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ABSTRACT
This paper presents the design of a wireless portable and multichannel potentiostat for remote monitoring in enclosed environments for long-
time applications. In this paper, the proposed potentiostat is tested for monitoring the glucose concentration during the fermentation of yeast
in real time for more than 24 h. The potentiostat is powered by a USB-connected battery and operated through a Bluetooth using a LabVIEW
designed data monitoring and control panel. The potentiostat is capable of performing cyclic voltammetry or chronoamperometry on six
biosensors simultaneously and gives the real-time response using Bluetooth connection. The potentiostat has a common counter electrode
and reference electrode connection to all biosensors and independent working electrodes for all biosensors. The potentiostat was tested
and validated by comparing the results obtained by a commercial potentiostat. The tests performed for monitoring the glucose concentration
during the fermentation process showed a current detection limit of 180 nA and reported a standard deviation of ±2% for anodic and cathodic
current peaks for cyclic voltammetry measurements when compared with the commercially available device. This study enables the novel
method of monitoring the fermentation process wirelessly for days.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5137789., s

I. INTRODUCTION

Monitoring of metabolites is of prime importance in medi-
cal diagnostics, and also in the industrial field for many purposes.
In the medical field, the difficulty of sensing small quantities of
containments present in biological fluids threatens the health of
millions of people as they are associated with the causes of var-
ious dangerous diseases. In order to address the problem, many
efforts have been directed in the domain of genomic research, elec-
tronics, and biomaterials and have discovered thousands of protein
biomarkers for disease detection before the occurrence of symptoms
via miniaturized biosensors.1,2 Of the many techniques presently
available for metabolite detection, the potentiostat offers the most
promising solution without compromising the accuracy, sensitiv-
ity, and quality of the result. Instead, it overcomes the barriers and
limitations offered by the conventional currently available options
to run electrochemical analysis by enabling us to run tests on a
small quantity of samples and also eliminates the need of highly
trained laboratory professionals. Furthermore, unlike the traditional

methods/approaches, such as laboratory assays, the use of a poten-
tiostat has also been reported to yield results more rapidly without
consuming an ample amount of time and requiring minimal sam-
ple preparation. Therefore, potentiostat design has a wide range
of applications in long term monitoring of electrochemical pro-
cesses3,4 and analysis of various analytes present in minor quantities
in biological fluids.5

Several potentiostats have been proposed in the literature
with different features to overcome different issues in many
applications. For example, in Ref. 6, the complexity of elec-
trode arrangement employed in electrochemical analysis can be
reduced by implementing computer controlled multichannel poten-
tiostats. Moreover, multi-electrode, multi-array biosensor, and mul-
tichannel, hybrid-multiplexed potentiostat designs were proposed
to improve the efficiency.7–15 To further miniaturize the electro-
chemical systems on chip devices,16 the design of a multichannel
very large scale integrated (VLSI) potentiostat was presented.17–24

Likewise, to meet the need of on-site diagnosis wireless data
transmission, portable designs were demonstrated. Additionally, a
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USB-controlled/USB-powered portable potentiostat2,25–33 and a dis-
posable device design34 with printed batteries were also presented.
However, each of these pioneering designs has different issues that
lead to difficulties in a continuous real-time monitoring for a long
time. For example, they have the capability to retrieve data on-site,
yet only display one data point at a time, and therefore, later, they
require the use of an external personal computer (PC) to view all
data at once and perform analysis. Some designs store data with-
out display and later upload the data to a PC through an RS-232
connection, whereas other designs restrict simultaneous analysis of
electroactive enzymatic products.

Among the wide range of industrial applications of potentio-
stat design in long-term monitoring of electrochemical processes,
the fermentation process is the most common and of prime eco-
nomic importance as it produces vinegar, wines, lactic acid, and
many others.3,4 Some organic compounds are yielded as an end
product of the catabolic process of incomplete oxidation called
fermentation. This process is carried out in an anaerobic atmo-
sphere and produces low molecular weight organic acids (acetic
acid, lactic acid, butyric acid, etc.) or low molecular weight alco-
hols (propanol, methanol, or ethanol) depending on factors, such
as the substrate, culture medium, and the type of microorgan-
ism.35,36 The monitoring and control of this type of bioprocess
are vigorously studied due to its economic importance in produc-
ing vinegar, wines, lactic acid, and many others.3,4 The ethano-
lic fermentation processes involve the transformation of sugars
(mainly glucose, fructose, and sucrose) into ethanol and carbon
dioxide. Among several other types of microorganisms, yeast Sac-
charomyces cerevisiae is mostly used in many traditional biotech-
nological fermentation processes because of its tolerance to rela-
tively high concentrations of ethanol and good performance. These
types of fermentation processes are frequently used in bread mak-
ing and the production of several alcoholic beverages,37 where a
continuous monitoring of the microorganism’s activity is neces-
sary to improve the quality of the final product and to avoid waste
conditions.

Enzyme-mediated oxidation–reduction processes take place
simultaneously during fermentation; this enhances the usage of
the electrochemical analysis technique as a strong tool for char-
acterization of fermentations and ethanolic fermentations in par-
ticular.3,4,37,38 Amperometric detection is used for quantification
of molecules, such as fructose and glucose, which are involved
in the ethanolic fermentation. This method usually uses enzymes
as recognition elements using high selectivity conferred by these
macromolecules; in addition, it allows the possibility of mon-
itoring molecules of non-electroactive species, such as fructose
or glucose.3,4,37–39 Different types of techniques, such as elec-
trochemical CO2 probes,40 optical fiber refractometry, density
determination using flexural oscillators, and ultrasound tech-
niques,41 are proposed to measure the amount of CO2 released
during fermentation in order to monitor sugar consumption
by yeasts.

Several electrochemical systems used for determination of glu-
cose and electrochemical monitoring of ethanolic fermentation are
reported in the literature;1,42–46 these examples include commer-
cial kits, which are used on a laboratory scale using screen-printed
electrodes modified with a carbonaceous material. The detection
depends on the electrochemical oxidation reaction of NADH, which

occurs at a potential where the components of the kit do not gener-
ate current signals even in the presence of a fermentation medium.47

In addition, Piermarini et al. discussed a procedure for regulating
the consumption of fructose and glucose in real time.4 However,
the drawback of this technique is that it needs construction of a
biosensor, which uses glucose oxidase as a bio-receptor. Impedance
spectroscopy has also been employed to monitor the growth of yeast
cell online.48 In line with this, Perez et al.49 discussed a method,
which could measure changes in the resistance of yeast cells for real-
time monitoring of fermentation by measuring the CO2 produced
during the procedure. The major drawback of this method is that
it is an offline method, which means that it is mandatory to extract
the medium from the fermentation tank. Additionally, this method
needs temperature compensation as the temperature is uncontrol-
lable during the assay. The time of measurements of the experi-
ments conducted by Perez and co-workers was 200 h, which allowed
the production of yeast by fermentation. They measured relatively
high frequency in the medium resistance (Rm), which increases the
signal-to-noise ratio. In addition, Zamora et al.50 proposed work
to follow the sugar consumption in yeast. This procedure is based
on the change in medium resistance (Rm), which is induced by
bubbles of CO2 produced during the process of fermentation. How-
ever, considering that approximately 90 min is the duplication time
of Saccharomyces cerevisiae in rich medium,51 80 min, which is
nearly closer to 90 min, is the duration of experiments conducted,
which indicates that, in their assay, the yeast cells do not grow
significantly.

The proposed potentiostat allows overcoming the previously
explained issues of the systems reported in the literature. The
aim of this research work is a wireless, low-cost, multichannel
potentiostat for continuous electrochemical analysis performance
for long time using potentiodynamic electrochemical methods
(chronoamperometric technique or cyclic voltammetry technique).
Moreover, Bluetooth connection is used in replacement of RS-232
connection for data transfer for wireless communication. Addi-
tionally, the proposed design is portable and battery operated, and
it can transfer data wirelessly up to 100 m providing compara-
ble accuracy with those reported in the literature for this type of
application.

II. POTENTIOSTAT DESIGN
The proposed multielectrode potentiostat is based on a clas-

sic three-electrode arrangement (Fig. 1). These three electrodes in a
potentiostat are labeled working electrode (WE), reference electrode
(RE), and counter electrode (CE).52,53 Figure 1 shows a schematic
representation of the voltammetric method of potentiostat, where Rf
is used as a gain control resistance for current to voltage converter,
and OP1 represents a control amplifier.

Figure 2 shows the block diagram representation of the pro-
posed system. The system is divided into three major parts: (1)
biosensors, (2) potentiostat unit, and (3) data acquisition unit. In
order to make the system portable and to be able to place it inside
the incubator, a USB-powered solution was implemented, which not
only removes the use of additional circuitry used for battery charg-
ing but also minimizes the effect of noise generated because of the
buck and boost circuits.
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FIG. 1. Schematic representation of the potentiostat.

FIG. 2. Block diagram of the multichannel potentiostat.

A. Biosensor
The proposed system is capable of interfacing with most of the

screen-printed biosensors in standard of 3-electrode configuration.
The biosensors can be clamped directly to the potentiostat by means
of an amphenol functional configuration identification Framatome
Connectors International (FCI) clincher connector, and therefore,
no soldering process is required. Furthermore, this solution per-
mits us to reduce the noise generated by cables used to connect
the sensors. In this research, two different commercial biosensors,
(1) DS110 and (2) GLU10, both from DropSens have been connected
and used without highlighting any problems.

B. Potentiostat unit
The system uses ATmega 2560 as a core microcontroller, con-

trolling all the functionality of the potentiostat. The microcon-
troller is an 8-bit AVR device with high-performance and low-power
requirement, and it operates with the supply voltage of 4.5–5.5 V.
The microcontroller is responsible for operating DAC (Digital to

Analog Converter), bipolar ADC (Analog to Digital Converter), and
Bluetooth for communicating with LabVIEW. The opamps used for
are TLC2264 (Texas instrument) in dual power supply mode; they
have a low offset voltage, typically 950 μV Max at 25 ○C and low
input bias current typically 1 pA, and also the output current of
opamp is ±50 mA, making it a great choice for interfacing with
ADC and used to design the potentiostat circuit. The opamp used
for I–V was LF356N from Texas instrument, powered with dual
power supply with adjustable gain. This opamp has input noise of
12 nV/

√
Hz and input current noise of 0.01 pA/

√
Hz. It offers a

low input bias current (30 pA) with low offset current (3 pA), it
also has a high input impedance (1 × 1012 Ω) with high CMRR
(100 dB), and the IC has a fast settling time (1.5 μs) with a slew
rate of (12 V/μs) making it the best choice for current to voltage
converter.

Figure 3 shows the printed circuit board (PCB) layout of the
multichannel potentiostat system, where each portion of circuit
is represented separately. The DAC integrated in the potentiostat
as the main signal generator unit is AD5752, commercialized by
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FIG. 3. PCB system layout of the multichannel potentiostat. Red arrows show the direction of data flow.

Analog Devices. This DAC is 16 bit with dual supply; it has an out-
put range of ±5 V with integrated reference buffer and a maximum
settling time of 10 μs. The DAC can be programmed by LabVIEW
interface to generate an output ramp voltage with the scan rate

range defined by the user. The output generated by DAC leads to
the redox reaction on the biosensors, and the output currents can
be measured through six independent current to voltage converter
channels by means of six LF356N ICs. The voltage generated by

FIG. 4. LabVIEW data acquisition platform.
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I–V is bipolar, and therefore, a bipolar ADC is used (AD7656); this
ADC has six independent bipolar channels with 16 bit resolution
and throughput rates up to 250 kbps, and the selection of ADC was
thoroughly carried out by considering the requirement of the cur-
rent study, which is to independently read all six analog channels at a
higher speed (250 kbps) with a higher bit rate (16 bits) and using the
selection criteria evaluated in the previous study.53 The microcon-
troller controls the data conversion from ADC and simultaneously
transfers the received data to the readout unit via Bluetooth. The
compact system can perform simultaneous cyclic voltammetry on
all six channels and transfer the data to the data acquisition plat-
form in real time. The selection criteria of each component are thor-
oughly evaluated and explained in greater detail in our pre-requisite
study.53

C. Data acquisition unit
The portable system uses Bluetooth RN41 from Microchip

Technology, which serves as a main communication platform, where
real-time data are transmitted over the range of up to 100 m
to the receiving unit. The data baud rate of the RN41 Bluetooth
module is 115 200, and the data transfer rate is 300 kbps. The
receiver unit is equipped with the LabVIEW data acquisition plat-
form. LabVIEW receives the data from Bluetooth in HEX format
for all the channels in a single stream, which are further sep-
arated and converted back into current data generated by each
biosensor; LabVIEW also records and plots the current to volt-
age graph of each channel. Figure 4 shows the front panel of
the LabVIEW data acquisition platform during the experimental
session.

III. OPERATION ANALYSIS
To validate the operations of this multichannel, portable poten-

tiostat system, several tests were performed using fixed resistance
(3.5 kΩ) and fixed supply voltage to obtain quantitative results

related the current detection limits and noise of the system. These
tests also validated the accuracy over time and response time. A
constant voltage of 0.6 V, which is the operating range of our
cyclic voltammetry, was applied for 120 s to six fixed resistances
representing the sensors, and the currents were measured through
the readout unit simultaneously. Figure 5(a) shows the comparison
results between the actual resistance and the measured resistance,
which shows 99% significance among the values with the maximum
standard deviation of 2.7%.

Another test was carried out measuring the current on a fixed
resistance (3.5 kΩ) with a constant applied voltage (0.5 V) over a
period of 1 h. The experimental results showed no drift and a stan-
dard deviation of about 0.053 kΩ. The experimental results of these
two tests demonstrate that the system is able to correctly measure
currents through resistance values, which are within the limits of
sensor chip resistance (0.34–6 kΩ), with an accuracy of about 99%.
Furthermore, in Fig. 5(b), the signal to noise ratio, when tested in
the operating frequency range of the system (10 mHz to 50 Hz), is
reported. The tests showed a signal to noise ratio between 180 dB and
145 dB, which have been computed using TINA software regardless
of the input sensor chip [Fig. 5(b)]. These tests also gave information
about the current detection limits of the system, which is of about
180 nA.

A. Electrochemical measurements: Cyclic
voltammetry and chronoamperometry

Figure 6 shows the cyclic voltammetric studies carried out
on the proposed potentiostat when compared with a commercial
potentiostat (Palmsens3, commercialized by Palmsens BV) using
potassium ferrocyanide solution as a redox reference solution. To
compare the results of cyclic voltammetry, both potentiostats were
operated under the same conditions. DropSense sensors (DS-110)
were used as electrodes, and each sensor was introduced with
50 μl of 100 mM potassium ferrocyanide solution at 50 mV/s in
the potential range of −0.6 V to 0.6 V. Figure 6 shows the cyclic

FIG. 5. (a) Testing of the multichannel potentiostat with simultaneous current measurement with different resistances at fixed voltage and (b) signal to noise ratio of the I/V
converter with a FB (feedback) resistance of 3.9 kΩ.
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FIG. 6. Cyclic voltammetry comparison of the portable and Palmsens potentiostats.
MulPOT (blue) shows the cyclic voltammetry of K3Fe(CN)6 on the multichannel
portable potentiostat, whereas Palmsens (orange) shows the cyclic voltammetry
of K3Fe(CN)6 on the Palmsens potentiostat.

voltammetry results of the proposed potentiostat and Palmsens
potentiostat. To avoid variations in voltammetry results, the third
cycle of cyclic voltammetry results is reported for both platforms.
The anodic and cathodic peak current for the Palmsens system is
174 μA and 155 μA, whereas the anodic and cathodic peak current
for the proposed system is 176 μA and 157 μA, showing the overall
deviation of 2 μA.

To further investigate the operating performance of the pro-
posed potentiostat, 50 μl of 5 mM ferrocyanide electrolytic solution
was used on DropSense (DS-110) sensors, and the cyclic voltamme-
try results (third cycle) were recorded when a voltammetry input of
different scan rates was applied on the solution. Figure 7 shows the

cyclic voltammetry results of ferrocyanide solution obtained at dif-
ferent scan rates (16 mV/s, 40 mV/s, 150 mV/s, 200 mV/s, and 250
mV/s). The inset of Fig. 7 shows the linearity of the anodic peak
current, which increases with increase of scan rates with 99% sig-
nificance and an overall standard deviation of 1.75% for all the scan
rates.

In order to investigate further the performance of the pro-
posed potentiostat, tests on chronoamperometric quantification of
different concentrations of glucose (25–500 mM) were conducted
simultaneously on six different electrodes. Distilled water is used as
reference/blank. A 50 μl solution was dropped directly on the sen-
sor, and so no stirring is required during the test. In these tests,
DropSens screen-printed electrodes modified with enzyme glucose
oxidase (GLU10) were used with a fixed potential of 0.1 V, which
is similar to the potential proposed in the sensor (GLU10) data
sheet applied on the counter electrode. Figure 8 shows that the
stationary current was obtained after 50 s of the applied signal
as reported in the literature. Each point in the graph is an aver-
age of 100 stationary current points. The log of the current in
chronoamperometric is plotted for precise and better understand-
ing of the current behavior. No passivation or fouling was observed.
The results confirm that the current is a function of increasing glu-
cose concentration governed by the Cottrell equation,54 Current
= 0.0042∗(Glucose Conc.) + 1.9735 with R2 = 0.9819 showing 98%
significance and an overall standard deviation of 2% of the obtained
current against the glucose concentration with 0.71 μM of limit of
detection.

IV. CASE STUDY: MONITORING GLUCOSE
CONCENTRATION DURING FERMENTATION PROCESS

To measure the glucose concentration during the fermentation
process for a long time without altering the temperature of the exper-
iment, a lab-based study was conducted in an incubator using the
proposed potentiostat. In these tests, screen-printed sensors con-
taining glucose oxidase as enzyme were used to react with glucose
molecules.

FIG. 7. Cyclic voltammogram of 5 mM
ferricyanide at different scan rates. The
inset shows the theoretically expected
linear relationship of peak current and
square root of scan rate.
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FIG. 8. Analysis of glucose concentration
over time with a constant applied voltage
of 0.1 V.

A. Materials and methods

Disposable screen-printed electrodes modified with the enzyme
glucose oxidase (ref. GLU10) intended for the determination of glu-
cose in liquid samples were used. Each electrode was extended to the
sensor chip by a standard size male to female metal (silver) connec-
tor to which an Amphenol FCI clincher connector is attached. Seven
solutions were prepared, out of which one was the control solution.
Six different solutions were prepared with different concentrations
of yeast inside each solution. The total volume of each solution is
6 ml containing 2 ml of glucose (500 mM concentration) and 4 ml,
3 ml, 2 ml, 1 ml, 0.5 ml, and 0.1 ml of yeast (commercially avail-
able yeast used for alcohol fermentation), and distilled water having
w/v % = 50 g/100 ml, whereas the control solution contains 2 ml of
glucose (500 mM) and distilled water with a total volume of 6 ml.

This glucose oxidase enzyme reacts with glucose molecules result-
ing in generation of electrolytes, which then reacts with potassium
ferrocyanide, i.e., the first layer of sensor resulting in generation of
current equivalent to the concentration of glucose.

Since the multichannel potentiostat supports six channels for
simultaneous monitoring of the solution, the experiment was con-
ducted in two phases, the first phase had four solutions with yeast
concentrations of 4 ml, 3 ml, 2 ml, and control solution, and the
second phase also had four solutions with yeast concentrations of 1
ml, 0.5 ml, 0.1 ml, and control solution. Figure 9 shows the experi-
mental setup, where a Panasonic incubator (MCO-170AIC-PE) was
used with a set temperature of 28 ○C, each test tube was mounted
horizontally on the shaker bed (IKA-VIBRAX-VX9) with 250 rpm,
and the glucose sensor was mounted through the cap of the test
tube and thoroughly sealed. The whole system was placed inside the

FIG. 9. Experimental setup, which con-
tains an incubator, setup of test tubes,
shaker bed with test tubes fixed on it, and
LabVIEW environment for wireless data
monitoring and control of the potentiostat
system.
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FIG. 10. Measurement of the glucose
concentration over time during fermenta-
tion of yeast.

incubator along with the incubator circuit equipped with long range
Bluetooth and high capacity battery bank (14 000 mA h) to power
the circuit for more than 30 h on a continuous cyclic voltammetry
assessment.

B. Measurement of glucose concentration over time
The goal of the designed device is to operate autonomously

with wireless data transmission for a period of 24 h. Therefore, the
test regarding the monitoring of the fermentation process aiming
at verifying the capability to operate autonomously with wireless
data transmission for a period of 24 h. In this regard, the current
study monitors the glucose concentration via chronoamperometry,
which has been adopted as a preferred method for glucose concen-
tration monitoring as reported in prior studies.55–57 Figure 10 shows
the results obtained during the period of 25 h of continuous mon-
itoring. The electrodes were left untouched during the complete
course of experiment, i.e., 25 h. The graph trends in Fig. 10 show
the behavior of glucose concentration consumed by yeast over 25 h
measured by chronoamperometry. Every measurement was carried
out over a different electrode with continuous stirring for 25 h. In
Fig. 10, an abrupt decreasing behavior of glucose concentration can
be observed in the first 5 h, which is due to the increased growth of
yeast under favorable conditions of temperature and glucose. For the
remaining 20 h, the graph trends show low growth rates and almost
linear behavior. According to the experiment, 4 ml yeast solution
shows a substantial decrease of 70 mM/h (0.348 μA/h) in the con-
centration of glucose during first 5 h, which gives the total growth
rate of yeast as 0.251 ml/h. Similarly, for the remaining samples,
growth rates are 0.235 ml/h, 0.192 ml/h, 0.132 ml/h, 0.0816 ml/h,
and 0.019 ml/h for 3 ml, 2 ml, 1 ml, 0.5 ml, and 0.1 ml of yeast,
respectively.

V. CONCLUSION
In this paper, we proposed a multichannel, portable potentio-

stat for biomolecule detection, capable of performing cyclic voltam-
metry and chronoamperometry for a long time. The proposed sys-
tem can operate all six channels simultaneously, and it is capable
of performing cyclic voltammetry and chronoamperometry in the
range of ±5 V with variable scan rates ranging from 1 mV/s until 250

mV/s with the minimum current detection limit of ±180 nA. Fur-
thermore, we successfully verified the performance of the proposed
system by comparing the proposed potentiostat with a commercially
available potentiostat. The comparison of the proposed device with
the gold standard device has shown an accuracy above 98%. Fur-
thermore, the system has therefore been tested in various operating
situations, and all the experiments were carried out in triplets and
have shown a standard deviation of less than 2%. Therefore, the
experimental results show the performance and accuracy of the pro-
posed potentiostat comparable to the commercial ones. In addition,
the proposed potentiostat is a low-cost solution with high porta-
bility, and it has an advantage of interfacing multiple biosensors,
with a large range of Bluetooth operability (100 m). The portable
system has been used to effectively monitor the glucose concentra-
tion during the fermentation process for a long time under constant
temperature conditions. The obtained results show the behavior of
glucose concentration during the fermentation process demonstrat-
ing the feasibility of a multichannel analysis and remote monitoring
for a long time.
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