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A planar interdigitated microelectrodes-based microfluidic electrochemical cell (P-pFEC) with channels made by
Parafilm® sheets was conceptualized with the application as a sensor for detecting heavy metal ions. Herein, we
first-timely proposed a new strategy for creating Parafilm® microchannels using a Plotter cutter and Hot bonding
self-sealing method for solid Microfluidic devices (PPHM). For the prepared novel P-uFEC by the PPHM protocol,
which operated in the laminar regime, its electrochemical performance was well-studied using the well-known
electrochemical reporter potassium Ferri/Ferrocyanide (Ks3/K4[Fe(CN)g]). A reference electrode (RE) layer
deposited at the top silica glass substrate was embedded within the device to minimize the ohmic drop (iRcen)
between the working electrode (WE) and RE. The experimental and virtualized computational COMSOL results
demonstrated: (i) The changes in the RE’s placements had negligible influences on the P-uFEC’s electrochemical
performance. (ii) The laminar flow’s influence on the P-uFEC’s electrochemical performance was quite promi-
nent, which was due to the changes in the mass transfer process from diffusion (stationary) to diffusion +
convection (hydrodynamic). (iii) A direct virtualized demonstration of laminar flow’s influences on the mass
transfer process from diffusion (stationary) to diffusion + convection (hydrodynamic) was first timely validated
by finite element analysis simulation using COMSOL Multiphysics. (iv) Finally, the proposed P-uFEC showed
promise as a sensitive electrochemical sensor for different heavy metal ion substrate (model analytes) detection.
The TUPAC detection limits for Cu?*, Pb%*, [Fe(CN)e]> and Hg?" is ~318.6+3.55 pg/L, ~191+5.4 4 pg/L,
~113.5:9.9 pg/L, and 8.21+0.88 pg/L, respectively. Among them, the detection limit for Cu?* and Hg?" meets
the US Environmental Protection Agency (EPA)’s water contamination level for Cu (1300 pg/L) and is close to
the EPA level for Hg (2 pug/L), respectively. These findings demonstrate the potential of using the Parafilm® sheet
as the microfluidic channel for a flow-based P-uFEC as a novel analytical tool.

1. Introduction

Microfluidic devices have attracted intensive interest in numerous
applications as they offer rapid manipulation of solutions, minimum
consumption of reagents, low cost, and the ability to perform a wide
range of chemical and biological reactions with a small and portable
form factor [1]. Furthermore, electrochemical detection techniques are
well suited to miniaturized systems due to their compatibility with
microfabrication technologies, rapid analysis, cost-effectiveness, and
simplicity [2]. Therefore, microfluidic electrochemical cells (hereafter
UFECs) as miniaturized analytical devices are receiving increasing
attention at the forefront of the development of modern micro total
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analysis systems and lab-on-a-chip platforms [3-5]. Microelectrodes
(KE) fabricated by lithographic technique on silicon or glass substrates
have been of great interest in WFECs since they could offer higher
sensitivity than macroelectrodes of conventional size due to the smaller
area-edge effects [6]. Therefore, the pE-based pFEC are receiving
increasing attention in various analytical fields, ranging from inorganic
[3,4], organics [7], electrodeposition [8], and even radiological analytes
[5].

Polymers, such as polydimethylsiloxane (PDMS) and double-sided
polyester tapes, have been widely used to fabricate microfluidic chan-
nels [9,10]. While the often-cited advantages of PDMS include low
surface interfacial free energy, gas permeability, and large elasticity, the
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fabrication of PDMS replicas is a multistep, time-consuming method that
is not ideal for fast prototyping uFECs [11]. The fabrication of micro-
fluidic channels using double-sided tapes is more favorable as they allow
for dimensionally stable and mechanically robust components while
greatly simplifying the manufacturing process and saving time during
replication [12]. However, for the commercially available double-sided
tapes, the cost is still expensive for researchers in a resource-limited
situation. For example, for the double-sided tape (ARcare® 90106NB),
one roll of 9” x 30’ (width x length) will cost around $300.

Parafilm® sheet is one kind of thermoplastic whose chemical and
mechanical properties have been well characterized [13]. Parafilm®
sheets mainly contain polyolefins and waxes, melting at around 60 °C. A
cheap and rapid method has recently been developed for fabricating
paper-based microfluidic analytical devices (pPPADs) using Parafilm®
thermoplastic sheets [14,15]. For example, Koesdjojo et al. successfully
demonstrated a colorimetric microfluidic device using Parafilm®
infused paper for detecting heavy metal ion substrates [16]. In a more
recent work reported by Kim et al., the preparation of a 3D push-on
valve was demonstrated using Parafilm® infused paper [17]. The
basic principle of using Parafilm® sheet in pPADs is that with a rela-
tively high applied temperature and pressure (usually a few MPa), the
melted Parafilm® wax will penetrate the cellulose fiber networks of
paper. As the temperature decreases, the melted wax will become solid
again, forming hydrophobic barriers within the paper networks. How-
ever, using Parafilm® sheet in pPADs to prepare hydrophobic barriers
also faces some drawbacks. One of the limitations is the deformation of
the hydrophobic barriers caused by the lamination/pressing process and
the inhomogeneity of the porous paper structure [15,17,18]. Further-
more, due to the high-pressure requirement, the thermal lami-
nation/pressing approach is unsuitable for preparing solid substrates
(Like silica glass, silicon, polymethyl methacrylate (PMMA)) based
microfluidic devices. Because so far, silica glass and silicon are two of
the most used substrates to perform various pE layers or dielectric de-
positions [19,20]. Therefore, a strategy for properly using Parafilm®
sheet in solid substrate-based pFECs is needed.

Inspired by these interesting previous works and based on the prin-
ciple of "do-it-yourself," cost-effective, and rapid prototyping. In this
paper, we present for the first time a new rapid strategy for creating
Parafilm® microchannels using a Plotter cutter and Hot bonding self-
sealing method for solid Microfluidic devices (PPHM). A fully inte-
grated planar interdigitated pEs (P-IDpEs)-based uFEC (hereafter P-
WFEC) is prepared by the new PPHM strategy. The electrochemical
performance of the proposed P-uFEC was well-studied using the well-
known electrochemical reporter potassium Ferri/Ferrocyanide (Ks/
K4[Fe(CN)gD). It is well documented that the placements of the reference
electrode (RE) with respect to the working electrode (WE) significantly
affect uFECs’ sensitivity because of the ohmic drop (iR¢ep) [21-24]. In
addition, mass transfer plays a significant role in the electrochemical
process, bringing the electroactive analytes to the WE surface in three
different ways (diffusion, migration, and convection). For the pFECs
which operate in the laminar regime, the effect of laminar flow on the
P-uFEC’s electrochemical performance is worth investigating. There-
fore, in this work, the influence of RE’s placement on the electro-
chemical performance of Parafilm®-based P-uFEC via the proposed
PPHM protocol has been thoroughly studied under stationary and hy-
drodynamic working conditions. Finally, as a proof-of-concept design,
the fully integrated P-pFEC was employed for detecting heavy metal
ions. Lead (Pb) and Mercury (Hg) as two representatives of highly toxic
metals, Copper (Cu) is one representative of essential metals, and one
Hexacyanoferrate(III) ([Fe(CN)6]3_) is analyzed as the model analytes.

2. Experimental Section
2.1. Chemicals and Equipment

Potassium nitrate (KNOs), 99%, was purchased from Thermo Fisher

Electrochimica Acta 470 (2023) 143349

Scientific. Potassium chloride (KCl) was ordered from Sigma-Aldrich.
Potassium Ferri/ferrocyanide (Ks/K4[Fe(CN)gl) (99.0% min Crystal-
line) was obtained from Sigma-Aldrich. Copper(II) chloride dihydrate
(99%), Lead(Il) nitrate (99.0% min), and Mercury (II) chloride (98+%)
were purchased from Thermo Fisher Scientific. The de-ionized (DI)
water used in the experiments was obtained from a Milli-Q® Direct 8
Water Purification System. Parafilm® wrapping sheet was ordered from
Thermo Fisher Scientific. Commercially available water-soluble food
dyes from Modern Biology Inc are purchased for the microchannel
characterizations. Super glue from Loctite® was used to glue the tube
connector to the glass substrates. Acetone (> 99.5%, ACS) and isopropyl
alcohol (99%, ASC) were purchased from VWR Chemicals BDH® and
used to clean chips and separate glass substrates for future assembly. The
uEs and microchannel characterization of assembled devices was con-
ducted using Scanning Electron Microscope (SEM, Model: JSM-7900F
SEM) and an optical microscope (Olympus BX51). The element distri-
bution was characterized by Energy Dispersive X-ray (EDX) microanal-
ysis (Model: JSSM-7900F SEM). The glass slides 75 mm x 25 mm x 1 mm
(height x width x length) were used as the deposition substrates pur-
chased from Globe Scientific Incorporated. The electrochemistry char-
acterizations were obtained using a Gamry (Reference 600+)
potentiostat. The NE-300 syringe pump from New Era Pump Systems,
Inc. (USA) was used to pass the solutions through the microchannels.

2.2. Preparation of Fully Integrated P-uFEC Transducer by PPHM
Strategy

uEs were prepared at the Nanofabrication Facility Advances Science
Research Center at the City University of New York. Standard lithog-
raphy techniques were used for patterning [10,25]. Here, glass slides
were chosen as the pE deposition substrates. A Chromium (Cr, 10
nm)/Platinum (Pt, 100 nm) multilayer was deposited by Electron Beam
Evaporator. Each pE array contains ~250 electrode digits, and each
electrode digit has dimensions of 500 pm x 10 pm x 110 nm in length x
width x height, respectively. Here, the WE and counter electrode (CE)
array are "interdigitated." The gap between adjacent WE and CE digit is
around 10 pm, as shown in Fig. 1.

Here we used the Parafilm® sheet as the microchannel layer, as
shown in Fig. 2. The proposed PPHM strategy was employed to prepare
the device. The general process is as follows: (1) Briefly, a Cricut®
machine (No: CXPL0001) was first used to obtain the pre-designed
channel, which has a 40.6 mm length and 500 pm width (Parafilm®
Sheet’s thickness is ~130 pm). (2) Then, the film was transferred from
the cutting mat to the bottom WE and CE layer under the optical mi-
croscope. After that, the top RE layer was applied to cover the fluid
channel. (3) the assembled device was subsequently placed onto a hot
plate (~70°C) for around 2 min for self-sealing. After sealing, the super
glue bonded the tube connector to the pre-drilled holes in the top RE
layer. Finally, New Era pumps passed the target analyte solutions
through the microchannel. The optical and corresponding cross-section
SEM images of the Parafilm® microchannel are shown in Figs. 2(b)-(d).
The findings observed in Figs. 2(b) and (c) show us highly uniform di-
mensions along the microfluidic channel and proper adhesion in hybrid
systems composed of different layers. Fig. 2(d) explicitly shows the
microchannel with a dimension of 500 pm x 130 pm in width x height.
The fluorescence images of the Parafilm® microchannel are demon-
strated in Figure S1. The picture shows excellent sealing performance
with no leakage problems. The total fabrication time was less than 10
minutes, which is attractively easy to design and fabricate versatile
structures with this simple thermal fusion protocol.

2.3. Configurations of the Electrodes
For the three-electrode configuration, when the RE is faced against

the WE and CE (WE_1/CE_1/RE_1), the horizontal distance is O pm while
the vertical distance is around 130 pm (i.e., the height of the fluid
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Fig. 1. (Left) SEM image of Pt P-IDpE. (Right) Corresponding element distribution image of Pt.
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Channel

Fig. 2. (a) Schematic diagram of the prepared P-pFEC device. Optical image of Parafilm® microchannel in assembled device (b) unheated and (c) heated. (d) Cross-

section SEM image of Parafilm® microchannel in heated assembled P-yFEC device.

channel layer). When the RE is placed away from the WE and CE (Like
WE_1/CE_1/RE_2), the horizontal distance is 10 mm, and the vertical
distance is still 130 pm.

3. Results and Discussion
3.1. Preparing P-uFEC via PPHM Protocol

Fig. 1(a) shows the structure of prepared P-uyFEC using the PPHM
protocol. Unlike the use of Parafilm® sheet in pPADs, the proposed
PPHM protocol is more applicable to preparing solid substrate-based
microfluidic devices. (i) Since there is no need to apply high pressure
during the preparation process, it avoids the microchannels’ deforma-
tion and makes it applicable to brittle solid substrates. (ii) The heat-
assisted self-sealing or packaging process takes around 2 min, signifi-
cantly reducing the entire preparation time to about 10 min. (iii) Since,
during the preparation process, there is no need to use a hot-pressing
machine and a relatively expensive laser cutter, the proposed PPHM
protocol can significantly reduce the preparation cost. It is found for our

P-uFEC device, with a 70 °C sealing temperature, the top glass slide’s
gravity was enough to squeeze out the tiny air bubbles between the
Parafilm® film and the glass slides, finishing the self-packaging process.
As shown in Figs. 2(b) and (c), compared to the unheated device, the
contacted areas between the Parafilm® sheet layer and glass slides were
more transparent in the heated device. This is due to removing the tiny
air bubbles from the hybrid sandwiched structure of "glass-Parafilm®-
glass." Meanwhile, negligible geometry deformation in the Parafilm®
film’s microchannel layer was found.

3.2. Electrochemical Characterization of P-uFEC

3.2.1. Influences of the RE’s Placements on the P-uFEC’s Electrochemical
Performance

From Figs. 3(a) and 3(b), under the stationary condition, it was found
that for the pure electrolyte (0.1M KNOg), there are no or negligible
changes in either CV or DPV background. However, the changes become
relatively obvious with the flow (~100 pL/min), especially in the
background CV results. Figs. 3(c) and 3(d) are the redox probe results
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Fig. 3. Here, RE_1 and RE_2 represent the WE_1/CE_1/RE_1,2, respectively. For CV testing, a v of 100 mV/s was applied. (a) CV and (b) DPV results were obtained
under stationary and hydrodynamic (flow rate = 100 pL/min) conditions using 0.1 M KNOj electrolyte. Similarly, for (c) and (d), the solution was changed to 10 mM
K3/K4[Fe(CN)e]. (e) CV results obtained under stationary condition with different v. Inset: Peak current plots (I, Ipc) Vs. v/2. The equation of the anodic peak
current (I,,) line is: I, (pA) = 2.35 x v'/? + 63.6; Coefficient of determination (R%) = 0.91. The equation of the cathodic peak current (I,) line is: I, (pA) = —2.58 x
v1/2 _55.74; R? = 0.94. (f) CV results obtained under hydrodynamic condition with different v. Inset: (Ipa, Ipc) Vs. v1/2, Here, for () and (f) the results were based on

the WE_1/CE_1/RE_1 configuration.

under different flow conditions. As shown in Fig. 3(c), for the two
electrode configurations (WE_1/ CE_1/RE 1 and WE_1/CE_1/RE 2,
under stationary working conditions), the voltammograms of 10 mM
K3[Fe(CN)g] and K4[Fe(CN)g] (1:1, mole ratio) in KNO3 (100 mM) at a
scan rate (v) of 100 mV/s show oxidation at anodic peak potential (Ep,)
of ~140 mV and a back reduction at cathodic peak potential (Ec) at
~-70 mV vs. Pt10oCrio RE. Such that the peak-to-peak separation (AE)
is ca. 210 mV. Here, the I (current) vs. E (applied potential) profile atv =
100 mV/s shows a sigmoidal behavior reminiscent of a redox cycling
electrochemical process characteristic [26]. In this case, [Fe(CN)G]B’/ 4-
gets reduced/oxidized between the WE and CE electrode digits. The
redox cycling counteracts the further depletion of [Fe(CN)g] 3 (cathodic
sweep) and [Fe(CN)6]4’ (anodic sweep) near the WE surface and results

in steady-state rather than a gradual decrease in the current. With flow
(~100 pL/min), the voltammogram changes between two electrode
configurations are still negligible. However, compared to the stationary
voltammograms, a higher AE, of ~300 mV (Ep, = 130 mV and Ep. =
-170 mV) and higher steady-state current plateaus are observed in the
hydrodynamic case. It is confirmed that with the introduction of flow or
forced convection, more [Fe(CN)6]3'/ 4= analytes are brought to the WE
surface, which can further result in a higher current density [6]. As for
the increase in the AE,, this usually indicates that the introduction of
convection results in a high barrier to electron transfer between the WE
and CE electrode digits, and electron transfer reactions are sluggish
[27]. Hence more negative (positive) potentials are required to observe
reduction (oxidation) reactions, giving rise to more significant AE,.
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For the differential pulse voltammograms shown in Fig. 3(d), it is
found that under either stationary or hydrodynamic conditions, the
changes in the RE’s placement have a negligible effect on the reduction
peak. Under the stationary condition, a typical voltammogram of the [Fe
(CN)gl 3-/4- couple appears at a peak potential (Epeax) of ca. -18 mV with
a full width at half maximum (FWHM) of ~160 mV. Similarly, based on
the WE/CE_1/RE_2, an FWHM of ~160 mV is observed. Under the hy-
drodynamic condition, a typical voltammogram at Epeax of ca. 17 mV
with an FWHM of ~190 mV is observed. Similarly, based on the WE_1/
CE_1/RE_2, an FWHM of ~205 mV is also observed. Compared with the
stationary case, a right shift in the reduction peak is observed (from -18
to 17 mV).

The above findings demonstrate that (i) the changes in the RE’s
placements will not influence the final device’s electrochemical per-
formance. This demonstrates that our proposed device structure, P-
WFEC, has relatively high flexibility on the placement of the RE. (ii)
Howeperver, the influence of laminar flow on the final device’s elec-
trochemical performance is significant. Here, since the ionic strength of
10 mM K3/K4[Fe(CN)g] redox probe + 100 mM, KNOs is around 0.42 M,
which is much higher than 0.2 M [26]. Therefore, the influence of
electromigration has been excluded from this study. Hence, it is hy-
pothesized that the changes to the electrochemical performance of
P-uFEC are due to the mass transfer process from diffusion (stationary)
to diffusion + convection (hydrodynamic).

3.2.2. Influences of Laminar Flow on the P-uFEC’s Electrochemical Process

To further confirm the above hypothesis, the effect of ¥ on peak
currents of the cyclic voltammograms was monitored. From Fig. 3(e), it
is observed that for all the v studied, from 30 to 500 mV/s, the cathodic
and anodic processes’ peak currents (I, Ipa) vs. the square root of scan
rate (v'/%) show good adherence to linearity, demonstrating classical
Nernstian diffusion-controlled redox behavior [10,28].

(€Y
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The Randle-Sevcik Equation (1) can calculate the cumulative active
electrode surface area (Aactive)- Using the literature value of diffusion
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diffusion-controlled redox behavior. Therefore, the non-linear relation-
ship observed in Fig. 3(f) is due to the combined mass transfer process,
the diffusion + convection-controlled redox behavior.

The laminar flow’s influence on the P-uFEC’s electrochemical per-
formance under the AC working mode was characterized, and relevant
electrochemical impedance spectroscopy (EIS) is shown in Fig. 4. The
Nyquist and Bode plots of P-yFEC under stationary and hydrodynamic
working conditions are shown in Figs. 4(a) and (b), respectively. Based
on the Nyquist and Bode plots, one equivalent circuit was proposed to
model the EIS signatures. In this equivalent circuit (Fig. 4(c)), a Rc
resistor represents the solution resistance filling between the WE and CE
electrode fingers. Cqj is the double-layer capacitance in the interface
between the redox solution and pEs. Rt is the charge transfer resistance
associated with the electrons’ transfer from the redox solution onto the
pEs. Ree and diffusion process related Warburg impedance (W) are
modeled parallel to Cq; as co-occurring phenomena [30,31]. Based on
the proposed equivalent circuit, the relevant simulated results are shown
in Table 1. With the turn-on of flow, a decrease in the R¢; is observed.
Therefore, it is concluded that the turn-on of flow facilitates rapid charge
transfer between adjacent pE fingers of P-uFEC.

3.3. Finite Element Analysis of Laminar Flow’s Influence on P-uFEC’s
Electrochemical Process

Laminar flow plays an important role in the P-pFEC’s electro-
chemical performance. Therefore, a visualized demonstration of laminar
flow’s influence on the concentration distribution of 10 mM Ks/K4[Fe
(CN)g] was conducted through finite element analysis (FEA) using
COMSOL Multiphysics 5.5. To avoid long pre-processing, solving, and
post-processing periods, the cross-section image of the P-pFEC along the
channel is simplified to a representative 2D model, as shown in Figs. 5(a)
and 5(b) [10,32]. The periodic distribution characteristics of P-IDpE
further reduce the model to a few representative pairs of electrode digits
(Fig. 5(b)). The width and gap of the electrode digits are set to 10 pm. A
view of the mesh discretization network with a high resolution is shown

Table 1
Value of Each Element in the Equivalent Circuit.
Condition Rc Cq (F) Ree Warburg (S- Chi-
(ohm) (ohm) sec™®) square
Stationary 69.8 2.773E- 425.7 4.57E-5 2.57E-3
8
Hydrodynamic 69.6 2.413E- 404.4 5.03E-5 2.53E-3
8
-[O- Impedance (Stationary)
—~@- Impedance (Hydrodynamic) <20
-[1-Phase (Stationary)
—@— Phase (Hydrodynamic)
- 4o
>
=
Q
@
420 &
=
440
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™ 10M

Fig. 4. (a) Nyquist plots and corresponding (b) Bode plots of P-uFEC obtained at WE_1/CE_1/RE_1 electrode configuration. (c) Equivalent circuit diagram. The

solution is 10 mM K3/K4[Fe(CN)g] redox probe in 100 mM KNOs3.
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Silica glass substrate
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Fig. 5. (a) Schematic diagram of P-uFEC. (b) Geometry information of P-uyFEC. (c) Time-dependent electrical potential profile of the WE surface. (c) One repre-
sentative mesh discretization network of the P-IDpE. (d) Image of electric potential profile around the electrodes obtained through simulation with COM-

SOL platform.

in Fig. 5(c). The time-dependent electrical potential profile was added
onto the WE surface (Figure S2). The simulation of the electrical po-
tential in the vicinity of the WE is shown in Fig. 5(d).

Time-dependent COMSOL simulations of K3/K4[Fe(CN)g]’s concen-
tration distribution profiles were recorded under different flow rates. It
is important to note that for this simulation, Butler-Volmer electrode
kinetics are chosen [33]. The [Fe(CN)6]3'/ 4~ bulk solution concentration
keeps at ~10 mM. The forward and backward reactions are character-
ized by the rate constant k; and kp, respectively. The forward and
backward reaction rates on the WE are described as follows:

Nf == kao (2)

Ny = kyCg 3
where Ny and Nj, are the mass flow density expressed as the number of
moles crossing the unit surface in the time unit. The Butler-Volmer
electrode reaction kinetics describes the reaction rate constants at the
electrodes as follows:

k= ke "

€]

kb _ ksel—a(E—Eg)% (5)
where k; is the standard rate constant and « the transfer coefficient. In
symmetrical reactions, @ has a value of 0.5. E is the applied voltage on
the electrode surface, and Eq has a value of 0 V. F, R, and T are the
Faraday constant (9.64853 x 104 C/mol), molar gas constant (8.3144 J/
(mol*K)), and temperature (298 K), respectively.

Figs. 6(al) and (a2) are simulated results under stationary condi-
tions. From Figs. 6(al) and (a2), we can directly observe that [Fe
(CN)6137#~ got reduced/oxidized between the WE and CE digits. This
process is sometimes called "redox cycling" due to the overlap of their
diffusion regions [26]. The direct observation of '"redox cycling"
perfectly explains the appearance of sigmoidal cyclic voltammograms in
P-pFEC (Fig. 4(c)). With the turn-on of the flow (hydrodynamic condi-
tions), an apparent attenuation in the diffusion domain was observed
due to the introduction of forced convection (Figs. 6(b1) and (b2)). With
further increases in the flow rate, the attenuation in the diffusion
domain becomes more apparent, as shown in Figs. 6(c1) and (c2) insets.

These simulated findings further confirm that the reason that caused the
decrease in Cdl value is the disruption of the diffusion dynamics of re-
agents (Table 1). However, it is also found that the laminar flow will not
be able to interrupt the "redox cycling" electrochemical process. This
explains why even when the flow rate was increased to 100 ul/min,
sigmoidal cyclic voltammogram curves were still observed in Fig. 4(c).

3.4. Heavy Metal Ion Substrate Detection

As a proof-of-concept, the fully integrated P-uFEC was used as an
electrochemical sensor for detecting aqueous heavy metal samples, as
the primary source of human exposure to heavy metals is from
contaminated water. In this work, Lead (Pb) and Mercury (Hg) as two
representatives of highly toxic metals, Copper (Cu) is one representative
of essential metals, and one Hexacyanoferrate(III) ([Fe(CN)6]3*), were
analyzed as the model analytes. Under the hydrodynamic working
conditions (100 pL/min), the differential pulse voltammograms for
different metallic ions were collected and shown in Figs. 7 and S3.

Fig. 7(a) shows the typical voltammograms for the aqueous Pb%*
solutions, with an Ejeqi located at ca. -0.7 V. A gradual increase in the
DPV reduction peak currents with the gradual rise in the Pb>* concen-
tration is observed. The standard errors were calculated based on the
results shown in Fig. 7(a) and repeated DPV testing shown in Figure S4
(a). Here, the standard error is assumed due to the difference in the
surface area of the pEs from chip to chip during the device fabrication
process, as has been reported elsewhere [34,35]. The errors are within
the tolerance expected from lab-based experiments that show a
proof-of-concept. As a result, the calibration curve’s linear portion falls
from 5 to 0.1 mg/L with a high coefficient of determination (Rz) equal to
0.994, as shown in Fig. 7(b). Therefore, a preliminary value of the DL
can be calculated based on the IUPAC recommended formula (Eq. 6)
[36].

7K*S;7
- m

DL (6)

Here, K is a numerical constant, m is the slope of the plot’s linear
region, and Sp is the standard deviation of the blank or the ordinate
intercept standard deviation [37]. According to IUPAC recommenda-
tions, a K value of 3 corresponds to a 99.87% confidence level was used
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Fig. 6. The simulated concentration distribution profiles of K3,4[Fe(CN)e] within the channel of P-yFEC under different flow rates (al) and (a2) at a flow rate of 0 pL/
min (Stationary); (b1) and (b2) at a flow rate of 10 pL/min (Hydrodynamic); (c1) and (c2) at a flow rate of 100 pL/min (Hydrodynamic).

[4]. Therefore, a DL of ~191+5.4 pg/L is obtained for aqueous Pb%*
analyte. For Cu®", two reduction peaks ranging from -0.2 to -0.4 V are
observed, which is hypothesized to be related to the reduction process
from Cu®" to Cu (Fi gs. 7(c) and S4(b)). For the aqueous cu?t solutions,
based on the first reduction peak, a linear portion falls from 5 to 0.5
mg/L with an R? equal to 0.987, and a DL of ~318.6+3.5 pg/L is ob-
tained (Fig. 7(d)). Similarly, for the aqueous Hger solutions, a DL of
~8.21+0.8 pg/L is obtained (Figures S3 and S4(d)). However, for the
aqueous [Fe(CN)6]3’ solutions, the calibration plot is divided into two
segments with different slopes at the inflection point of 1 mg/L. After the
concentration of [Fe(CN)s]>~ is greater than 1 mg/L, the growth trend
slows down obviously. Based on the conclusions reached by other re-
searchers who have observed such "biphasic response", it can be hy-
pothesized that this "biphasic response" is also due to a dynamic
equilibrium between surface adsorption, electrolysis, and deposition
[38,39]. Hence, post the inflection point, the sensitivity of the electrode
towards [Fe(CN)e]® decreases, leading to a change in the slope of the
calibration line. The reason for this phenomena might be that [Fe
(CN)6]3’ on the electrode surface was in a relatively saturated state
[40]. Therefore, the DL is calculated based on the linear portion falls
from 1 to 0.3 mg/L (Figs. 7(e) and S4(c)). Finally, an DL of ~113.5+9.9
pg/L with an R? of 0.988 is obtained as shown in Fig. 7(f).

The differential pulse voltammograms for the mixture of Cu®** and
Pb%* aqueous solutions are shown in Fig. 8(a). The reduction peaks of
the Cu®>" and Pb?" analytes can be easily distinguished, and no inter-
ference is observed. However, it should be noted that the reduction
peaks from [Fe(CN)s]®~ and Hg?" are partially overlapped with each
other (Figs. 7(e) and S3). Therefore, a detailed and comprehensive study
of the selectivity of P-pyFEC to heavy metal ions with similar redox po-
sitions is needed in future work. Relevant statistical results of the IUPAC
DLs for these metal ion substrates are given in Fig. 8(b) and Table 2.
Among them, the DL for Cu?* (~318.6+3.5 pg/L) is below the US EPA’s
water contamination level for Cu (1300 pg/L), and the DL for Hg?"
(~8.21+0.8 pg/L) approaches the EPA level (2 pg/L). Therefore, it is
believed that with further electrode surface modification, as it is beyond
the scope of this paper, this demonstrated cost-effective, simple-fabri-
cation Parafilm®-based P-pFEC could be a new analytical tool for other
research groups for heavy metal ion fast screening.

4. Conclusions
This work prepared a fully integrated microfluidic electrochemical

cell, P-pFEC, using a Parafilm® sheet as the middle microchannel/
bonding layer. The successful employment of the Parafilm® sheet as a
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Fig. 7. (a) DPV results for aqueous Pb2"solutions with different concentrations. (b) Corresponding peak current vs. the concentrations of Pb>". The equation of linear
range is Y = 3.068 x Con (mg/L) + 0.56; R? = 0.995. Similarly, for aqueous Cu®*solutions (c), the corresponding linear range equation in (d) is ¥ = 0.605 x Con (mg/
L) + 0.017; R? = 0.987. For aqueous [Fe(CN)e] % solutions (e), the corresponding linear range equation (0.3-1 mg/L) is Y = 0.021 x Con (mg/L) - 0.002; R? = 0.961.
The corresponding linear range equation (1-5 mg/L) is Y = 0.006 x Con (mg/L) + 0.0142; R? = 0.961. Here, all the results are obtained based on the electrode
configuration of WE_1/CE_1/RE_1 or WE_2/CE_2/RE_2 and under the hydrodynamic working conditions (100 pL/min).

middle microchannel and bonding layer had been achieved via the
proposed new PPHM protocol. Based on the prepared P-pFEC, the
placement of the reference electrode (RE) with respect to the working
electrode (WE) was thoroughly studied under stationary and hydrody-
namic working conditions. The experimental and computational studies
found: (i) The changes in the RE’s placements had negligible influences
on the P-uFEC’s electrochemical performance. This is due to the high
inertness of the ohmic drop between the WE and RE in the microfluidic
devices. (ii) The laminar flow’s influence on the P-uFEC’s electro-
chemical performance is significant, which is due to the changes in the
mass transfer process from diffusion (stationary) to diffusion + con-
vection (hydrodynamic). (iii) A direct demonstration of flow’s

influences on the electrochemical process was validated by finite
element analysis simulation using COMSOL Multiphysics.

Finally, the application of our proposed flow-based P-pyFEC in
detecting heavy metal ions has been carried out. The IUPAC detection
limits (DLs) for Cu?t, Pb2*t, [Fe(CN)g]®~, and Hg?" are ~318.6+3.5 g/
L, ~191+5.4 pg/L, ~113.5+9.9 pg/L and ~8.21+1.1 pg/L, respec-
tively, which meets the US Environmental Protection Agency (EPA)’s
water contamination level for Cu (1300 pg/L) and close to the level for
Hg (2 pg/L). These findings demonstrate that the proposed cost-
effective, simple fabrication, fully integrated P-uFEC via the new
PPHM protocol has promising potential as a new electrochemical
analytical tool for other research groups for fast heavy metal ions
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Table 2
Summary of IUPAC Detection Limits for Heavy Metal Ion Substrates.
Analytes Cu** Pb%* [Fe(CN)s]>~ Hg*"
EPA Level (pg/L) 1300 15 - 2
This Work (pg/L) 318.6+3.5 191+5.4 113.5+9.9 8.21+08

screening.
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