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Abstract

Microfluidic amperometric detectors often include a reservoir to house auxiliary and reference
electrodes, making subsequent detection downstream challenging. Here, we present an in-line
microfluidic device with amperometric detection that incorporates a three-electrode set-up, made
possible by threading electrodes into a 3D-printed flow cell. The electrodes consist of a
commercially available threaded reference electrode and electrodes fabricated in commercially
available fittings. This approach centers the working electrode in the fluidic channel enabling the
use of a pillar working electrode that is shown to increase sensitivity, as compared to a traditional
thin-layer electrode. In addition, the working and auxiliary electrodes can be directly opposed,
with this configuration leading to a more uniform potential being applied to the working electrode
as well as fewer issues with any iR drop. To demonstrate the ability to incorporate a separate mode
of detection downstream from the electrochemical flow cell, the device is modified to include a
mixing T for introduction of reagents for chemiluminescent detection of ATP (via the luciferin-
luciferase reaction), leading to a single 3D-printed device that can be used to detect
norepinephrine and ATP, nearly simultaneously, by amperometry and chemiluminescence,
respectively. This approach opens numerous possibilities, where microfluidics with in-line
amperometry can be used in continuous circulation studies or in conjunction with other
downstream detection events to study complex systems.

Introduction

Use of 3D-printing to create microfluidic devices has recently emerged as a leading
alternative over use of standard fabrication methods. With small channels (100’s of um or
less) and small reagent volumes, microfluidics provides a sensitive analytical approach to
complete tasks in a faster and more inexpensive fashion. The ability to incorporate flow to
induce shear stress has advanced cell-culture research as the microenvironment better
mimics the /n vivo environment. Analytes, such as cell contents or releasates, undergo
minimal dilution and can be analyzed with high temporal resolution.! Application of 3D-
printing to microfluidics brought new design possibilities that were previously unattainable
with the traditional fabrication materials of silicon, glass, and PDMS, for example, threads
and inserts can be incorporated into devices.23 3D-prints are reusable and versatile
compared to the more traditional microfluidic counterparts. They are simple to fabricate and
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obviate the need for expensive microfluidic fabrication facilities. Files can be easily shared
and modified, aiding in collaborations and reproducibility across labs.

Microfluidic-based amperometric flow cells, which have been fabricated historically with
sputtering and lithography,* have also benefitted from 3D-printing. The first incorporation
of electrochemical detection in 3D-printed fluidic devices by Erkal et al. described a
threaded device for electrodes fabricated in commercially available PEEK fittings.” The
design provided flexibility of electrode material and ease of electrode replacement after
fouling or electrode polishing. There were some issues with this design, however. The thin-
layer design housed both the working and pseudo-reference electrodes in a single fitting.
This resulted in the two electrodes needing to be aligned in the channel while being threaded
far enough to seal the channel. An opportunity for 3D printing is to address the fact that
most microfluidic amperometric detection devices lack the ability to incorporate the
associated electrodes, auxiliary and reference, in the flow stream as commonly seen in
HPLC flow cells.8 For microchip devices, it is common to place these electrodes in a
fluidically connected chamber such as a reservoir.%19 Disadvantages of this approach
include the manual nature with which these are placed in the reservoir as well as the inability
for any downstream processes after electrochemical detection, as the analyte is greatly
diluted in the reservoir. For situations where multi-modal detection is desired, researchers
are left with the options of splitting the flow or having electrochemistry as the final detection
method. Another option is the use of a two-electrode system, with a pseudo-reference. While
this has been accomplished with screen printed electrodes or embedded electrodes, 1112 the
measured potential can be less accurate due to the lack of thermodynamic equilibrium.13
Many labs have turned to fabricating their own reference electrode for their system.1415 The
Boutelle lab has created thread-type inserts containing a self-made reference electrode and
working electrode in a needle tip.16:17 Whether the electrode is a pseudo-reference or a true
reference, the problem still stands of how to incorporate the electrode into a channel.

Here, we present a 3D-printed microfluidic device to address these issues, with in-line
amperometric detection using a three-electrode set-up and threaded electrodes including a
commercially available threaded reference electrode. The working/auxiliary electrode
configuration used here is referred to as a parallel-opposed electrode configuration in which
two electrodes are directly across the channel from each other.818 The Schoenfisch lab has
lithographically produced an amperometric detection chip of this design with planar
electrodes.1® The approach described here can easily be assembled and disassembled while
keeping all of the detection electrodes in the fluidic network without the use of a reservoir. A
key feature of the device is that other detection modes can be placed downstream since a
reservoir is avoided. We show the in-line capability of the approach by modifying the device
to include downstream detection of ATP via the luciferin-luciferase assay. In this, we have
created a single 3D-printed microfluidic device that can be used to nearly simultaneously
detect norepinephrine and ATP using two different modes of detection—amperometry and
chemiluminescence.
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Materials and Methods

3D-Printed device design and fabrication

Microfluidic devices were designed in Autodesk Inventor Professional and printed on an
ObJet Eden 260 V 3D Printer (Stratasys, Edin Prairie, MN, USA) using proprietary,
acrylate-based Full Cure 720 (Stratasys, Edin Prairie, MN, USA) model material.20 Al
voids were filled with Full Cure 705 (Stratasys, Edin Prairie, MN, USA) support material.
The support material was removed mechanically and via sonication with a final rinse with
isopropanol and water. The 3D-printed devices were wet polished with 800-1200 grit
polishing pads to achieve optical clarity.

The amperometric device (Figure 1) consists of a 500 x 500 um channel with threads
designed to fit commercial fittings for flow input and output (Idex Health & Science, Oak
Harbor, WA P-202X) as well as for the fabricated or commercially available electrodes (Idex
Health & Science, Oak Harbor, WA P-235). The device was designed with open channels
where the electrodes are placed so that the electrodes are threaded in to seal the channel and
form the channel wall. The working and auxiliary electrodes thread into the device from
opposite sides resulting in face-to-face electrode surfaces on two opposite walls of the
channel. A channel support the width of the channel acts as a stop for the electrodes and
maintains channel shape (Figures 1B and 2A). Although the resolution of the printer permits
lower, the channel size of this device was limited to a minimum of 500 x 500 um to be
reliably cleaned of support material and to maintain structural stability to stop the electrodes
at channel contact. Larger channel sizes decreased the sensitivity of the device. A CH
Instruments screw type Ag/AgCI reference electrode was used as the reference (RE-3VT,
CH Instruments, Austin, TX). The insertion point was designed to fit the electrode such that
the channel is sealed and there is no dead volume. Complete CAD drawings (Figures S1 and
S2) and .stl files can be found in the Supplementary Information.

Electrode fabrication

Fabrication of electrodes embedded in fittings has been previously reported.”-20 The
electrode material of choice was attached to copper wire with colloidal silver paste and
insulated with heat shrink tubing. The wire was placed into a fitting (Idex Health & Science,
Oak Harbor, WA) and held in position with 5-minute epoxy (Permatex, Solon, OH) on the
backside of the fitting. The electrode wire was centered and a mixture of 12:1 m/m ratio of
Armstrong C-7 Adhesive and Armstrong Activator A (Ellsworth Adhesives, Germantown,
WI) was applied into the threaded end of the fitting and cured at room temperature
overnight. The electrodes were polished smooth using 800-1200 grit polishing pads
(Buehler, Lake Bluff, IL). To enhance sensitivity, a three-dimensional gold pillar was
deposited on gold working electrodes through electrodeposition (Figure 2A).7-21 A 100 pm
flat gold electrode (Alfa Aesar, Haverhill, MA), a platinum wire auxiliary electrode (Alfa
Aesar, Haverhill, MA), and a Ag/AgCl reference electrode (CH instruments, Austin, TX)
were placed in a solution of 50 mM dicyanoaurate(l) (Sigma-Aldrich, St Louis, MO) in 0.1
M Na,COg3 (Sigma-Aldrich, St. Louis, MO) and a potential of —=1.2 V (vs. Ag/AgCI) was
applied to the gold electrode. Pillar height is proportional to deposition time and was
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measured using a profilometer (Dektak3ST, Veeco Instruments, Plainview, NY) and imaged
using a stereoscope (Olympus SZ61, Olympus Life Science, Tokyo, Japan).’

Amperometry Studies

For device assembly, a freshly polished 100 pm gold working electrode was threaded into
place, sealed against the channel support, and confirmed that the electrode was indeed
centered in the channel before the 500 um platinum auxiliary electrode was threaded into
place (Figure 2A). A CH Instruments Ag/AgCl reference electrode was threaded into place
to seal the channel and maintain contact with the flow channel. The working and auxiliary
electrodes were separated by the width of the channel (500 um) and the reference electrode
was approximately 10 mm downstream. The flow was controlled by a syringe pump
(Harvard Apparatus, Holliston, MA) and injections were made using a 4-port rotary
injection value (Valco Instruments, Houston, TX). The syringe was connected to the 4-port
using Tygon tubing (Cole Parmer, Vernon Hills, IL) with fingertight PEEK fittings (Idex
Health & Science, Oak Harbor, WA) and a luer-lock adaptor (Idex Health & Science, Oak
Harbor, WA). A 150 um capillary (Polymicro Technologies, Phoenix, AZ) was used to
connect the 4-port injector to the device with 400 pum i.d. nanotight sleeves adapters (Idex
Health & Science, Oak Harbor, WA). For all studies, PBS (Sigma-Aldrich, St Louis, MO) as
pumped at 15 pL/min from a 1 mL glass, air-tight syringe (Scientific Glass Engineering,
Melbourne, Australia, and Hamilton Company, Reno, NV) and injections were made using a
500 nL rotor. A CH Instruments 812B potentiostat applied a potential of +0.9 V (vs. Ag/
AgCI) to the working electrode for detection. Characterization of the device was conducted
using standards of catechol (Sigma-Aldrich, St Louis, MO) in PBS. All solutions were
prepared the day of use. For LOD calculations, amperograms were smoothed with a fifteen
point least square smooth (using CH Instruments software) to filter out noise.

Voltammetry Study

The electrochemical effects of the auxiliary electrode position were examined via linear
sweep voltammetry. The electrode configuration consisted of the auxiliary electrode placed
either directly opposite the working electrode or, similar to past work, in a downstream
reservoir.20-21 The device was modified to contain a reservoir at the end of the channel
(Figure 3A). For the opposed configuration, all electrodes were assembled as designed. No
pillar was deposited on the working electrode for this comparison. To examine the effects of
placing the auxiliary electrode in the reservoir (instead of opposite the working electrode),
the auxiliary electrode connection was made to a 500 pum diameter platinum auxiliary
electrode (in a fitting) placed in the reservoir. Linear sweep voltammograms were taken of
10 mM ferricyanide (Sigma-Aldrich, St Louis, MO) in 0.5 M KCI (Fisher Scientific, Fair
Lawn, NJ) at a flow rate of 15 uL/min (Figure 3B). The potential was scanned from +0.7 to
-0.3 V (vs. Ag/AgCl) at a scan rate of 0.01 V/s. Data shown in Figure 3 is the result of
averaging three scans.

Multi-modal characterization

To show the possibility of subsequent downstream detection (post-amperometry), the device
design was altered to include a separate port for reagent addition and a channel for mixing
and chemiluminescent detection of ATP (Figure 4A-B). A second input for reagent was
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added at a 90° angle to the channel and the output channel extended to form a mixing T and
a reaction and detection channel. ATP detection occurred via the luciferin-luciferase assay as
previously reported.22 For this assay, 50 mg of crude firefly lanterns (Sigma-Aldrich, St
Louis, MO) and 3.2 mg of D-luciferin (Gold Biotechnology, St. Louis, MO) were dissolved
in 10 mL of PBS and sterile-filtered. A syringe pump was used to continuously pump
reagent through the device at 15 pL/min. The multi-modal device was placed on top of a
PMT (Hamamatsu Photonics, Shizuoka, Japan) in a light-excluding box.22 \oltage from the
PMT was monitored for ATP quantification. ATP (Sigma-Aldrich, St Louis, MO) and
norepinephrine (Sigma-Aldrich, St Louis, MO) standards were made in PBS the day of use.
Traces shown in Figure 4C were smoothed in PeakFit (San Jose, CA) with a small Savitzky-
Golay filter (0.5% window) for presentation purposes (to help filter noise).

Results and Discussion

Figure 1 shows the 3D-printed amperometric flow cell that was developed. The device
incorporates a three-electrode system, using a commercially available threaded reference
electrode in channel and an auxiliary electrode that is threaded directly opposite the working
electrode (instead of placing such electrodes in a reservoir). This allows subsequent
detection downstream without significant dilution. This device uses the threaded electrodes
to seal the channel by acting as the channel wall. A channel support acts as an electrode stop
so that the flow is not disrupted or blocked by the electrode fitting. It is also used to maintain
channel shape. The channel support is the thickness of the channel (500 pum). When the
channel support was not included in the print, the sensitivity of the device suffered due to the
large dead volume (this was an issue in our earlier report’). In addition to increasing the
limit of detection, the dilution of the plugs of analyte would be disadvantageous for
downstream detection. Confocal images of the electrode forming the channel wall against
the channel support can be found in Figure S3. The 3D-printed device is robust enough to
withstand insertion and removal of electrodes for polishing and cleaning as desired and
devices have been used for days to weeks on end.

One advantage that this design has over our previous 3D-printed in-line amperometric flow
cell” is that there is a single electrode centered in the middle of each fitting. This makes
assembly very simple and produces a device that is compatible with external deposition of a
gold pillar on the working electrode to enhance sensitivity. Despite the rotation of threading
the fitting in to seal the channel, the electrode is always centered in the channel. While most
electrodes are of the thin-layer variety, we wanted to explore the use of a pillar on the
working electrode to increase the electrode surface area and, more importantly, protrude into
the channel to increase mass transfer of analyte to the electrode (see Figure 2A and S3).
Increasing the pillar height significantly increases the sensitivity of the device (Figure 2B).
As can be seen with the calibration curves, compared to a flat electrode, a 30 um pillar
increases the sensitivity by three times, and a 95 pum pillar increases it by over eight times.
For a flat gold electrode, the limit of detection was 620 nM, and the use of an 80 pm pillar
improved the limit of detection to 340 nM.

The change in electrode configuration has two ramifications apart from making in-line
detection possible. The first is based on the orientation of the working and auxiliary
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electrodes, as described previously for LC and CE flow cell design.23 When the auxiliary
electrode is directly opposite the working, the current flow is perpendicular to the planar
electrode and the working electrode has a more uniform potential across its surface. Second,
as shown with the linear sweep voltammograms of ferricyanide in Figure 3B, the half-wave
potential of the reservoir configuration is shifted toward higher potentials, as compared to
the parallel-opposed configuration. As described in a comprehensive review of the subject
for LC-EC,23 a reservoir configuration for the auxiliary electrode can lead to iR drop issues
due to significant solution resistance, resulting in a lower potential at the working electrode.
With the parallel-opposed configuration, the current flows between the working and
auxiliary, directly across the channel, with little to no iR drop from solution resistance. The
data in Figure 3 shows that for a three-electrode system in microfluidic devices, a parallel-
opposed configuration has distinct advantages.

In addition to the improved performance of this approach, to demonstrate the opportunities
afforded by these in-line capabilities the device design was modified to include a flow port
for the addition of luciferin-luciferase reagent that is mixed with the flow in a reaction
channel for the detection of ATP after the electrochemical portion of the device (Figure 4A-
B). In doing so, we created a device that can be used to nearly simultaneously detect
norepinephrine and ATP via two different detection modes—amperometry and
chemiluminescence—on a single 3D-printed device. Norepinephrine and ATP are two
transmitters co-released by sympathetic nerves and are of interest to hypertension
pathophysiology.2425 These small molecules are often quantified through HPLC and
derivatization detection schemes, but the offline nature causes dilution and leaves time for
oxidation. The microfluidic approach published by Townsend et al. used a droplet splitter,
amperometric detection chip, mixing T, and luminometer to analyze norepinephrine and
ATP from perfusate of the mesenteric arterial bed of a rat in close-to-real time.26 Here we
show that the scheme can be pared down to a single device. Norepinephrine is detected
amperometrically using a 100 um gold (flat) electrode and ATP is detected through the
highly specific chemiluminescent reaction with the luciferase enzyme in the presence of
luciferin.2”:28 To achieve optical clarity, the device was wet polished and placed atop a PMT
in a light-excluding box. Plugs of the analytes, norepinephrine and ATP in PBS, were
injected onto the device and peak area for each was measured. The chemiluminescent signal
peaked 15 seconds after the amperometric signal, which agrees with the time delay
calculation based on the distance between the two detection schemes, the shape of the
channel, the flow rate, and ATP/luciferin-luciferase reaction time, which is nearly
instantaneous.29 Multi-modal traces can be seen in Figure 4C. No interference was seen
between detection modes as shown in Figure 4C in which large concentrations of analyte
(200 pM norepinephrine and 500 UM ATP) were injected onto the device. In addition, no
statistical difference in signal was seen between injections of ATP alone and injections of
ATP with the addition of NE (and vice versa, calibration curves shown in Figure S4). Each
detection method is, therefore, selective to its intended analyte. The limit of detection for
norepinephrine was 600 nM and for ATP was 840 nM. It is clear that this type of device can
be used to selectively detect two different analytes by two different detection modes. Having
the electrochemical detection scheme prior to any reaction or derivatization portion of the
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device ensures that the electrochemically active analyte is not diluted or subject to any of the
reaction chemistry if the second detection mode requires a derivatization/reaction.

Conclusion

In this paper we have introduced a 3D-printed, three-electrode system amperometric flow
cell that incorporates an in-line reference electrode and an opposed auxiliary electrode,
without the need for a reservoir. Three electrodes are threaded into the device to seal the
channels with the working electrode placed directly opposite the auxiliary electrode, a
design that is very difficult with traditional microfluidic fabrication methods. This
orientation change leads to a more uniform potential being applied to the working electrode
as well as fewer issues with any iR drop. This design change is easy to assemble and is
compatible with electrodeposition of a gold pillar on the working electrode to increase
sensitivity. We have also shown the in-line capabilities of the device by printing a multi-
modal device that can be used to detect norepinephrine and ATP via amperometry and
chemiluminescence, nearly simultaneously. Going forward, we plan further to optimize the
device to enable in-line amperometric detection of challenging analytes such as nitric oxide
so that ATP-derived vasodilation mechanisms can be studied. The modular nature of the
device pairs well with the previously published 3D-printed cell-culture module and inserts.
30.31 | addition, because of the lack of reservoir, the in-line amperometric device can be
used in circulation studies. With easily exchanged and modifiable electrodes, this device can
be used to detect any electrochemically active analyte.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
3D-printed, in-line amperometric detection device. (A) CAD rendering of the device. (B)

Side view of the device highlighting the channel support, which acts as an electrode stop and
maintains consistent channel shape. (C) Photograph of the device. Assembled, it houses the
fabricated working and auxiliary electrodes, and a commercially available Ag/AgCI
reference electrode (already threaded), and two fittings for flow input and output.
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Use of gold pillar for signal enhancement. (A) Micrograph of gold pillar deposited on a 100
centered in the channel (pillar height = 70 um). (B) Effect of
pillar height on calibration sensitivity (expressed as the slope, m), with larger pillar heights
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Figure 3.

Effects of electrode orientation on voltammogram. (A) Diagrams of the electrode
placements. The auxiliary electrode was placed either opposite the working electrode (blue
trace in B) or downstream in the reservoir (red trace in B). (B) Linear sweep
voltammograms of 10 mM ferricyanide (in 0.5 M KCI) under flowing conditions (pumping

solution at 15 pL/min).
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3D-printed multi-modal device featuring amperometric detection for norepinephrine and
downstream chemiluminescent detection for ATP. (A) CAD rendering of the device. (B)

Photograph of assembled device with sample inlet, three detection electrodes, an inlet for the
luciferin-luciferase reagent, and output to waste. The ATP mixing channel denoted in (A) is
placed over a PMT. (C) Flow injection analysis of injections of 500 uM norepinephrine and
200 uM ATP, 500 uM norepinephrine alone, and 200 pM ATP alone.
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