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Abstract—Focusing on the interplay between interface chem-
istry, electrochemistry, and integrated electronics, we show a
novel low-cost and flexible biosensing platform for continuous
glucose monitoring. The amperometric biosensing system features
a planar three-electrode structure on a plastic substrate, and
a wireless NFC-powered electronic system performing sensor
analog front-end, A/D conversion, digital control, and display
tasks. The working electrode is made of electropolymerized poly
(3,4-ethylenedioxythiophene) film onto a polyethylene terephtha-
late/gold electrode followed by immobilization of cross-linked
glucose oxidase by glutaraldehyde. The advantages offered by
such a device, including low-cost materials and instrumentation
as well as the good sensitivity of 9.24 pA/(mM - cm?) are
promising tools for point-of-care monitoring. It is demonstrated
that the devices are good candidates for the development of
advanced sensing approaches based on the investigation of the
noise produced during operation (fluctuation-enhanced sensing).

Index Terms— Amperometric sensors, biosensors, chemical
and biological sensors, conductive films, polymer films, remote
sensing, thick film biosensors.
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I. INTRODUCTION

HERE are currently about 422 million people with dia-

betes worldwide as reported by the World Healthcare
Organization with more than 80% living in low- and middle-
income countries [1]. The increase of diabetes worldwide
is leading to the growth in the sales of glucose mon-
itoring devices, which is generating the demand for the
global self-monitoring blood glucose devices market. There-
fore, the development of flexible, improved, low-cost sensing
devices capable of performing glucose measurements in the
clinical range will have an enormous impact on a significant
portion of the human population for the future generations.

Since the first introduction of continuous glucose mon-
itoring, back in 1974 [2], there is an ever growing
interest in cheaper, faster and more reliable monitoring
methods.

Electrochemical biosensors have played a major role mov-
ing towards Point of care (POC) glucose testing due to their
simple measurement principle, the possibility to integrate the
full signal processing on a chip, inexpensive instrumenta-
tion, and miniaturization [3]-[6]. In addition, flexible plastic
electrochemical sensors are promising for wearable and con-
formable electronics, electronic skin and tissue-integrated
sensing as they enable the production of precise sensitive
diagnostic devices featured by portability, disposability and
low cost. Among them, the amperometric glucose biosen-
sors are poised to play a leading role in continuous blood
glucose monitoring owing to its simplicity and easy-to-use
methodology [7], [8].

Two critical challenges in the fabrication of plastic amper-
ometric glucose biosensors for wireless-powered systems are:
i) the design of suitable enzymatic biosensor interface of
the working electrode and ii) the electronic sensor analog
front-end (AFE) for electrochemical cell read-out and con-
ditioning of the signal generated by the biosensor amper-
ometrically. As far as the biosensor interface design is
concerned, conducting polymers have already been used as
electrocatalysts in electrochemical sensors [9]; examples of
flexible amperometric glucose biosensors have been demon-
strated using paper, cellulose, and polymers [10], [11].
Poly(3,4-ethylenedioxythiophene) (PEDOT) is widely used
for glucose sensing applications as it is a biocompatible
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conducting polymer and exhibits better stability of its con-
ductivity than polypyrrole [12], [13].

The choice of the enzyme immobilization technique onto the
transducer surface is also a crucial step. Methods for enzyme
immobilization include physical adsorption, electropolymer-
ization, covalent bonding, entrapment, Langmuir-Blodgett
films, layer-by-layer assembly and cross-linking [14], [15].
The latter provides high protein stability with strong protein
linkage to the surface, but it may result in a decrease of
enzymatic activity [16].

Few papers report on PEDOT used as conducting com-
ponent for amperometric glucose sensing with crosslinked
agents [9], [17]. Kakhki er al. [9] studied cross-linking of
poly(methylene blue) modified PEDOT layers on a glassy car-
bon electrode with various cross-linking agents for ascorbate
and glucose sensing. They showed that the use of glutaralde-
hyde (GA) as cross-linker led to higher glucose sensitivity
values with respect to others like glyoxal, epichlorohydrin, and
carbodiimide-N-hydroxysuccinimide. Wisitsoraat et al. [17]
reported on graphene-PEDOT:polystyrene sulfonic acid
(GP-PEDOT:PSS) modified screen-printed carbon electrode
for electrochemical detection of glucose with a sensitivity of
7.23 uA/mM narrow linear dynamic range of 20-900 uM.
However, the development of cross-linked PEDOT-bioreceptor
interfaces for continuous glucose monitoring still remains a
challenge.

The integration of the biosensing device with sensor AFE
and electronics may allow accurate measurement, processing
and wireless communication of the acquired data, paving the
way toward multi-functional electronic systems that embed
(bio)chemical sensors, microfluidics, and biocompatible mate-
rials for POC applications. Several design options for sensor
AFE, data acquisition, and signal processing are possible [18].

Potentiostat circuits are widely adopted in electrochemical
sensors read-out for glucose monitoring devices in diabetes
management applications [19]. Different architectures for the
implementation of a potentiostat circuit are generally used,
depending on the specific use-case: for instance, most archi-
tectures work with unidirectional currents, from either reduc-
tion or oxidation reaction occurring at the working electrode,
others are best suited for low power consumption, or to achieve
relatively high signal to noise ratio, etc. [20]. Three-electrode
electrochemical sensors have been reported, coupled with
electronic circuits in order to build a system with conditioning
and read-out functionalities [21].

In this work, we show a novel glucose-sensing device
consisting of a planar three-electrode system on a flexible
plastic foil coupled with a conditioning, read-out, and interface
electronics which operates to measure glucose concentration
in the blood clinical range. The working electrode is composed
of a polyethylene terephthalate/gold (PET/Au) electrode mod-
ified by electropolymerization of 3,4-ethylenedioxythiophene
(EDOT), followed by cross-linking immobilization of glu-
cose oxidase via glutaraldehyde bifunctional linkers. The
amperometric biosensor is integrated with a versatile circuit
architecture, suitable to detect both oxidation and reduction
currents and which allows low power consumption for
wireless-powered applications. At the same time, it gives a
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good read-out accuracy and low limit of detection (LOD),
guaranteed by the low offset voltage of the operational ampli-
fiers. Furthermore, we report the design and development of
a wireless-powered system in which the potentiostat plays a
crucial role in the sensor conditioning and interfacing. Finally,
in order to investigate the feasibility of the application of
Fluctuation Enhanced Sensing (FES) techniques [22], [23] to
the amperometric sensor we developed, we designed a very
low noise potentiostat; we report on the very encouraging
results we have obtained, that may be regraded as a first step
toward the realization of future generation, highly sensitive
and selective sensor systems.

II. MATERIALS AND METHODS
A. Chemicals

Anhydrous D-glucose (VWR  Chemicals), AgNO3
(J.T. Baker), ferrocene and phosphate buffer solution
(PBS, pH 7.4) (both Alfa Aesar) were used as received.
3.4-Ethylenedioxythiophene (97%), LiClO4 (97%), Glucose
oxidase (GOx; from Aspergillus niger Type VII, lyophilized
powder, > 100,000 units/g, solid), ascorbic acid,
glutaraldehyde (25%), acetonitrile, NaCl, KCI, HNOs,
and ethanol were purchased from Sigma Aldrich and used
without further purification.

B. Electrochemical Apparatus

Electrochemical electrode depositions were performed with
a Potentiostat/Galvanostat (Metrohm Autolab PGSTAT 128N)
using two different cell electrode modes. The two-electrode
mode was used for the electrochemical preparation of quasi-
reference electrode (RE), where graphite rod was used as
counter electrode and gold layer evaporated onto PET sub-
strates was used as working electrode, respectively.

Three electrode mode was used for sensor working electrode
fabrication, where graphite, Ag/AgCl (3.5 M KCl, Hanna
Instruments) and gold layers were used as a counter, ref-
erence, and working electrodes, respectively. All potentials
were reported with respect to Ag/AgCl (3.5 M KCl) reference
electrode unless otherwise indicated. Sensor electrochemical
measurements were performed with electronics designed in
this work.

C. Sensor Microfabrication

The amperometric planar electrode platform used in the
present study consisted of the rectangular working electrode
(WE; 2 mm x 18 mm) placed in between quasi-reference
electrode (2 mm x 18 mm) and the L-shaped counter electrode
(CE; long arm: 22 mm; short arm: 7 mm; width: 2 mm)
deposited onto the flexible PET substrates [24]-[26]. The
dimensions were chosen so as to reach a compromise between
the fabrication method we exploited and the noise generated
by these electrodes. Indeed, the electrodes are large enough
to be fabricated by evaporating gold through a shadow mask
available from a laboratory workshop. However, they are also
small enough to provide the best sensor stability and lower cur-
rent noise. Moreover, we kept the working electrode area at ca.
10 mm?. In fact, as Kubersky er al. [27] reported, increasing
the working electrode area above 15 mm?, doubling the size
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CEWERE Wax  Ag/AgCl PEDOT
| ‘ Y

PET |— — — — —

GOX-GA

SO S1 S2 S3 S4 S5

Fig. 1. Multi-step preparation of electrodes. SO: a flexible PET slab is cut
in the desired dimensions (15 mm x 25 mm). S1: using a custom mask,
Au vapor is deposited to form 3 electrodes, namely counter electrode (CE),
working electrode (WE) and quasi-reference electrode (RE). S2: paraffin
wax is applied to separate the active sensor area. S3: Ag (and then AgCl)
are electrodeposited over RE. S4: PEDOT is electropolymerized onto WE.
S5: GOx is cross-linked via GA onto PEDOT.

causes a threefold increase in the generation-recombination
noise, and decreases the stability of the sensor. Hence, the
smaller the electrode area, the better the stability of the sensor
and the lower the noise level. The fabrication procedure is
illustrated in Fig. 1.

Prior to Au vapor deposition, the PET substrates
(15 mm x 25 mm) were ultrasonically cleaned using acetone
and distilled water for 5 min (each bath); see Fig. 1, SO. To fab-
ricate electrode template, gold metal layers (50 nm) were
patterned onto PET support by vacuum evaporation through a
shadow mask using high purity gold (99.9985%, Alfa Aesar)
in a K975X Turbo Evaporator (Quorum Technologies) under
vacuum (10_5 mbar); Fig. 1, S1. After the gold deposition,
a thin layer of paraffin wax was deposited onto the platform
to separate electrode contact area from working area, leaving
an active area of the WE of 0.1 cm?.

To fabricate quasi-reference Au/Ag/AgCl electrode,
Fig. 1, S3, Ag electroplating was performed from 0.3 M
AgNO3 solutions in 0.1 M HNO3 by applying a constant
voltage at —0.9 V for 600 s, followed by electrochemical
chloridization in 0.5 M NaCl solution by applying a constant
voltage of 0.5 V [28].

The electropolymerization of PEDOT was then carried out
at room temperature in 0.0l M EDOT monomer solution
and 0.01 M LiClOy4 as counter ion in acetonitrile, selectively
plating the exposed surface of WE (Fig. 1, S4). Polymerization
was achieved applying a fixed potential of 1.4 V (referred to
as polymerization potential) vs. Ag/AgCl for a period of ca.
120 s. Prior to enzyme immobilization, 2 uL of 10 mM
ferrocene in ethanol was deposited onto the reaction region
of the electrode surface and then the electrodes were dried at
room temperature. In our setup, ferrocene acts as a mediator
between PEDOT and GOx. The enzyme immobilization was
achieved by cross-linking of GOx with GA onto PEDOT. For
the enzyme immobilization, 100 uL of GOx enzyme solution
(50 mg/mL) in 0.1 M PBS (pH 7.4) was mixed with 20 uL
of 2.5% v/v GA cross-linking solution. The mixed solution
(5 uL) was then dropped on PEDOT layer and allowed to
adsorb and dry in air at room temperature for one hour.
After immobilization, the sensors were mildly washed with
PBS (Fig. 1, S5).

D. Electronics
An STMS8L microcontroller and the operational ampli-
fiers of the TSV71x family, characterized by a low offset

voltage (<200 ©V), low power consumption (<10 uA per
channel) and 150 kHz bandwidth, were selected to implement
the potentiostat circuit and its digital interface.

The electronic setup also included a dual interface
EEPROM (DI EEPROM) NFC chip, an RFID antenna, and the
NFC reader, respectively M24LR16E on an M24LR-discovery
board and a CR95SHF demo board. All parts are available as
off-the-shelf components provided by STMicroelectronics.

E. Implemented Biosensor Electronics

The sensor was integrated with a conditioning, read-out, and
interfacing system (Fig. 2), while the whole electronic system
is composed of the following modules

1) The Sensor AFE: With the readout and conditioning
circuit (potentiostat) [18], [29], [30]. Upon accurate character-
ization of the electrochemical sensor, we designed a bespoke
potentiostat to fit the specific sensor electrical parameters.
Through a regulator and a voltage reference (Fig. 2, ¢ and d),
the circuit is able to fix the potential difference between
working and reference electrodes to 350 mV, while the amper-
ometric current assessed at the working electrode is converted
to a voltage through the transimpedance amplifier in Fig. 2, e,
first, and conditioned to fit the inputs requirement of the
digital microcontroller, then (Fig. 2, f). The value of 350 mV
was chosen as a potential difference between working and
reference electrodes as reported in the literature for PEDOT-
modified glucose sensors [31].

The operational amplifier Ul provides a virtual ground
reference voltage to the circuit: the corresponding value is half
of the supply voltage, Vpp/2, at the node ZERO, by means of
two identical resistors connected to the non-inverting input
of Ul. This virtual ground voltage ZERO is used both by the
device U6 (Fig. 2, d), to establish a precise reference voltage,
and as the virtual ground voltage at the non-inverting input
of the transimpedance amplifier U2 (Fig. 2, e). In Fig. 2, d,
the device U6 provides a 1.225 V reference voltage, while the
resistors Ry, Ry, and R3 allow to establish a fixed potential
difference of 350 mV between the potential of the virtual
ground (ZERO) and the non-inverting input of the operational
amplifier U3 corresponding to the value of the potential
difference between the electrochemical cell potential and the
reference electrode.

This circuit configuration (grounded working electrode)
ensures that the potential of the working electrode (WE),
connected to the inverting input of the operational amplifier
U2 (via resistor Rwg), is fixed to the ZERO voltage, while
the potential at the reference electrode (RE), connected to the
inverting input of the operational amplifier U3, is maintained at
a value 350 mV lower than the WE potential. The output signal
of the system is obtained from the node Voyr. Through the
transimpedance amplifier block of Fig. 2, e, the amperometric
current signal generated by the sensor flows through the
resistors Rwg (50 Q) and Rppa (100 kQ) and is converted
into a voltage. Fig. 2, f, shows a simple voltage level shifter,
as needed to adapt the generated voltage levels to the input
range of the microcontroller ADC peripheral. The same block
includes a simple RC low pass filter in order to filter the noise
and smooth the signal.
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Fig. 2. Implemented electronics for the biosensor. (a) Photo of used
system circuit with sensor (left) connected to the custom potentiostat (orange,
center), digital control module M24LR-discovery board, with NFC and LCD
(red) and NFC reader CR95HF (green). (b) Block diagram of the system;
in red, the components integrated into the M24LR-discovery board. (c) Virtual
zero voltage reference circuit; R = 1 MQ, Ul: operational amplifier,
Vpp: supplied voltage. (d) Vpx voltage reference circuit (350 mV lower
than the virtual zero voltage); Ry = 300 k€, Ry = 750 kQ, Rz = 4.7 kQ.
(e) U2: transimpedance amplifier (TIA) circuit, U3: potentiostat circuit,
Rwg = 50 Q, R1ia = 100 kQ. (f) Voltage level shifter. For all circuits,
C = 100 nF. (c) through (f) form the custom potentiostat showed in the photo
(a) (orange).

2) The Digital Control Module: With NFC and LCD. This
part of the system converts the output of the Sensor AFE

IEEE SENSORS JOURNAL

by means of an ADC, processes, and stores the data in the
Dual Interface EEPROM, and shows the results on a display.
The portable system ADC has a 12 bit resolution which,
for the range we used, means having a resolution on the
output voltage of 1.24 mV. The ADC clock is programmable
between 320 kHz and 16 MHz (default 16 MHz). The short-
est conversion time for a 12-bit resolution is 1 us. Each
conversion step (which consists of switching the capacitor
network, comparing results, and storing them to a register bit)
is performed in on ADC clock cycle. Consequently, a 12-bit
conversion takes 12 cycles. The sampling period has a pro-
grammable range from 4 to 384 clock cycles [32]. The
frequency at which a measurement is performed and stored
in the EEPROM memory is programmable. Given the slow
dynamics of the glycemic trend in humans, we have chosen
a default value of 4 measures per second. The Dual Interface
EEPROM includes an NFC energy harvesting for both power
supply and wireless communication [30], [33]. In particular,
the system consists of a bespoke potentiostat, a microcontroller
(STMS8L) programmed for A/D conversion, data processing,
and management of both the LCD display and the dual
interface EEPROM NFC chip (M24LRxxE) via I12C.

3) The NFC Reader CR95SHF and RFID Antenna Module:
Providing means to i) transfer the acquired data wireless from
the digital control module to the NFC reader and from the
reader to a PC via USB; ii) program the Dual Interface
EEPROM NFC chip; and iii) power supply wireless both
the Sensor AFE and the Digital Control module, including
the NFC chip and LCD display. More in details, in the
Sensor AFE module, the potentiostat circuit consisting of
three operational amplifiers provides high sensor stability and
optimal accuracy [34]. An additional operational amplifier is
used as voltage level shifter. Therefore, we designed the sensor
AFE using the quad operational amplifiers package TSV714
(STMicroelectronics).

In order to test the potentiostat, the circuit was connected to
a power supply and the analog output was connected to a data
acquisition board programmed to record the behavior of the
signal coming from the sensor, with a high sampling rate. The
above complex system allowed to monitor the concentration of
glucose by chronoamperometry. The Microcontroller firmware
is programmed to monitoring the voltage at the output pin of
the potentiostat circuit through the 12 bit ADC peripheral.
The internal clock and one of the internal timers of the
microcontroller are configured to trigger the ADC in order
to periodically start A/D conversions using a Direct Memory
Access (DMA).

FE. Low Noise Potentiostat for FES Noise Measurements
Fluctuation Enhanced Sensing (FES) is a sensing approach
in which the noise superimposed to the DC response is taken as
the relevant signal. Indeed, it has been shown that the behavior
of the low frequency noise produced by a sensor depends, for
the same DC reponse, on the nature of the chemical species
interacting with the sensor. While a single sensor electronic
nose based on FES as hypothesized in [22] is yet to be
demonstrated, it is apparent that FES may allow increasing
the selectivity of the sensor so as to distinguish in between
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Reference
Source

Fig. 3. Low noise potenstiostat for FES measurements. Noise spectra are
estimated at output V. Output Vpc is used to monitor the DC response.

the same DC response due to competing interferents. For FES
experiments to be possible, it is mandatory to minimize the
noise introduced by the instrumentation and the interferences
coming from the environment. The low noise potentiostat
we have designed for FES experiments on the developed
devices is reported in Fig. 3. The reference source, based on
the ultra low noise voltage reference in [35], together with the
operational amplifier OP1 is used to set the potential of the
reference electrode RE to the desired value (with respect to
the electrode WE). The current through the working electrode
WE is at the input of a low noise, DC coupled transresistance
amplifier (OP2 and R,) and the value of the DC component
of Iwg can be monitored through the output Vpc. The
fluctuations are further amplified by an AC coupled amplifier
stage (OP3) for the estimation of the current noise spectrum
at the WE. The system is maintained in an aluminum box that
acts as an electromagnetic shield. Two BNCs are available for
connecting the outputs Vpc and Vg to the acquisition system
based on a Dynamic Signal Analyzer (DSA) board by National
Instruments (NI1-4462).

G. X-Ray Photoelectron Spectroscopy (XPS)

In order to characterize the chemical nature of the sensor
surface [36], [37], XPS analysis was performed by means of a
PHI 5000 VersaProbe II spectrometer (ULVAC-PHI), equipped
with a monochromatic Al Ka X-ray source (hv = 1486.6 eV).
XPS spectra were collected at a 45° photoelectron take-off
angle.

Single elements narrow region scans were recorded, namely
C 1s, S 2p, Cl 2p, and N 1s, using a 100 um diameter,
25 W, 15 kV beam, 23.50 eV pass energy, energy resolu-
tion 0.050 eV. The XPS spectra were analyzed with PHI
MultiPak 9.6.1.7 Software, using a Shirley background and
Gauss-Lorentz or asymmetric Doniach-Sunjié line shapes. All
binding energies values were referred to C 1s adventitious
carbon peak (284.80 eV).

H. Glucose Detection Measurements

A fresh stock solution of 0.1 M D-glucose was prepared
in 0.1 M PBS at pH 7.4 24 h before use, to permit equili-
bration of a and £ anomers of D-glucose. The sensor was
inserted in an incubation chamber (CoverWellTM Incubation
chamber, Grace Bio-Labs) in order to perform electrochemical
measurements. Amperometric determination of the biosensor

5 pm

@ (b)

Fig. 4. SEM images of PEDOT surfaces before (a) and after (b) glucose
oxidase immobilization, showing complete coverage of the surface.

response was achieved in a reaction cell containing 200 uL
PBS (50 mM, pH 7.4) and 0.1 M KCIl with and without
glucose, by applying constant potential at 0.35 V at 25 °C.
After the background current reached a steady state, the drop
would be aspirated and the new portion of 200 L of PBS
with high glucose concentration (increment step: 2 mM) was
deposited (by micropipette) onto the working surface of the
sensor and then the current change was monitored.

L. Scanning Electron Microscopy (SEM)
SEM images were obtained using FEI FEG-ESEM
(mod. QUANTA 200) at 12 kV and 10000 x magnification.

III. RESULTS AND DISCUSSION
A. Cross-Linked-GOx/PEDOT Working Biosensor Interface

The surface morphologies of the as-prepared electropoly-
merized PEDOT with and without GOx cross-linked by
glutaraldehyde were characterized by SEM. Fig. 4, a, shows
a typical SEM image of the electropolymerized PEDOT film
having a three-dimensional porous structure (200-600 nm pore
size) which makes it suitable for bioreceptor immobilization.
Indeed, after the deposition of GOx-GA, a thick, densely
packed protein layer with voids having a diameter of ca.
200-900 nm completely obscures the underlying PEDOT mor-
phology (Fig. 4, b). A similar morphology was observed by
Buber et al. for cross-linked GOx on polymer surfaces [38].

In order to investigate the chemical composition of the
as-prepared electrodeposited PEDOT and GOx-modified
PEDOT films, XPS was employed. As expected, a preliminary
XPS survey (not shown) of the electrodeposited PEDOT
showed the presence of C, S, O, Cl, while, by comparison,
the same polymer after the protein immobilization showed
only C, N, O, and S in very low amount, indicating a good
coverage of the PEDOT surface by GOx. The C 1s, N 1s, S 2p
and Cl 2p regions analysis results are summarized in Table I,
reporting found binding energies (BE) and relative atomic
abundance expresses as atomic percentage (at%).

The C1 s spectrum of PEDOT (Fig. 5, a) shows six different
peaks, three assigned to PEDOT (C-S, C = C-0, C-C-0,
in a 1:1:1 ratio), the C—C/C-H and C = O ascribed to ubig-
uitous adventitious carbon moieties and a shake-up band [39].
The S 2p spectrum (Fig. 5, ¢) shows the S 2p3,2 — S 2p1,2
peaks with values characteristic for PEDOT [39], while the
Cl 2p spectrum (Fig. 5, e) shows only a species with usual
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Fig. 5.

XPS C 1s (a), S 2p (c) and CI 2p (e) regions of PEDOT surfaces;

and C 1s (b), S 2p (d) and N 1s (f) of GOx-covered PEDOT surfaces.

TABLE I

XPS ANALYSIS RESULTS BEFORE (PEDOT) AND AFTER GOX
IMMOBILIZATION (GOX-PEDOT)

PEDOT PEDOT-GOx
BE (eV) at% BE (eV) at%
C-C/C-H 284.80 59.24 284.84 72.83
C-S 285.75 -
C=C-0 286.46 -
C-Oproteic - 286.24
C-C-0 286.66 -
C=0 288.16 288.24
- 289.08 -
S 2p3/2 163.89 9.41 163.37 0.20
S 2py/2 165.07 164.55
Cl 2p3 /2 207.31 1.29 - -
Cl 2py /2 208.91 -
Nproteic - - 398.49, 399.90  12.57

3/2-1/2 splitting. The value is in line with those expected for
PEDOT-LiClOy4 [40].

After the protein immobilization, several drastic changes
were observed (Fig. 5, b, d and f). It is possible to observe the
presence of N (present only in GOx) and the disappearance
of Cl (embedded in electrodeposed PEDOT) elements. The
binding energies of N 1s are characteristic of proteic nitrogen
(399-401 eV). Also, the binding energies found for C 1s are
characteristic of the C—-C/C-H, C-OH and C = O groups,
whereas the S 2p signals are significantly lower than those
observed for PEDOT films with atomic percentages (well
below 1%), and in line with the S abundance in GOx. Due to
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Fig. 6. Biosensor response. (a) Amperometric response; jumps correspond to
drop additions. (b) Corresponding calibration curve. Jg: blank solution current
density.

the strictly superficial nature of XPS analysis, all these changes
give a clear evidence of a protein full coverage.

B. Performance of the Biosensor/Potentiostat System

Amperometric responses of the biosensor coupled with
potentiostat were studied at a constant applied potential
of 0.35 V. Typically, in the presence of ferrocene (Fc) mediator
the glucose oxidase catalyzes the oxidation of glucose to
gluconolactone as follows:

GOx(FAD) + glucose — GOx(FADH;) + gluconolactone
GOx(FADH,) + 2 Fc™ — GOx(FAD) +2 Fc +2 H"
2Fc — 2Fct +2e”

In this process, the enzyme (and the enzyme redox cofac-
tor, flavin adenine mononucleotide, FAD) is converted to its
reduced form (flavin adenine dinucleotide, FADH>) [41]. After
the reaction of glucose and GOx, the reduced-state of the
enzyme reacts with ferricinium ion to form the oxidized-
state of the enzyme and ferrocene. The reoxidized current
is detected on the electrode to determine glucose concen-
tration [31]. The biosensor exhibited a rapid and sensitive
response to changes in glucose concentration, indicating the
excellent electrocatalytic behavior of the PEDOT/GOx-GA
biosensor. The initial current value of 0.33 xA related to PBS
is considered as a reference baseline for the successive current
values. The total current as a function of the increased glucose
concentration, between 0 and 14 mM is shown in Fig. 6, a.
However, it is noticeable that the saturation in the detection
current is clearly observed at glucose concentrations above
10 mM due to enzyme limited reactions. The biosensor showed
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TABLE II

ANALYTIC PARAMETERS COMPARISON FOR GOX-POLYMER
MATRICES BASED GLUCOSE BIOSENSORS

Matrix Linear range® Sensitivity® ~ LOD? Refs.
PoPD/PB/Au 0.05-10 1.25 - [44]
GP-PEDOT:PSS 0.02-0.9 7.23 31074 [17]
PEDOT:PSS 0.2-1.6 0.53 10~2 [17]
SPP-PEDOT:PSS 0-10 7.57 1.16 [45]
NPG/PEDOT 0.1-15 7.3 10 [46]
PEDOT 0-10 9.24 0.1 our work

a2 mM P yA/(mM - cm?);

PoPD: poly(o-phenylenediamine); PB: Prussian Blue; GP: Graphene;
PEDOT:PSS: poly(3.4-ethylenedioxythiophene) polystyrene sulfonate;
SPP: sericin protein photoresist; NPG: nanoporous gold

the sensitivity of 9.24 xA/(mM - cm?), calculated as the slope
value of the calibration curve (Fig. 6, b) and a detection
limit (LOD) of 0.1 mM (LOD = 3-¢/slope). In comparison to
previously reported chemically modified electrodes, our sensor
showed improved sensitivity within the linear response range
(Table II).

To further characterize the GOx enzyme performance in
the sensor, the Michaelis-Menten enzyme kinetics model
was used. Therefore, I,,, and K;,pr (apparent Michaelis-
Menten constant) of GOx were calculated according to
Anusha et al. [42] from:

Iinax - [glucose]

N Kﬁ/l[)p + [glucose]

Iyax was found to be 17.49 uA and K;,I[’p was calculated to
be 11.6 mM, smaller than the K;,pr reported for native glucose
oxidase (33 mM) [43]. Since Kif;p is inversely proportional to
the substrate-enzyme affinity, this implies a higher enzymatic
activity of the immobilized glucose oxidase, lower diffusion
barrier and higher affinity to glucose.

C. Fluctuation Enhanced Sensing Results

The results of low frequency noise measurements when the
sensor is connected to the system in Fig. 3 are summarized
in Fig. 7.

The spectra of the current fluctuations at the working
electrode are reported in the case in which the sensor is
immersed in PBS solution and for increasing concentrations
of glucose. Spectral estimation is only started after about
15 min when the transients following the increase of glucose
concentration are extinct. As it is apparent from the figure,
the level of low frequency noise is an increasing function of the
glucose concentration. The dependency of the low frequency
noise on the glucose concentration can be better appreciated
in the inset in Fig. 7 where the square root of the noise at 1 Hz
is reported vs the glucose concentration. The results suggest
that the current noise spectrum generated by the interaction
of the sensor with the solution is proportional to the glucose
concentration squared. FES, as we have noted before, is not
just supposed to be an alternative to the measurement of the
DC current, but, rather, a measurement approach by which we
can distinguish among chemical species interacting with the

10'

10" f(Hz)

Fig. 7.  Power spectral density of the current fluctuations through the
working electrode in a PBS solution and for increasing glucose concentrations.
The inset shows the linear dependence of the square root of the noise
at (f =1 Hz) vs. the glucose concentration cg.

-16

— 3 mM glucose
— 0.26 mM ascorbic acid
(same DC response)

-18
10 ¢
-19[ e, .
10 1 I 0 1
10 100 f(Hz) 10
Fig. 8. Power spectral density of the current fluctuations, for the same DC

response, of two sensors immersed in a glucose solution (black line) and in an
ascorbic acid solution (gray line). The difference at low frequencies, for the
same DC response, clearly demonstrates that by analyzing the noise spectra
it is possible to distinguish among different chemical species interacting with
the sensor.

sensor [23]. In order to test whether the developed devices
display such behavior, we repeated noise measurements on
two new devices, one immersed in a 3 mM glucose solution
(mid-range concentration with respect to the experiments on
the sample used for Fig. 7) and another one in an ascorbic acid
solution. The concentration of ascorbic acid was adjusted in
such a way as to obtain the same DC response as in the case
of the 3 mM glucose solution. When the measured spectra are
compared (Fig. 8), it is apparent that they have, in the lower
frequency portion, quite different shapes. This means that the
shape of the spectrum at low frequencies can be possibly
used as a marker for distinguishing among different species
interacting with the sensor when there is the suspect that the
DC response may be due to interferent species. This result has
to be regarded as encouraging as it proves that the devices we
propose are good candidates for the development of advanced
approaches based on FES.

IV. CONCLUSION

A novel three-electrode planar flexible biosensing amper-
ometric platform for glucose monitoring, having a cross-
linked biointerface, coupled with a conditioning, readout, and
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interfacing system have been demonstrated. The biosensor
includes a simplified biochemical interface consisting of a
cross-linked protein superstructure onto a conductive polymer
without the addition of other expensive conductive nanostruc-
tures like carbon nanotubes and graphene oxide. Moreover,
our integrated platform architecture has numerous advantages
over previous developments: i) the device is low-cost and
portable; ii) the electronic system has a wireless RF power
supply, low power consumption, ability to store data logs of
the glucose concentration; iii) the digitization of data opens the
way to remote diagnostics; iv) the biosensing platform can be
easily integrated with other sensors for multitasking using the
same layout. Furthermore, we have shown that the devices we
have developed are good candidates for the development of
advanced sensing techniques based on FES.
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