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Abstract

We developed a 3D printed, automated, pressure-driven injection microfluidic system for
microchip electrophoresis (LCE) of preterm birth (PTB)-related peptides and proteins. Functional
microvalves were formed, either with a membrane thickness of 5 um and a layer exposure time

of 450 ms, or with a membrane thickness of 10 um and layer exposure times of 300-350 ms.
These valves allowed for control of fluid flow in device microchannels during sample injection
for UCE separation. We optimized device design and UCE conditions using fluorescently labeled
amino acids. A sample injection time of 0.5 s and a separation voltage of 450 V (460 V/cm)
yielded the best separation efficiency and resolution. We demonstrated the first uCE separation
with pressure-driven injection in a 3D printed microfluidic device using fluorescently labeled PTB
biomarkers and 532 nm laser excitation. Detection limits for two PTB biomarkers, peptide 1 and
peptide 2, for an injection time of 1.5 s were 400 pM and 15 nM, respectively, and the linear
detection range for peptide 2 was 50-400 nM. This 3D printed microfluidic system holds promise
for future integration of on-chip sample preparation processes with pCE, offering promising
possibilities for PTB risk assessment.
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3D printed microfluidic devices with integrated pneumatic valves improve microchip

electrophoresis separation biomarkers related to preterm birth risk.
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INTRODUCTION

Microfluidics, the control and manipulation of sub-microliter volumes of fluids in
miniaturized device structures [1], finds practical applications in processes that use

small fluid volumes to achieve high-throughput analysis [2, 3], multiplexing [4], and
automation [5]. Microfluidic devices offer numerous advantages [1]; for example, valves,
pumps and channels can be produced to scale in a single device for fluid control [6]

and sample preparation processes [7, 8]. These microfluidic systems enable automated
multiplexed sample analysis [9] and lower limits of detection (LODSs) [7]. Conventional
2D microfabrication methods such as soft lithography [10] and polymer micromachining
[11] allow for either prototyping or mass-production of devices. However, conventional 2D
microfabrication methods have limitations in fabrication times [12] for creating complex,
compact microfluidic features with stacked 2D-planar integrated microfluidic devices
[13]. To address these problems, alternative microfluidic device fabrication methods for
bioanalysis are needed.

3D printing, an additive manufacturing technology, involves the creation of three-
dimensional objects from computer file designs [14]. In recent years, 3D printing has
become a useful tool for fabricating miniaturized analytical devices due to advantages of
making sophisticated 3D features, not requiring a cleanroom facility, and faster fabrication
times [14, 15]. Researchers have reported various analytical advances using 3D printing
technology, including histidine-tagged proteins [16], Fe2* [17], blood components [18],
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endothelial cells [6], nitric oxide [19], biomarkers [20], and metabolites [21]. Common 3D
printing methods have strengths and weaknesses. For example, fused deposition modeling,
an extrusion-based 3D printing method, is easy to use and inexpensive but is typically
limited to fluidic structures larger than ~1 mm in cross section, although recent customized
nozzles have lowered that limit [22]. Polyjet 3D printing can use a broader range of
polymers with multiple materials in a single device, but sacrificial layers limit channel
sizes [23]. Stereolithography (SL) avoids the use of sacrificial materials, but generally

only creates devices from a single polymer. Typical SL prints can have fluidic features
nearing the 100 um range [24], but this still leaves important microfluidic applications such
as microchip electrophoresis (UCE) inaccessible. To overcome limitations of current 3D
printing methods, the Woolley and Nordin groups developed a high-resolution SL 3D printer
that can print fluidic features as small as 20 pum x 20 pm [25]. This 3D printer allows

rapid and scalable fabrication of complex integrated microfluidic systems, including fluidic
interconnects [26], as well as pumps and valves [27]. These enhanced capabilities make
this 3D printer an excellent option for the fabrication of integrated microfluidic systems for
bioanalysis.

Microchip electrophoresis is a method that takes advantage of miniaturization in
microfluidics [28, 29]. The simplest approach for UCE employs electrokinetic injection [30],
which has seen widespread use. Pressure-regulated injection is a less common alternative,
which allows sampling from flowing solutions [31], combination with sample preparation
[7, 32], or working with samples that have low or high ionic strength [7, 32].

Preterm birth (PTB) follows labor that occurs before 37 weeks of pregnancys; it is the
principal cause of neonatal mortality, with about 1 million deaths recorded globally in

2015 due to preterm complications [33]. Unfortunately, clinical determination of risk for
PTB remains a critical need. A panel of nine maternal serum biomarkers has been initially
evaluated and shown to have ~90% sensitivity and >80% specificity in predicting PTB risk
up to four weeks before contractions [34, 35]. Conventional analytical methods, though
effective for finding PTB biomarkers, have limitations for rapid analysis. For example,
liquid chromatography-mass spectrometry of PTB peptides is complicated by personnel-
intensive sample preparation steps [34], and enzyme-linked immunosorbent assay is not well
suited for multiplexing proteins and peptides [36, 37]. Consequently, the need for better
analysis methods for PTB biomarkers is crucial. Our group focuses on developing integrated
microfluidics for PTB biomarker analysis [7, 38, 39], which requires miniaturized fluid
handling to effectively combine on-chip sample preparation steps with analysis. Integrating
upstream sample preparation processes with separations is a crucial step for analyzing
samples in a real biofluid matrix, as this can improve LODs and PCE performance.
Importantly, 3D printing offers a promising strategy for creating microdevices that integrate
sample preparation with uCE to carry out PTB biomarker analysis.

Here, we show 3D printing of microfluidic devices for the first time to allow valve-injected
electrophoretic separation of PTB biomarkers. Characterization of valves and optimization
of sample injection times were performed. We obtained good separation efficiency and
resolution with 3D printed valve-injected microfluidic devices by automated control of
sample injection time. We further demonstrated the separation of fluorescently labeled
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PTB biomarkers in these devices. Such valve-integrated microdevices are crucial to future
combination of upstream sample preparation processes with uCE separation in a single
system for PTB biomarker analysis.

MATERIALS AND METHODS

Materials.

Polyethylene glycol diacrylate (PEGDA, 258 Da MW), phenylbis (2,4,6-trimethylbenzoyl)-
phosphine oxide (Irgacure 819), 3-(trimethoxysilyl)propyl methacrylate, hydroxypropyl
cellulose (HPC, 300 kDa), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
and dimethyl sulfoxide (DMSQ) were purchased from Sigma-Aldrich (Milwaukee, WI).
2-Nitrodiphenylsulfide (NPS) was from TCI America (Portland, OR). AlexaFluor 532
NHS ester (AF), acetone, and 2-propanol (IPA) were purchased from Fisher Scientific

(Salt Lake City, UT). Glycine (G), ferritin (Fer), hydrochloric acid, sodium carbonate,

and Amicon ultra 0.5 mL centrifuge filters were from Millipore Sigma (Billerica, MA).
Sodium hydroxide was acquired from Mallinckrodt Specialty Chemicals (St. Louis, MO).
Sodium bicarbonate monobasic was purchased from Merck (Burlington, MA). Toluene

and glass microscope slides (3 x 1 in, 1 mm thick) were from Avantor (Center Valley,

PA). Phenylalanine (F) was obtained from Spectrum Chemical (New Brunswick, NJ). PTB
Peptide 1 (P1) and PTB Peptide 2 (P2) [39] were acquired from Biomatik (Wilmington,
DE). Corticotropin releasing factor (CRF) was purchased from GeneScript (Piscataway, NJ).
Lactoferrin (LF) was from Sigma (St. Louis, MO). Water purified to 18.3 MQ-cm by a
Barnstead EASYpure UV/UF system (Dubuque, 1A) was used to prepare all solutions.

Device fabrication.

Valve-integrated microfluidic devices were designed using OpenSCAD (openscad.org) as
shown in Figure 1a. The layout of the electrophoretic separation system is adapted from

our prior work [38]. The design comprised a six-pixel wide (46 um) by five-layer deep (50
um) injection channel connected to two integrated pneumatic valves of 20 pixel (152 um)
diameter for fluid control, a vacuum line for sample flow during injection, and one 2.7 mm
diameter x 0.75 mm deep fluid reservoir. The design also had a 9.8 mm long, six-pixel wide
(46 um) by five-layer tall (50 um) separation channel connected to two pneumatic valves and
reservoirs. Zoom views of valve positions in the device layout are given in Figure 1b—c.

Microfluidic devices were 3D printed using a custom-built SL 3D printer, as in a previous
paper [38]. In summary, the resin formulation comprised 97% PEGDA (monomer), 2% NPS
(UV absorber), and 1% Irgacure 819 (photoinitiator), and was introduced into the 3D printer
resin tray. Next, a glass slide treated with 3-(trimethoxysilyl)propyl methacrylate and stored
in toluene was attached to the 3D printer build platform to serve as the support for the 3D
print. Finally, the OpenSCAD design was electronically sent to the 3D printer for printing,
and post-cure exposure of the 3D print was done afterwards. The layer exposure time in the
bulk material was 1000 ms, modified to 400 ms for two pixels surrounding the injection and
separation channels. Valves with membrane thicknesses of 5 and 10 um were 3D printed
with layer exposure times of 300-450 ms for testing.
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Sample preparation.

Buffer for samples was prepared using sodium bicarbonate and sodium carbonate (10 mM
BCB), adjusted to pH 10 using sodium hydroxide. 2 mM AF solution for fluorescent
labeling of samples was prepared by dissolving AF in DMSO. Next, 1 mM G was prepared
by dissolving 7.5 mg in 100 uL of BCB and diluting to 1 mM with BCB, 1 mM F was
made by dissolving 1.65 mg in 1 mL of BCB and diluting to 1 mM in BCB, 0.5 mM P1
was prepared by dissolving 0.1 mg of P1 in 100 pL of BCB, 0.2 mM CRF was generated
by dissolving 1 mg of CRF in 1 mL of BCB, and 0.06 mM LF was made by dissolving 5
mg of LF in 1 mL of BCB. All these molecules were fluorescently labeled with 2 mM AF,
and incubated in the dark at room temperature for at least 12 hrs. The molar labeling ratio
for G and F was 10/1 sample/AF. The molar labeling ratios for P1, CRF, and LF were 1/1,
2/3, and 1/15 sample/AF, respectively. LF solution was filtered with a 30 kDa cut-off filter
to remove excess dye. 0.5 mM P2 prepared by dissolving 2.1 mg of P2 in 1 mL of BCB
and 10 pM Fer prepared by dissolving 5 mg of Fer in 1 mL of BCB were both fluorescently
labeled with 2 mM AF, and incubated in the dark at a temperature of 40 °C for at least 12
hrs. The molar labeling ratios for P2 and Fer were 1/10 and 1/30 sample/AF, respectively.
After incubation, fluorescently labeled P2 and Fer solutions were filtered with 3 kDa or 50
kDa cut-off filters (4%, 14 000 rpm, 15 min), respectively, to remove excess dye. Finally,
labeled samples were diluted to working concentrations in the nM range in 10 mM BCB (pH
10); analyte concentrations for specific experiments are given in Figure captions. P1 and P2
concentrations were selected to allow LODs to be determined in our system, as the clinically
relevant levels in serum have yet to be determined.

Device testing.

After 3D printing valve-integrated microfluidic devices, the performance of the valves was
tested by first closing valves controlling fluid flow to the separation channel (Figure S1a)
while leaving valves connected to the injection channel open. Next, fluorescent dye was
pulled with vacuum into the injection intersection. Injection valve leakage testing was
performed using 532 nm laser excitation with a Hamamatsu ORCA-Fusion CMOS camera
(Bridgewater, NJ) to monitor flow of fluorescent dye into the separation channel. In an
additional experiment, both valves 2 were closed, vacuum was turned on, and the injection
intersection was observed for flow of fluorescent dye. Valve tests were performed with
pressures between 25-45 psi. To further investigate the integrity of the valves, a point
detection experiment was performed, wherein fluorescent dye was flowed into the injection
channel (valves 2 open), and fluorescence was recorded in the separation channel (Figure
Sla) using a Hamamatsu photomultiplier tube (PMT, Bridgewater, NJ).

MCE separation.

Once the valves were confirmed to be functional, uCE experiments were performed to test
the separation performance of the microfluidic device using fluorescently labeled solutions
of G and F. For pCE experiments, 50 mM HEPES, pH 8, with 1% HPC (w/w) served

as the running buffer. The uCE setup consisted of a valve system that was automated
through control software and a laser induced fluorescence (LIF) detection system. The LIF
detection system had a 532 nm laser (4 mW, Laserglow Technologies, Toronto, ON) that
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went through a dichroic mirror (Semrock, Rochester, NY) and entered an Axio Observer.Al
inverted microscope (Zeiss, Jena, Germany) with a Chroma ET-532 nm laser band and

long pass filter set (Rockingham, VVT). A 20 x objective lens focused the excitation

source within the channel and collected fluorescent photons. Voltage was controlled using

a high-voltage power supply (PS350, Stanford Research Systems, Sunnyvale, CA) and a
custom voltage switching box, which was connected to the device using platinum electrodes.
Fluorescence was detected at a Hamamatsu PMT. The analog PMT output was processed
using a preamplifier (SR-560, Stanford Research Systems), digitized with a NI USB-6212
analog-to-digital converter (National Instruments, Austin, TX) and recorded at 20 Hz using
LabVIEW software (National Instruments). Fluorescence was measured 1.0 mm from the
end of the separation channel. The valve system used PTFE tubing (0.022 in ID x 0.042 in
OD; Cole Parmer, Vernon Hills, IL) which was inserted into the openings on the side of the
device (Figure 1) to facilitate pressure and vacuum connection. First, all valves were closed
by pressure actuation (40 psi), and 6 uL of running buffer was filled into reservoirs 1 and 3
(Figure S1). Next, 5.5 pL of a mixture of 80 nM G and 120 nM F was filled into reservoir
2. Following that, platinum electrodes were connected to reservoirs 1 and 3, and the voltage
(450 V) and vacuum were switched on. Then, the valve 2 set was opened, and sample was
flowed through the injection intersection for 0.1-2.0 s, with the injection duration given by
the time between opening and closing the valve 2 set (Figure S1a). Immediately as the valve
2 set was closed, valves 1 and 3 were opened to apply the voltage for uCE separation to be
carried out (Figure S1b). Similarly, LCE experiments were performed for PTB biomarkers
with an injection time of 0.5 s and a separation voltage of 450 V.

RESULTS AND DISCUSSION

Figure 1d shows a photograph of a 3D printed valve-integrated device. Microchannels can
be seen running between an opening on the side of the device and the sample reservoir, as
well as between the high voltage and ground reservoirs. Three pneumatic lines are connected
to openings on one side of the device. The device has a total of four valves, with valves 1
and 3 controlling fluid flow in the separation channel, and the valve 2 set controlling fluid
flow in the injection channel. The valve 2 set has a spacing of 8 pixels (61 um), from the
edge of the valve to the edge of the separation channel. This spacing allows the formation of
a sample plug with an approximate volume of 800 pL.

Initial experiments focused on characterization of the valves [26, 27]. Valves of different
membrane thicknesses were designed and 3D printed under varying exposure times. Valves
worked reproducibly with a membrane thickness of 5 um formed with a layer exposure
time of 450 ms, as well as with a membrane thickness of 10 pm and created with layer
exposure times of 300 or 350 ms. In contrast, valves were not reproducible with a membrane
thickness of 5 um formed with layer exposure times of 300-400 ms, or with a membrane
thickness of 10 pm formed with layer exposure times of 400 or 450 ms. The reproducible
valves formed without tears, and would open and close, whereas the irreproducible valves
formed were broken, or would not open and close. Flow tests were recorded as seen in

the Supplementary Information (Movie S1.mp4 and Movie S2.mp4). These experiments
showed that the valves only allowed fluid flow through the separation or injection channel
when opened, and blocked fluid flow when closed, confirming their functionality. The
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magnification and focus in these videos are also sufficient to resolve individual 7.6 um
pixels that look grid-like in some of the 3D printed fluidic features.

In this work, samples were prepared in 10 mM BCB (pH 10), which contained both

sodium carbonate and sodium bicarbonate, rather than 10 mM sodium bicarbonate (pH

9.5) [38]. BCB resulted in more stable current during HCE compared to the previously

used sodium bicarbonate, likely due to better pH buffering and lower overall current for a
given voltage with BCB. We also evaluated injection pressure differentials from 1-10 psi
and found that 5.0-7.5 psi provided the most reliable injections across a range of loading
times (Table S1), so we chose a pressure differential of 7 psi for further study. Tests on
sample injection times between 0.1-2.0 s were performed to determine what time was best
suited for electrophoretic separation of G and F using these devices. Figure 2a shows the
electropherogram for a sample injection time of 0.5 s. The two dye peaks, and the G and

F peaks were all resolved. Figures 2b and c show electropherograms for sample injection
times of 1.0 and 1.5 s, respectively. The peak heights obtained for the 0.5 s injection time
were comparable to peak heights obtained for similar amino acid concentrations in UCE

in our previous work [38]. As seen in Figure 2, peak width broadened and peak height
increased modestly as the injection time increased from 0.5-1.5 s. Peak heights for the
analytes were either inconsistent or sometimes no peaks were observed when the injection
time was reduced below 0.5 s, most likely because not enough time was allowed for sample
to be reproducibly loaded into the separation channel intersection. Analyte peaks broadened
and had off-scale signal when the injection time was increased above 1.5 s. The separation
results, including peak height, FWHM, separation efficiency, and resolution between G and
F, were measured, along with their standard deviations, for injection times of 0.5, 1.0, and
1.5 s (Table 1). A plot of number of theoretical plates as a function of injection time in
Figure S2 showed that as the injection time increased, the number of theoretical plates
decreased. An injection time of 0.5 s yielded the highest separation efficiency and resolution
for the analytes. A key advantage of using pneumatic valves for sample injection is the
precise introduction of a small-volume sample, providing good separation performance with
short injection times.

PTB biomarker separation.

Building on the results from amino acid separations, we used similar conditions to separate
multiple PTB biomarkers. Figure 3a shows a microchip electropherogram of P1, P2, CRF,
and Fer, with all analytes resolved. Fer, a protein biomarker, had a broader peak than the
peptide biomarkers in the electropherogram due to its larger size and number of fluorescent
labeling sites, causing a wider distribution of charges after labeling [38, 39]. Encouraged
by this result, we added another PTB biomarker (LF), and Figure 3b shows a microchip
electropherogram of five PTB biomarkers. Like Fer, LF also had a broad peak due to

its molecular weight. The dye peak height varied between the two runs because different
samples were injected. Table 2 lists pairs of PTB biomarkers and their resolution values,
which range from 1.5-3.1 and are comparable to our previous work in conventional polymer
microdevices [39].
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We also investigated the LODs for G, P1, and P2 in our microfluidic devices; all samples
were analyzed in triplicate at injection times of 0.5, 1.0 and 1.5 s. Figures S3a—c show the
calibration plots for G, which had LODs of 15, 9, and 4 nM, respectively. Figure S3d—e

and Figure 4 show the calibration plots for P1, which had LODs 700, 600, and 400 pM,
respectively. Figures S3f-h show the results for P2, which had LODs 42, 28, and 15 nM,
respectively. For all samples, the LODs improved as sample injection time increased from
0.5-1.5 s, consistent with the expectation of higher sample loading with longer injection
times. In previous LCE work [39] where electrokinetic injection was employed, LODs for
P1 and P2 were 3 nM and 190 nM, respectively; thus, our valve-based, pressure driven
injection improved LODs by as much as tenfold. Additionally, the working concentration
ranges for G, P1, and P2 were 10-100 nM, 1-5 nM, and 40-450 nM, respectively, and the
linear dynamic range for peptide 2 was 50-400 nM. Table 3 provides a summary comparison
of our results with prior publications where these PTB biomarkers were also analyzed.
Importantly, this represents the first successful demonstration of uCE separation of five PTB
biomarkers in a 3D printed microfluidic device, also with the lowest LODs reported to

date for these PTB biomarkers. This separation further improves over our previous work
[38], where three PTB biomarkers were separated in a 3D printed device with voltage-based
injection. This improvement may be due to better sample injection achieved using pneumatic
valves for fluid control as opposed to electrokinetic injection. It also demonstrates that good
separation efficiency can be achieved with valve-based injection in 3D printed microfluidic
devices. Fluid control using on-chip valves may allow integration of upstream sample
preparation processes, potentially saving time, providing automation, and improving PTB
biomarker LODs. We also note that it may be feasible to improve separation performance by
3D printing serpentine channels [25] with tapered turns. Some future areas for improvement
of our methods include optimizing valve membrane robustness under applied voltages,
streamlining the processes for creating world-to-chip interconnects, and analysis of human
serum samples.

CONCLUSION

We developed valve-integrated microfluidic systems for uCE separation of PTB biomarkers.
The valves allowed control of fluid for pressure-driven injection during uCE, eliminating
sample injection bias by electrophoretic mobility observed in electrokinetic injection. This
work is the first to demonstrate pressure-driven injection with pCE separation in a 3D
printed microfluidic device. Additional studies that may be done to overcome challenges of
valve membrane wear-and-tear after being subjected to high voltages for a long time involve
resin development to improve strength of the device material. Another experiment that may
be done is to further optimize layer exposure times in the device.

A key benefit of our 3D printed microfluidics is that they open the door to integration of
upstream sample preparation processes, such as immunoaffinity extraction of serum samples
[40], and preconcentration and fluorescent labeling [41], with UCE separation. In particular,
on-chip preconcentration processes should lower detection limits in uCE [42]. 3D printing
also offers a promising path for improving separation performance, for example, by creating
serpentine channels with tapered turns. These advances should enable the development of
3D printed microfluidics for PTB biomarker risk assessment. The general applicability of
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3D printed integrated microfluidics further offers excellent potential for future developments
in the field of bioanalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
3D printed, valve integrated devices. (a) OpenSCAD design with channels (green),

reservoirs (yellow), valves (purple), and pneumatic lines with connections to the side of
the device (blue). Gnd: ground, v: valve, VP: vacuum port, and HV: high voltage. (b—c)
Zoom views of SCAD design. (d) Device photograph.
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Figure 2.
Microchip electropherograms in 3D printed, valve-injected microfluidic devices. Separation

of 80 nM G and 120 nM F in 50 mM HEPES pH 8, with a pressure differential of -7 psi and
an injection time of (a) 0.5 s, (b) 1.0s,and (c) 1.5s.
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Figure 3.
Microchip electrophoresis of PTB biomarkers. (a) 5 nM P1, 150 nM P2, 15 nM CRF, and 10

nM Fer. (b) 5 nM P1, 200 nM P2, 15 nM CRF, and 10 nM Fer, and 20 nM LF.
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Figure 4.

Calibration plot for determining detection limit for uCE of peptide 1, for an injection time of
1.5s, in 3D printed microfluidic devices with valves. The LOD is 400 pM.
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Table 1.

Comparison of uCE separation performance for different injection times in valve-injected microfluidic devices

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

for three replicate runs. Standard deviations are given in parentheses.

Analyte Injection time (s) | Height FWHM N Resolution
Glycine 0.5 1.71(0.21) | 0.71(0.06) | 5770 (510) | 1.21 (0.18)
1.0 3.40 (0.45) | 1.08 (0.04) | 3040 (140) | 1.02 (0.14)
15 2.40 (0.53) | 1.76 (0.05) | 1670 (260) | 0.89 (0.11)
Phenylalanine | 0.5 0.71(0.05) | 1.10(0.09) | 2850 (620)
1.0 1.30 (0.07) | 1.39 (0.06) | 2310 (250)
15 0.90 (0.06) | 2.10 (0.04) | 1480 (220)
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Table 2.

PTB biomarkers separated and the resolution.

Biomarker | Resolution
P1/P2 3.12
P2/CRF 2.80
CRF/Fer 231
Fer/LF 1.54
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Comparison of methods reported for the analysis of P1 and P2.

Table 3.

Method | Device/ technology | Sample volume (uL) LOD (nM) Reference

LC-MS commercial 50-1000 Not measured [34]
HCE 3D print 2-10 7 (P1) [38]
HCE coc 5-15 3 (P1) 190 (P2) [39]
UCE 3D print 2-10 0.40 (P1) 15 (P2) | this work
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