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a b s t r a c t

Wireless chemical sensors are used as analytical devices in homeland defence, home-based healthcare,
food logistics and more generally for the Sensor Internet of Things (SIoT). Presented here is a battery-
powered and highly portable credit-card size potentiostat that is suitable for performing mobile and
wearable amperometric electrochemical measurements with seamless wireless data transfer to mobile
computing devices. The mobile electrochemical analytical system has been evaluated in the laboratory
with a model redox system – the reduction of hexacyanoferrate(III) – and also with commercially
available enzymatic blood-glucose test-strips. The potentiostat communicates wirelessly with mobile
devices such as tablets or Smartphones by near-field communication (NFC) or with personal computers
by radio-frequency identification (RFID), and thus provides a solution to the ‘missing link’ in connectivity
that often exists between low-cost mobile and wearable chemical sensors and ubiquitous mobile com-
puting products. The mobile potentiostat has been evaluated in the laboratory with a set of proof-of-
concept experiments, and its analytical performance compared with a commercial laboratory po-
tentiostat (R2¼0.9999). These first experimental results demonstrate the functionality of the wireless
potentiostat and suggest that the device could be suitable for wearable and point-of-sample analytical
measurements. We conclude that the wireless potentiostat could contribute significantly to the ad-
vancement of mobile chemical sensor research and adoption, in particular for wearable sensors in
healthcare and sport physiology, for wound monitoring and in mobile point-of-sample diagnostics as
well as more generally as a part of the Sensor Internet of Things.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Wireless chemical sensors (WCSs) are analytical devices that
combine chemical sensing ability with integrated wireless data
transfer. They are particularly suited to mobile and wearable ap-
plications where size, weight, power consumption, battery lifetime
and connectivity are key factors beyond pure analytical perfor-
mance. These multiple factors especially come into play where
chemical or biological analytes are monitored directly on the body
with wearable devices [1], or are measured in-situ in the field [2]
or at the point-of-sample with mobile devices [3]. Thanks to the
many practical advantages gained from ease-of-use, wide-area
coverage, and mobility; specialist wireless chemical sensors are
being developed for wearable diagnostics [4], homeland defence
[5], environmental monitoring [6], food quality [7] and agriculture
[8]. The deployment of mobile WCS systems forms a part of the
wider trend in vanguard–rearguard analytical strategies [9].
NFC, near-field communica-
things
: þ385 1 4829 064.
Our research group is developing wireless chemical sensors
and systems for mobile and wearable applications based on the
near-field communication (NFC) standard [10]. The platform has
inputs compatible with the most common (bio)chemical sensors,
including optical, conductometric and electrochemical sensors.
The novelty of these devices is their intrinsic small size, low-cost,
portability and the ability to seamlessly communicate by NFC or
radio-frequency identification (RFID) with standard mobile com-
puting devices such as Smartphones, tablets and personal com-
puters, Fig. 1. The value of this approach is that the ubiquitous
phone, tablet or computer becomes the instrument, providing
computational power, a user interface, a display and higher-level
connectivity (Bluetooth, Wi-Fi, and GSM). And in turn, the wireless
chemical sensor node which is worn on the body, carried in a
pocket, or deployed in a room or in a field remains small, light-
weight, mobile, low-cost, highly energy efficient, but yet autono-
mous and networkable. Integration of an NFC interface into the
chemical sensor thus provides low-cost seamless connectivity for
the WCS to readily available digital mobile computing products.
The specific advantages of RFID/NFC as a communications tech-
nology for mobile sensing have been described in detail elsewhere
[10,11].
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Fig. 1. The wireless potentiostat system illustrated with a glucose test-strip (biosensor) as an exemplary sensor. The biosensor electrodes are conditioned by the potentiostat
and the electrochemical current signal is autonomously sampled, digitised and logged to memory, facilitating mobile measurements. Digital data is transferred wirelessly by
near-field communication (NFC) to mobile computing devices (Smartphone and tablet) or by radio-frequency identification (RFID) to a personal computer for off-line
analysis.
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We have previously reported on NFC/RFID-enabled electro-
chemical devices for ethanol vapour sensing [12], for pH and
cations [6,13], and most recently a smart bandage for wound
status monitoring [14]. The platform has also been used with
optical chemical sensors for pH [15] and potassium ion [16]. Here
we present a mobile potentiostat for amperometric electro-
chemical sensors. Wearable and mobile electrochemical sensors
are in development by various research groups [1,2,17,18], and of
the common electrochemical measurement techniques available
for reading such sensors, chronoamperometry (current–time
measurement) is a convenient and widely used methodology that
the new potentiostat supports. For healthcare, personal well-
being and sport physiology applications, non-invasive biofluids
such as saliva, sweat or tears that contain electroactive species
are all viable matrices for the system, and potential substrates
might include lactate, oxygen, glucose, norepinephrine, nicoti-
namide adenine dinucleotide (NAD) and hydrogen peroxide [18].
Lactate has been measured by chronoamperometric methods
with enzyme modified electrodes in most of the easily available
(i.e. non-invasively acquired) biofluids [19–21]. Moreover, wear-
able sensors have multiple uses beyond ambulatory biometrics
and diagnostics, in particular, for monitoring the ambient mi-
croenvironment of the user [22]. An interesting example of am-
bient environment sensing was recently demonstrated with a
wearable enzyme electrode for scuba divers [23]. This miniature
chronoamperometric system indicates when the concentration of
toxic phenolics in the surrounding seawater has exceeded a
threshold by illuminating an indicator worn on the diver's neo-
prene suit.

The wireless potentiostat presented here facilitates the contact-
less connection of low-cost amperometric electrochemical sensors to
ubiquitous mobile computing devices. The potentiostat has been
designed, built and subsequently evaluated in the laboratory with
proof-of-concept chronoamperometric experiments, initially with
potassium ferricyanide in solution as a model redox system and
latterly in a series of tests with commercial blood-glucose test-strips.
The analytical performance of the system has been compared side-
by-side with a laboratory potentiostat.
2. Materials and methods

2.1. Potentiostat with RFID/NFC interface – design

The electronic circuits of the potentiostat and its RFID/NFC inter-
face were designed to fit on a credit-card sized circuit board
(8�5�1 cm3) using computer-aided schematic capture and printed
circuit board design tools (EASY-PC Professional v13, Number One
Systems Ltd., UK). Printed circuit boards were fabricated from stan-
dard FR4 materials and populated with surface mount components
(RAK Printed Circuits Ltd., UK). The potentiostat nodes communicate
wirelessly with a commercially available PC-based RFID reader con-
nected to a USB serial port (HF Development Kit, IDS-Microchip AG,
Switzerland). The reader is supplied with software that allows easy
set-up of the nodes prior to each experiment (e.g. to set the sample
acquisition rate) and to request and manage the transfer of data from
a node to the computer after each experiment. Details of the node
circuit design are as follows. A low-power analogue potentiostat was
designed frommicropower integrated circuit amplifiers (OPA336 and
INA333, Texas Instruments Inc., Dallas, TX) in a classic transimpe-
dance amplifier configuration [24]. The potentiostat allows connec-
tion of two working electrodes in a differential configuration and also
connects to a reference and counter electrode, so supports 2-, 3- or
4-electrode cell configurations. The working electrodes' potential is
set with respect to the reference electrode with a variable resistor,
and can be set over a range from �325 to þ900 mV. The tran-
simpedance of the INA333 amplifier is 50 kΩ so that the analogue
output voltage of the potentiostat, Vout, is given by the expression
Vout¼(iwrk1� iwrk2)�50 kΩwhere iwrk1 is the current measured at the
primary working electrode and iwrk2 is the current measured at the
secondary working electrode. The analogue output voltage, Vout, is
converted to a digital word by a 10-bit analogue-to-digital converter
contained within the RFID/NFC microchip. The wireless interface of
the node was designed around an RFID transponder microchip
(SL13A, IDS-Microchip AG, Switzerland, since acquired by ams AG,
Austria). The interface operates at 13.56 MHz in the high-frequency
radio band, and is compliant with the ISO15693 radio-frequency
identification (RFID) standard. It is also compatible with Android
near-field communication (the NFCv standard). The transponder
microchip contains a 10-bit analogue to digital converter (ADC), to
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which the analogue output of the potentiostat, Vout, was connected.
This allows the difference current signal to be digitised at a pre-de-
termined sampling rate, and the resulting digital current–time data
stored to memory. Each sample acquisition with the ADC takes ap-
proximately 5 ms, and the sample interval can be programmed with
the PC software to occur at intervals from 1 sample/s to one sample
in 32,768 s. In all experiments, current–time data was measured,
digitised and logged autonomously by the mobile potentiostat and
then transmitted wirelessly by RFID to a personal computer for off-
line analysis in MS-Excel.

2.2. Experimental

All reduction experiments with hexacyanoferrate(III)
[Fe(CN)6]3� (104973, Merck Millipore, Germany) were conducted
in a conventional three electrode cell. A gold disc electrode (Au,
diameter 1 mm) was used as working electrode and platinumwire
and Ag/AgCl electrodes were used as counter and reference elec-
trodes respectively. The Au electrode was polished with Al2O3

powder with different particle sizes (1 and 0.25 mm). Subsequent
to the mechanical polishing, the electrode was chemically cleaned
by immersion in Piranha solution for 5 min (V(H2O2,
30%):V(H2SO4, conc.)¼1:3; hydrogen peroxide and sulphuric acid
were from Kemika, Croatia) and electrochemically in 0.1 M HClO4

(109605, Merck Millipore, Germany) between 0 and 1.5 V vs. the
reference electrode until a stable voltammogram was obtained. All
chemicals were of analytical grade and all solutions were prepared
with deionised water (Milli-Q water purification system, Merck
Millipore, USA). The experiments were performed at room tem-
perature after the initial solutions had been deaerated with ni-
trogen gas for 10 min. The electrodes were connected to the node
with crocodile clip connectors. After each experiment the recorded
data was wirelessly transferred to a PC for analysis in MS-Excel. All
experiments performed with the node were repeated in-
dependently on a laboratory potentiostat (Model 264A, Princeton
Applied Research, USA) connected to a computer running com-
mercial electrochemical software (EG&G PowerSuite) sampling at
a rate of 10 samples/s. The latter system provided reference
measurements for correlation with experimental data acquired by
the node.

2.2.1. Hydrodynamic reduction of [Fe(CN)6]
3�

The node was set to record one sample every 3.5 s, and a re-
duction potential of �100 mV vs. the reference electrode was
applied to the working electrodes. Ten mL of the supporting
electrolyte (0.01 M KCl, Kemika, Croatia) was placed in a glass
electrochemical cell and the solution continuously stirred by
magnetic stirrer. Five successive 100 mL aliquots of 10 mM
[Fe(CN)6]3� were added at 5 min intervals, and the resulting I–t
response at the primary working electrode logged by the node.
The experiment was independently repeated on a laboratory po-
tentiostat. All experimental raw data was smoothed in MS-Excel
with an unweighted moving average (least squares) low-pass filter
with a 70 s data window (corresponding to 20 data points for the
node and 700 data points for the laboratory potentiostat) [25]. The
final current for each concentration of hexacyanoferrate(III) was
calculated from the mean of the recorded data between t¼230
and 300 s after addition of each aliquot. The experiment was re-
peated two further times, and a mean current determined for each
concentration of [Fe(CN)6]3� .

2.2.2. Diffusion controlled reduction of [Fe(CN)6]
3�

Diffusion controlled measurements were performed by pro-
gramming the node to record one sample every 1.2 s and setting a
reduction potential at the working electrodes of �100 mV vs. the
reference electrode. The electrodes were then disconnected from
the node. A 100 mL addition of 10 mM [Fe(CN)6]3� was added to
10 mL of the supporting electrolyte (0.01 M KCl). After the addi-
tion, the solution was stirred for 1 min followed by 15 s of (un-
stirred) equilibration time. At this point the node was connected to
the electrodes and allowed to log data for 3 min, after which the
recorded data was wirelessly transferred to the PC. The first 70 s of
data from the 3 min recording was plotted in MS-Excel. The same
procedure was then repeated for four more sequential additions of
100 mL of 10 mM [Fe(CN)6]3� . The experiment was independently
repeated on a laboratory potentiostat.

2.2.3. Glucose determination
Accu-Cheks Performa glucose test-strips (06454011, Roche

Diagnostics GmbH, Germany) were obtained from a local dispen-
sing pharmacy in boxed lots of 50 pieces. During experiments
individual test-strips were connected to the node with micro-clip
connectors, with the counter and reference electrode connections
of the node short-circuited together. The voltage between the
working and counter/reference electrodes was set to þ300 mV. A
0.1 M phosphate buffer solution (pH¼7.39) was prepared by dis-
solving disodium hydrogen phosphate dihydrate and sodium di-
hydrogen phosphate dihydrate (Kemika, Croatia) in deionised
water. Buffered glucose solutions (c¼0.1, 0.3, 1, 2, 3, 4, 6, 8 and
10 mM) were prepared by dissolving D-(þ) glucose (47829, Sig-
ma-Aldrich, USA) in the phosphate buffer solution. The experi-
mental protocol was as follows: the amperometric node (con-
nected to a glucose test-strip) was set to record one sample every
1.2 s. After 1 min of logging to acquire a baseline, the sample inlet
port of the test-strip was lightly touched to a 5 mL droplet of
buffered glucose solution which had previously been dispensed by
pipette on to a hydrophobic (glass) surface. After allowing the
glucose solution to wick into the test-strip by capillary action, the
test-strip was placed horizontally on the bench and the node was
allowed to log data for an additional 3 min, after which time the
recorded data was transferred wirelessly to a PC for analysis.
3. Results and discussion

3.1. Potentiostat with RFID/NFC interface – performance

Our approach to the development of wireless chemical sensor
nodes is to endow the chemical sensor with a low-cost seamless
digital interface that is machine readable. This strategy is designed
to enable inexpensive mobile WCSs to connect with ubiquitous
consumer products such as Smartphones, tablets and computers.
In this work, a battery powered WCS potentiostat has been suc-
cessfully developed with an RFID/NFC wireless interface. The RFID/
NFC standard was developed for the purpose of connecting simple,
low-cost, low data-rate devices (ID tags, smartcards, contactless
credit cards etc.) to electronic networks. Unlike other short-range
wireless standards often used for WCSs such as Wi-Fi, Bluetooth
[8,22] and ZigBee, NFC can be implemented in the simple device
without need for a microprocessor, memory, a radio transmitter or
battery [10]. This keeps the cost, complexity, size and power
consumption of the WCS to a minimum. The potentiostat is the
size of a thick credit card (80�50�10 mm3) so is highly portable
but also wearable and fits easily into a pocket or ID badge holster.
It has connections on the input side suited to amperometric bio-
sensors or to the electrodes of any electrochemical cell as de-
monstrated in this work. The node was found to accurately mea-
sure, convert and store amperometric (current) signals as digital
words with a linear calibration relationship Dword¼0.0871iþ
551.18 (R2¼1) where Dword is the stored digital value and
i¼ iwrk1� iwrk2. Digital data was transferred to a personal computer
by RFID for analysis. In laboratory conditions at room temperature
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the mobile potentiostat operated from a 3 V lithium coin cell with
a quiescent current of less than 100 μA, rising to 200 μA during a
sample acquisition that takes 5 ms to complete. Transmission of
data to a PC by RFID or a Smartphone by NFC does not consume
any additional battery power since data is sent by passive near-
field modulation of the receiving device's 13.56 MHz carrier wave.
The input range of the potentiostat was determined as 75400 nA
and found to be linear over measured current values from 15 to
4394 nA. The least significant bit of the ADC which is equivalent to
the maximum achievable resolution was found to be 11.5 nA, and
the limit of detection (LOD) of the potentiostat was 715 nA. The
potentiostat was able to perform chronoamperometric reduction
and oxidation experiments with excellent correlation to a labora-
tory potentiostat (R2¼0.9999) as demonstrated below.

3.2. Hydrodynamic reduction of [Fe(CN)6]
3�

The well known redox system [Fe(CN)6]3�þe�-[Fe(CN)6]4�

was used to characterise the chronoamperometric function of the
node in hydrodynamic controlled experiments [26]. Different
concentrations of hexacyanoferrate(III) in solution were measured
in the range from 100 to 500 μM in stirred buffers in a 3-electrode
cell. Chronoamperograms (current–time response) were measured
with a laboratory potentiostat (A) and with the wireless po-
tentiostat node (B), Fig. 2. Each step corresponds to an addition of
100 mL of 10 mM [Fe(CN)6]3� . The plot of final mean reduction
current against [Fe(CN)6]3� concentration was found to be linear
as expected for this concentration range (i¼0.0033cþ0.1334,
R2¼0.999, where i¼reduction current in mA and c¼concentration
of hexacyanoferrate(III) anion in mM), Fig. 2 inset. Experimental
repeatability was calculated from the standard deviation of the
data as indicated by error bars, and was found to be better than 5%.
Correlation with the laboratory potentiostat showed excellent
agreement between the two instruments (y¼0.9155xþ0.0084,
R2¼0.9999).
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3.3. Diffusion controlled reduction of [Fe(CN)6]
3�

Chronoamperograms obtained for the diffusion controlled re-
duction of [Fe(CN)6]3� are shown, Fig. 3. Cottrell equations to
describe the transient current response from the experimental
data could not be determined with high accuracy because of the
limited sample acquisition rate of the potentiostat node (1 sample
every 1.2 s). It was however observed that the current equilibrates
after a set time period, and the final steady state current could be
used as the analytical parameter. The final current was therefore
computed as the mean of 20 data points around t¼60 s. The re-
lationship between the final steady state current and the
[Fe(CN)6]3� concentration was found to be linear, Fig. 3 inset.

3.4. Glucose sensing experiments

After demonstrating the functionality of the amperometric
node in diffusion controlled experiments, its performance was
evaluated with glucose test-strips. The test-strips are commer-
cially available enzymatic biosensors in which the electrochemical
reaction is also diffusion controlled. The strips were connected to
the potentiostat node in a 2-electrode configuration (working-
electrode with a common counter/reference electrode) and used
to determine glucose concentration in physiological buffers over a
range of 0.1–10 mM glucose. Because commercial glucose test-
strips are produced in large batches with close manufacturing
tolerances they have good intra-batch reproducibility. The Accu-
Cheks Performa strips work by catalysing the oxidation of D-
glucose to D-glucono-1,5-lactone in the presence of the co-enzyme
pyrroloquinoline, which is simultaneously reduced [27]. The
chronoamperometric response of different test-strips connected to
the node upon exposure to buffered glucose solutions was de-
termined, Fig. 4. Similar to the diffusion controlled reduction of
[Fe(CN)6]3� , the final steady state current was taken as the ana-
lytical parameter measured at a set time after applying the glucose
solution to the test-strip. The final current was calculated as the
mean of 20 data points recorded between t¼156 s and t¼180 s
after wicking of the glucose solution. The experiment was re-
peated six times (with 6 different test-strips) for each glucose
concentration to generate a calibration curve, Fig. 4 inset. Re-
gression analysis confirmed the data to be linear, and the best line
fit was thereafter used as a multi-point calibration function for the
batch (i¼62.155c(glucose)þ10.993, R2¼0.9991 where i is the
oxidation current in nA and c(glucose) is concentration in mM).
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This demonstrates the steady-state linearity of the system over the
physiologically relevant range up to 10 mM glucose. The precision
of the biosensor measurement system was calculated by one
standard deviation from the mean final current, as indicated with
error bars, Fig. 4 inset. The standard deviation was less than 19 nA
over the measured range, which in terms of glucose concentration,
calculated from the batch calibration function, is equivalent to less
than 0.3 mM. The limit of detection (LOD) was 0.18 mM glucose
calculated using the mþ3s methodology.
4. Conclusion

A wireless amperometric potentiostat has been presented that
offers a solution to the ‘missing link’ in wireless data connectivity
that exists between simple low-cost mobile and wearable chemi-
cal sensors and powerful ubiquitous computing products (Smart-
phones, tablets, and computers). By providing a seamless digital
interface, the new potentiostat could assist in the commercial
realisation and widespread adoption of wearable and mobile
electrochemical sensors. The potentiostat is semi-autonomous and
operates as a stand-alone chronoamperometric data logger, with
data analysis performed externally on the Smartphone, tablet or
computer. The instrumental and analytical performance of the
potentiostat has been evaluated in the laboratory and the results
confirm the device is suited to mobile, wearable and point-of-
sample sensor applications. In addition to a series of classical so-
lution-based reduction experiments, the potentiostat has been
shown to function with commercial enzyme-based amperometric
biosensors, which is an important step toward the practical rea-
lisation of textile wearable sensors [28] and wearable electro-
chemical sensors in general [1,18,21,23]. We stress that in this
work we have not undertaken to address the many complex
challenges surrounding wearable sensor design, least of all sample
collection, sample delivery (to the sensing surface), and sensor
fabrication and durability. We do however present a viable solu-
tion for the ‘missing link’ in connectivity that will allow simple
analogue chemical sensors to interface seamlessly with ubiqui-
tous mobile computing products. The system has recently been
demonstrated with a smart bandage biosensor for monitoring the
status of chronic wounds [14].

We conclude that the wireless potentiostat could contribute
significantly to the advancement of mobile chemical sensor re-
search and adoption, in particular for wearable sensors in
healthcare and sport physiology, for wound monitoring and in
mobile point-of-sample diagnostics [29] as well as more generally
as a part of the Sensor Internet of Things.
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