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Abstract

Rapid, on-site, water-quality monitoring is necessary to prevent and remediate environmental pollution. This
study aims to develop a miniature, portable, fluidic system (MFS) designed for the easy insertion of
disposable, screen-printed electrodes (SPEs) and the measurement of an electrochemical response (EC)
under controlled temperature and flow conditions. The three-dimensional MFS, realised in low-temperature,
cofired ceramic and multilayer ceramic technology, consist of three distinct cavities, each with separate inlet
and outlet channels. These channels are designed to maintain an equivalent flow rate across all three cavities.
The MFS allows simultaneous measurements at three measuring sites, temperature control of the fluid from
room temperature to 125 °C via integrated heaters and temperature sensors, and flow regulation up to 20
mL/min via an external fluid pump. The EC values obtained from the SPEs in a standard solution of potassium
ferrocyanide/potassium ferricyanide at room temperature and under stagnant conditions were consistent
with measurements conducted in the MFS, droplet and conventional electrochemical cells, confirming the
accuracy and reliability of the MFS. The EC response was confirmed in the MFS under flow conditions of 4
mL/min and temperatures of 25 °C, 35 °C, and 45 °C. This shows that multilayer ceramic technology enables
the fabrication of a miniature, three-dimensional MFS with integrated fluidic and electronic components that
provide reliable and accurate electrochemical measurements using a commercial SPE under controlled flow
and temperature conditions.

Keywords: miniaturized fluidic system, multilayer ceramic technology, LTCC, temperature and flow control,
electrochemistry, monitoring.

1 Introduction

The economic development of a population through industrialisation, agricultural production and urban life
is accompanied by ecological challenges in the form of pollution. The pollution of water with chemicals,
nutrients or bacteria presents a risk to human health, both directly through drinking and indirectly through
the contamination of food. Water-quality monitoring is, therefore, important to identify water-quality
problems and develop targeted programmes to prevent pollution and enhance remediation [1].

Typical techniques for water monitoring are high-performance liquid chromatography and mass
spectrometry. In this way the information obtained about the pollutants’ concentration in the sample is
accurate, reliable, and comes with a low detection limit for the selected substance. However, the procedure
is time-consuming and needs to be carried out in laboratories by highly skilled personnel with expensive
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equipment, which is the key limitation for the real-time analysis of water in remote locations and in
developing countries [2,3].

Several studies have reported on miniature, microfluidic electrochemical sensors consisting of a working
electrode (WE), a counter electrode (CE) and a reference electrode (RE) with appropriate electrical
connections integrated into or placed inside a housing with microchannels [4—8]. These sensors have been
used to detect various pollutants in water, such as heavy metals [9], nitrates and nitrite ions [10,11], phenolic
compounds [12,13], antibiotics [14], pesticides and herbicides [15,16], by measuring the changes in the
electrical characteristics such as voltage, current and impedance, resulting from the electrochemical
reactions of the molecules on the surface of a working electrode. These studies have consistently found that
electrochemical sensors are easy to use and allow the rapid analysis of the target analyte with high sensitivity,
and can thus provide both quantitative and qualitative information about the sample [7,17,18].

Miniature fluidic systems (MFSs) are often fabricated from silicon, glass, polymers and paper by soft
lithography and laser-writing techniques [6,19,20]. All these materials allow the fabrication of adjustable
fluidic structures and the integration of components such as sensors, actuators and electronics. Paper with
its porous structure is well suited to biological assays, although making well-defined microchannels is
difficult. Silicon and glass can withstand high temperatures, but manufacturing MFSs from these materials is
complex, time-consuming and requires expensive materials, hazardous etchants and complex facilities such
as clean rooms. Polymers are widely used because of the simple patterning of the fluidic elements and low
costs, but integrating electronics into such MFSs is difficult and costly. An interesting alternative to these
materials is low-temperature, co-fired ceramic (LTCC) and multilayer ceramic technology (MCT). Ceramic
tapes in the green state, each with a specific geometrical pattern and selected with screen-printed electronic
components, are laminated and then sintered together at up to 900 °C to form a complex, three-dimensional
ceramic structure. The resulting structure is chemically stable in a wide pH range, in solvents such as alcohols,
ethers, ketones, and hydrocarbons, has good mechanical properties and can withstand high temperatures
up to several hundred °C. LTCC technology is mature, allows for the fabrication of three-dimensional
structures with integrated electronic and fluidic components, and thus the MFS’s production process is
simple and economical [21-24]. For example, Goldbach et al. [25] developed a microfluidic device with
integrated electrochemical sensors for the detection of three different phenolic compounds from their
mixture. The authors report that a number of factors, including an uneven channel structure and possible
leakage of the liquid, affect the detection. Almeida et al. [14] demonstrated the applicability of a similar
fluidic device in LTCC technology for the simultaneous detection of two antibiotics from aquaculture water
with the limit of detection below 35 pg/mL. Vasudev et al. [26] also realised a microfluidic device in LTCC,
but they used a disposable electrochemical sensor for the detection of cortisol. These systems were
developed for fluids with a viscosity in the range of a few mPas and enable measurements at room
temperature. However, LTCC devices can also be used in areas where high temperatures and contact with
aggressive chemicals are common, e.g. in food processing, industrial real-time and environmental
monitoring, energy management, aerospace or the automotive industry [27-29].

Although the effective electrochemical detection of various compounds in LTCC-based microfluidic systems
was confirmed, insufficient attention has been paid to temperature control, which is important for
electrochemical measurements. The oxidation-reduction reactions that take place at the working and
counter electrodes depend on the temperature for both the analytes and the electrolytes. This follows from
the basic electrochemical relationships, including the Nernst equation, the Randles-Sevéik equation and the
Butler-Volmer equation in electrochemical kinetics [30]. For example, the increased (controlled) temperature
can be used to accelerate the electrochemical kinetics [31], reduce the activation overpotentials [32] and
thus make the electrochemical reaction more favourable and efficient. Another important aspect is the
increase in mass transport at high temperatures due to higher diffusion or convection, which often leads to
increased Faradic current signals and is particularly useful for increased sensitivity of systems with sluggish
kinetics as well as lower detection limits for electroanalytical applications, including sensors [33]. In all the
studies mentioned, the response was measured at room temperature in fluids with a viscosity, similar to
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water, 1 mPas. Additionally, the continuous, long-term, accurate analysis of the samples requires reliability
and stability of the sensor components, in particular reference and working electrodes. This is difficult to
achieve with integrated sensor components. The miniature analytical device with temperature and flow
control which allow easy placement and replacement of disposable, array-ordered sensors, could be of
benefit for the on-site detection of contaminants by screening methods, contributing to a faster
environmental pollution assessment and decision making.

We fabricated an advanced, three-dimensional MFS from LTCC and MCT with integrated heaters and
temperature sensors for temperature management and an external fluid pump for flow control. The system
is designed for operation in a continuous flow from 0.5 to 20 mL/min and in the temperature range between
room temperature and 125 °C. The MFS allows simultaneous measurements at three measuring sites and
each a different temperature. The electrochemical response in the MFS was evaluated by using disposable,
commercially available, screen-printed electrodes (SPEs) and standard solutions of potassium
ferrocyanide/potassium ferricyanide (HCF) in a phosphate buffer solution (PBS) using cyclic voltammetry
(CV). The functionality of the developed miniature fluidic system was demonstrated by electrochemical
measurements in a stationary fluid and a flow regime of 4 mL/min at constant temperatures of 25, 35 and
45 °C.

2 Experimental
2.1 Fabrication of the miniature fluidic system

The MFS was designed as a monolithic ceramic multilayer structure made of commercial LTCC tape with a
thickness of ~250 um (951AX Green Tape, DuPont, Wilmington, DE, USA). To fabricate the cavities and
channels, the green tape was perforated with a laser (ProtolLaser S, LPKF, Garbsen, Germany) and a puncher
(PAM -8SCC, KEKO equipment, Zuzemberk, Slovenia). The electronic components, i.e., heating elements
(PTC2611-1, Ferro, King of Prussia, PA, USA), temperature sensors (NTC2114, Ferro, King of Prussia, PA, USA),
internal connections (Ag, 6142D, DuPont, Wilmington, DE, USA), and solder contact pads (Ag-Pd, 6146,
DuPont, Wilmington, DE, USA) were fabricated using thick-film pastes applied to the unfired LTCC tape with
a screen printer (C1010, Aurel, Modigliana, Italy). Each layer was air dried in a ventilated oven at 120 °C for
15 min. The structure consisted of 22 green tapes assembled in three stacks. Each stack was isostatically
laminated at 20 MPa and 70 °C for 10 min. They were then brought together and uniaxially laminated at 5
MPa and 50 °C for 10 min. The laminated structure was heated to 450 °C in a chamber furnace (PEO603, ATV
Technologie, Vaterstetten, Germany) for 60 min at a heating rate of 7 °C/min. The temperature was then
raised to 875 °C at a heating rate of 10 °C/min, held for 30 min, and then cooled to room temperature at a
rate of 10 °C/min. The inlet and outlet fluidic ports were bonded to the structure using an epoxy adhesive
(ES569, Permabond, Winchester, UK). The adhesive was air cured in an oven at 150 °C for 60 min.

2.2 Flow and temperature control

The fluid flow in the MFS was driven by a diaphragm liquid pump (FMM 20 KPDC-P, KNF Freiburg im Breisgau,
Germany). The pump was computer controlled by pulses in the frequency range from 1 to 20 Hz. The
dispensed volume can be set from 5 to 17 L with a flow rate of up to 18 mL/min.

The flow of water through the cavity of the MFS was measured at a constant dispensed volume of 5 uL in the
frequency range from 1 to 20 Hz. The temperature of the water at inlet position was 22 °C. The relation
between pulses' frequency and the flow rate was calculated from the mass of water flowing through the
cavity within a period of 5 min, taking into the consideration the density of the water at the selected
temperature. The time-dependent flow was measured for 10 min at constant frequencies of 1, 4, 8, 16 and
20 Hz.

The temperature-control system of the MFS was calibrated with a discrete temperature sensor inserted into
the MFS’s cavities. The temperature sensor was fabricated from an NTC resistor (NTC2114, Ferro, King of
Prussia, PA, USA) screen-printed on an alumina substrate (Rubalit 708S, 96% Al,0s, CeramTec, Plochingen,
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Germany) with dimensions of 34.0 mm x 10.0 mm and a thickness of 0.64 mm using a screen printer (C1010,
Aurel, Modigliana, ltaly). The electrical contacts were made from a silver-based, thick-film conductor
(9912MM, ESL, King of Prussia, PA, USA). The printed layers were dried in a dryer at 120 °C for 15 min and
then fired in a chamber furnace (PEO603, ATV Technologie, Vaterstetten, Germany) at 850 °C for 10 min in
air with heating and cooling rates of 33 K/min.

For the temperature-control system in the MFS we selected heaters with a linear positive temperature
dependence (PTC, Eq (1)) and temperature sensors with a negative temperature dependence (NTC, Eq (2))

R, =R [1+a(T,—T] (1)

1 1
Rz =R1 e'B(T—l_T_Z) (2)

where Ri1 and R; are the resistances at temperatures T; and T, respectively, a is the temperature coefficient
of resistance, B is the thermistor constant.

Discrete and integrated temperature sensors and heaters were characterized using a computer-controlled
system consisting of an environmental chamber (VCL 7006, Voetsch Industrietechnik, Balingen-Frommern,
Germany) and a multimeter (2700, Keithley Instruments, Cleveland, Ohio, USA). A resistance in the
temperature range from -25 °C to 125 °C was measured. The resistance at 25 °C, a and 3 were evaluated
based on 40 test samples.

2.3 Electrochemical measurements

Electrochemical studies were carried out using commercial SPEs (C110, Methrom DropSens, Oviedo, Spain),
which consist of a carbon working electrode, a counter electrode and a silver quasi-reference electrode
deposited on an alumina substrate with a length of 35 mm, width of 10 mm and a thickness of 0.5 mm. The
electrodes were connected to a potentiostat-galvanostat (Multi Autolab M204, Methrom, Utrecht, The
Netherlands) with a cable connector for the SPE (DRP-CAC 7000047, Metrohm DropSens, Oviedo, Spain). The
CV measurements were performed with Nova 2.1.5 software (Metrohm Autolab B. V., Utrecht, The
Netherlands) without SPE preconditioning. The SPE was positioned into the MFS's cavity containing ~0.3 ml
of deaerated liquid, i.e., an electrolyte containing the electrochemical probe. The electrolyte was a 0.1 M PBS
with a pH of 7.0 prepared by dissolving sodium dihydrogen phosphate monohydrate (NaH,PO4-H,0; > 99.0%,
Merck, Darmstadt, Germany) and disodium hydrogen phosphate (Na;HPO,; anhydrous, > 99.5%, Fluka,
Seelze, Germany) in ultra-pure water pre-treated with a water-purification system (Simplicity 185, Millipore,
Guyancourt, France). The electrochemical probe was a 0.005 M [Fe(CN)s]*/[Fe(CN)s]* (molar ratio 1:1) in PBS
(HCF) prepared by dissolving potassium hexacyanoferrate(ll) trihydrate (Ks[Fe(CN)g]-3H,0; > 98.5%, Carlo
Erba, Val-de-Reuil, France) and potassium hexacyanoferrate(lll) (Ks[Fe(CN)s]; anhydrous, > 99% Carlo Erba,
Val-de-Reuil, France) in PBS.

Two sets of CV measurements with the SPE and MFS were performed: i) at a constant temperature of 25 °C
and flow rates of 0, 1, 2, and 4 mL/min, and ii) at a constant flow rate of 4 mL/min and temperatures of 25,
35, and 45 °C. Reference measurements were performed at 25 °C without any flow using SPE electrodes i)
drop-casted with 0.1 mL of liquid covering all three electrodes and ii) immersed in an electrochemical cell
filled with 10 mL of electrolyte. A new, unused electrode was used for each measurement setup. CV
measurements were made in the potential range between -0.35V and 0.45 V and between -0.6 Vand 0.8 V,
against Ag with a scan rate of 100 mV/s. 0.0 V was used as a start potential, which is close to the value of the
open-circuit potential (0.16 V). In the first half-cycle, the potential was swept towards the positive switching
potential with a step of 0.00244V. Each measurement was stopped after 3 cycles and the results of the
second cycle were evaluated. A capacitive current (icap) in 0.1 M PBS was determined as the difference
between the anodic and cathodic current at 0.0 V. The voltammograms obtained for the probe were
characterised by a peak current (i,) and a peak potential (Ep) for both the anodic and cathodic currents. The
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ratio of cathodic to anodic peak current (ip,c/ipa) and the peak-to-peak potential separation (AE,, Eq (3)) were
calculated.

AEpp = Epa — Epc (3)

3 Results and discussion
3.1 Design and fabrication of MFS and discrete temperature sensor

The MFS was designed as a miniature device that allows control of the liquid flow, heating of the liquid and
its temperature regulation in the cavities. The device required the integration of fluidic (channels, cavities)
and electronic components (heaters, temperature sensors, electrical interconnections) within a structure so
that direct contact between the electronic components and the liquid was prevented. We designed the
rectangularly shaped MFS with external dimensions of 64.0 mm x 31.1 mm x 4.5 mm, which consists of three
cavities that, in terms of their dimensions, enable a tight fit to commercially available SPEs for
electrochemical measurements. The MFS allows for easy replacement of the SPEs in the cavities. For the
realization of such a device, we chose multilayer ceramic technology based on LTCC material, which allows
the construction of three-dimensional structures with integrated fluidic and electronic components. The
layouts of the fluidic and electronic components of the MFS are presented in Figure 1.

a)

———me——-—-a0

IN OoU B

Figure 1: a) Layout of the fluidic components of MFS: C-cavity; IN - inlet channel; OU-outlet channel, inlet
port (1) and outlet port (O). Top view on the left and cross-section B-B on the right. b) Layout of the electronic
components of MFS: heaters (H), temperature sensors (TS), electrical interconnection (El), contact pad (CP).

The MFS consists of three cavities, each with a separate inlet (IN) and outlet (OU) channel. The geometry of
the cavities provides a similar volume of fluid in all three cavities, while the designed geometry of the
channels allows a comparable flow rate through all three cavities. However, when tested at a flow rate of 5
mL/min, a difference of 0.3 mL/min was observed between the flow rates through each cell, mainly due to
the different hydrodynamic resistances of the channels. The hydrodynamic resistance of water through cavity
1, 2 and 3 at 25 °C was 350, 353 and 325 MPa-s/m?, respectively. The values were calculated taking into
account the viscosity of the water, the dimensions of the rectangular cross-section of the channels and their
length [34]. The details are described in Supplementary material. The design of the channels and cavities also
allows for smooth filling and emptying of the liquid and simplified cleaning of the interior (Figure 1a).

To regulate the temperature of the liquid in the MFS, a heater, a temperature sensor and electrical
interconnections are integrated into the LTCC structure. The heater and the temperature sensor are placed
above each cavity and electrically interconnected with contact pads (Figure 1). The geometry of the heater
is designed to provide a homogeneous temperature distribution in the cavity, and the temperature sensor is
positioned in the centre of the cavity.

Three separate stacks of green LTCC tapes are shown in Figure 2. The first stack (Figure 2a) with patterned
IN and three cavities (C) is placed at the bottom. The second stack shown in Figure 2b, consists of IN and OU,
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three C as well as an | port. This stack is covered by the third stack (Figure 2c), devoted to electrical
components and consists of an LTCC tape with screen-printed components for temperature control. The |
and O ports are also visible. Note that the electrical connections to contact pads are not seen since they are
covered by LTCC tape. This stack is covered by LTCC tape, which prevents the contact of liquid with the
electrical components (not shown in this Figure). The top view and C-C cross-section images of the laminated
and fired MFS are shown in Figure 3.

Figure 2: Patterned green LTCC stacks before lamination. a) LTCC stack with inlet channel (IN) and three
cavities (C); b) stack with discrete inlet (IN) and outlet (OU) channels, three cavities (C) and inlet (I) port; c)
stack with screen-printed heaters (H), temperature sensors (TS), electrical interconnections (El), contact pads
(CP), inlet port (1) and three outlet (O) ports.

Figure 3: Fired MFS realised in LTCC technology. a) Top view and b) cross-section in C- C. I- inlet port, O -
outlet port, CP - contact pads, C - cavity, OU - outlet channel, EC - electronic components (heaters and
temperature sensors).
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3.2 Flow in the miniature fluidic system
The flow in the MFS as a function of frequency, and the time-dependent flow over 10 min are shown in

Figure 4a and b, respectively.
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Figure 4: a) Flow of water as a function of fluidic pump pulse frequency at 22 °C. b) Time-dependent flow of

water at frequencies of 1 (open square), 4 (open circle), 8 (open triangle), 16 (open diamond) and 20 Hz
(cross).

Figure 4a shows a linear correlation between the fluidic pump pulse frequency and the flow. When the
frequency increased from 1 to 20 Hz, the flow rate increased from 0 to 6 mL/min. At frequencies of 1, 4, 8,
16, and 20 Hz the flow rates are 0.14 + 0.04, 0.92 + 0.04, 1.95 £ 0.05, 4.15 + 0.05 and 5.48 = 0.02 mL/min,
respectively (Figure 4b). These results demonstrate the stability of the flow rate over a period of 10 min with
the standard deviation in the range between 0.02 and 0.05 mL/min. In contrast to Goldbach et al. [25], we
did not observe any leakage problems.

3.3 Characterisation of heaters and temperature sensors

A thick-film resistor with a positive temperature dependence (PTC) that acts as a heater (H) was evaluated.
Figure 5 shows the resistivity versus temperature in the range from -25 °C to 125 °C for the heater integrated
into the LTCC structure. Its resistivity increased with the temperature and showed a linear response. The
heater was capable of reaching 125 °C. They were characterised by a resistance of 39 £+ 3 Q at 25 °Cand a
temperature coefficient of resistance (o) of 2650 + 60 10°%/K.

55

B B [0}
o 9] o

Resistance (Q)

w
5]
L

30

25 0 25 50 75 100 125
Temperature (°C)

Figure 5: Resistivity-temperature curves measured from -25 °Cto 125 °C for heaters integrated into miniature
fluidic system.
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Temperature control of the liquid in the MFS is accomplished by a resistor with a negative temperature
dependence (NTC) that acts as a temperature sensor (TS). The TSs were integrated into the LTCC structure
(integrated TS) and on an alumina substrate (discrete TS). The resistance versus temperature measured from
-25°Cto 125 °Cfor the integrated and discrete TSs are shown in Figure 6a and b, respectively. Their resistivity
decreased with the increasing temperature. For the integrated TS a resistance of 12000 + 250 Q2 at 25 °C and
a thermistor constant () value of -2400 + 50 K was obtained. The resistance of 9800+ 200 Q at25°Cand a
thermistor constant (B) of -2450 + 50 K were measured for the discrete TS. We measured a lower resistivity
and a slightly higher 3 for the discrete TS even though the discrete and integrated TSs were made of the same
thick-film paste. The different characteristics of the resistors originate from the different substrates and
different firing conditions. The discrete TS on the alumina substrate was fired at 850 °C for 10 min while the
integrated TS on the LTCC was fired at 875 °C for 30 min. Hrovat el at. [35] showed that the thick-film paste
NTC2114 and the LTCC chemically interact at elevated temperatures, while interactions with Al,O3; have not
been observed. LTCC contains glass, and SiO, from the glass diffuses into the resistor, which increases its
resistivity and the thermistor constant.

60
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O T T T T T
-25 0 25 50 75 100 125
Temperature (°C)

Figure 6: Resistivity-temperature curves for discrete (open triangle) and integrated temperature sensors
(open circle) measured from -25 °C to 125 °C.

Temperature control of the liquid in the MFS is accomplished with an integrated H and TS in the LTCC
structure above each cavity. The TS measures the temperature of the LTCC wall above the cavity and,
together with external electronics, allows control of the power supply to the H. The TS and H of each cavity
are controlled separately, allowing independent temperature control of the liquid in each cavity. The
temperature measured by the integrated TS does not correspond to the actual temperature of the liquid in
the cavity. Therefore, to resolve this discrepancy, the temperature of the water in the cavity was measured
with a discrete TS inserted into the cavity of MFS filled with water (Figure 7a). The temperature measured
with integrated TS sensor and discrete TS as a function of supply voltage is shown in Figure 7b.
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c) 60

T 501
.+~ 0ml/min

Supply voltage (V)

Figure 7: a) Layout of discrete TS. b) Discrete TS inserted into open MFS; AO - alumina substrate, El — electrical
interconnections, CP — contact pads; b) temperature of the liquid measured by discrete (dashed lines) and
integrated TS (solid lines) at a flow of 0 (square), 0.6 (circle) and 3.2 mL/min (triangle).

In the experiments conducted without a liquid flow, the temperature exhibits a non-linear rise with increasing
supply voltage. Comparing the measurements of an integrated sensor with those of a discrete sensor, we can
see that the integrated sensor consistently records higher temperatures. The largest deviation occurred at a
supply voltage of 7 V, with the integrated sensor recording 60 °C and the discrete sensor recording 53 °C. This
deviation is to be expected as the integrated sensor measures the temperature of the LTCC structure, while
the discrete sensor measures the temperature in a cavity filled with water.

Under flow conditions, the temperature trends remain analogous. However, it is noticeable that the
temperature increases less at higher flow rates and the difference between the temperatures measured by
the integrated and discrete sensors is smaller. This suggests that the liquid flow dampens the temperature
rise and minimises the difference between the two sensor types.

3.4 Demonstration of potential applications: Electrochemical response

The MFS with the flow and temperature-control system and the corresponding electronics can serve as a
miniature analytical device. We investigated the applicability of the MFS developed here as an
electrochemical device by monitoring the electron transfer in the model redox system of HCF on
commercially available SPEs at various flows and temperatures. Figure 8a shows an image of the open
structure MFS with the SPE in a cavity to assist the reader with visualisation, while Figure 8 b shows the MFS
with inlet and outlet ports, electrical connections for the heating elements and temperature sensors bonded
to the contact pads, and the SPE with a connection for the electrochemical measurements.
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Figure 8: LTCC structure with SPE a) top view of the open structure; b) MFS with SPEs inserted in three
cavities. SPE - screen-printed electrode; | - inlet port, O - outlet port, C - electrical connections; E - connector
for electrochemical measurements.

As a starting point, cyclic voltammetry was performed in three different experimental setups, i.e., in our MFS,
in a conventional electrochemical cell (CEC), and in a droplet (D), using identical SPEs, PBS, and HCF.
Measurements were performed under identical conditions at 25°C without a flow. The cyclic
voltammograms are shown in Figure 9. The cyclic voltammograms of the PBS supporting electrolyte
measured in three different setups were similar and gave similar capacitive currents. The values of the peak
current obtained at 0 V were 0.06 pA, 0.07 pA and 0.10 pA for the measurements performed in the MFS, CEC
and D, respectively. The voltammograms of the HCF displayed the characteristic peaks that are expected
from this redox couple. As expected, the voltammograms of the HCF measured in the MC, CEC and D showed
similar cathodic (ipc) and anodic (ipa) peak currents and similar peak-to-peak separation distances AEy, (Table
[). The results obtained in the three different experimental setups were consistent, confirming that CV
measurements are relevant in the MFS. Additionally, they demonstrate that the developed MFS display the
predicted behaviour at 25 °C under static conditions.

Table I: Characteristics of SPE voltammograms obtained in HFC solution

Set up

ioc[MA]

ipalMA]

ipc/ipa

Epc[V]

Epa [V]

AEpp[mV]

MS

-0.051

0.055

0.93

-0.171

0.371

542

CEC

-0.051

0.058

0.88

-0.176

0.361

537

D

-0.049

0.056

0.88

-0.154

0.364

518
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a1
0_
_10_
_20_
-30
-40
_50_

A

Curren

-60

-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Figure 9: Cyclic voltammograms of SPE in PBS and in HCF measured in MFS, CEC and D set up at 25 °C.
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Overlays of the characteristic cyclic voltammograms of SPE in HCF, measured in the MFS at different flow
rates of 0, 1, 2, and 4 mL/min and a constant temperature of 25 °C, are shown in Figure 10a. The shape of
the cyclic voltammograms changes when the flow is introduced into the MFS. All the experimental
voltammograms exhibit some hysteresis between the forward and reverse scans. The hysteresis is most
pronounced under static conditions. As expected, with increasing flow rate the hysteresis becomes narrower
and acquires a more sigmoidal shape, which is due to the faster convective transport of the probe to the
electrode surface and therefore a higher Faradic current is obtained [36—38]. As the flow rate increases, the
hysteresis becomes narrower and takes on a more sigmoidal shape, which is ascribed to an enhanced physical
process under flow [36,37]. The steady-state current (iss), i.e., the plateau current, increases with the
increasing flow and is well defined at a flow rate of 4 mL/min.

Figure 10b shows the superposition of the characteristic voltammograms of the SPE in HCF, measured in the
MFS at temperatures of 25, 35, and 45 °C and a constant flow of 4 mL/min. The shape of all curves is sigmoidal
with hysteresis between the forward and reverse scans. The hysteresis becomes narrower at higher
temperatures. The iss is well defined and increases with the increasing temperature. This is expected since
the is is linearly related to the number of electrons transferred in the reaction, the Faraday constant, the
initial concentration of Fe?*/Fe®, the dimensions of the working electrode and the diffusion coefficient of
Fe?*/Fe®, according to the Randles-Sevcik equation. Among these parameters only the diffusion coefficient
depends on the temperature. It increases with the increasing temperature [39] and thus iss.

601 Temperature 25 °C 1001Flow 4 ml/min o
) 50 g __4 ml/min b) 30- e /mi 1312 g
gg: 60 25°C
< 201 i
=" i = 20;
g 0O S 0
= -10- = .20
O -20- 8 gl
_30_
-40 -60
-50+ -804
-60_ T T T T T T T T T T _100- T T T T T T T T T
-0.6-0.4-0.20.00.20.40.6 0.81.0 1.2 -0.6-0.4-0.2 0.0 0.2 04 0.6 0.8 1.0
Applied potential (V vs. Ag) Applied potential (V vs. Ag)

Figure 10: a) Cyclic voltammograms of the SPE in HCF measured in the MFS. a) at a flow of 0, 1, 2 and 4
mL/min and constant temperature 25°C; b) at temperatures 25, 35 and 45 °C and at a constant flow of 4
mL/min.

The CV measurements in the MFS under controlled flow and temperature show that a miniature fluidic
system realised in LTCC and multilayer ceramic technology, in synergistic combination with commercially
available SPEs, is suitable for a wide range of electrochemical applications. By tailoring the composition of
the working electrode with specific nanoparticles or molecules such as metals, metal oxides or organic
molecules, the system can be used for the identification of specific contaminants in water. Such
investigations are traditionally carried out under stagnant conditions, i.e., in an electrochemical cell or with
a drop of liquid applied to the SPE surface [40]. Therefore, future work should focus on measuring the EC
response of the modified electrode under flow conditions and in particular its flow time stability. The
knowledge gained from these results should be transferred to evaluations in model pollutant solutions as
well as to real samples. The developed MFS provides convincing evidence that LTCC technology allows flexible
design and the integration of electronic and fluidic components into the system. However, modelling the
MFS architecture in relation to the fluidic and electronic components would be beneficial for improved flow
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and temperature control in the EC measurements. Making well-defined and uniform channels and cavities
will be a challenge with LTCC technology, thus each measurement location should be calibrated separately.

4 Conclusions

Previous studies have shown that microfluidic electrochemical sensors can detect various pollutants in
aqueous environmental samples and are suitable for on-site analysis even in remote areas. However, a major
limitation of these systems was the lack of temperature control during electrochemical measurements. This
study aimed to address this limitation by developing a miniature fluidic system (MFS) with integrated heaters
and temperature sensors, and fluidic elements such as cavities and channels. The MFS was made from low-
temperature co-fired ceramic (LTCC) tapes, which were cut, laminated, and fired at 875°C. The resulting
ceramic structure has three cavities that serve as measuring sites for easy insertion and replacement of
electrochemical sensors, especially commercially available screen-printed electrodes (SPEs). The MFS also
enables flow control using an external pump. In the experiments it was found that the developed MFS allows
precise temperature control from room temperature to 125 °C and flow control up to 20 mL/min using an
external pump. The comparable electrochemical responses of commercial SPEs in a typical redox probe
solution in the MFS at room temperature and under stagnant conditions were the same as those obtained in
conventional electrochemical cells and in the droplet. This agreement confirmed the accuracy of the
measurements. In addition, the response was checked in the MFS for a flow of 4 mL/min and different
temperatures (25 °C, 35 °C and 45 °C). The innovative MFS offers the possibility to detect various water
pollutants quickly and easily, especially in remote areas and under controlled flow and temperature
conditions. The system's potential for modification of the SPE working electrodes and to measure
simultaneously the EC response at different measurement sites increases the applicability of the system in
water-quality analysis. The use of LTCC ensures good mechanical properties, chemical stability, and
resistance to high temperatures up to several hundred °C. This makes the ceramic MFS suitable for
applications in areas where high temperatures and contact with aggressive chemicals are common. Possible
areas of application include food processing, industrial real-time and environmental monitoring, energy
management, aerospace, and the automotive industry.
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S 1 Flow resistance Rnx
A flow resistance (Rn) was calculated based on the Equation 1:
12-u'L

H
301 — —
W-H3(1-0.63.)
valid when H < W

ha

Rh - flow resistance [Pa.s/m?3]

K - Dynamic viscosity [Pa.s]

L - Length of the microchannel [m]

W - Width of the microchannel [m]; rectangular cross-section
H - Height of the microchannel [m]; rectangular cross-section

The Rn depends on the geometry of the channels and viscosity of the liquid. The geometry of the channels
1, 2, and 3 in the current MFMES

S are different and thus the corresponding Ri. Since the viscosity of the fluid (in our case water) decreases
with the increasing temperature, the Ry also decreases with the increasing temperature. The Ry calculated
for different temperatures in cavities 1, 2, and 3 are listed in the Table S1.

The flow of the fluid in the MFS was controlled by external pump. The pressure difference depends on the
Rn and flow (Q) according to the Equation 2:
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For example, the flow resistance at a temperature of 25 °C through cavities 1, 2, and 3 was 350, 353, and
325 MPa-s/m3, respectively. Due to the different hydrodynamic resistances, the total input flow is divided
through cavities 1, 2 and 3 in the ratio of 32.5%, 32.3% and 35.1%, respectively. We can see that the flow in
cavity 3 is slightly higher compared to 1 and 2. If we compare the Rh at 25 and 20°C, we can see that the Rh
is larger at 20°C than at 25°C, namely for about 13%. On the other hand, it is lower for about 55% at 70°C
compared the one at 25°C. According to the Equation 2 this means that at a constant flow rate, set by
external pump, the pressure difference is larger for about 13% at 20°C and smaller for about 55% at 70 °C.

Table S1: Viscosity of water and flow resistance Ry in cavity 1, 2 and 3 at different temperatures

Temperature 20 °C 25°C 30°C 35°C 40 °C 45 °C 70°C
Viscosity [mPa.s] |1.0016 |0.8900 |0.7972 |0.7191 |0.6527 |0.5958 |0.4035
Rnin Cavity 1

[MPa.s/m?] 393 350 313 282 256 234 158

Rk in Cavity 2

[MPa.s/m?] 398 353 316 285 259 236 160

Rk in Cavity 3

[MPa.s/m?] 366 325 291 263 239 218 147

In our experimetns, we set the flow rate with an external pump. For example, the Ry in cavity 1 at 25°C and
45°C, were 350 and 234 MPas/m?3, respectively. At a flow of 4 ml/min, the AP were 23 Pa and 15.6 Pa at 25
and 45°C, respectively.
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