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Abstract
The laser print, cut, and laminate (PCL) method for microfluidic device fabri-
cation can be leveraged for rapid and inexpensive prototyping of electrophoretic
microchips useful for optimizing separation conditions. The rapid prototyping
capability allows the evaluation of fluidic architecture, applied fields, reagent
concentrations, and sieving matrix, all within the context of using fluorescence-
compatible substrates. Cyclic olefin copolymer and toner-coated polyethylene
terephthalate (tPeT) were utilized with the PCL technique and bonding meth-
ods optimized to improve device durability during electrophoresis. A series of
separation channel designs and centrifugation conditions that provided success-
ful loading of sieving polymer in less than 3 min was described. Separation of a
400-base DNA sizing ladder provided calculated base resolution between 3 and 4
bases, a greater than 18-fold improvement over separations on similar substrates.
Finally, the accuracy and precision capabilities of these devices were demon-
strated by separating and sizing DNA fragments of 147 and 167 bases as 148.62± 2
and 166.48 ± 3 bases, respectively.
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1 INTRODUCTION

Microchip electrophoresis is a powerful alternative to
traditional capillary electrophoresis as it provides oppor-

Abbreviations: B, buffer; BW, buffer waste; COC, cyclic olefin
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separation length; LP, long pass; PC, polycarbonate; PCL, print, cut, and
laminate; PeT, polyethylene terephthalate; PLA, poly(lactic acid); Rbp,
base-pair resolution; Rs, electrophoretic resolution; S, sample; SW,
sample waste; tPeT, toner-coated polyethylene terephthalate.
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tunities for reduced reagent cost, potential portability,
and decreased analysis time [1]. To perform capillary
sieving electrophoresis on microfluidic devices, the opti-
mization of multiple parameters (e.g., fluidic architecture,
sieving matrix composition and concentration, voltages,
and sample-to-reagent ratios) is required. When optimiz-
ing these conditions on microdevices, rapid, inexpensive
prototyping, and reusability are ideal.
Glass microdevices offer reusability but require clean

room facilities for photolithography and chemical etching
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in a laborious multiple-step process that is costly and,
frankly, impractical for rapid prototyping [2]. Alternatively,
microdevices can be made from cost-effective polymeric
materials, such as poly(methyl methacrylate), cyclic olefin
copolymer (COC), and polycarbonate, which have desir-
able optical properties for fluorescence detection of ana-
lytes and are amenable to rapid prototyping techniques
(e.g., milling, embossing, and injectionmolding) [3]. How-
ever, these materials typically are not as robust as glass
from a “reusability” perspective, thus fabricating itera-
tively improved designs is essential when prototyping
fluidic architectures for optimized electrophoresis.
Amethod for rapid, inexpensivemicrodevice fabrication

was reported by do Lago et al., whereby printer toner ink
was selectively deposited on thin sheets of polyethylene
terephthalate (PeT) that were then bonded via lamina-
tion; the areas devoid of toner became the microfluidic
channels that were adequate in dimension and physic-
ochemical properties for electrophoresis [4]. This revo-
lutionary report presented a fast and cost-effective fab-
rication method for electrophoretic microfluidic devices,
albeit, with channels limited in depth by the number of
polymeric layers and the number of∼6-µmtoner layers uti-
lized. Research from our group expanded on this concept
and created multilayer devices by laser ablating through
toner-coated PeT (tPeT) layers to create fluidic architec-
ture limited only by the combined number of ablated PeT
and tPeT layers that could be bonded through simple lam-
ination [5, 6]. We have defined this fabrication approach
as the laser print, cut, and laminate (PCL) method [7],
which is ideal for rapid microfluidic prototyping owing
to the simplicity of the processes, and low materials cost.
Work implementing the PCL method created centrifu-
gal microdevices for DNA extraction [6], purification [8],
and multiplexed amplification [9] with the integration of
numerous elements for fluidic control [10]. However, the
PCL method has not been expanded to develop microde-
vices for electrophoresis and fluorescence detection.
Combining PCL andmicrochip electrophoresis presents

new potential for quickly prototyping and optimizing elec-
trophoresis parameters. The first DNA separations on
PeT/tPeT devices demonstrated that the separation of
DNA fragments with a resolution of 56 bases was possible
using PCL-compatible substrates [11]. This was amilestone
achievement as an analytical electrophoretic platform,
primarily because it demonstrated that these inexpen-
sive substrates were biocompatible and did not exhibit
insurmountable problems with fluorescence detection.
However, this level of resolution would be limited to the
analysis of PCRproducts differing greatly inmolecular size
and would have to be dramatically improved to increase
applicability to a wider range of chemical and biological
applications like gene expression analysis and genotyping.

Here, we demonstrate that the limitations reported in
prior literature forDNA fragment analysis onPeTmicrode-
vices can, in fact, be overcome. We describe the results
from examining the inherent fluorescence, or autofluo-
rescence, of multiple polymeric materials and different
bonding conditions to optimize the fabrication ofmicroflu-
idic electrophoresis chips via the PCL method. Various
architectural designs were evaluated with results demon-
strating successful polymer loading by centrifugation in
a reasonable amount of time. Additionally, the shape of
the electrokinetically injected sample plug in the differing
architectures was examined with respect to effects on res-
olution. Finally, we demonstrate a successful separation of
a DNA sizing standard and forensically relevant short tan-
dem repeat (STR) markers with an 18-fold improvement
in resolution over previously reported separations on PCL
devices.

2 MATERIALS ANDMETHODS

2.1 Microfluidic chip fabrication

The three-layer microfluidic devices were made via the
print, cut, and laminate method, previously described
by Thompson et al. [7], using a combination of COC
(Zeon Chemicals, Louisville, KY, USA) and toner-coated
polyethylene terephthalate (tPeT). Sheets of PeT (Film
Source Inc.,MO,USA)were coated twice on each sidewith
toner (HP C-4127X) using a laser printer (HP Laserjet 400).
A single layer of toner was 6-µm deep, making each tPeT
layer 124-µm thick (four 6-µm layers of toner in a 100-µm
PeT sheet). AutoCAD software was used to create several
different iterations of the microfluidic device. A CO2 laser
system (VLS3.50, Universal Laser Systems, AZ, USA) was
used to ablate the layers according to the CAD design. As
shown in Figure S1, the top COC layer, layer 1, consisted of
alignment holes and vents that enable access to the fluidic
channels in the subsequent layer. Layer 2, the middle layer
of the device, wasmade from tPeT and containedmicroflu-
idic architecture for electrophoretic separation and holes
for alignment. Finally, layer 3, the bottom layer, only con-
sisted of alignment holes. The rectangular microfluidic
chips were 80-mm long and 40-mm wide. Following laser
ablation, the three layers were stacked in alignment for
bonding and sent through a heated roll laminator at 200◦C
(Model 305, Mega Dry Film Laminator, Cambridge, UK).
Bonding studies compared laminating the COC and tPeT
layers with and without the plasma oxidization of individ-
ual layers prior to lamination. Following fabrication, small
reservoirs for the sample (S), sample waste (SW), buffer
(B), and buffer waste (BW) were 3D printed (Dremel Digi-
lab 3D45, USA) from poly(lactic acid) (3DXTech, MI, USA)
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and attached to the devices using 5 minute epoxy (Devcon,
MA, USA).

2.2 Instrumentation

2.2.1 DIPS system

To centrifugally load reagents into themicrodevice, a dual-
integrated Peltier spin (DIPS) system, described elsewhere
[5], was used for centrifugal polymer loading. Briefly,
this custom mechatronic device contains a DC brushless
motor, wherein microfluidic devices can be attached via
hex screws and spun to centrifugally move fluid. The spin
aspect of the system is controlled by Parallax software.

2.2.2 Single-color electrophoresis system

A custom-built single-laser, single-color fluorescence
detection system was designed for electrophoretic sep-
aration and laser-induced fluorescence (LIF) detection
(Figure S2). The microdevice is placed on a metal stage
that can be heated for electrophoresis and adjusted in
three dimensions to focus the incident laser through a
hole in the stage into the middle of the separation channel
of the microfluidic device. Voltage-driven electrophoresis
was achieved by placing platinum electrodes connected
to a high-voltage power supply in the 3D printed reser-
voirs on the microfluidic chip seated on the metal stage.
The custom-built voltage supply system is controlled by
LabVIEW. The fluorescence detection system consisted
of a 488-nm solid-state laser for excitation, which was
directed to a mirror, through a 525-nm short pass dichroic
mirror, and into the end of a 40× LD Acroplan, 0.6 NA
objective (Zeiss, Thornwood, NY, USA) where it focused
into the microdevice separation channel. The emission
beam was passed back through the objective, reflected off
the dichroic mirror, and passed through a 505-nm long
pass filter toward a photomultiplier tube detector (Hama-
matsu, Tokyo, Japan). Data collection and electrophoresis
conditions were controlled by a custom-made LabVIEW
program.

2.3 Evaluation of autofluorescence

The custom-built fluorescence detection system described
previously was used to evaluate inherent fluorescence in
raw polymeric material for microfluidic chip fabrication.
Sheets of raw materials were placed over the hole on the
metal stage, and the incident laser beam was focused on
the sheet via the objective. Once the excitation beam was

focused, the sheet was removed. Data collection began for
10 s to collect ambient noise, and then the sheet of poly-
meric material was placed onto the stage to measure any
inherent fluorescence of the material.

2.4 Sample extraction and amplification

Samples were prepared following a previously described
protocol [12]. Briefly, DNA from a buccal swab con-
taining saliva was enzymatically extracted using Micro-
GEM reagents (MicroGEM International, PLC, VA, USA).
Extracts underwent PCR amplification in-tube using a cus-
tom 10-plex kit that amplified 9 core CODIS loci. The
resulting amplicons were under 250-base pairs in length
and consisted of markers composed of FAM, JOE, or ROX
(ET-CRX). Samplewas amplified conventionally following
manufacturer-recommended thermal cycling settings for
the PowerPlex Fusion System.

2.5 Microchip preparation

Following fabrication, the microchip for electrophoresis
was pretreated with 0.1-M NaOH (Sigma-Aldrich, MO,
USA) for 10 min prior to loading polymer. The NaOH was
removed via centrifugation on the DIPS system (180 s,
1600 RPM). A hydrophobically modified poly(acrylamide)
polymer (MicroGEM International, PLC, VA, USA) con-
sisting of 4% (w/v) in 3× Tris–borate–EDTA (TBE, 49 mM
Tris, 147 mM borate, 1 mM EDTA, Sigma-Aldrich, 7 M
urea, and ultrapure water) was pipetted into the BW reser-
voir and centrifugally loaded (180 s, 1600 RPM) through
the separation architecture. The devices were heated at
50◦C for 10 min and then spun for 60 s at 1600 RPM to
remove any bubbles. Once all reservoirs were filled with
polymer sufficiently for voltage application, the sample
was pipetted into the sample reservoir. A stock solution of
fluorescein (0.01 M FAM; Sigma-Aldrich, MO, USA) was
diluted in 1× TBE and used as a reference dye in place of
sample when evaluating the shape of the injection plug via
a fluorescence microscope (ZEISS Axioscope, Germany).

2.6 Microchip electrophoresis

Following amplification, sample (5 µl) and size standards
(5 µl) were mixed with Hi–Di formamide (10 µl). The
mixed sample was heated at 95◦C for 2 min and then
immediately placed in ice for 2 min to maintain single-
stranded fragments. Sample was then pipetted into the 3D
printed sample reservoir of the polymer-filled chip. The
electrophoresis chip was then placed on the heated stage
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F IGURE 1 Inherent fluorescent emissions of candidate substrates for microfluidic device fabrication when excited by a 488-nm sapphire
laser: (A) signal from a sheet of polyethylene terephthalate (PeT), (B) toner-coated PeT (tPeT), and (C) cyclic olefin copolymer (COC). Insets
in (B) and (C) illustrate any change in the signal at 10 s when the substrate was placed on the custom electrophoresis system with a
fluorescence detector

(47◦C) of the single-color electrophoresis system with the
incident laser beam focused 4 or 6 cm from the cross-T
intersection, depending on the chip being used. Platinum
electrodes were placed in each of the S, SW, B, and BW
wells, and injection voltages of −100 and +100 V were
applied to the S and SW reservoirs, respectively, for 90 s.
After injection, −200 V was applied to the B reservoir,
+800 V was applied to the BW reservoir, and both the
S and the SW electrodes were grounded. This provided
a pull-back mechanism to limit plug size and sample
leakage.

3 RESULTS AND DISCUSSION

3.1 Microdevice fabrication

To fabricate the microfluidic discs for electrophoretic sep-
arations, the PCL technique previously reported by our lab
was employed [7]. Briefly, the PCL method utilizes a CO2
laser cutter to define microfluidic architecture in sheets
of a printable substrate. A laser printer was then used to
deposit printer toner to act both as an adhesive agent for
bonding and create the microfluidic architecture. This
technique allows microdevices to be rapidly and inexpen-
sively prototyped with a design-to-device time of ∼40 min
using devicematerials that cost less than 1.00 USD [5]. The
original PCL method utilized polyethylene terephthalate
(PeT), commonly known as “overhead transparencies,”
for all layers of the microfluidic device, as this substrate
was inexpensive, yet effective for a variety of applications
[5, 8, 13, 14].
When creating a device for electrophoresis with fluores-

cence detection, the optical properties of the substrate used
are of obvious import; any inherent fluorescence, or aut-
ofluorescence, from the substrate will be captured by the
detector and, if intense, potentially overpower the fluores-

cence signal from analytes of interest. For this reason, we
tested the autofluorescence of PeT relative to a series of
other substrate candidates for electrophoresis by exposing
a thin sheet to a 488-nm laser in a custom single-color elec-
trophoresis system containing hardware for LIF detection
(Figure 1). The detector collected ambient noise (no sub-
strate) for 10 s prior to exposing the desired material to the
laser; after the initial placement of the substrate, fluores-
cence signal did not significantly change (i.e., no autoflu-
orescence was observed). PeT exhibited intense inherent
fluorescence, extensive enough to reach and maintain the
maximum output at the detector, making this material a
poor candidate for an electrophoresis device. When coated
with toner, PeT does not exhibit any autofluorescence
beyond ambient noise (Figure 1B); however, although tPeT
is a good candidate for an internal layer within a microde-
vice, it cannot be an outer layer because the toner printing
is reversible and, thus, would eventually expose PeT. Given
this, we explored an alternative polymeric material, COC,
which had previously been demonstrated to be compati-
ble with the PCL method and could act as capping layers,
or the top and bottom, of the microdevice. As expected
from the literature [15, 16], excitation of COC with 488-nm
light resulted minimal fluorescence above ambient noise
(Figure 1C); thus, COC was chosen for future device fabri-
cation for both the top and bottom layers. This is consistent
with the widespread use of COCwhere optical detection is
desired and previous reports using injection-molded COC
forDNA separations, which cite optical clarity as one of the
advantages [16, 17]. It is worthy of note that bonding COC
is not trivial [18, 19]; hence, we explored methods for the
effective bonding of COC to the top and bottom of the tPeT
layer. As illustrated in Figure S1, the tPeTmiddle layer will
have laser ablated microfluidic architecture and be sealed
by a top and bottom layer of COC,wherein necessary vents,
alignment holes, and ports for fluidic access will be laser
ablated.
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3.2 Device bonding

As a capping layer, COC possesses excellent optical prop-
erties for fluorescence detection and a surface that is ideal
for polymer-based electrophoresis; however, methods for
bonding between COC and tPeT needed to be explored and
optimized. Following the original PCLmethod, amicroflu-
idic disc containing four identical electrophoresis channels
was fabricated by stacking tPeT between two COC layers
and laminating at 200◦C to activate the toner as an adhe-
sive. Following exposure to even slight hydraulic pressure,
it was clear upon inspection that all three layers had easily
delaminated (Figure S3A). It was clear that toner failed to
form an efficient bond between the PeT and COC layers.
This is likely explained by the hydrophobic nature of the
COC surface (contact angle ∼80◦), but this can be mod-
ified substantially through plasma oxidation, decreasing
the contact angle <5◦ after 10 min of exposure [20]. Based
on this, all three layers were plasma oxidized for 10 min
prior to alignment and lamination to modify the surfaces
(Figure S3B). The uncoated COC sheets showed a dramatic
improvement in bonding to the tPeT layer;when tested, the
layers were no longer delaminated without damaging the
device. Plasma oxidation of layers prior to lamination was
carried out for all further fabrication.

3.3 Architectural design of separation
chip

After optimizing the bonding procedure for the elec-
trophoretic microdevice, microfluidic architectures
amenable to centrifugal reagent loading were explored
to supplant the need for pumps or external pressure-
generating hardware. With the desire to centrifugally load
the electrophoretic microchips with polymer, they were
fabricated with designs differing in the effective sepa-
ration length (Leff) and cross-T architecture (Figure 2).
Different width and depth dimensions were not explored,
as these were defined by the resolution of the laser cutting
(∼100 µm) and the thickness of the tPeT layer (∼124 µm),
respectively. Design-1 consisted of a straight separation
channel with a 4-cm Leff and a unique “anchor-like”
cross-T design (Figure 2A), whereas Design-2 had a 6-cm
Leff, but with a 3.75-cm straight channel prior to curving to
a more traditional cross-T (Figure 2B). Centrifugal reagent
loading capability was tested with a hydrophobically
modified polyacrylamide polymer (4% w/v) that had
previously been shown effective for DNA separations [21];
this contained blue dye for imaging purposes and was
pipetted into the BW reservoir. The microfluidic chip was
then placed on a DIPS system with the BW reservoir clos-

F IGURE 2 Prototype electrophoresis microchip architectures:
(A) microchip with an “anchor”-like cross-T and a 4-cm effective
separation length (Leff); (B) chip containing a 6-cm Leff and a
traditional cross-T design. Inset shows the cross-T filled with
polymer mixed with a blue dye for imaging purposes

est to the center of rotation. Spin speeds up to 3000 RPM
were tested with varying spin times up to 180 s. It was
determined that 1600 RPM for 180 s was sufficient for
effective centrifugal polymer loading, as indicated by the
complete filling of all channels and the cross-T to the base
of the sample (S), SW, and buffer (B) reservoirs, as shown
in the in Figure 2B inset.

3.4 Sample plug evaluation

Prior to performing electrophoretic separations on the
microfluidic chips, the injected sample plug was evaluated
because the sample plug shape ultimately impacts resolu-
tion (Figure 3). For these experiments, the hydrophobically
modified poly(acrylamide) polymer was injected into the
BW, centrifugally driven through the channels and arms
of the cross-T, and fluorescein was added to the sample
reservoir. Electrophoresis occurred using voltage power
supply in our custom in-house built single-color system,
and imaging was conducted with a fluorescent micro-
scope. Figure 3A depicts the “anchor-like” design injecting
an undesirably large and uneven sample plug shape into
the separation channel. Comparatively, the injected sam-
ple plug seen with Design-2 appears similar to the shape
of traditional sample plugs (Figure 3B). As both designs
have a short separation length (relative to traditional elec-
trophoresis and other microchip electrophoresis designs),
and large sample plugs have been shown to have a neg-
ative effect on the resolution in a given separation [22],
electrophoresis was carried out on the chip containing the
traditional cross-T design and the 6-cm Leff.
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F IGURE 3 Evaluation of the injection plug shape using fluorescein: (A) a series of images showing the injection of fluorescein in the
“anchor”-like cross-T of the 4-cm effective separation length (Leff) chip; (B) the 6-cm Leff chip with fluorescein injected across the traditional
cross-T. For both conditions, −/+100 V were applied to the S and sample waste (SW) reservoirs for a 90-s injection, then −200 V was applied
to the B reservoir and +800 V was applied to the buffer waste (BW) reservoir, whereas both the S and SW reservoirs were ground

3.5 Evaluating separation resolution

After optimizing the fabrication method, microfluidic
architecture, reagent loading, and ensuring the sample
plug was similar to that seen in traditional electrophoresis,
a 400-base DNA sizing ladder was separated on the 6-cm
Leff microchip with a traditional cross-T, and the result-
ing electropherogram was used to calculate separation
resolution. Electrophoretic resolution (Rs), a key metric
used to assess and compare separation performance, was
calculated according to the following equation:

𝑅S = 2
Δ𝑡m

𝑊b1 +𝑊b2
(1)

where Rs is defined by the ratio of the difference in
migration time between two adjacent peaks (Δtm) and the
average base width of the peaks (Wb1 +Wb2)/2. The base-
pair resolution between peaks at full width half maximum
(Rbp) normalizes the separation in terms of base pairs to
determine the smallest difference in fragment length that
can be resolved by the system. The resolution per base pair
is defined by the size difference between two fragments
(ΔN) and the width of the peak (Wh), as shown in the

following equation [23]:

𝑅bp =
Δ𝑡m

Δ𝑁𝑊h
(2)

An exemplary profile is shown in Figure 4, where peak
analytes differing in molecular size by as few as 5 bases
(peaks with *) were observed. PeakFit analysis software
determined the calculated Rs and Rbp was ∼3 bases with
DNA fragments <250 bases, whereas fragments >250 bp
showed∼4 base resolution (Figure 4 inset). This represents
a ∼14–18-fold improvement in resolution over previously
reported DNA separations on similar substrates consisting
of a 200-µmwide and 12-µm high separation channel with
a 40-cm Leff [11]. It is worth noting that although voltages
of 200 V/cm were applied during this experiment, higher
voltages (up to 400 V/cm) have been applied to these
single-use/disposable chips in previous studies; however,
the application of voltage above this causes Joule Heating.

3.6 On-chip electrophoresis

Finally, to demonstrate the accuracy and precision for
the separation and sizing of DNA fragments on this PCL
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F IGURE 4 Electropherogram depicting separation of a 400-base DNA size ladder showing differences in size as small as 5 bases and as
large as 25 bases. Injection voltages of −100 and +100 V were applied to the S and sample waste (SW) reservoirs, respectively, for 90 s.
Following injection, −200 V was applied to the B reservoir and +800 V was applied to the buffer waste (BW) reservoir, whereas both the S and
the SW electrodes were ground. The inset table displays resolution (Rs) and base pair (bp) resolution (Rbp) calculated using PeakFit analysis
software

device, DNA amplicons were electrophoresed. The FAM-
labeled products resulting fromoff-chip PCR amplification
of STR sequences included the D3S1358 andD13S317 loci in
a human buccal swab.
Hydrophobically modified poly(acrylamide) polymer

was centrifugally loaded into the separation architec-
ture and reservoirs, and the PCR sample was pipetted
into the sample reservoir prior to being electrokinetically
injected through the cross-T. The custom-built single-color
electrophoresis system, containing a hardware for LIF
detection (ex. 488 nm; em. 505–545 nm), was used with
the Design-2 microfluidic chip (Figure S2). The microde-
vice was placed on a 47◦C heated stage to yield exemplary
electropherograms, one of which is shown in Figure 5.
Here, the separation of a sample containing the 400-base
DNA ladder, shown in Figure 4, is spiked with D3S1358
and D13S317 loci PCR amplicons. First, note the separa-
tion, including a 90-s electrokinetic injection, is completed
in less than 10 min (Figure 5). Second, the reproducibility
from the separation of the ladder standards is clearly illus-
trated in Figure S4, which depicts well-aligned amplicon
peaks obtained in individual microchip electrophoresis
replicates. Third, using the sizing ladder to calculate ampli-
con base pair length for three consecutive runs, the average
amplicon size and corresponding standard deviation were
determined to be 148.62 ± 2 (D3S1358) and 166.48 ± 3
(D13S317) bases (Figure 5 inset). This correlates well with
the known size for the D3S1358 and D13S317 fragments at
147 and 167 bases, respectively. These results illustrate the

capability of COC-tPeT hybrid electrophoretic devices fab-
ricated by PCL, where the cost of materials is <1.00 USD
and the time to fabricate is <30 min. Given the accuracy
and precision of these results with 3–4 base resolution in
sub-10-min separation, this positions laser-cut microchan-
nels as effective for DNA separations where single-base
resolution is not required.

4 CONCLUDING REMARKS

Here we demonstrate that the limitations reported in prior
literature for DNA fragment analysis on PeT microdevices
can, in fact, be overcome. After examining autofluores-
cence in different materials, and selecting a combination
of materials to enable successful fluorescence detection
of polynucleic acids, a microchip consisting of laser-cut
COC surrounding one tPeT layer with fluidic architecture
was created. Bonding was enhanced through plasma oxi-
dation prior to lamination of the device, and separation
architectural designs were evaluated based on amenabil-
ity to centrifugal reagent loading. It was determined that
chip Design-2, containing a 6-cm curved separation chan-
nel with a semi-traditional cross-T, was the better design
due to the ability to rotationally load polymer in a reason-
able amount of time. Further, the shape of the injection
plug was similar to standard injection plugs. Finally, we
demonstrated successful separation of a DNA sizing stan-
dard with <3 base pair resolution for <250 base pairs and
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F IGURE 5 Electropherogram from on-chip electrophoresis completed in 10 min. Injection voltages of +/−100 V were applied to the S
and sample waste (SW) reservoirs for 90 s, then −200 V was applied to the B and +800 V was applied to the buffer waste (BW) reservoir,
whereas the S and SW reservoirs ground. PCR-amplified DNA fragments (red) overlaid with a 400-base DNA size ladder (black) (n = 3). The
amplified fragments had expected sizes of 147 and 167 bases, respectively, and the average calculated size of each fragment was 148.62 ± 2 and
166.48 ± 3 bases (inset)

<4 base pair resolution for >250 bases. Not only is this
a ∼14–18-fold improvement in resolution over previously
reportedDNA separations on similarmicrodevices, but the
injection and separation were complete in under 10 min.
The accurate and precise sizing of two STR makers was
illustrated by separating DNA fragments of 147 and 167
bases (in less than 10 min) and sizing them as 148.6 ± 2
and 166.48 ± 3 bases, respectively. This report shows that
PCLdevices, which cost<1.00USDand require<30min to
fabricate, are able to perform precise polynucleic acid sep-
aration in an inexpensive, rapidly prototyped microfluidic
electrophoresis chip.

ACKNOWLEDGMENTS
We thankMicroGEM for providing select reagents through
AT, JYL, and BER.

CONFL ICT OF INTEREST
The authors have declared no conflict of interest.

DATA AVAILAB IL ITY STATEMENT
The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

ORCID
RennaNouwairi https://orcid.org/0000-0003-4013-3126

REFERENCES
1. Landers JP. Handbook of capillary and microchip electrophore-

sis and associated microtechniques. Boca Raton: CRC Press;
2008.

2. Iliescu C, Taylor H, Avram M, Miao J, Franssila S. A practical
guide for the fabrication of microfluidic devices using glass and
silicon. Biomicrofluidics. 2012;6:16505–16.

3. Nouwairi RL, O’Connell KC, Gunnoe LM, Landers JP.
Microchip electrophoresis for fluorescence-based measure-
ment of polynucleic acids: recent developments. Anal Chem.
2021;93:367–87.

4. do Lago CL, da Silva HDT, Neves CA, Brito-Neto JGA, da Silva
JAF. A dry process for production of microfluidic devices based
on the lamination of laser-printed polyester films. Anal Chem.
2003;75:3853–8.

5. DuVall JA, Le Roux D, Tsuei A-C, Thompson BL, Birch
C, Li J, et al. A rotationally-driven polyethylene terephtha-
late microdevice with integrated reagent mixing for multi-
plexed PCR amplification of DNA. Anal Methods. 2016;8:
7331–40.

6. Thompson BL, Birch C, Li J, DuVall JA, Le Roux D, Nelson
DA, et al. Microfluidic enzymatic DNA extraction on a hybrid
polyester-toner-PMMA device. Analyst. 2016;141:4667–75.

7. Thompson BL, Ouyang Y, Duarte GR, Carrilho E, Krauss
ST, Landers JP. Inexpensive, rapid prototyping of microfluidic
devices using overhead transparencies and a laser print, cut and
laminate fabrication method. Nat Protoc. 2015;10:875–86.

8. Jackson KR, Borba JC, Meija M, Mills DL, Haverstick DM,
Olson KE, et al. DNA purification using dynamic solid-phase
extraction on a rotationally-driven polyethylene-terephthalate
microdevice. Anal Chim Acta. 2016;937:1–10.

9. Ouyang Y, Duarte GR, Poe BL, Riehl PS, dos Santos FM,
Martin-Didonet CC, et al. A disposable laser print-cut-laminate
polyester microchip for multiplexed PCR via infra-red-mediated
thermal control. Anal Chim Acta. 2015;901:59–67.

10. Ouyang Y, Li J, Phaneuf C, Riehl PS, Forest C, Begley M, et al.
Multilevel fluidic flow control in a rotationally-driven polyester
filmmicrodevice created using laser print, cut and laminate. Lab
Chip. 2016;16:377–87.

11. Duarte GRM, Coltro WKT, Borba JC, Price CW, Landers
JP, Carrilho E. Disposable polyester-toner electrophoresis
microchips for DNA analysis. Analyst. 2012;137:2692–8.

12. DuVall JA, Le Roux D, Thompson BL, Birch C, Nelson DA, Li
J, et al. Rapid multiplex DNA amplification on an inexpensive
microdevice for human identification via short tandem repeat
analysis. Anal Chim Acta. 2017;980:41–9.

https://orcid.org/0000-0003-4013-3126
https://orcid.org/0000-0003-4013-3126


1754 NELSON et al.

13. Krauss ST, Remcho TP, Monazami E, Thompson BL, Reinke
P, Begley MR, et al. Inkjet printing on transparency films
for reagent storage with polyester–toner microdevices. Anal
Methods. 2016;8:7061–8.

14. DuVall JA, Cabaniss ST, Angotti ML, Moore JH, Abhyankar
M, Shukla N, et al. Rapid detection of Clostridium diffi-
cile via magnetic bead aggregation in cost-effective polyester
microdevices with cell phone image analysis. Analyst. 2016;141:
5637–45.

15. Le Roux D, Root BE, Hickey JA, Scott ON, Tsuei A, Li J, et al.
An integrated sample-in-answer-out microfluidic chip for rapid
human identification by STR analysis. Lab Chip. 2014;14:4415–
25.

16. Le Roux D, Root BE, Reedy CR, Hickey JA, Scott ON, Bienvenue
JM, et al. DNA analysis using an integrated microchip for
multiplex PCR amplification and electrophoresis for reference
samples. Anal Chem. 2014;86:8192–9.

17. Bruijns B, Veciana A, Tiggelaar R, Gardeniers H. Cyclic
olefin copolymer microfluidic devices for forensic applications.
Biosensors. 2019;9:85.

18. Roy S, Yue CY, Lam YC, Wang ZY, Hu H. Surface analysis,
hydrophilic enhancement, ageing behavior and flow in plasma
modified cyclic olefin copolymer (COC)-based microfluidic
devices. Sens Actuators B. 2010;150:537–49.

19. Tsao C-W, DeVoe DL. Bonding of thermoplastic polymer
microfluidics. Microfluid Nanofluid. 2009;6:1–16.

20. Bhattacharyya A, Klapperich CM. Mechanical and chemical
analysis of plasma and ultraviolet-ozone surface treatments for

thermal bonding of polymeric microfluidic devices. Lab Chip.
2007;7:876–82.

21. Thompson BL, Birch C, Nelson DA, Li J, DuVall JA, Le Roux D,
et al. A centrifugal microfluidic device with integrated gold leaf
electrodes for the electrophoretic separation of DNA. Lab Chip.
2016;16:4569–80.

22. Woolley AT, Mathies RA. Ultra-high-speed DNA fragment sep-
arations using microfabricated capillary array electrophoresis
chips. Proc Natl Acad Sci USA. 1994;91:11348–52.

23. Heller C. Principles of DNA separation with capillary elec-
trophoresis. Electrophoresis. 2001;22:629–43.

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Nelson DA, Thompson
BL, Scott A-C, Nouwairi R, Birch C, DuVall JA,
et al. Rapid, inexpensive fabrication of
electrophoretic microdevices for fluorescence
detection. Electrophoresis. 2022;43:1746–1754.
https://doi.org/10.1002/elps.202200090

https://doi.org/10.1002/elps.202200090

	Rapid, inexpensive fabrication of electrophoretic microdevices for fluorescence detection
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Microfluidic chip fabrication
	2.2 | Instrumentation
	2.2.1 | DIPS system
	2.2.2 | Single-color electrophoresis system

	2.3 | Evaluation of autofluorescence
	2.4 | Sample extraction and amplification
	2.5 | Microchip preparation
	2.6 | Microchip electrophoresis

	3 | RESULTS AND DISCUSSION
	3.1 | Microdevice fabrication
	3.2 | Device bonding
	3.3 | Architectural design of separation chip
	3.4 | Sample plug evaluation
	3.5 | Evaluating separation resolution
	3.6 | On-chip electrophoresis

	4 | CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


