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Abstract

Miniaturizing potentiostats, keeping their cost low and yet preserving full measurement
characteristics (e.g. bandwidth, determination of capacitive/inductive contribution to sensor’s
impedance and parallel screening) is still an unresolved challenge in bioelectronics. In this
work, the combination of simple analogue circuitry together with powerful microcontrollers and
a digital filter implementation is presented as an alternative to complex and incomplete
architectures reported in the literature. A low-cost acquisition electronic system fully integrated
with a biosensors platform containing eight gold working microelectrodes and integrated
reference and counter electrodes was developed and validated. The manufacturing cost of the
prototype was kept below 300 USD. The performance of the proposed device was benchmarked
against a commercial impedance analyzer through the electrochemical analysis of a highly
sensitive biosensor for the detection of tumor necrosis factor o (TNF-a) within the randomly
chosen range of 266 pg/mL to 666 ng/mL in physiological medium (PBS). A strong correlation
between the outputs of both devices was found in a critical range of frequencies (1-10 Hz), and
several TNF-a cytokine concentrations were properly discriminated. These results are very
promising for the development of low-cost, portable and miniaturized electrochemical systems
for point-of-care and environmental diagnosis.

Keywords: miniaturized potentiostat; cytokines; point-of-care; biosensors platform;
electrochemical impedance spectroscopy; immunobiosensor.

1. Introduction

Heart failure (HF) is one of the fastest growing cardiovascular disorders (CVDs), since
approximately 1 million new patients are diagnosed with this illness every year (Jessup and



Brozena, 2003; Lee et al., 2012). HF occurs when the heart cannot provide enough pump
action to maintain an adequate blood flow, and it manifests in a number of symptoms such
as shortness of breath, leg swelling and exercise intolerance (Gullestad et al., 2012; Nymo et
al., 2014; Slaughter et al., 2010). To overcome the lack of donor organs, patients have been
implanted with some bioelectronic devices such as pressure sensors and left ventricle
assisted devices (LVADs). However, these clinical interventions result in increased risk of
triggering upregulated inflammatory cytokine levels (e.g. Interleukin 1 (IL-1), IL-6, IL-8,
IL-10, tumor necrosis factor o (TNF-a)) in blood and in saliva (Caruso et al., 2010;
Kaptoge et al., 2014).

Immunoaffinity column assay, fluorimetric and enzyme-linked immunosorbent assay
(ELISA) are amongst the traditional gold-standard techniques for the detection of CVD
biomarkers (Caruso et al., 2012, 2010; Maurer et al., 2010; Navarri et al., 2015; Ooi et al.,
2006; Soman et al., 2011; Watson et al., 2011). The two former techniques, although
accurate and sensitive, require highly specialized personnel and huge sample volumes for
analysis, since they are based on sophisticated instrumentation. On the other hand, ELISA is
relatively affordable in terms of cost and expertise, but is still handicapped by the large
amount of disposable material needed and for being time-consuming. Thus, there is an
urgent need for easy-to-use, real-time and yet highly sensitive and selective diagnostic tools
for early-stage detection of inflammatory biomarkers to enable rapid intervention and
improve the patients’ quality of life. In this light, biosensors present a low-cost, portable,
reproducible, rapid, sensitive and label-free alternative (Alcacer et al., 2017; Baraket et al.,
2016a, 2016b; Bellagambi et al., 2017; Benlarbi et al., 2012; Longo et al., 2016; Pui et al.,
2011; Qureshi et al., 2012; Sanchez-Tirado et al., 2017), being electrochemical biosensors
the most used among them (Kongsuphol et al., 2014). Several electrochemical biosensors
have been developed for the monitoring of inflammatory cytokines. Electrochemical
impedance spectroscopy (EIS) was used to detect IL-10 with a complementary metal oxide
semiconductor (CMOS) based biosensor, achieving a limit of detection of 0.1 pg/mL (Lee
et al., 2012). Similarly, a biocompatible and flexible biosensor based on gold
microelectrodes was developed to detect TNF-a by EIS (Baraket et al., 2011). Also in the
frame of TNF-o detection, Pui et al. developed an electrochemical impedance based
biosensor achieving detection limits of 1-100 pg/mL in cell culture medium (Pui et al.,
2013). A limit of detection of 10 pg/mL was achieved by Yin et al. by electrochemical
monitoring of micropatterned aptamer-modified electrodes (Yin et al., 2011). Liu and
coworkers reported electrochemical detection of TNF-0 in whole human blood with an
aptasensor, achieving a limit of detection of 10 ng/mL (Liu et al., 2013, 2012). On the other
hand, it has been reported from the clinical point of view that plasma levels of TNF-o for
HF patients in functional classes | to Il is 1.95 + 0.54, 2.63 £ 0.48 and 6.4 £ 1.9 pg/mL
(Feldman et al., 2000; Torre-Amione et al., 1996), respectively. These are high cytokine
levels compared to age-matched control subjects (0.75 + 0.05 pg/mL). Careful interpretation
of these results indicates that it is still difficult to meet detection limit requirements for
TNF-a with current biosensors and measurement systems, and even more to discriminate
between patient functional classes.

With all, most effort in the literature has been devoted to biosensor miniaturization, whereas
commercial potentiostats are still large in most cases, and also expensive and time-
consuming (Kaushik et al., 2014). Some trademarks have indeed commercialized portable
versions of potentiostats (CH Instruments, Inc., 2017; Gamry Instruments, 2017; Hormiangz



LLC, 2014; Zensor Research & Development, 2016). Table 1 summarizes some technical
specifications (focusing on impedance spectroscopy) of some of these portable and also of
classic potentiostats, which can be directly benchmarked against the prototype presented in
this work. Other characteristics such as geometry, weight and price are provided, as well as
the number of channels available (at the indicated price) for real-time measurements.
Overall, we are still far from meeting technical specifications such as frequency and voltage
range presented by all commercial potentiostats, although our prototype can perform well in
a variety of situations, as demonstrated hereinafter. Moreover, our prototype outperforms in
terms of weight, number of channels (compared to portable, commercially-available
potentiostats) and, most importantly, in terms of cost.

This illustrates the urgent need for low-cost miniaturized potentiostats that can be integrated
into point-of-care (POC) diagnostic tools (Boyd and Woolley, 2016; Chin et al., 2012;
Gomaa et al., 2016; Wang, 2006). In spite of the importance for this to be pursued, there are
few proposals on low-cost miniaturized potentiostats in the literature, and they are still not
easily embeddable into POC environments. In this context, Cruz and coworkers (Cruz et al.,
2014) proposed a low-cost miniaturized potentiostat based on a LMP91000EVM
commercial chip and a BeagleBone development board (Texas Instruments). The system
was customized to perform cyclic voltammetry (CV) measurements for electrochemical
immunosensing of cortisol, achieving a limit of detection of 1 pM. Here, the developed
potentiostat was fully described, yet no impedance measurements were reported, which is
indeed the issue at hand. In terms of portable impedance meters, Li et al. developed such an
instrument in combination with a 3D-printed USB-compatible sensor chip for the detection
of aflatoxins in rice. Here, the authors evaluated the performance of the developed device in
relation to a Zahner commercial station (ZAHNER-elektrik GmbH & Co KG, Germany) (Li
et al., 2016). A calibration curve showing the sensor impedance as a function of frequency
was presented, indicating that their system cannot achieve frequencies below 100 Hz. This
seriously compromises the versatility of the technique, hindering the use of the portable
electrochemical station to measure other biosensors, as important features may be visible
only at low frequencies. A more detailed system was presented by Yu et al. (Yu et al.,
2016). They came up with an electronic architecture including open-loop rectifiers in order
to determine absolute impedance values as well as two high speed complementary metal
oxide semiconductor (CMOS) comparators and a two-input XOR gate followed by a low
pass filter to measure impedance phases. However, only the absolute impedance versus
frequency was shown, achieving good accuracy in their results. One could deduce that
determining the impedance phase by hardware may not be the optimal approach. Another
drawback of this system is that, again, frequencies below 100 Hz cannot be achieved, thus
limiting its use in real-life biomedical environments. A very interesting approach was
presented by Zhang et al. (Zhang et al., 2016). Here, the authors embedded a miniaturized
commercial impedance analyzer (AD5933 from Analog Devices) into an integrated
platform controlled by an Arduino UNO board. They also developed a smartphone
application program and used a Bluetooth module to control the portable potentiostat. They
tested the device with biological samples, and succeeded in detecting bovine serum albumin
(BSA) at different concentrations. The main drawback was the limitation of the frequency
range, which was 10 Hz — 10 kHz. This range was indeed wider than the range in previously
cited works (Li et al., 2016; Yu et al., 2016), yet this may not be enough in some cases. As a
matter of fact, many diffusion processes at the electrode-solution interface become
important at low frequencies, i.e. below 10 Hz (Adachi et al., 2006; Bisquert et al., 2014,



1999; ter Heijne et al., 2015; Wang et al., 2005). Moreover, their system was customized to
perform one measurement at a time, and at some point this should be overcome for the sake
of immediacy and multiplexed monitoring of analytes.

In summary, the literature revised hitherto suggests that there are three main issues
regarding the performance of low-cost portable potentiostats that have not been properly
solved yet: (1) the expansion of the frequency range to low values, i.e. below 10 Hz (the
reader should note from Table 1 that this is not an issue in the case of most commercially
available miniaturized potentiostats, but they do not represent low-cost alternatives); (2) the
determination of the capacitive/inductive contribution to the sensor complex impedance
(magnitude and phase) and (3) the extension of the miniaturized electronic module to
perform parallel measurements. In the present work we intend to individually tackle these
issues. We developed a small and wearable potentiostat capable of measuring three-lead
electrochemical biosensors, based on a well-described electronic circuit topology (Ahmadi
et al., 2009, 2008). We designed some additional conditioning electronics to enable the
measurement of eight parallel biosensors for redundant and/or multiplexed analyte
detection, which is of crucial importance in some clinical and environmental scenarios
(Barzen et al., 2002; Li and Macdonald, 2016; Petryayeva and Algar, 2014; Wang et al.,
2015). Moreover, the developed potentiostat allows the user to choose between a pure DC
voltage signal for the sensor excitation (thus eventually permitting the performance of
cyclic voltammetry as well as amperometric measurements, amongst others) or a DC
voltage bias plus a small AC signal at a desired frequency (to perform electrochemical
impedance analysis). A graphical user interface (GUI) was also developed in MATLAB
R2012a (The Mathworks, Inc.) to enable total control over the device, thus permitting the
user to choose which of the eight biosensors to measure, or to measure all of them. The
portable potentiostat was tested and validated for the detection of TNF-a cytokines at
several concentrations in physiological medium, specifically within the range of 266 pg/mL
to 666 ng/mL. The authors would like to remark that, as documented previously in this
section, the latter is no clinically significant range, and it was chosen arbitrarily to illustrate
the performance of the reported potentiostat. Future work will involve the detection of
cytokines in real conditions, i.e. in blood and/or saliva in the case of TNF-a, and the
characterization of biosensors in terms of linearity, limit of detection, sensitivity and
specificity.

Table 1: Comparison of several commercial potentiostats with the presented prototype in terms of
orientative cost, geometry and specifications. Information missing in empty fields was not possible to
obtain.

Freq. Vv Size W x

(IUS'(E?) range range DxH W?ég)]ht Channels  References
Hz) (V) (cm’)
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Eectochemical - 100 . 34x16x 0 elektrik
Workstation 4x10° 37.6 GmbH & Co
KG, 2017)
(Ametek
13 10°- 51.4 x 40.6 Process &
Parstat MC 000 100 *19 Txas7 - 3 Analytical,
2015)

VMP3 100  10°- +10/ 49.5x46.5 20000 16 (Bio-Logic
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(Zensor
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ACIP100 8 500 10° +2 x 43 650 1 Development,
2016)
MicroAnalyzer 10 - (Hormiangz
160C 3200 10° +2.4 10x6.4x2.4 150 1 LLC, 2014)
13 10°- (CH
CHI660E 000 10° +10 36x24x12 5400 1 Instruments,
Inc., 2017)
10° - (Gamry
Gamry 1010E 8 000 10° +12 27%x24%6 3000 1 Instruments,
2017)
-1
Our prototype 300 1504' +25  12x7x2 70 8 This work

2. Experimental: materials, methods and electronic design
2.1 Reagents

4-carboxymethyl aryl diazonium (CMA), sodium nitrite (NaNQO,), hydrochloric acid (HCI)
37 %, N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide
hydrochloride (EDC), potassium ferrocyanide (Il), potassium ferricyanide (l11)
(Ks[Fe(CN)el/K4[Fe(CN)e]) and phosphate buffered saline (PBS) were purchased from
Sigma-Aldrich, France. All immunoreagents, i.e. TNF-o cytokines and anti-TNF-a
antibodies were purchased from R & D Systems, France.

2.2 Antibodies and cytokines preparation

Antibodies and cytokines were diluted in PBS buffer, aliquoted, and stored at -20 °C
following the protocol of the supplier. The TNF-a cytokines were aliquoted before EIS
measurements at three arbitrary concentrations: 266 pg/mL, 13 ng/mL and 666 ng/mL, and
stored at 4 °C. The anti-TNF-a antibody solution was aliquoted at 2.5 pg/mL in PBS.

2.3 Miniaturizing the biosensor. Gold WEs chemical modification

The fabrication and characterization of the miniaturized biosensor platform has been
previously described (Baraket et al., 2016a). Prior to CMA electroaddressing, the gold
working microelectrodes (WESs) surfaces were cleaned with ethanol in an ultrasonic bath for
10 minutes and dried under a gentle stream of nitrogen. The device was then placed under
UV/ozone for 20 minutes in order to remove all organic contaminants. In parallel, CMA (5
mM) was diazotated in an aqueous solution of HCI (20 mM) and NaNO, (20 mM) for 10
minutes at 4 °C. Then, four repetitive CV cycles between 0 V and -1 V were applied to the
gold WEs, with a scan rate of 100 mV/s. Afterwards, the anti-TNF-o. monoclonal
antibodies were covalently attached to the CMA-coated WEs by EDC/NHS (0.1 M)
crosslinking both at 0.1 M following a protocol available in the literature (Bellagambi et al.,
2017). All eight gold WEs were functionalized and measured after the same protocol.

2.4 Miniaturizing the potentiostat. Design and development of the electronic system



The electronic board that was designed and customized as a miniaturized potentiostat is
hereby described in two well-distinguishable parts: the digital and the analogue stages (Fig.
1a). The power supply stage is described in an additional section for the sake of legibility.
The digital stage includes two microcontrollers (UCs) for waveform generation, response
acquisition, optional further in situ signal post-processing and serial communication with a
computer and optionally with other modules. On the other hand, the analogue part includes
an electronic circuit topology based on operational amplifiers (OpAmps) and feedback
loops for measuring three-lead electrochemical biosensors. A GUI was developed in
MATLAB to help the user set measurement parameters such as frequency and voltage
amplitude, and for post-processing purposes. The GUI main window is shown in Fig. 1b
and further described in subsection 2.4.2.
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Fig. 1: (a) High level representation of the portable potentiostatic device, showing the interaction between the digital
and analogue stages. The green region comprises the electronic elements responsible for power supply. (b) The
graphical user interface and post-processing algorithms were developed in MATLAB. Here, measurement parameters
such as frequency, DC polarization and small AC amplitude can be introduced in the GUI main window. This
interface also allows for determination of positive/negative reference sign, and the user may choose between sensors
1-8 to measure the corresponding electrochemical impedance.

2.4.1 Power supply



A power supply stage is necessary to guarantee the correct operation of each active
component in the board (green region in Fig. 1a). Four low-power integrated chips were
required in the present approach. Regarding the digital stage, the MCP1603B (Microchip) is
a 2.0 MHz synchronous buck regulator that supplies both uCs with 3.3 V. Although the
analogue-to-digital and digital to analogue converters (ADC/DAC) are embedded in the
KCs, they require additional power supply in order to guarantee a stable voltage reference.
This was provided by the low-noise and low-power ADR4525 from Analog Devices. As for
the analogue part of the potentiostatic system, the LM1117 (Texas Instruments) linear
regulator and the TC962 (Microchip) high voltage DC-to-DC converter were used to have a
bipolar (5 V and -5 V) supply to the OpAmps.

2.4.2 Digital stage

In this section we will focus on the description of the digital part of the potentiostatic
system, which comprises the intercommunication of two uCs and the computer interface.
The PIC32MX795F512L (Microchip), PIC32 hereafter, is a 32-bit, 80 MHz, 1.56
DMIPS/MHz, M4K core with a five stage pipeline and Harvard architecture microcontroller
that was given the role of central control unit in the potentiostat. It was programmed to
interface a computer via its UART/USB peripheral. Simultaneously, the PIC32 was also
programmed to establish serial communication with an additional PIC24FJ128GC010
(Microchip), P1C24, microcontroller based on a serial peripheral interface (SPI) protocol. A
quick look at Fig. 1a reveals the role of each uC in the system. In this respect, the PIC24 uC
is responsible for waveform generation (sensor excitation) and acquisition of sensor’s
response for subsequent transmission to the PIC32. To do so, it includes a 10-bit DAC and a
16-bit ADC, respectively. This PIC24’s 16-bit ADC is optimal for acquisition in the present
application compared to the PIC32, whose 10-bit ADC could impede meeting the required
standards of resolution and thus precision. In addition, the PIC32 has no DAC, and thus an
external waveform generator would have been required. On the other hand, the PIC32
allows for better processing performance and data storage due to its 32-bit core. In situ
signal post-processing will be implemented in the future, and if only the PIC24 had been
included in the digital architecture, the need for further storage capacity would have arisen.
Furthermore, the use of two separate microcontrollers for signal processing and data logging
will eventually enable simultaneous measurement and data analysis with one device, which
will speed up the monitoring process. Appendix A in the supplementary information
includes a flowchart to illustrate the firmware implementation in both microcontrollers.

In parallel, a GUI was developed in MATLAB (1) to set voltage reference parameters and
(2) for post-processing of the acquired sensor response. The software implementation of the
GUI and processing algorithms is also described in Appendix A. Briefly, the first panel in
the GUI (Fig. 1b) allows for selection between positive or negative voltage reference
signals. Regarding the desired electrochemical analysis, a pure DC voltage or a DC plus
small AC signal is required. DC offset, AC amplitude and frequency need to be input by the
user. In the acquisition panel, WEs 1-8 may be selected for response acquisition and
plotting. Signal post-processing was done in the lock-in digital filter panel, where the
deduced amplitude and phase were shown for the chosen WEs. As an alternative approach,
the PIC32 could be programmed to autonomously generate the excitation signal and also to
perform the necessary post-processing steps in case no computer was available. This may be
useful in portable and autonomous lab-on-a-chip configurations, where the signal
processing would be done in situ and displayed on the lab-on-a-chip device. However, this



approach has a strong disadvantage: the reference voltage signal and frequency limits
should be fixed a priori, and changing them would imply the need for reprogramming the
board.

2.4.3 Analogue stage

First task in the analogue stage is to implement proper “Reference signal conditioning” (Fig.
2) electronics. As the DAC in the PIC24 uC works between 0 and 3.3 V, the reference
excitation signal is always generated in the positive voltage domain. Nevertheless, regarding
the intrinsic nature of the biosensor under study, the user may need a negative voltage. To
solve this, specific analogue circuitry was implemented in the electronic board. A switch
allows the selection between either an inverter circuitry of gain 1 to create a negative
reference from the positive one or a follower circuitry to maintain the positive reference. As
already explained in the previous section, the user just needs to select the “negative” option
in the DAC reference sign panel in the GUI (Fig. 1b). In the analogue circuitry of the
“Reference signal conditioning” stage, 1 nF decoupling capacitances were added to avoid
interferences. Moreover, an additional switch was added in order to choose between a DC
offset plus a small AC signal or a pure DC excitation signal. This once again is up to the
user and the electrochemical measurement required to be performed on the biosensor, and
needs to be indicated in the GUI. For instance, amperometry or cyclic voltammetry (CV)
require DC signals, whereas for electrochemical impedance spectroscopy (EIS) analysis,
small AC signals need to be applied to the sensor. As in typical three-lead electrochemical
cell configurations, the reference voltage is applied to the biosensor between the reference
(RE) and the working electrode (WE). In order to maintain this voltage constant, an
electrical current flows between the counter electrode (CE) and the WE. This is described in
the “Sensor excitation” stage in Fig. 2. Furthermore, a “Sensor response acquisition” stage
is needed in order to translate the aforementioned current flowing through the biosensor into
a measurable voltage. For this purpose, a transimpedance amplifier (T1A) configuration
with a feedback resistor Ry was used. Finally, and since the latter is an inverter
configuration, the final “Sensor response conditioning” stage consists of a unity gain
inverter configuration to obtain a positive voltage signal that can be digitalized by the ADC
in the PIC24 microcontroller. Fig. 3 shows the printed circuit board (PCB) of the
miniaturized potentiostat connected to the biosensor platform. It is worth mentioning that
stages 3 to 5 were implemented eight times in the board, since the biosensor array included
eight integrated WES. This was useful for performing eight measurements in parallel either
for detecting different analytes or to study the repeatability of one single measurement.

Throughout the analogue stage, several OpAmps were employed. These can be sorted into
two groups, regarding the technical specifications required for each of them. The OpAmp
used in the “Sensor excitation” stage (labelled as OA2 in Fig. 2) was the LPC662 (Texas
Instruments). The only requirement at this stage was that the OpAmp had high enough input
impedance (> 1 TQ in the present case, which is achieved by an ultra-low input bias current
of 2 fA), so that it could measure sensors with arbitrarily high impedance; otherwise, it
would modify the measured sensor impedance. It should be noticed that the rest of OpAmps
in the other stages act as voltage followers or as TIAs, and thus they require maximum
precision in order to guarantee the output at the OpAmps. These were labelled as OA1 in
Fig. 2, and the AD8672 from Analog Devices was chosen in this case. Here, the OpAmp’s
maximum precision is achieved due to a low input impedance that prevents any external
undesired frequency to be coupled to the signal.



It is worth mentioning that the response signal may not be clean enough to properly deduce
the sensor’s impedance features. Possible noise sources may arise from (1) the biosensor’s
intrinsic nature, (2) undesired instabilities of certain electronic components in the
potentiostat at some frequencies, (3) the coupling of the network’s electrical noise (50/60
Hz and corresponding harmonics), (4) instabilities in the acquisition stage, etc. Indeed,
oscillations due to instabilities of the TIAs in the circuitry at certain frequencies were
detected due to the capacitive nature of the systems to be measured. Open-loop gain of
operational amplifier-based circuitry with feedback such as the one we are dealing with is
frequency-dependent, and from Barkhausen stability criterion, oscillations appear if the TIA
circuit does not have sufficient phase margin (Bhat, 2012). The latter may be achieved by
adding a bypass capacitor Cs (Fig. 2) in parallel with the feedback resistance, Rs. The values
of R and Cs need to be regulated regarding the effective impedance of the sensor. Here,
values of 150 kQ and 1 uF were enough to cover the whole range of measured impedances.

Sensor Sensor response  Sensor response
excitation acquisition conditioning

, Negative reference
4

}
\ 5 kQ
s | N
\ b
1
1
Positive reference = 0Al | 0A1
Reference signal Reference signal
generation conditioning

Fig. 2: Schematic of the electronics behind the portable potentiostat, including five main different stages: (1) the
“reference signal generation”, to choose between pure DC signal or DC bias plus small AC voltage; (2) the “reference
signal conditioning” to select the sign of the voltage signal excitation; (3) the “sensor excitation” stage including a
three-lead connection to an electrochemical cell (EC); (4) the inverter “sensor response acquisition” stage to
transform the sensor response current to a measurable voltage, and finally, (5) the “sensor response conditioning” as a
signal adaptation stage before ADC acquisition. OpAmps labelled as OA1 correspond to AD8672, whereas OA2
corresponds to LPC662. The feedback impedance Z; can be calculated as a function of adjustable C; and Ry.
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Fig. 3: Manufacturing details of the PCB and the biosensor array. Several electronic components are indicated in the
top and bottom views of the PCB. The potentiostatic circuits for the different channels are labelled as 1-4 (top view)
and 5-8 (bottom view). Regarding the rest of the elements, A) is the PIC32 microcontroller; B) is the UART
connector for PC communication; C) is the external power supply; D) is the 10-pin connector for the biosensor array;
E) is the RJ-11 connector to program the microcontrollers; F) is the data bus; G) is the LM1117 voltage regulator; H)
is the MCP1603B voltage regulator; 1) is the ADR4525 stable voltage reference; J) is the PIC24 microcontroller and
K) is the TC962 voltage regulator.

2.4.4 Signal processing and extraction of parameters

The digital implementation of a lock-in amplifier was used to extract the sensor response
signal within a known carrier wave, the frequency of which was fixed by the excitation
signal. Once the sensor response is known, i.e. the amplitude and phase shift of the acquired
periodic signal, the determination of the sensor impedance just involves an R¢C; feedback
gain, as explained in section 2.4.3. From careful circuit analysis of Fig. 2, the following
expression for the sensor impedance as a function of known parameters can be deduced:

Vref(wrt + q)r)
Zy =

= et Y (1)
Vour(wrt + ¢5) "

where Z; is the complex feedback impedance, V..f(w,t + @) is the voltage reference
signal and V,:(w,t + @) is the response of the sensor to the reference excitation. Note
that the frequency of the sensor response should be the same as the reference signal’s, with
an additional phase and gain accounting for the intrinsic nature of the sensor. However, due
to interferences and additional noise, extra frequencies mask the desired and pure response.
Equation 1 is true under the assumption that the equivalent solution resistance is negligible



compared to the equivalent polarization resistance of the biosensor. The lock-in amplifier
method consists in extracting the characteristic parameters (sensor response amplitude, V%,
and phase shift with respect to reference signal, Ap = ¢, — ¢,) of the response to a single-
frequency well-defined excitation signal (reference) in an extremely noisy environment
(Burdett, 2005; Scofield, 1994). The lock-in filter is mathematically described in the
Appendix B supplementary file.

2.5 System validation and performance

Having implemented the basic potentiostat as well as the necessary compensation circuitry,
we proceeded to the calibration of the device. The validation process was performed with
known SMD electrical components simulating Randles equivalent circuits (Lasia, 2002;
Randles, 1947). A system composed of 1.5 kQ in series with the parallel of 1 nF and 150
kQ was used as a proof of concept (equivalent circuit shown as inset in Fig. 4). Nine
frequencies were taken between 100 mHz and 10 kHz, and the impedance magnitudes as
well as phases were deduced and compared with the theoretical values from impedance
analysis, as shown in Fig. 4. A sinusoidal AC signal of 500 mV peak-to-peak amplitude
with a DC offset of 1 V was used for the calibration of the device. The results shown in Fig.
4 demonstrate the applicability of the developed potentiostat in terms of frequency range
and also the power of the lock-in digital filter to discriminate the impedance magnitude and
phase.

The integrated biosensor array was first electrochemically characterized with a commercial
VMP3 multichannel potentiostat (Biologic-EC-Lab, France). All the experiments were
carried out at room temperature in an aqueous solution of 5 mM K;[Fe(CN)s]/K4[Fe(CN)g]
in PBS buffer at pH 7.4. CV was used to characterize the bare gold WEs, to electroaddress
the CMA coatings and finally to characterize the CMA-modified WEs. EIS with
commercial potentiostat was performed onto bare gold WEs and after each step of
functionalization: after CMA deposition, after antibody modification and at three cytokine
concentrations. After each EIS spectrum performed with the commercial potentiostat, the
data were fitted by EC-Lab software. Extraction of EIS parameters gave enough information
to optimize the feedback elements in the portable miniaturized potentiostat.
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Fig. 4: Bode plot of the equivalent circuit shown in the inset as a proof of concept, showing both theoretical and
measured impedance (magnitude in Q and phase in radians), from 100 mHz to 10 kHz.

3.  Results and discussion



3.1 Diazonium-antibody immobilization onto gold WEs

Fig. 5a shows the voltammogram corresponding to the electroaddressing process of CMA
deposition onto gold WEs. It consists of an initial broad and irreversible cycle with a peak
potential at -0.8 V, which corresponds to the reduction of diazotated CMA onto the bare
gold WEs surface. The immobilization of this salt was also confirmed by a difference in the
shape of CV before and after gold modification, as can be observed in Fig. 5b. A huge
decrease in peak-to-peak intensity corresponding to reduction/oxidation of
Ks[Fe(CN)e]/K4[Fe(CN)s] on the electrode surface is observed as a result of a large
passivation area in the microelectrodes.

1 ' T T T 10 T ¥ T v T T
OF ] [ Bare gold T
[ (2) | s (b) |

—_— '5 = - —_
g < of -
— 10} ] = | [ .
! 5} modified gold |
-16}F . i
1 N 1 N 1 _10 1 . 1 M 1 N
-1,0 -0,5 0,0 0,0 0,2 0,4 0,6
E,. vs. Ag/AgCl sat. (V) E,. vs. Ag/AgCl sat. (V)

Fig. 5: Cyclic voltammetry showing (a) CMA deposition onto gold WEs. Four repetitive scans were performed at
100 mV/s from 0 V to -1 V vs. integrated Ag/AgCI. (b) Difference in voltammogram shapes between bare gold and
CMA-coated gold WEs. These were performed at a scan rate of 50 mV/s from 0 V to 0.5 V vs. integrated Ag/AgCl
reference electrode.

3.2 Cytokine detection by EIS with.commercial potentiostat

EIS was performed with the commercial potentiostat to characterize each functionalization
step. The measurements were taken in PBS buffer solution of 5 mM Ks[Fe(CN)gl/
K4[Fe(CN)¢] at pH 7.4 for all WEs. Fig. 6a shows Nyquist plots of all steps performed on a
representative WE. First semicircle corresponds to CMA-coated gold WE, which is
considerably bigger than the bare gold WE Nyquist plot, shown as inset. The second
semicircle corresponds to the immobilized anti-TNF-o antibodies. Prior to cytokines
incubation, the electrodes were rinsed abundantly with PBS to remove possible remaining
electrolyte solution from the sensitive layer. The biosensor was then immediately immersed
in a 266 pg/mL solution of TNF-a cytokines for 30 minutes incubation at 4 °C. It is of
crucial importance to perform this step as carefully and fast as possible, in order to prevent
denaturation of the immobilized antibodies. Afterwards, the unbounded cytokines were
removed by abundant rinsing with PBS, and EIS was performed. The corresponding
Nyquist plot proves for antigen-antibody recognition. These steps were repeated for
subsequent increasing cytokines concentration (13 ng/mL and 666 ng/mL), providing the
corresponding increase in electrochemical impedance, as shown in Fig. 6a.

3.3 Cytokine detection by EIS with miniaturized potentiostat



From the Nyquist plots shown in Fig.6a it can be deduced that the maximum impedance
variation between subsequent steps was measured in the frequency range of 1-10 Hz. Thus,
the portable electronic board was programmed to perform impedance measurements in such
frequency range. The measurements were taken immediately after those with the
commercial device. Results are shown as a Bode plot in Fig. 6b. The relation between the
absolute impedance at 1 Hz measured by the portable and the commercial potentiostats is
shown as a linear calibration plot in Fig. 6¢.

We demonstrated that our device can perform electrochemical impedance spectroscopy at
frequencies as low as 100 mHz, and also that the lock-in digital filter is useful for
discrimination of impedance amplitude and phase, as shown in Fig. 4. In the present case,
frequencies above 10 kHz are tricky, especially when the sensor impedance achieves very

. . . . Z
low values. In such cases, the device response is saturated, for the system total gain is Z—f A
S

solution to this could be lowering |Zs|, at the risk of a possible noise coupling at low
frequencies. Thus, the most efficient solution would be the implementation of a digital
feedback resistor selector, e.g. a multiplexer. This will be considered in future work.
Moreover, the implementation of fitting functionality in the MATLAB based GUI will be
also addressed in the future, in pursuit of self-contained software to account for important
electrochemical parameters measured by this compact and total autonomous miniaturized
impedance analyser.
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Fig. 6: (a) Nyquist (a) and Bode amplitude (b) plots showing the detection of varying TNF-a concentration measured
with the commercial station and the developed potentiostat, respectively. In both cases, an increase in polarization
resistance with increasing steps in the functionalization procedure, i.e. from bare gold, CMA-coated gold and anti-
TNF-a antibody to cytokines interaction, can be clearly appreciated. (c) Linear calibration curve showing the relation
between the absolute impedance at 1 Hz measured by the portable and the commercial potentiostats.

4. Conclusions

A low-cost and miniaturized potentiostat was designed, developed and interfaced with a
miniaturized and integrated biosensor array to perform electrochemical impedance analysis
at a critical frequency range. The potentiostat prototype was sized 12 x 7 x 2 cm®, weighed
70 g and had an approximate manufacturing cost of 300 USD. The electronic board design
is flexible enough to leave a door open to completely autonomous operation and to the
application of several electrochemical techniques, such as amperometry, cyclic voltammetry
and electrochemical impedance spectroscopy, and future steps will consider remote data



transmission through Internet connection. Impedance spectroscopy is one of the most
precise techniques, and it provides detailed characterization of label-free biosensors. Our
electronic device was tested on anti-TNF-a-immobilized over CMA-modified gold
microelectrodes for the detection of TNF-o cytokines at several concentrations. Surface
modification and antibody functionalization of gold electrodes were measured with the
portable device, which also successfully discriminated between three concentrations of
TNF-a cytokines. We measured impedance absolute values in the range of few hundreds
kQ, features that are comparable to those obtained with the VMP3 commercial impedance
analyzer. Our approach succeeds in fixing some of which we consider important issues
reported in the literature, such as the performance of measurements at low frequencies
(below 10 Hz), the determination of the sensor’s contribution to its complex impedance and
the performance of eight parallel measurements for multiplexed analyte detection or for
single measurement redundancy. The results suggest that the developed device could be
useful and easily embeddable in POC environments.
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Highlights

e There is an increasing demand for miniaturized biomedical and environmental sensor
systems for point-of-care (POC) applications.
e A self-contained microelectrode-based biosensor array integrated with a portable,
miniaturized and parallel-screening potentiostat is presented.
e A digital post-processing stage based on a lock-in filter was implemented and an easy-
to-use graphical user interface (GUI) was developed in MATLAB.
e Electrochemical impedance measurements were performed on functionalized
microelectrodes for the detection of TNF-a cytokines as a proof of concept.
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e A digital post-processing stage based on a lock-in filter was implemented and an easy-
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microelectrodes for the detection of TNF-a cytokines as a proof of concept.





