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The present work describes a new methodology for contact free impedance of a solution in a polymer
microchip taking into account the role played by the surrounding polymer on the impedance accuracy.
Measurements were carried out using a photoablated polyethylene terephthalate (PET) microchannel
above two embedded microband electrodes. The impedance diagrams exhibit a loop from high frequen-
cies to medium frequencies (1 MHz-100Hz) and a capacitive behavior at low frequencies (100-1Hz).
The impedance diagrams were corrected by eliminating from the global microchip response the con-
tribution of the impedance of the PET layer between the two microband electrodes. This operation
enables a clear observation of the impedance in the microchannel solution, including the bulk solu-
tion contribution and the interfacial capacitance related to the surface roughness of the photoablated
microchannel. Models for the impedance of solutions of varying conductivity showed that the capacitance
of the polymer-solution interface can be modeled by a constant phase element (CPE) with an exponent
of 0.5. The loop diameter was found to be proportional to the microchannel resistivity, allowing a cell
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constant around 4.93 x 10° m~! in contactless microelectrodes configuration.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The development of miniaturization technology is increas-
ing, due to the well-known advantages and the crucial need
for micrometer scale measurements with improved detection
sensitivity [1-3]. Hence, micro-total analysis systems (W TAS) are
usually designed for a well-defined analytical task [4]. A wide
range of detection techniques has been employed in microfluidic
devices, such as optical detection, laser induced fluorescence,
luminescence, electrochemistry, surface plasmon resonance, and
mass-spectroscopy [5-7]. However, electrochemical detection
(ECD) offers specific advantages for microfluidic systems due to its
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small size, portability, low cost, high sensitivity, and high selectiv-
ity using a proper choice of detection potential and/or electrode
material [8]. An additional advantage of ECD is the simplicity of the
instrumentation, resulting in low electrical power requirements
for in-field use [9-12]. Electrochemical impedance spectroscopy
(EIS) is a sensitive analysis method for biological samples [13-16].
Indeed, the possibility to integrate impedance analysis into exist-
ing lab-on-a-chip designs offers great potential to obtain new
insights and to achieve a profound understanding of biological
processes, which are not accessible through conventional analysis.
With this method, the bias of the sensing electrode potential can be
controlled, even though some unwanted problems such as bubble
generation, microelectrode passivation, and/or contamination can
occur. To overcome these limitations, use of electrodes that do
not contact electrolyte has been investigated, mainly in capillary
electrophoresis with electrical detection. It is interesting to stress
that non-contact conductivity measurements using external tubu-
lar electrodes all around the capillary was introduced in 1998 by
Zemann et al. [17] due to a problem encountered with electrical
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Fig. 1. Schematic representation of PET-microchannel-microelectrodes interface.

coupling between the high voltage applied in the capillary and the
conductivity cell detection located at the end-column. However,
in the literature, the signal excitation is high (5-10V) due to high
impedance of silica capillary with pasted electrodes. In this case,
the linearity of the system is not maintained during measurement.

The growth of microfluidic technologies with widely varying
substrate requirements has led to an increased interest in poly-
meric materials due to their good bio-chemical performance and
low cost. Recently, Gamby et al. [10,13] described microchannels
and contact-free microelectrodes using a microfabrication pro-
cess based on photoablation of polyethylene terephthalate (PET).
This process is an attractive alternative to other expensive, labo-
rious, and time-consuming methods for microchannel fabrication
such as photolithography approaches. However, when choosing a
polymer-based substrate, the properties of the material are critical
for both the fabrication process and the successful application of
the device. Therefore, we propose in the presented work, a thor-
ough study based on a sensitive non-contact technique in order
to understand the physical phenomena taking place within the
PET microsystem. Measurements were undertaken of dielectric
response to a perturbation of voltage between two microelectrodes
embedded in the dielectric polymer. Simulation and experimental
results were used throughout the paper to illustrate the effective-
ness of such an approach. This approach can be employed to detect
any kind of molecule. Further development to identify the type of
adsorption that governs the protein-PET system and to a better
understanding of the factors that govern this adsorption can be
also foreseen.

2. Experimental

The microchip device used in this work was described elsewhere
[10,13]. Some modifications have been made and will be outlined
hereafter. The set-up is displayed in Fig. 1. Impedance measure-
ments were carried out through a photoablated polyethylene
terephthalate (PET) microchannel having a trapezoidal cross-
section shape with a depth of 45 wm, a top width of 100 wm and a
length of 1.4 cm. The separation distance between both microchan-
nels was 200 pm center to center and 120 pm edge to edge. The
electrode fabrication was achieved using a carbon ink loaded with
gold nanoparticles, thermally laminated at 135°C and a pressure
of 2bar by a polyethylene (10 wm)/polyethylene terephthalate
(25 wm) (PE/PET) layer. The total thickness of the laminated layer is
equal to 35 pm. The separation distance in the PET band between
the two planar microelectrodes and the main microchannel was
equal to 5 pm and the detection surface area per microelectrode
was 80 wm x 100 pm.

Electrochemical impedance spectroscopy measurements were
performed by applying an AC voltage with constant amplitude
(0.1V) through the microelectrodes with a frequency ranging from
1MHz to 1Hz. The current measured is thus related to the total
impedance of the sensor. These measurements were performed

— Zi(w)
— Z3(0)
PE

microchannel —(;B;D_ji
C ‘S
Zint Zint

Z1,PET/ Ziber
>
PET p-Electrode 1 ZZ,PET p-Electrode 2
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Fig. 2. Representation of the microchip by an equivalent electrical circuit.

using a frequency response analyzer (FRA 1255B, Solartron, UK)
together with a dielectric interface 1296 (Solartron, UK) which
extends the frequency range from 1 MHz to 10 Hz. Data analysis
was performed using the commercial software SMaRT. The effect
of NaCl solutions on the resistance in the microchannel was stud-
ied at various concentrations (0-10~2 M). To analyze these results,
a physical model was used as is described in Fig. 2. The data
obtained were treated using a home-made software SIMAD which
allowed fitting both frequency-dependent analytical expressions
and equivalent electrical circuits.

3. Results and discussion

The results of impedance measurements between the two band
microelectrodes depend on the surface state of the flow channel
and on adsorption taking place on the walls of the flow chan-
nel. However, in the previous study [10], the impedance between
the microelectrodes and the microchannel through the bulk of the
PET substrate was not considered since it has been reported that
the resistance is large enough that it could be disregarded. Thus,
impedance measurements performed here are undertaken on the
device when it is empty or filled with a sodium chloride solution
in order to reach a better understanding of the PET impedance
contribution in the global response.

3.1. EIS measurements in an empty microchannel

Polyethylene terephthalate is a dielectric material [18]. Its
capacitive behavior between the two microelectrodes can be eval-
uated using

£0&rS:
Coper = OT;2 (1)

where C; pgr is the geometric capacity in the PET thickness, g¢ is the
vacuum permittivity (8.854 x 10-12Fm™1), & is the relative per-
mittivity of the PET film (3.4), d; is the average distance separation
between the two electrode edge to edge (120 pwm) and S, is the ver-
tical surface of the microelectrodes (2 x 107 m?2). This derivation
gives a value of 4.5 x 10~14F. Eq. (1) does not take into account the
horizontal part of the two microelectrodes shown in Fig. 1.
Impedance measurements in the case of empty microchannel
in the frequency range from 1 MHz to 1 Hz and with 0.1V are pre-
sented in Fig. 3. The Nyquist diagram shows a capacitive behavior
over the entire frequency range, but the representative line is not
exactly vertical. It is interesting to stress that the conventional RC
circuit is not convenient for modeling impedance response through
the dielectric PET layer. The impedance Z,(w) between the two
microelectrodes for the empty microchannel has a capacitance
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Fig. 3. Impedance diagrams in the microchip without streaming electrolyte measured with a voltage of 0.1V and frequency ranging from 1 MHz to 1 Hz. (a) Nyquist plots,
(b) Nyquist plots magnification, (c) real part vs frequency and (d) imaginary part vs frequency.

behavior represented by constant phase element (CPE), defined as

1

(jo)*>PET Q4 pt

(2)

Zy per(@) =

where Qypr is the CPE constant (2-1s¥) and «ypgr is the CPE
exponent.

As described by Orazem et al. [19], the log-log representation
of the imaginary part of impedance vs frequency is suitable for a
CPE analysis. The oy pgr value corresponding to the slope of the
curve plotted in Fig. 3d is 0.99. The extracted value of the CPE

element (Qupgr) in the PET thickness of 120 wm is estimated to
8.5x 10" 13 Q- 1s2,

The slight difference in value between the CPE element Q pgr
and G pgr is due to the capacitive effect of the horizontal surface
of the microelectrodes as mentioned above. The average value of
0.85 pF value could be considered to be the overall background (or
stray) capacitance.

In the following, the impedance Z, pgr will be determined using
Eq. (2) with o2 PET =0.99 and Q2,PET =8.5x 10-13 Q1 s®.

From the knowledge for an empty microchannel Z,(w), the
impedance in the microchannel (Z;(w) in Fig. 2) can be deduced
from the global impedance measurement Zg(w). Then in the
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Fig. 4. Experimental impedance diagrams and modeling diagrams Z;(w) in the microchip with solution (pure water and various NaCl concentrations) measured with a
voltage of 0.1V and frequency ranging from 1 MHz to 1 Hz. (a) Nyquist plots, (b) Nyquist plots magnification, (c) real part vs frequency and (d) imaginary part vs frequency.

following work, all results will be represented by the impedance
Z] ((1))

3.2. EIS measurements in microchannel filled with NaCl solution:

The global impedance Zg(w) between the two microelectrodes,
in the case of the microchannel being filled with a solution, depends
on the different parts which constitute the microchip. In this config-
uration, Zg(w) can be expressed as the combination between Z; (w)
and Z>(w) (Eq. (3)):

1 1 1
Ze@) ~ Z@) ®

Zi(w)  Zr(w)
where Z;(w) corresponds to a combination of impedances in
the microchannel with the microchannel interface/PET and the
impedance of the 5-pm thick. The impedance Z;(w) is equal to

Rs

Zi(w) = 2Z; per(w) + m

+ 2Zine(w) (4)

In the microchannel: Rs with units of 2 denotes the solution
resistance in the microchannel which depends on the solution
conductivity and on the geometry of microchannel, and Cs in F
represents the solution capacitance, which depends on its relative
permittivity, &, solution, Usually equal to water permittivity in the
case of a dilute solutions (&rwater =78). In a typical measuring cell
(d=1cm), the distance between the two electrodes is large enough
to neglect the capacitance of the solution (Cs). However, this is not

the case in the present microchip configuration, where the distance
between the microelectrodes is only 120 p.m.

In the PET layer of 5 wm: the geometric capacitance calculated
by Eq. (5) for the PET layer of 5 um (C pgr) is equal to 1.4 x 10~ 14F.
This capacitance depends on the PET permittivity, PET thickness
(d1 =5 x 10~ m), and surface contact area (S; =8 x 1072 m?), (see
in Fig. 1):

£0&rS
Cy,peT = qu1 (5)

Taking into account the results obtained in the case of the PET
thickness of 120 wm, the impedance for the PET thickness of 5 um
is given by

1

(j&)* 1 PETQq pgt

where Qq pgr in 2~1s% is the modeled capacitive behavior of the
PET thickness of 5 wm and o4 pgr is the CPE exponent.

At the PET/microchannel interface, the impedance in the
PET/microchannel interface has a CPE behavior given by
Z; = ! 7

int(@) = m (7)

where Q¢ is the CPE constant at the interface and oy is the CPE
exponent.

Experimentally, Z; (w) is obtained from Eq. (3) where Z,(w) is the
experimental values of the impedance for an empty microchannel

(6)

Z1 per(@)
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and Zg(w) is the experimental values of the impedance for a filled
microchannel with sodium chloride solution.
The real and imaginary parts of Z; (w) are calculated from

B2 -2 202, 2) + (22023 2 + 25 2)]

Z/
1 ! ! " "
2y -2 + (25 - 2g)

and
((Z,Z + ZL ZE)Z — Z¢) — (25 — ZENZS 2 — 2L Z))]

(9)
2y - ZeY + (25 - 20 )

" _
Zi =

where Z(, Z¢, Z, Z{, Z, and Z) denote the real and imaginary parts
of the impedances Zg(w), Z1(w) and Z;(w), respectively.

Electrochemical impedance spectroscopy measurements with
a voltage of 0.1V and frequency ranging from 1 MHz to 1 Hz were
performed for microchannels filled with water and various concen-
trations of NaCl (5 x 10~4 M to 10~2 M). The goal was to extract the
values of the solution resistance in the microchannel included in
the Z;(w) expression by varying the solution conductivity in the
microchannel.

The corrected impedance diagrams plotted by eliminating
the PET layer impedance (of 120 wm) contribution from the
global microdevice response are shown in Fig. 4. Nyquist plots
exhibit a loop from very high frequencies to medium frequencies
(1 MHz-100Hz) and a capacitive behavior at low frequencies (see
Fig. 4a and b). One can observe that the diameter of the loop is
inversely related to the microchannel conductivity.

The highest resistance corresponding to the largest diameter
loop obtained was recorded in the case of water (water conductivity
measured: 3 uScm~1); whereas, the lowest value was obtained for
the 102 M NaCl solution (conductivity measured: 1194 pScm™1).
This effectis also clearly shown in Fig. 4c. For a frequency range from
10kHz to 1 Hz, the real part of the measured impedance decreased
linearly with the microchannel conductivity.

The evolution of the log-log plot representation of the imaginary
part (Fig. 4c) shows that, in the high frequency range from 1 MHz to
50 kHz (filled with 102 M NaCl solution) and from 1 MHz to 1 kHz
(filled with water), all slopes are estimated to 0.99, which is close to
a pure capacitive behavior. Moreover, the cut-off frequency varies
and depends on solution conductivity.

It is important to stress that, at the intermediate frequency
(5kHz-300Hz for NaCl 10-2M and 1kHz-300Hz for water), the
slope of imaginary part was found equal to 0.5. This behavior is
characteristic of diffusion impedance or of the impedance of a rough
interface.

The diffusion impedance analysis could be complicated in case
of anomalous behavior [20-23]. Butin the present case, the hypoth-
esis of diffusion impedance could be disregarded due to the fact
that the microelectrodes were not in contact with electrolyte
and the current was not faradaic. It is important to notice that
diffusion impedance is a part of faradaic impedance. Only resis-
tivity, permittivity and species adsorption may be considered for
the present system, and, as a consequence, only the interfacial
impedance of rough surface was used in the impedance analysis.
As a proof of that, scanning electron microscopy (SEM) micro-
graphs of the photoablated PET surface presented in Fig. 5 highlight
a microstructured surface constituted by the well-known micro-
hills and microvalleys region on the microchannel surface due
to photoablation of crystalline and amorphous regions, respec-
tively [24-26]. This observation supports the conclusion that the
interfacial impedance including the photoablated PET microchan-
nel should not be represented as a pure capacitance. To take into
account this characteristic, the De Levie model [27] for rough sur-
face was used and adapted by different authors [28-30] in order to
determine impedance in rough or porous surfaces. In our case, this
model could be also adapted for a microstructured surface.

Photo No. = 13
Mag Ref To = Monitor Mag= 1.00KX

EHT=1500kV  SignalA=SE2
H WD=72mm  Date :27 Apr 2012

Photo No. = 18

L
EHT=15.00kV  Signal A= InLens

— WD=7.2mm  Date:27 Apr 2012 Mag Ref To = Monitor _Mag= 20.00 K X

Fig. 5. (a) SEM micrograph of the photoablated PET microchannel. (b) Microstruc-
tured aspect of the bottom microchannel.

In order to study the influence of the CPE exponent (« parame-
ter) and to validate the hypothesis that the De Levie model applies
in the present case, the Z;(w) impedance model was calculated for
different values of the acpg parameter. A comparison between the
experimental data and Z; (w) impedance model is presented in Fig. 6
with the assumed value of acpg as a parameter.

The value of acpg has a strong influence on the impedance in
a frequency range that extends from 1 MHz to 1 Hz for the imagi-
nary and real parts. The best correspondence between model and
experiment was found with o cpg =0.5.

As demonstrated by Keiser et al. [31], for any pore shape, the
impedance of a rough surface at high frequencies approaches 45°
in the Nyquist plot (corresponding to a slope of 0.5 in the log-log
representation of the imaginary part of the impedance as a func-
tion of frequency). The geometry of the microstructured surface
is close to the shape numbered 5 in reference [31] and can be
seen to be a good approximation for a photoablated microchan-
nel. If the impedance corresponds to the high frequency model in
the entire frequency range, its representation is a CPE as in Eq. (7)
with acpg =0.5. This indicates that the CPE element for a photoab-
lated surface microchannel is proportional to the square root of
the capacitance of a non photoablated one. Then, we shall have to
determine the value of Q;,; for NaCl at various concentrations.

In the Nyquist diagram, we observed at low frequencies a
capacitive branch due to the increase of the imaginary part of
the impedance for frequencies lower than 100 Hz. This behavior
is influenced by the electrical conductivity of the microchannel
solution as displayed in Fig. 4. Referring to the proposed electri-
cal circuit, this behavior defines the interface PET/microchannel.
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Fig. 6. Comparison between the experimental impedance diagrams of microchannel filled with NaCl at 10-2 M (measured with a voltage of 0.1V and frequency ranging from
1MHz to 1Hz) and the CPE model with «cpg as a parameter. (a and b) Nyquist plots, (c) real part and (d) imaginary part.

In the knowledge that the PET surface has functional groups that
can form electrostatic interactions with ionic species, it is obvi-
ous that high concentrations of NaCl increase the capacitive effect
recorded at low frequencies. The use of this impedance model
in Eq. (4) provides an excellent fit to the EIS spectra shown in
Fig. 4.

A set of fitted parameters are reported in Table 1. The model
provided a very good fit to the experimental data, as was confirmed
by different graphical representations of the model and data values.

The values of the CPE element (Q; pgr) obtained for water and for a
NaCl solution displayed in Table 1 show a slight difference that can
be related to the microchannel composition. Moreover, the fitted
value of Qq pgr is much higher than the geometric capacitance Cy pgr.
Conversely to the slight difference observed between Qpgr and
G, peT, in the case of CPE element Qq pgr, the difference arose from
the value of the surface contact area S; which was underestimated,
particularly on the side of the microchannel. The estimated value of
C1 per could be seen as a smaller value due to the fact that only the

Table 1
Fitted parameters values according to the equivalent circuit described in Fig. 2 and results of Fig. 4. The values of the resulting x? statistic were obtained with errors of fitted

values, o =0.01, for frequency ranging from 1 MHz to 1 Hz.
NaCl (moldm~—3) p (2cm) Qi per (2775) o1 et Rs () Gs (F) Qine (R715%) Cint X% (%)
0 (water) 3.2 x 10 25x 10~ 4.5 %108 3x10°13 0.6x 109 438
5x 104 104 5% 107 0.9x 109 3.4
103 5x 103 0.99 2.5x 107 1x 1079 0.5 3.1
-1 - 13 .
5% 103 1.8 x 103 1410 9 x 106 4x10 1.8x 100 2.8
102 840 5% 106 241079 2.6
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Fig. 7. Plot of loop diameter in Nyquist plot vs solution resistivity.

vertical streamlines from the S; to microchannel section displayed
in Fig. 1 were considered.

The Rs values obtained with the fitting procedure show that
there is a relationship between resistivity and solution resistance,
given as

_Ks
0

where K in m~! is the cell constant microchannel.

A plot of the solution resistivity, p, against the length of loop
diameter, Rs, gives rise to straight lines with a slope that is compa-
rable to a cell constant, K. The cell constant was found to be equal
to 4.93 x 10° m~! (see Fig. 7). This latter observation supports the
model used in this paper.

K (10)

4. Conclusions

In this study, we have demonstrated that contact-free
impedance measurements can be successfully implemented in an
insulated polymer for flexible microchips. The impedance tech-
nique has the advantage that it can carry out in situ characterization
to obtain several physical parameters. Moreover, a new approach
involving a new data processing for the analysis of the contact-
free impedance through two parallel planar microelectrodes is
demonstrated. It is pointed out that the resistivity through the
PET layer cannot be neglected and must therefore be taken into
account in the global microchip response. Indeed, the photoab-
lated PET surface should be considered to be a microstructured
surface, characterized by a constant phase element with a typical
exponent of 0.5. The impedance model proposed here is inspired
by the classical equation established by De Levie which leads
to accurate and efficient fitting of our experimental data. This
study allowed a superior understanding of the global response
of the PET microchip impedance. These steps are crucial in order
to choose and optimize the experimental conditions for biosen-
sor development in any kind of flexible polymer microchips
[32].
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