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Abstract

In this article, we presented the development of fully modular microfluidic flow cells for an electrochemical using 3D print-
ing. The proposed devices are potentially applied for electrochemical measurements using a small sample volume on a fully
portable, reusable, fabricated, low-cost, PDMS-free, and leakage-free flow cell. This concept offers a simple, controllable
sample over the conventional electrochemical platform with a three-electrode system, which requires a considerable volume
of samples or a non-controllable droplet-based method for sequential protocols. We demonstrated an easy alignment and
lock click-and-fit modular microfluidics, for quick and easy assembly and disassembly of flow cell modules using magnetic
force instead of the screw, polymer glue, or resin. Two microfluidic modules were presented using tube- and syringe-flow
cells (TFC and SFC) to integrate the screen-printed carbon electrodes in the electrochemical sensor. The proof-of-concept
of the integrated sensor—-microfluidic platforms was conducted under cyclic voltammetry using a tiny volume of a ferricya-
nide redox probe at only ~ 50 pL, differential pulse voltammetry, and square wave voltammetry. Implementing the proposed
click-and-fit microfluidic modules in electrochemical detection achieves higher current peaks than droplet measurements.
These flow cell modules are promising for biosensing applications using a small volume of physiological fluid samples. Our
finding found that the DPV results show an enhancement sensitivity of approximately 20% using the TFC and SFC.
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1 Introduction

Microfluidic is a technology system capable of processing or
manipulating liquids and gases on a scale of tens to hundreds
of micrometers [1]. Microfluidic has been used for numerous
applications such as biological cells encapsulation [2], fluid
droplet generators [3], concentration gradient generators
[4], fluid mixing and labeling on a chip [5, 6], cell and tis-
sue culture platforms [7], and sensor integration [8, 9]. The
flow cell is a platform that helps samples flow in a closed
channel through the inlet—outlet channel. It is beneficial to
reduce exposure to hazardous chemicals during experiments
or research and to protect the sample to be analyzed [10].
Very few reagents and samples are used during the analysis
with their small dimensions. Thus, it has a simple procedure
to control a small volume of samples’ microenvironment and
increase the uniformity of sensing coverage and accuracy of
a reaction [11, 12]. In addition, surface tension and capil-
lary forces dominate the micro-workspace, making the fluid
flow in a microchannel laminar [6, 13]. Flow cells have been
used to deliver the sample to the sensor interface by pass-
ing through a channel that connects to the sensing chamber
located inside the platform [14-16].

Although microfluidic can be applied in various fields,
microfluidic platforms have limitations in their commerciali-
zation and fabrication process. Soft lithography technique
is commonly used for microfluidic fabrication [17]. It has
several advantages, such as enabling molecular structure
control of the microfluidic platform and having high resolu-
tion of the fabrication results [18]. However, this technique
requires a long process, complicated method, high cost, and
often results in leakage on the platform due to a not evenly
distributed pressure given during the fabrication process
[19]. To overcome these problems, numerous studies have
relied on micro-milling and 3D printing methods [6, 20].
This method offers a more accessible, simpler, and relatively
shorter fabrication time [17]. There are several variations
in 3D printing methods, such as fused deposition modeling
(FDM), robocasting, multi-jet modeling (MJM), and stereo-
lithography (SLA) [20, 21]. SLA method prints the platform
layer by layer using a resin polymerized by UV light at a
wavelength of about 405 nm. SLA method has a benefit in
one-step fabrication than the conventional soft lithography
method previously described [19]. SLA 3D printer also has
the advantage of low-cost and smooth finishing printing as it
firstly prints its X—Y design and then prints on Z orientation,
resulting in a transparent surface.

In this study, two modular click-and-fit microfluidic plat-
forms were fabricated using SLA 3D printing method, tube
flow cell (TFC) and syringe flow cell (SFC). The permanent
button-shaped magnets were applied for the simple align-
ment and lock of the flow cell modules, as simple as for the
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flow cell disassembly after the measurements. Next, the suc-
cessfully printed microfluidic platforms were integrated with
commercial screen-printed carbon electrodes for electro-
chemical sensor analysis. The platform offers better sample
delivery management and uniformity of the solution during
the electrochemical analysis, compared to the conventional
droplet-based method. The sensor electrode was placed
inside each of the microfluidic platforms and then used to
test ferricyanide samples using cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and square wave
voltammetry (SWV). In this study, we created designs to
avoid leakage, eliminate external Luer tapers for fluid fit-
ting, and make a slot to insert the SPCE into the platforms.
The DPV offers the most sensitive characteristics among the
voltammetry techniques because the pulse method and dual
measurements can eliminate the intrinsic capacitive on the
surface and the background current [22-24]. This technique
can measure the very low concentration of sample down
to sub-micromolar. In this article, we found that flow cell
microfluidics enhance the DPV performance by up to 20%,
while for CV and SWV there are insignificant changes in the
measurement performance.

2 Methodology
2.1 Materials

The 3D designs of the platforms were created using Com-
puter Aided Design (CAD) 2021 software (Autodesk®
Inventor® Fusion, Autodesk Inc.) in Asus personal com-
puter X441B (AMD Dual Core A4-9125, 4 GB 2.6 GHz).
The design was then sliced using CHITUBOX 64 program
(CHITUBOX™, Shenzhen, China). This slicing process
made the design compatible with the Anycubic Photon
Ultra 3D printer (Anycubic, Shenzhen, China). The print-
ing material used is a resin-based Anycubic Translucent
Clear UV Resin (Anycubic, Shenzhen, China). The dimen-
sional accuracy of the fabricated channels was measured
using an optical microscope from the Research Center of
Nanoscience and Nanotechnology, Center for Advanced
Sciences, Bandung Institute of Technology (ITB). The
tools and materials used for sample testing application
are 1.5 ml microtubes, 5 ml vial bottles, micropipettes,
pipette tips, blower, Zimmer & Peacock (ZP) Ana Fleuve
EIS potentiostat, connector cables, Zimmer & Peacock
hyper-value screen-printed carbon electrodes (ZP HV-
SPCE or simply SPCE), personal computer (laptop), retort
stand and clamp, sulfuric acid (0.5 M H,SO,), various
concentrations of potassium ferricyanide (K;[Fe(CN)g])
solution at 10 mM pH 7.4 phosphate buffer saline (PBS),
and deionized (DI) water.
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Fig. 1 The 3D designs of

the click-and-fit microfluidic
platforms using magnets for
the modules bonding lock. a
The upper part of tube flow cell
(TFC) type; b the upper part of
syringe flow cell (SFC) type;
and c the bottom part for both
types. The four cylindrical tubes
are the magnet holders for the
modules

2.2 Flow cell designs

The designs of the TFC and SFC microfluidic platforms
are divided into the upper and the bottom part. At the bot-
tom part, there is a place to put a gasket with a size of
13 mmX 12 mmXx 1 mm and a slot to place the inserted
SPCE with a size of 10 mm X8 mm X 0.35 mm. The SPCE
full size is 25 mm X7 mm X 0.3 mm. The channel diameter
is 0.3 mm for both TFC and SFC. Meanwhile, in the upper
part, there is a difference in design between the TFC and
SFC. For the TFC, a closed connecting canal with the inlets
and outlets is on the edge sides of the platform. While for the
SFC, the inlet-outlets are in the form of cylindrical chambers
placed on the top side of the platforms. Figure 1a shows the
design of the upper part of the TFC type, Fig. 1b shows the
design of the upper part of the SFC, and Fig. 1c shows the
bottom part design of both microfluidic platform types. For
the TFC type, the sample fluid is inserted using a tube from
the inlet on the edge sides of the platform flowing towards
the outlet. Meanwhile, the sample fluid is inserted using a
syringe from the inlet on top of the platform for SFC type.
For both of the microfluidic platform types, a funda-
mental block with dimensions of (30x20x5) mm?® is
formed when the upper and bottom parts of the platform
are connected. The two parts of the platforms are con-
nected using four magnets installed on each part, with each
magnet’s diameter and height of 3 mm. The connecting
canal at the upper part of both platform types has a diam-
eter of 0.3 mm. The chamber that connects the canal has a
25 mm X7 mm X 0.3 mm dimension. For the TFC type, the

“integrated Luer” connected the tubes to the inlet and outlet.
This integration eliminated the need for external Luer tapers
of the flow cell. The Luer design has an inner and outer
diameter of 1 and 3 mm, respectively. Meanwhile, for the
SFC type, the cylindrical inlet—outlet on the above surface
of the platform has a diameter of 0.718 mm, designed to fit
the diameter of the syringe needle.

2.3 Quality control and testing
2.3.1 Qualitative fabrication results and testing

The fabrication and inspection methods were described
in our previous study [20]. The channel dimension analysis
of the platforms was conducted visually by observation and
measurement using an optical microscope and ImagelJ appli-
cation. The quality testing process was performed by flowing
colored water onto the platforms. The successful parameter
was determined based on the ability of good water coverage
on the platform when no leakage was observed.

2.3.2 Electrochemical analysis

Electrochemical analysis of the integrated electrochemi-
cal sensor electrodes (SPCE)-microfluidic platforms were
conducted to analyze the performance of the sensors after
the integration to the platform using ZP Ana Fleuve EIS
potentiostat kit. Potassium ferricyanide (K;[Fe(CN)¢]) solu-
tion at 10 mM PBS pH 7.4 was used as the sample analyte.
Before the test, the SPCE was firstly activated using a 0.5 M
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H,SO, solution. Next, the cyclic voltammetry method was
used in this activation procedure. The cyclic voltammetry
parameters were sweeping potential from 0.9 to 1.5 V (initial
potential from 0.9 V), step potential of 0.01 V, scan rate of
0.1 V/s, and cycle number of 3. This process was necessary
for a better electrocatalytic performance of the sensor by
removing organic cross-linking from carbon and to increase
surface roughness and functionality [25].

Conventional sensor test scheme analysis (without
microfluidic platform integration) was also conducted as
a control. It was done by dropping a 50 uLL sample drop-
let (ferricyanide solution) on the surface of the SPCE
and measuring the electrochemical analysis. This droplet
volume was adjusted to the sample volume that could be
stored inside the microfluidic chambers, which is around
52.5 puL or equivalently about 7 mm X 2.5 mm X 3 mm.
Therefore, there were three electrochemical tests, namely
conventional droplet-based, TFC platform-based, and
SFC platform-based tests. There were two types of elec-
trochemical testing conducted for each test, which are the
scan rate variation test using cyclic voltammetry (CV), and
the sample concentration-varied test using cyclic voltam-
metry (CV), differential pulse voltammetry (DPV), and
square wave voltammetry (SWV) method. Four tests were
conducted for each sensor—platform integration.

For the scan rate variation test, CV parameters used were
sweeping potential range from —0.5 to 1 V, step poten-
tial of 0.01 V, varied scan rate (25, 50, 100, 150, 200, and

250 mV/s), and 2 cycles of scanning (the 2nd cycle data
were used for analysis). The measurement for each scan
rate variation was conducted with 3 repetitions. The speci-
fied potassium ferricyanide solution in this test is 30 mM.
The scan rate variation test aims to ensure the diffusion-
controlled reaction mechanism of the sensors [26]. A linear
shift of the peak redox current due to the shift of scan rate is
expected to ensure this mechanism. A similar test was con-
ducted by Geto et al., who also used screen-printed carbon
electrodes and ferricyanide solution [27].

Meanwhile, for the sample concentration-varied test,
CV parameters used were sweeping potential range from
—0.5to 1V, step potential of 0.01 V, scan rate of 50 mV/s,
and 2 cycles of scanning (the 2nd cycle data were used for
analysis). DPV parameters used includes a potential range
from —0.4 V (initial potential) to 0.6 V, step potential of
0.01 V, pulse potential of 0.2 V, pulse interval 0.02 s, and
scan rate of 0.05 V/s. Lastly, the SWV parameters comprised
a potential range from —0.4 V (initial potential) to 0.6 V,
step potential of 0.01 V, amplitude potential of 0.005 V, and
frequency of 20 Hz. The concentration of the potassium fer-
ricyanide solution is varied into six values: 1, 2.5, 5, 10,
30, and 50 mM. The measurement for each concentration
variation was conducted with 3 repetitions. The various
concentration tests measure the sensor’s sensitivity in each
integration. A linear shift of the peak redox current due to
the shift of the analyte concentration was targeted. The elec-
trochemical analysis methods used in this testing are the
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Fig.2 The electrochemical analysis setups used in this study. a Conventional droplet testing setup and b TFC-based setup, and ¢ SFC-based inte-
gration setup. The grey cylindrical structures in b, ¢ are magnets for a simple alignment and lock of the flow cell
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Scheme 1 a The flowchart of
the methodology of the click-
and-fit modular microfluidics
fabrication, quality control, and
the electrochemistry measure-
ments. b The electrochemi-

cal measurement methodology
of the integrated click-and-fit
microfluidics (TFC and SFC)
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common methods usually used in electrochemical sensor
studies. Several studies have used cyclic voltammetry [28,
29], differential pulse voltammetry [30, 31], and square wave
voltammetry [27, 32] for electrochemical sensing tests.
Two data (using two SPCEs) were taken for each electro-
chemical test. First, the oxidation current peak of the voltam-
mogram from the 2nd cycle was measured. All the data were
analyzed and translated into calibration plots of the current
peak value versus the corresponding square-rooted scan
rate or sample concentration value. Figure 2a—c shows the

graphical electrochemical testing scheme of droplet-based,
TFC-based, and SFC-based integration, respectively.

In summary, the methodology of the click-and-fit modular
microfludics development can be depicted in the Scheme 1a.
Meanwhile, Scheme 1b shows the flowchart of the elec-
trochemical performance testing and analysis done in this
study. The control of the test is a setup without microflu-
idics device, where the sample is dropped directly to the
electrodes surface.

Fig.3 The 3D printed modules
of the click-and-fit flow cell. a
The upper part of the TFC type,
b the upper part of the SFC
type, and ¢ the bottom part of
both microfluidics types
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3 Results and discussion
3.1 Flow cell fabrication results and flow test
3.1.1 Fabrication results

Both platform designs were printed using a 3D printer
with the following printing parameters: layer thickness of
0.05 mm, normal exposure time of 3 s, bottom exposure time
of 35 s, bottom layers of 4, and off time of 1 s. The print-
ing process took 29 min for the bottom part of both types,
29 min for the upper part of the TFC type, and 57 min for the
upper part of the SFC type, with a horizontal printing orien-
tation [20]. Specifically, for the upper part of the SFC type,
since there is a hole in each side of the platform (top and bot-
tom), 75% of support was used on one side during the print-
ing process to prevent the platform from collapsing during
the printing process. Therefore, it is necessary to smooth the
platform surface of the support using a sanding sponge after
printing. The clear spray could also be added to improve the
visual quality of the observations so that the canals inside
the platform can be seen clearly. Figure 3a shows the upper
part of the TFC type platform, Fig. 3b shows the upper part
of the SFC-type platform, and Fig. 3¢ shows the fabricated
bottom part of both platform types.

The installation of the SPCE into the microfluidic plat-
forms can be seen in S1 Fig (a and b) in the supporting

Fig.4 The blue-dyed water flow
on the TFC platform testing:

a before and b after the flow
reaches the electrode chamber;
and the SFC platform: ¢ before
and d after the flow reaches the
electrode chamber
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information file for the TFC and SFC types, respectively.
Cylindrical magnets were used as the alignment and lock,
namely click-and-fit, between the upper and bottom part
of the module (to form the fundamental block) inspired by
LEGO [33], and a gasket was used to prevent the leakage
of the platform. The platform parts were arranged in order
from the lowermost section: the bottom part of the block,
8 magnets, a rectangular gasket, and the upper part of the
block. Then, SPCE is inserted from the slit on the side of the
platform connected to the SPCE slot.

3.1.2 Qualitative flow testing

The fluid flow testing was conducted using the liquid pump
for TFC type and manually using a syringe for SFC type.
The test results show that there is no leakage on the plat-
forms. Figure 4a, b show the delivery of liquid using a tube
from the left tube (inlet) to the right tube (outlet). Figure 4c,
d show liquid delivery using a syringe from the top-left inlet
to the top-right outlet. The liquid has fully covered the three
electrodes area from the SPCE on both platforms.

3.2 Basic eletrochemical analysis testing results

This section shows the electrochemical analysis test-
ing results of the integrated electrochemical sensor elec-
trodes—microfluidic platforms. The results are shown and
explained sequentially from the scan rate-varied cyclic
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Fig.5 Cyclic voltammetry test with various scan rates of 30 mM
K;[Fe(CN)g] (10 mM PBS) using 50 pL droplet sample on the sur-
face of SPCE (a, b), TFC flow cell (¢, d), and SFC flow cell (e, f). a,

voltammetry test, concentration-varied cyclic voltammetry
test concentration-varied differential pulse voltammetry test,
and concentration-varied square wave voltammetry test.
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3.2.1 Cyclic voltammetry scan rate variation

The data of the scan rate-varied cyclic voltammetry tests are
shown sequentially from conventional droplet-based, TFC
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platform-based, and SFC platform-based tests. Figure Sa, c,
e shows the cyclic voltammograms of 30 mM K;[Fe (CN)]
(10 mM PBS) detection at several scan rate variations of
conventional droplet-based, TFC platform-based, and SFC
platform-based SPCE-microfluidic platform integration
schemes, respectively. The results show that an increase in
redox current occurs as the value of the scan rate increases.
The calibration plots in Fig. 5b, d, f shows a linear relation
between square-rooted scan rate and the oxidation current
peak average of potassium ferricyanide CV detection with
R? (coefficient of determination) values of 0.9821, 0.9825,
0.9822, respectively. Based on Randles—Sev&ik equation
(Eq. 1), this relation indicates a diffusion-controlled reaction
mechanism of the sensor increases as the scan rate enhanced
[34]. This result is in a good agreement with the equation,
that relation between the value of peak redox current (i) and
the square root of scan rate (v) used during CV analysis is
proportional, as described:

i) = (269 x 10°)n>Ac\/vD )

where ip is current peak (A), n is the amount of electrons
transferred (mol), A is electrode area (cm?), ¢ is concentra-
tion of the solution (mol/cm?), v is scan rate (V/s), and D is

the diffusion coefficient (cm?/s).

3.2.2 Comparative electrochemistry measurements
with various sample concentrations

The sample concentration-varied electrochemistry meas-
urement data are shown sequentially from conventional
droplet-based, TFC platform-based, and SFC platform-
based tests with different concentrations of K;[Fe(CN)g].
We measured the three different configurations of the sam-
ple delivery in the electrode using cyclic voltammetry, dif-
ferential pulse voltammetry, and square wave voltammetry.

Similar trends were demonstrated in the three differ-
ent voltammetry schemes that the higher redox current
can be achieved as the value of the sample concentration
increases—the cyclic voltammetry measurement using
varied sample concentrations as presented in Fig S2 and
listed in Table S1 in the supporting information file. The
oxidation current peak for several concentrations was com-
pared between droplet testing (control) and TFC or SFC-
based tests by calculating the percentage of current peak
difference.

Similar trends for the summary of the measurement of
the pulse voltammetry and square wave voltammetry are
presented in Fig. 6, and Fig S3 in the supporting information
file. In comparison, the data are summarized in S2 and S3
Tables, respectively, in the supporting information file. As
it can be seen, there is a significant difference in the current
peak average value between the conventional droplet-based
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scheme and the integrated SPCE-microfluidic platform,
especially for pulse voltammetry. A current enhancement
value of 7.59% for TFC and 5.13% for SFC were obtained
for differential pulse voltammetry (DPV). While for square
wave voltammetry, the current enhancements were insignifi-
cantly different. It indicates that the CV and SWV have an
identical performance in the measurements.

It also indicates that both CV and SWV have a longer
time for the electrode to respond to the voltage; therefore,
the uniform sample coverage using flow cells does not sig-
nificantly affect the electrode response compared to the
droplet measurement. In contrast, using differential pulse
voltammetry, there is a concise time response of the SPCE
(20 ms). In this short pulse interval, the oxidation reaction
in a uniform sample coverage by flow cell plays a significant
role compared to the droplet method [35]. This phenomena
is because of the surface tensions in the droplet are signifi-
cantly different on the surface, in the middle, and in the
electrode interface [36, 37]. Therefore, the charge accumu-
lation in the electrode interfaces was a slow response to the
voltage sweep. The non-uniform surface tension effect can
be reduced using the flow cell devices; therefore, the current
peaks are dramatically improved in the pulse voltammetry.
This can be caused by a more even interaction between the
analyte sample (potassium ferricyanide) and the electrode
surface in an electrochemical sensing process that uses a
microfluidic platform. In droplet-based detection, the sample
formed a contact angle because of the hydrophobicity of the
electrode surface. An uneven sample surface was formed
above the electrode surface. Meanwhile, using microfluidic
platforms, the analyte sample is forced to be detained fol-
lowing the chamber shape of the platform. Thus, a uniform
distribution of samples can be obtained on all electrode
surfaces.

The summarized sensing performance through elec-
trochemical analysis detection of our proposed integrated
platforms can be seen in Table 1. The DPV measurements’
sensitivity is significantly higher when using TFC and SFC.
From the CV and SWV measurement performance, the TFC
and SFC offer identical results. From the microfluidic con-
figuration with the interchangeable feature of the top layer,
each design offers different advantages in different pump-
ing and observation. For example, the TFC flow cell can
be beneficial in using various pumps, such as a peristaltic
pump. In addition, the TCF design offers a better observation
view by the user over the sample delivery and can be help-
ful for such experiments under an optical imaging system.
On the other hand, the SFC flow cell can be beneficial if the
user uses a syringe with the needle as the only option for
the source of sample delivery. The observation of the sam-
ple delivery has a narrower view. This result shows another
piece of evidence that by using microfluidic, all surfaces of
the electrode have a consistent distribution of samples, thus
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a linear relation between K;[Fe(CN)¢] concentration and the oxida-
tion current peak average of the DPV detection with R* (coefficient
of determination) values of 0.9927, 0.9980, 0.9918, respectively. The
sensitivity of the detection based on the slope of the calibration plot
is 6.9901 +0.2990, 7.8070+0.1767, and 7.3775 +0.3360 pA/mM for
droplet, TFC, and SFC scenarios, respectively
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Table 1 The comparative performances of the electrochemical measurements using different methods

Electrochemical plat-  CV DPV SWV

form integration — 5 — 2 — >
Sensitivity (WUA/mM) R Sensitivity (WA/mM) R Sensitivity (UA/mM) R

Droplet-based 3.8919+0.1170 0.9964 6.9901 +0.2990 0.9927 0.2873 £0.0022 0.9998

TFC 3.8849+0.0730 0.9986 7.8070+0.1767 0.9980 0.3317+0.0058 0.9988

SFC 3.9302+0.0803 0.9983 7.3775+0.3360 0.9918 0.3167 +0.0064 0.9984

making the working sensitivity of the electrode better. Thus,
the sensitivity value is increased when using the microfluidic
platform. The integrated flow cell in the electrochemistry
system offers a manageable sample delivery and uniformity
of the liquid on the sensor surface, compared to the droplet-
based method. Indeed, the droplet-based measurement will
be beneficial in terms of simplicity, straightforwardness, and
cost. Due to surface tension in the small sample volume, the
measurement accuracy could be less accurate. Our finding
found the DPV results show an enhancement sensitivity of
approximately 20% using the TFC and SFC. This finding
agrees with the previous studies that DPV technique sig-
nificantly eliminates the capacitive and background current
by dual transition measurements during the pulse excita-
tions [38]. Thus, the DPV voltammetry performs a highly
sensitive measurement that is suitable for low-concentration
samples, such as biosensors, for early detection.

4 Conclusion

The click-and-fit microfluidics flow cells have been fab-
ricated and demonstrated for the electrochemical sensing
platforms, especially for DPV method. The proposed device
shows the simple assembly and disassembly modules inte-
grated from simple alignment and locks using cylindrical
magnets. The electrochemical measurements show that by
using the click-and-fit flow cell modules, higher current
peaks were achieved. It indicates that the proposed flow cell
enhances the uniformity of sample distribution to the elec-
trochemical electrodes. This proposed flow cell is promising
for the next roadmap for biochemical sample measurement
that requires a low volume of sample, real-time control flow,
and low-cost and disposable flow cell. The proposed micro-
fluidic were tested under the standard acidic sample and
can be reusable for several measurements with insignificant
deviations. We intend to use this integrated system for biosa-
mple, in which the sample environment is moderate. For the
harsh environment sample, we believe the identical design
can still be used, and we just need to replace the resin type
during the 3D printing process. Several commercial resins
are suitable in an acid environment due to their robustness.
Finally, integrating the DPV technique and the flow cell is
suitable for biosensing applications with low-concentration

@ Springer

biomarkers or environmental monitoring with part per bil-
lion (ppb) samples due to the sensitivity improvements it
offers.
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