature as previously discussed.38 The
device was placed on an inverted fluorescence microscope
(Olympus IX71) fitted with a 10× objective (Olympus PLN2X.
Japan). The sample reservoir was filled with a mixture of FITC-
labeled amino acids, and buffer reservoir, buffer waste, and
sample waste were filled with 20 mM boric acid buffer (pH 10).
A LabSmith HVS448 3000 V high-voltage sequencer (Lab-
Smith, Livermore, CA) with eight independent high-voltage
(HV) channels was used as the electrophoresis voltage supply.
The gated injection sequence for the brass and PDMS mold
devices was accomplished by applying a high voltage (+410 V)
to the buffer reservoir and a fraction of the high voltage (+400 V)
to the sample reservoir, with sample waste and buffer waste
grounded. Injections were achieved by floating the high voltage
applied to the buffer reservoir for 2 s. For the carbon ink devices,
the applied voltages at the sample reservoir and buffer reservoir
were +200 and 210 V, respectively, and the injection time was 2
s. The detection window for brass, PDMS, and carbon ink mold
devices was set at 0.70, 0.65, and 0.30 cm (distance from
injection point), respectively. The resulting fluorescence signal
was recorded with a QICam CCD digital camera (Q Imaging,
British Columbia, Canada). The Supporting Information
describes the use of a pinched injection process.

■ RESULTS AND DISCUSSION

PolyJet printers are a popular choice (along with SLA) for high-
resolution 3D printing. This technique uses a waxylike sacrificial
material to support interior features during printing. The

Figure 1. Fabrication of a straight microchannel device (25 or 50 μmdiameter) with Polyjet 3D printing: (A) printing CAD design model direct on Ni
wire of the desired dimension; (B) after removal of wire from the device; (C) thermal fusion bonding for sealing the channel; (D) photograph of the
assembled device; and (E) bright-field micrograph showing the cross-sectional area of the sealed channel.
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material is semisoluble in a caustic bath and requires some
mechanical removal in post processing. This limits the channel
sizes and complexity of the fluidic designs that can be fabricated
(in our practice, channels smaller than 350 μm are very difficult
to produce). Previously, our lab has demonstrated the use of a
liquid support material in Polyjet printing using a stacked
printing process, with the channel cross section being reduced to
200 × 200 μm2, which is still too large for microchip-based
electrophoresis.35 Another possibility is printing open channels
without utilizing support material; however, in our practice, this
approach suffers from two limitations. First, our experiments in
printing channels in this manner led to the resolution being
limited to ∼100 × 27 μm2 and, second, the resulting print ends
up with ridges on the top surface. When using thermal bonding
against another 3D-printed part, these ridges led to incomplete
bonding and leaking between the layers (Figure S1). One way
around this limitation is to utilize nonprinted but removable
materials (i.e., molds) on a flat surface to create open channels
that can be subsequently bonded. Figure 1A shows the Polyjet
stacked printing process that was developed to print over a
straight nichrome wire mold placed on a glass surface. The
microchannel on the 3D-printed part was complementary to the
outer diameter (OD) of the nichrome wire. Straight channels as
small as 25 μm were fabricated with this technique. Printing on
the smooth glass surface created channels on the bottom side of
the 3D print without any ridges on the surface to interfere with
bonding. Initial experiments focused on determining optimal
bonding conditions without collapsing the channel (using a
heated lab press). We determined that a temperature of 54 °C
and a pressure of 200 psi for 4 min yielded themost reproducible
device sealing conditions. A photograph of a finished 3D-printed
device after bonding can be seen in Figure 1D and a bright-field
micrograph showing the channel cross-sectional area in Figure
1E.
The PolyJet printer utilized in this research was manufactured

by Stratasys and utilizes proprietary materials. Structures are
formed via acrylate cross-linking chemistry using a mixture of
acrylate oligomers and monomers along with a photoinitiator.34

We first investigated the EOF properties of straight channel
devices created from the nichrome wires. Corona discharge is a
widely used surface treatment technique for EOF improvements
in thermoplastic nanochannels.39 In theory, the energy of the
high-charged electrical corona is believed to break the molecular
bonds on the surface of the substrate. The broken bonds then
recombine with the free radicals in the corona environment to
form additional polar groups on the surface.40 The EOF of the
solution at a pH of 10 (using a boric acid buffer system) in the
3D-printed straight channel devices increased from 2.0 ± 0.1 ×
10−4 cm2/Vs with untreated devices to 3.5± 0.2 × 10−4 cm2/Vs
after corona treatment (n = 4). A similar EOF value was
obtained at pH 11.2 using a CAPS buffer (3.2± 0.1× 10−4 cm2/
Vs, n = 3). Ohm’s Law plots were used to further characterize
straight channel devices made from 25 and 50 μm nichrome
wires. A linear relationship between current and field strength
was maintained up to ∼750 V/cm for 25 μm dia. channels and
400 V/cm for 50 μm dia. channels. Further increases in electric
field strength resulted in current deviating from linearity (Figure
S2). These results illustrate that the thermally bonded small
channels can tolerate high field strengths before Joule heating
occurs. We also attempted to use the embedding wire technique
to produce microchannels on separate 3D prints and then fuse
the two pieces together to form cross-channels (T-structures).
The final devices had channels in different planes; however, the
depth at the intersection of the channels was double that of the
rest of the channels. This created issues in reproducibility of the
volume of sample injected and re-establishment of flow profiles
after gated injection.
To create T-channel structures that could be used for gated or

pinched injection schemes, various molds were investigated.
Figure 2 depicts the stepwise fabrication process of devices with
T/cross-channel structure in the same plane, in this example,
using a prefabricated brass mold (similar to ones used for hot
embossing and injection molding).29,41 The mold is placed on
the print tray, and the tray is dropped by the thickness of the
mold and the raised structure. Printing of material (including a
reservoir) is done on top of the mold. After printing, the material

Figure 2. Fabrication of cross-channel structure with Polyjet 3D printer: (A) printing CAD design model on positive relief structure; (B) device
printed on a brass mold; (C) device after delamination frommold; (D) bright-field micrograph of channel intersection before bonding; (E) bright-field
micrograph of channel intersection after bonding; and (F) photograph of the final device (after bonding), with respect to a US quarter.
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readily delaminates from the mold to leave a negative relief
structure. A laser profiler was used to measure the device
microchannel dimensions (depth and width), and these were
complementary to the positive structure on the brassmold (42×
42 μm2). Figure 2D,E shows the bright-field micrograph of the
channel intersection before and after bonding. The optimized
bonding conditions did not alter the dimensions of channels
during bonding. Figure 3A shows the SEM photomicrograph of
the microstructures milled in brass. The micromilling process is
unable to make sharp inside corners (see Figure 3B) due to the
intrinsic feature of the process itself, as seen previously.29 The
size of the milling bit determines the curvature of corners, and at
the same time, the achievable height of the structure is limited by
the useful flute length of the mill bit.29

A gated injection sequence was used to initiate separation of
four amino acids labeled with FITC. For the loading step, +400
V was applied at the sample (S) reservoir to direct sample to
grounded sample waste (SW) and +410 V at buffer (B) reservoir
to grounded buffer waste (BW). To complete an injection into
the separation channel, the B reservoir was held at 0 V for 2 s, as
shown in Figure 4A. When the buffer voltage was restored,

separation was initiated, and the initial flow profiles were re-
established. The plug migration down the separation channel
toward the detection windowwas facilitated by a field strength of
150 V/cm (Figure 4B). The injected plug volume was 0.51 nL.
Separations were monitored using a fluorescence microscope
and a CCD camera with the detection window being set 0.7 cm
from the injection point. Figure 4C shows the electropherogram
of the separated FITC-labeled amino acids. The device rapidly
resolved the labeled amino acids in less than 20 s with good
separation efficiency ranging from 2000 to 4660 theoretical
plates. At this field strength, these devices offer comparable
separation efficiency to other plastic and 3D-printed microchip
electrophoresis devices with similar separation distance and
analytes.27,42 For example, the aforementioned SLA-printed
microchip electrophoresis device achieved 1600−1700 theoreti-
cal plates for the separation and fluorescence detection of
labeled amino acids.27 To demonstrate the reproducibility and
EOF stability, a calibration curve was performed with varying
concentrations of an arginine and glycine mixture (100−500
μM). Injections were done in triplicate for each concentration.
Figure S3A shows the electropherogram of the two well-

Figure 3. Scanning electron micrograph of (A) positive relief structure on brass mold and (B) cross-channel intersection created from 3D printing on
positive relief structure.

Figure 4. Data obtained from the device printed on a brass mold. Fluorescence micrographs were captured during gating injection including (A)
loading step and (B) separation. (C) Electropherogram of a four amino acid mixture that was prelabeled with FITC. The concentration of each amino
acid in the injection sample was 200 μM in 20mM boric acid (pH = 10). The small peak migrating just after Arg was not identified. The running buffer
used was 20 mM boric acid (pH = 10), and the field strength was 150 V/cm. An inverted fluorescence microscope was focused on the separation
channel 0.70 cm from the injection point for fluorescence detection.
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separated amino acids at each concentration. A linear increase in
peak height with concentration is shown in the calibration curve
(Figure S3B). Low concentrations of the analyte were not
explored because the microscope used in this study used a Hg
arc lamp for excitation, as opposed to a laser system. A pinched
injection scheme could also be used with this device, and that
process is demonstrated in Figure S4.
Other approaches can be used to create molds including less

expensive PDMSmolds. Positive relief PDMSmolds were made
with a negative resist and positive photomask. A similar process
to Figure 2 was used to make the devices, with the positive relief
PDMS mold being placed on the print tray, and the tray was
dropped by the thickness of the PDMS and structure. Figure
5A,B shows the SEMmicrographs of the positive relief structure
made from PDMS and the complementary cross microchannels
in the 3D-printed part. The fabricated channel dimensions were
50 × 50 μm2 (width × depth). Devices from PDMS mold had
sharp inside corners compared to devices fabricated from brass
mold. A mixture of FITC-labeled Arg, Gly, and Asp amino acids
were separated by applying a field strength of 220 V/cm down
the separation channel. The injected plug volume was 0.52 nL.
The number of theoretical plates ranged from 3680 for Arg to
1775 for Asp.
The ability to use a sacrificial material (in this case, carbon

ink) with the general approach outlined in Figure 2 was also
explored. This process is outlined in Figure 6A−C. A negative
relief PDMS structure was sealed to a piece of glass, and a diluted
carbon ink mixture was filled into the channel network.
Following a drying step and removal of the PDMS mold, the
carbon ink structure and glass were placed on the print tray. The
tray was dropped by the thickness of the glass and structure and
the design printed. When removing the printed part from the

glass, the carbon ink transfers into the part. Inmold fabrication, a
considerable amount of carbon ink shrinking occurs during
drying in the oven, during which time the thin film deviates from
the original shape of the PDMS mold. This limits the length of
the channels that can be fabricated from this technique to ∼0.4
cm. In our experience, it was difficult to completely remove all of
the carbon ink material without deforming the channels of
devices when the carbon ink was thicker than 20 μm. Therefore,
with this technique, channel dimensions are limited to less than
20 μm in depth. With this approach, we successfully fabricated
devices with channel sizes as small as 48 × 12 μm2. Four FITC-
labeled amino acids were successfully separated using these
devices at 250 V/cm (Figure 6D). Applying these voltages did
not cause buffer electrolysis or any bubble formation in the
channels during the 20 s analysis time. The separation resolution
and efficiency (average of 310 theoretical plates) were not as
good as the devices created from the brass or PDMS molds due
to the shorter separation distance (0.4 cm total length, detection
window only 0.3 cm from the injection point).

■ CONCLUSIONS

In summary, we have shown that the use of commercially
available PolyJet 3D printer is fully capable of printing truly
microfluidic flow channels when micromolds and sacrificial
material are incorporated into the printing process. Straight
channels with dimensions as small as 25 μm diameter and T-
designs with cross sections as small as 48 × 12 μm2 can be
fabricated from this technique. Ohm’s Law plots and EOF
analysis were performed, and either a gated or pinched injection
scheme can be used with the sealed devices. Separation of four
amino acids was achieved with up to 4660 theoretical plates.
While the use of carbon ink as a sacrificial material resulted in the

Figure 5. Data obtained from the device printed on a PDMS mold. Scanning electron micrograph of (A) PDMS-based positive relief structure; (B)
cross-channel intersection created from 3D printing on PDMS-based positive relief structure; and (C) electropherogram of FITC-labeled amino acids
using the device. Electrophoretic conditions: running buffer, 20 mM boric acid (pH = 10); field strength 220 V/cm, detection window 0.65 cm from
the injection point.
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fabrication of short channel lengths, there is the opportunity to
explore other sacrificial materials that can be easily removed
from the printed device. With PolyJet printing, several materials
can easily be incorporated into one print.43,44 Therefore,
microchip electrophoresis devices with pumps and valves
could be investigated in future work. While this application is
focused on microchip electrophoresis, the ability to 3D-print
against molds that can subsequently be removed is a general
methodology to decrease channel size for other applications and
other types of 3D printing as well as to possibly integrate 3D
printing with other production processes since we have shown
that molds commonly used for hot embossing and injection
molding can be incorporated in the stacked printing process.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c01265.

Figure S1 contains (A) a photograph of a 3D-printed
device with ridges on the channel layer surface and (B) a
photograph of the final device with ridges after thermal
bonding; Figure S2 contains Ohm’s Law plots for (A) 50
μm (B) 25 μm channel fabricated from the wire mold
using a 25 mM boric acid buffer (pH 10); Figure S3
contains (A) electropherograms obtained at different
concentrations of FITC-labeled arginine and glycine and
(B) corresponding calibration curves for each analyte; and

Figure S4 contains bright-field micrographs of the cross
intersection (printed from brass mold) when used for a
pinched injection scheme (both the sample loading and
injection steps) (PDF)
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Figure 6. Fabrication of cross-microchannel structure by Polyjet-based 3D printing on sacrificial material (carbon ink). PDMS mold is used to define
the carbon ink on a glass surface. After drying, the PDMS is removed (shown in A). The device model is printed on top of the carbon ink
microstructure, and the carbon ink material is transferred into the device and removed with a thinner solution. The open-channel structure is shown in
(B). (C) Bright-fieldmicrograph of channel intersection after bonding. (D) Electropherogram of FITC-labeled amino acids. The running buffer was 20
mM boric acid (pH = 10), and the detection window was 0.3 cm from the injection point (field strength = 250 V/cm).
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