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ARTICLE INFO ABSTRACT

Keywords: A new approach for the facile fabrication of electrochemical biosensors using a biohybrid conducting polymer
Bio-conductive composite was demonstrated using glucose oxidase (GOx) and poly (3, 4-ethylenedioxythiophene) (PEDOT) as a model. The
PEDOT biohybrid conducting polymer was prepared based on a template-assisted chemical polymerisation leading to the
Microspheres

formation of PEDOT microspheres (PEDOT-MSs), followed by in-situ deposition of platinum nanoparticles
(PtNPs) and electrostatic immobilisation of glucose oxidase (GOx) to form water processable GOx-PtNPs-PEDOT-
MSs. The morphology, chemical composition and electrochemical performance of the GOx-PtNPs-PEDOT-MS-
based glucose biosensor were characterised using scanning electron microscopy (SEM), energy-dispersive X-ray
spectrometry (EDS), Fourier transform infrared (FTIR) spectroscopy, zeta potential and electrochemical mea-
surements, respectively. The biosensor delivered a linear response for glucose over the range 0.1-10 mM (R? =
0.9855) with a sensitivity of 116.25 gA mM ™' cm ~2, and limit of detection of 1.55 uM (3 X SD/sensitivity). The
sensitivity of the developed PEDOT-MS based biosensor is significantly higher (2.7 times) than the best reported
PEDOT-based glucose biosensor in the literature. The apparent Michaelis-Menten constant (K,,**P) of the GOx-
PtNPs-PEDOT-MS-based biosensors was calculated as 7.3 mM. Moreover, the biosensor exhibited good storage
stability, retaining 97% of its sensitivity after 12 days storage. This new bio-hybrid conducting polymer com-
bines the advantages of micro-structured morphology, compatibility with large-scale manufacturing processes,
and intrinsic biocatalytic activity and conductivity, thus demonstrating its potential as a convenient material for

Bio-interfaces
Glucose biosensor

printed bioelectronics and sensors.

1. Introduction

The development of portable and rapid electrochemical biosensors
to determine metabolites continues to become increasingly important in
distributed healthcare (Bandodkar et al., 2016; Sekretaryova et al.,
2016; Tricoli et al., 2017). Advanced bio-interface materials are a key
factor for the fabrication of electrochemical biosensors with high sta-
bility, sensitivity and selectivity at an affordable cost. Recently, many
new materials, such as graphene, graphene oxide (Bo et al., 2017),
carbon nanotubes (Yang et al., 2015), nanostructured metal oxides
(Solanki et al., 2011) and metal nanoparticles (Saei et al., 2013) have
been proposed as interface materials for biomolecule immobilisation,
and in some cases signal transduction. The advantages of these mate-
rials derives mainly from their large surface area to volume ratio for
immobilisation of biomolecules. In the case of metal nanoparticles,
carbon nanotubes and graphene, these interfacing materials provide
addition electro-catalytic and conductivity functions. Interestingly,
metal oxide and graphene oxide have recently attracted attention as
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popular interfacing materials for bioelectronics (Kumar et al., 2015),
even though the conductivity and electro-catalytic functions of such
oxide-based materials is questionable. The performance of these ma-
terials for the development of biosensors can be enhanced by tailoring
the properties of the bio-interface to control their morphology and
surface functionalisation. The immobilisation of biomolecules onto
metal nanoparticle could be easily achieved by metal-thiol chemistry
(Xing et al., 2010). However, due to the poor water dispersity of the
inorganic and carbon-based materials such as graphene oxide, surfac-
tant or carboxyl and amine functional surfactant is usually added as a
surface stabiliser to create an intermediate interface for immobilisation.
However, the addition of an insulating surfactant coating layer could
affect the conductivity of such materials for bioelectronic applications.

Recently, organic conducting polymers have attracted considerable
attention for biomedical device applications due to their intrinsic
electronic and ionic conductivity which bridges the gap between elec-
tronics and biology by being electronically and ionically conductive
(Simon et al., 2016). Thus, ionic signals generated in the biological
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system are more readily transduced to electronic signals through the
bio-conducting interface. Improving the processability of conducting
polymers allow the easy fabrication of electrochemical interfaces for
device applications (Vagin et al., 2016; Wannapob et al., 2017).
Moreover, organic conducting polymers can be designed with desired
physical morphology (Xia et al., 2010; Wannapob et al., 2015) and
chemical properties by chemical dopants (Ishiguro et al., 2011;
Tourillon and Garnier, 1983), thus enabling the manufacture of flexible,
wearable and portable bioelectronics.

Among the different conducting polymers, poly (3, 4-ethylene-
dioxythiophene) (PEDOT) is one of the most promising materials for
bioelectronic application due to its relatively high conductivity, stabi-
lity and more importantly its organic nature and good compatibility
with bio-organic molecules such as enzymes compared to other con-
ducting polymers (Kros et al., 2001; Kergoat et al., 2014). However, due
to its poor solubility and processability, PEDOT is often combined with
PSS to create water soluble PEDOT: PSS (Thomas and Leung, 2014;
Luzio et al., 2011). Doping of PSS could interrupt the connection of the
PEDOT chains and reduce their electrochemical performance (Alemu
et al., 2012). Although water soluble PEDOT: PSS can be used to create
conducting polymer thin films, the resulting plannar film lacks mor-
phological advantage having only limited accessible surface compared
with processable colloidal interface materials. Therefore, creating a
processable micro-structured PEDOT with, for example, a spherical
structure with larger active surface, is attractive as new interface ma-
terial for catalytic and biocatalytic sensor applications. There are few
examples reported in the literature for the fabrication of PEDOT par-
ticles. This is due to the poor intrinsic properties of EDOT, such as its
relatively low efficiency for oxidative polymerisation and relatively low
solubility of the EDOT monomer in the absence of surfactants (Han and
Armes, 2003; Henderson et al., 2001; Paradee and Sirivat, 2014). The
consequent use of polymeric surfactants or non-ionic surfactants and
organic solvent has led to a decrease in the conductivity of PEDOT and
environmental issues due to the difficulty of removing the insulating
surfactants and the toxicity of organic solvent.

We take a step forward by demonstrating the new concept of en-
zyme-hybrid PEDOT microspheres (PEDOT-MSs) as an advanced pro-
cessable bio-conducting interface material for the facile fabrication of
electrochemical biosensors. The microstructure of PEDOT-MSs provides
a larger active conducting surface for intimate immobilisation of en-
zyme molecules (i.e. glucose oxidase — GOx) to facilitate the signal
transduction process. The structural and chemical characteristics of the
resulting GOx-PtNPs-PEDOT-MSs were examined by scanning electron
microscope (SEM), energy-dispersive X-ray spectrometry (EDS), Fourier
transform infrared (FTIR) spectroscopy, particle size and zeta potential
analysis. The electrochemical performance of the resulting glucose
biosensors was characterised using cyclic voltammetry and ampero-
metry.

2. Experimental
2.1. Materials

Glucose oxidase (GOx), calcium chloride (CaCl,), sodium carbonate
(NayCO3), copper (II) perchlorate hexahydrate Cu(CIO4)5:6H,0, sodium
persulfate (NasS,0g), ethylenediaminetetracetic acid (EDTA), ethanol,
2-propanol, 3, 4-ethylenedioxythiophene (EDOT), potassium tetra-
chloroplatinate(II) (K,PtCl,), sodium borohydride (NaBH,4) and Nafion
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were
used as received. All other chemicals were analytical grade and used
without further purification. All solutions were prepared in milli-Q
water.

2.2. Preparation of porous calcium carbonate template

Calcium carbonate (CaCO3) template particles were synthesised by
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a previously reported method with minor modifications (Volodkin
et al., 2010; Sukhorukov et al., 2004; Mak et al., 2010). Briefly, 2 mL of
1 M Na,COs3 solution was mixed with an equal volume of 1 M CaCl,
solution in a small beaker with stirring at 80 g for 1 min. The mixed
solution turned opaque almost instantly. Then, the CaCOs3 micro-
particles were repeatedly washed by centrifugation (130g, 1 min) with
water and ethanol twice, followed by washing with 2-propanol. The
CaCO; microparticles obtained were stored in 2-propanol
(100 mg mL ™) for further use.

2.3. Preparation poly (3, 4-ethylenedioxythiophene) microspheres (PEDOT-
MSs)

A typical preparation process consisted of two key steps: mild oxi-
dation and advanced oxidation. In the mild oxidation step, a primary
framework of conducting polymer is formed, which was accompanied
by a slow outward diffusion of the monomer from the CaCO3 template
occurring simultaneously, leading to insufficient polymer density
within the microspheres. This was followed by an advanced oxidation
step, by replenishing new monomers within the template and allowing
further polymerisation to reinforce the pre-existing polymer network
and forming a stable microsphere structure. The detailed experimental
process is as follows: For the mild oxidation step: 200 pL of pure EDOT
monomer were mixed with 50 mg of CaCO5; microparticles (collected
from 500 uL 100 mg mL ™! stock CaCO5 microparticles suspension by
centrifugation) and incubated for 2 h to allow infusion of the EDOT into
the pores of the CaCO3 template particles. After that, the EDOT-loaded
CaCO3; microparticles were washed with 2-propanol by centrifugation
(130g, 1 min) and the excess EDOT was discarded. For polymerisation
of EDOT, a mixture composed of 500 pL Na,S;0g (0.2 M) and 120 uL Cu
(ClO4), (0.5 M) added to the EDOT-loaded CaCO5; microparticles. The
mixture was incubated for 6 h at room temperature (22 °C). The reac-
tion mixture was collected and centrifuged at 130g for 2 min, and then
the pellet was resuspended and washed twice in 2-propanol, ethanol,
milli-Q water and 2-propanol, to produce the pre-matured micro-
particles. For the advanced oxidation step: the pre-matured micro-
particles were mixed again with 200 pL of pure EDOT monomer, and
incubated for 4 h to allow a deep infusion of the monomers through the
partially polymerised network into the interior of the CaCO3; micro-
particles. Then, the microparticles were washed by centrifugation
(130g, 1 min) with 2-propanol, followed by addition of the same
amount of oxidant as described in the first step to initiate the advanced
oxidation process for 24 h at room temperature (22 °C). Then, the mi-
croparticle mixture was washed by centrifugation (130g, 1 min) with 2-
propanol, ethanol and milli-Q water. Subsequently, the PEDOT-CaCO;
microparticles were treated with 1 mL EDTA (0.2 M) for 1 h at room
temperature (22 °C) to remove the CaCO3; template. The PEDOT-MSs
obtained were washed with 1 mL of milli-Q water three times by cen-
trifugation (130g, 1 min) and re-dispersion cycles to remove the EDTA
residual. The pure PEDOT-MSs were dried in vacuum chamber for 48 h,
then re-dispersed in water to obtain a PEDOT-MSs colloids with con-
centration of 10 mg mL~' and stored at room temperature for further
characterisation.

2.4. Preparation of PtNPs-PEDOT-MSs composite

The PEDOT-MSs (20 pL, 10 mg mL™!, in water) were mixed with
K5PtCl, (100 pL, 50 mM) and incubated for 2 h at room temperature
allow the absorption of PtCl,>. Then, 20 uL of NaBH, (300 mM) was
introduced as reductant for the in-situ reduction of platinum ions
leading the formation of platinum nanoparticles (PtNPs) on the surface
of the PEDOT-MSs. The PtNPs-PEDOT-MSs were collected and washed
with water by centrifugation (130g, 1 min) to remove the residual re-
agent and stored in PBS (10mM, pH 7.4) at concentration of
10 mg mL™ I
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2.5. Preparation of GOx-PtNPs-PEDOT-MSs composite

For preparation of GOx-PtNPs-PEDOT-MS composite, 20 uL. PtNPs-
PEDOT-MSs was mixed with 20puL glucose oxidase (GOx)
(10 mg mL™Y) and incubated for 12 h at 4 °C. Finally, the GOx-PtNPs-
PEDOT-MSs were washed by PBS (10 mM, pH 7.4),collected by cen-
trifugation (130g, 1 min) and stored in 20 uL PBS (10 mM, pH 7.4). The
absorption capacity of GOx was determined by measuring the initial
enzyme concentration and remaining un-adsorbed enzyme in the su-
pernatant. A standard curve was obtained from a series of standard
concentration of GOx solution. The amount of un-adsorbed free enzyme
which was collected from supernatant solution was calculated ac-
cording to a standard curve. In each run, a constant amount of PtNPs-
PEDOT-MSs (10 mg mL™1) was used with respect to the different con-
centration of glucose oxidase (from 2.5 to 15 mg mL™Y).

2.6. Electrochemical measurements of the GOx-PtNPs-PEDOT-MSs
biosensors

Glucose biosensors were fabricated by direct drop casting of 4 L of
the GOx-PtNPs-PEDOT-MS suspension (10 mg mL™!) on the screen-
printed carbon electrodes and drying at room temperature for 4 h,
followed by deposition of 2 uL of 0.05 wt% Nafion solution for packa-
ging and protection of the electrode surface. All electrochemical mea-
surements were performed with a PGSTAT30 potentiostat (Autolab,
Nertherlands) and the data were analysed using the NOVA or GPES
software. The screen-printed electrodes (DS110) were used as sup-
porting electrodes for the fabrication of glucose biosensors. Cyclic
voltammetry of different modified electrodes was performed with a
potential window of — 0.2 to 0.6 V at a scan rate of 50 mV s~ ! in PBS
(10 mM, pH 7.4). All amperometric measurements were carried out at
an applied potential of 0.6 V in PBS (10 mM, pH 7.4).

2.7. Characterisations

Scanning electron microscopy (SEM) images were recorded with a
LEO 155 Gemini (Zeiss, OR, USA). The same field of view was then
scanned using an energy-dispersive X-ray spectrometer (EDS) to acquire
a set of X-ray maps for C, S, O, N and Pt. All microspheres samples
suspended in Milli-Q water were applied on a flat silicon surface, air-
dried at ambient temperature. The particle size and zeta potentials
(surface charge) were measured using a Zetasizer Nano ZS90 (Malvern
Instruments Ltd., Worcestershire, U.K.). Fourier transform infrared
(FTIR) spectroscopy was performed with VERTEX 70 (Bruker, USA)
equipped with a germanium attenuated total reflectance (ATR) sample
cell. Spectrophotometric measurements were performed with a
NanoDrop ND-1000(Thermo) in the range of 250-700 nm.

3. Results and discussion

Scheme 1 represents the overall process for the preparation of water
processable bio-conductive GOx-PtNP-PEDOT-MS composite. The
synthesis strategy is firstly to obtain processable PEDOT microspheres
by using CaCO3; template-assisted polymerisation under chemical oxi-
dation. This is one of the crucial steps to obtain a water-processable
PEDOT that provides a more compatible interface for the attachment of
biomolecules (i.e. enzymes) for the preparation of the GOx-PtNPs-
PEDOT-MSs composite. PEDOT has a poor solubility and processability.
We overcame this limitation by using colloidal chemistry to fabricate
polymer materials in the form of microspheres and thus opening up an
easy way towards solution-processable materials. The water-proces-
sable PEDOT allows the dispersion of PEDOT-MSs in water thus facil-
itating the conjugation/immoblisation of the water-soluble enzyme (i.e.
GOx), which is significant for the preparation of enzyme-hybrid con-
ducting polymer in a biocompatible aqueous environment to maintain
the biological activity of the enzyme (Vasilevaa and Godjevargova,
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Scheme 1. Schematic representation of the GOx-PtNPs-PEDOT-MSs biohybrid con-
ducting polymer composite.

2005). This was followed by the in-situ formation of the PtNPs onto the
PEDOT-MSs surface and the enzyme absorption process to obtain the
bio-conductive GOx-PtNPs-PEDOT-MSs composite. Despite the fact that
both PtNPs and PEDOTs are conducting, they served different functions.
PtNPs mainly provided a hydrogen peroxide oxidation catalyst for the
detection of glucose based on the GOx reaction, while the processable
PEDOT-MSs served as a high surface area micro-structured conducting
support for the deposition of the nano-structured PtNPs. Metal nano-
particles have been widely explored for the construction of high-per-
formance electrochemical sensing interfaces because of their excellent
catalytic performance. (Liu et al., 2017; Prakash et al., 2013; Lu et al.,
2008). Therefore, the PEDOT-MS support could allow a higher loading
of PtNPs to be deposited compared to direct deposition of PtNPs onto a
plannar electrode surface.

3.1. Morphological characterisation of the PEDOT-MSs-based composites

Fig. 1 shows the SEM images of (a) PEDOT-MSs, (b) PtNP-PEDOT-
MSs and (c) GOx-PtNPs-PEDOT-MSs, respectively. Fig. 1a shows that
the PEDOT-MSs have an intact spherical morphology with a rough
surface and a network of granulated structures. The formation of the
granulated structure is likely due to the porous structure of the CaCO3;
template that consists of an inorganic crystalised structure with inter-
connected pores (Achlioptas et al., 2009). The granular structure and
the rough surface could further increase the effective surface area of the
PEDOT for engrafting of nanomaterials (i.e. PtNPs) and biomolecules
(i.e. GOx). The SEM image of PtNPs-PEDOT-MSs is shown in Fig. 1b;
abundant PtNPs are uniformly distributed on the PEDOT-MS's surface
with a diameter of around 55 nm. These well anchored PtNPs will act as
the catalytic site for detection of the hydrogen peroxide that is gener-
ated from the GOx enzymatic reaction. After absorption of GOx mole-
cules, images of the GOx-PtNPs-PEDOT-MSs (Fig. 1¢) exhibit a slightly
blurry surface due to the electrostatic adsorption of insulating GOx
molecules, while the PtNPs remained stable on the PEDOT-MS's surface.
Fig. 1d shows the size distribution curve of the PEDOT-MSs with an
average diameter of 3.18 + 0.52 um. The narrow size distribution of
the PEDOT-MSs demonstrates the advantage of the CaCO3 templating
method for the fabrication of conducting polymer-based materials with
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Fig. 1. SEM images of (a) PEDOT-MSs, (b) PtNPs-PEDOT-MSs and (c) GOx-PtNPs-PEDOT-MSs, respectively. (d) Size distribution curve of PEDOT-MSs. EDS maps of (e¢) PEDOT-MSs and (f)

PtNPs-PEDOT-MSs, respectively.

well-defined size and morphology. EDX analysis was performed to
characterise the elemental composition of the PEDOT-MSs and PtNP-
PEDOT-MSs (Fig. 1e-f). A characteristic sulphur peak and oxygen peak
were observed for the PEDOT-MSs originating from the EDOT
monomer. While, a characteristic platinum peak was observed for the
PtNPs-PEDOT-MSs, indicating the successful in-situ formation of PtNPs
on the PEDOT-MS's surface.

3.2. Spectroscopic characterisation, zeta potential and water dispersity of
the PEDOT-MSs-based composites

The FTIR spectra of synthesised PEDOT-MSs, PtNP-PEDOT-MSs,
GOx-PEDOT-MSs and GOx-PtNPs-PEDOT-MSs are presented in Fig. 2a.
The absorption bands of PEDOT-MSs at 1323, 1192 and 1060 cm ™!
originated from C-C, C=C, C-O-R-O-C stretching, and the absorption
bands at 981, 843, and 687 cm ! corresponded to the vibrations from
C-S bonds in the thiophene ring structure (Du et al., 2009). The char-
acteristic band around 750 cm ™, is attributed to the C-H out-of-plane
bending vibration at a-a’positions of EDOT, and totally disappeared
after polymerisation, thus demonstrating that the EDOT polymerisation
was successful. The spectra obtained are in good agreement with those
previously reported in literature (Guo et al., 2012; Zhang et al., 2014).
In addition, there are no significant differences between the FITR
spectrum of the PEDOT-MSs, PtNPs-PEDOT-MSs, GOx-PEDOT-MSs and
GOx-PtNPs-PEDOT-MSs. The FTIR results demonstrate that their che-
mical structure was not affected by the subsequent processes, including
the reduction reaction of PtNPs and the enzyme adsorption. Moreover,
the chemical polymerisation reaction will produce PEDOT-MSs in an
oxidised (conductive) form, which is important for creating a con-
ductive structure for biosensor applications. The surface charge of
PEDOT-MSs, PtNPs-PEDOT-MSs, GOx-PEDOT-MSs and GOx-PtNPs-
PEDOT-MSs were characterised by zeta potential measurements in PBS
at pH 7.4, respectively (Fig. 2b). Zeta potential values of pristine
PEDOT-MSs, PtNPs-PEDOT-MSs, GOx-PEDOT-MSs and GOx-PtNPs-
PEDOT-MSs were 15.03 £ 0.15mV, 5.62 = 0.84mV,
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13.33 £ 0.64 mV and — 18.87 + 1.45 mV, respectively. The pristine
PEDOT-MSs had a positive zeta potential as a result of the positively
charged PEDOT backbone (Dimitriev et al., 2011). While, the PtNPs-
PEDOT-MSs had a slightly negatively zeta potential due to the in-situ
formation of the negatively charged borohydride-capped PtNPs
(Solomon et al., 2007). After adsorption of GOx, the zeta potential
values of the resulting GOx-PEDOT-MSs and GOx-PtNPs-PEDOT-MSs
were reversed to negatively charge. This could be explained by the fact
that GOx has an isoelectric point at pH 4.2. Since the zeta potential
measurements were performed at pH 7.4, which is above the isoelectric
value of GOx, this leads to the protonation of the GOx molecules and
results in a negative surface charge for the GOx-PEDOT-MSs. The ob-
served reverse in surface zeta potential indicates the successful ad-
sorption of the GOx onto the PEDOT-MSs. The adsorption process is
likely resulting from the strong interaction between the positively
charged PEDOT-MSs and the negatively charged GOx molecules facil-
itating the formation of stable GOx-PEDOT-MS composites via elec-
trostatic interaction. In order to intuitively observe the dispersity of the
PEDOT-MSs in both aqueous suspension and deposited dry film, a
suspension of the PEDOT-MSs was allowed to set for 2 h to record the
colloidal stability, followed by depositing a droplet of the PEDOT-MSs
suspension onto a glass surface and examining the morphology of the
dried film (Fig. 2c). The optical photographs clearly show that the
PEDOT-MSs suspension in water medium remains stable as a homo-
geneous black coloured solution, which is indicative of the micro-
spheres’ good dispersity and colloidal stability. Moreover, the dried
PEDOT-MSs film appeared as a homogenous coating layer. This in-
dicates its potential application as a processable material for printed
electronics. In contrast, the random-structured PEDOT prepared in the
absence of the CaCO; template, had poor dispersity and significant
aggregation, likely due to the high surface roughness of the random
structure causing particle aggregation. More importantly, the particle
aggregation would greatly restrict the analyte diffusion efficiency and
affect the resulting biosensor performance.
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3.3. Engyme loading capacity of the GOx-PtNPs-PEDOT-MSs

The enzyme loading capacity of the GOx-PtNPs-PEDOT-MSs was
determined by spectrophotometric measurement at 280 nm (Mak et al.,
2005). After the enzyme adsorption, the GOx-PtNPs-PEDOT-MSs were
collected by centrifugation. The initial GOx concentration and the GOx
remaining in the supernatant were quantified by UV absorption at
280 nm. The difference in the amount of GOx before and after the ad-
sorption process was calculated and represented the enzyme loading
capacity. Fig. 2d shows the standard curve of GOx solution over a
concentration range from 1 to 10 mg mL ™' with a linear equation of y
= 0.1321x—0.0061 and correlation coefficient R> = 0.9992. The en-
zyme loading studies were performed by incubating the PtNPs-PEDOT-
MSs with GOx solution with concentrations ranging from 2.5 to
15mgmL~' (Fig. 2e). The maximum enzyme loading of
0.205 + 0.02mg GOx per mg PEDOT-MSs was achieved by using
10 mg mL ™! GOx solution.

3.4. Electrochemical properties of the GOx-PtNPs-PEDOT-MSs electrode

The interfacial electrochemical properties of different PEDOT-MSs-
based electrodes were characterised by measuring voltammetric re-
sponses in 0.1 M PBS solutions containing 5mM [Fe(CN)¢]>/*~ and
0.1 M KCL. In order to characterise the electrochemical behaviour of the
prepared electrode, the redox reaction of [Fe(CN)6]3’ and [Fe(CN)6]4’
was measured for the determination of electron transfer rate by a well-
known method of CV analysis (Unnikrishnan et al., 2013). As shown in
Fig. 3a, all the modified electrodes displayed a pair of typical redox
peaks with different peak-to-peak potential separations. Generally, the
smaller peak separation indicates fast electron transfer kinetics (Nugent
et al,, 2001). The peak-to-peak potential separations (AEp) for all
electrodes were, in order, Nafion/bare SPE (120 mV), Nafion/PEDOT-
MSs/SPE (116 mV), Nafion/PtNPs-PEDOT-MSs/SPE (105 mV), Nafion/
GOx-PEDOT-MSs/SPE (171 mV), and Nafion/GOx-PtNPs-PEDOT-MSs/
SPE (151 mV). It is clear that the Nafion/PEDOT-MSs/SPE and the
Nafion/PtNPs-PEDOT-MSs/SPE showed a smaller AEp value compared
with the bare electrode, indicating a faster electron transfer rate. This
indicated that the PEDOT-MSs facilitate faster electron transfer likely
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Fig. 3. Cyclic voltammograms of (a) bare and modified electrodes at 50 mV s~* and (b)
Nafion/GOx-PtNPs-PEDOT-MSs electrode at various scan rates from 5 to 200 mV s~ ! in
0.1 M PBS solutions containing 5 mM [Fe(CN)¢]*>““and 0.1 M KCl. (c) Plot of Ia and I
versus scan rates.

due to their large effective surface area and high electrical conductivity.
Moreover, when using the PtNPs-PEDOT-MSs, the peak separation
further decreased, demonstrating that the introduction of PtNPs further
enhanced the electron transfer kinetics. After coupling with the enzyme
molecules, both the GOx-PEDOT-MSs and GOx-PtNPs-PEDOT-MSs
showed a slight increase in the AEp values due to the insulating prop-
erties of the enzyme molecules. The observed increase in AEp values
provide additional evidence for the successful coupling of GOx onto the
PEDOT-MSs. The effect of scan rates on the cathodic (I,.) and anodic
peaks (Ipa) of Nafion/GOx-PtNPs-PEDOT-MSs electrodes is shown in
Fig. 3b. Both cathodic and anodic peak currents increased with in-
creasing scan rates from 5 to 100 mV s ', and the linear dependence of
the Ipa and the Ipc on scan rate is given in Fig. 3c. The linear regression
equations for the redox process are: I, = 2.7012v + 26.518, R® =
0.9931; and I, = — 2.6326v — 58.484, R? = 0.9872, where, v is the
scan rate. The good correlation coefficient suggests a typical diffusion
controlled electrode process.

Biosensors and Bioelectronics 100 (2018) 374-381

3.5. GOx-PtNPs-PEDOT-MSs for electrochemical glucose biosensors

The resulting processable bio-conducting GOx-PtNPs-PEDOT-MSs
composite was used for the fabrication of electrochemical glucose
biosensors using a simple single-step deposition process. The ampero-
metric response of GOx-PtNPs-PEDOT-MSs/SPE was obtained by suc-
cessively injecting 0.1-30 mM glucose solution and is shown in Fig. 4a.
Inset is a magnification of the response current with glucose con-
centration from 0.1 to 1 mM, which showed a good signal response for
successive additions of relatively low concentrations of glucose. Cali-
bration curves for glucose were obtained by adding successive aliquots
of increasing concentrations of glucose and measuring the steady-state
signal responses, which was achieved after around 6 s, as shown in
Fig. 4b. The calibration curve was linear from 0.1 to 10 mM glucose.
The sensitivity and limit of detection were calculated as
116.25 pAmM ' ecm ™2 and 1.55 uM (3 X SD/sensitivity), respectively.
It is important to note that the results were obtained from 3 individually
prepared biosensors (n 3). Comparisons of the analytical perfor-
mance of PEDOT-based glucose biosensors with values found in the
literature are shown in Table 1. The sensitivity of the developed
PEDOT-MS based biosensor is significantly higher than previously re-
ported PEDOT-based glucose biosensors (Table 1). The high analytical
sensitivity could be explained by the morphological properties of the
GOx-PtNPs-PEDOT-MS film that has a relatively large active surface
and extensive inter-particle space, formed during the particle assembly
process, which can facilitate the diffusion of substances (e.g., analytes,
electrolytes, etc.) and enhance the performance of the biosensors
(Ndamanisha and Guo, 2012; Wu et al., 2007). The standard derivation
between measurements is relatively large, likely due to the manual drop
casting procedure causing variation in the microparticle film thickness
and surface roughness between different individually prepared bio-
sensors (n = 3). However, this could be improved in future by using an
automatic deposition system for more precise fabrication of the bio-
Sensors.

As shown in Fig. 4b the response current increased linearly with
increase in glucose concentration at first, and then reached an ap-
proximate saturation value at high glucose concentrations beyond
15 mM. This is a typical reflection of Michaelis-Menten kinetics which
describes the interaction between the enzyme and substrate. The ap-
parent Michaelis-Menten constant (K,*°?) was calculated using a
Lineweaver-Burk plot according to the following equation:

/1) = (K™ Lpax) (1/C) + (1/Ipax)-

Where I represents the steady-state current after addition of glucose.
The maximum current (I,,.,) was determined at saturated level of
glucose, and C is the concentration of glucose. The values of I,x and
KPP were calculated by the analysis of the intercept and the slope of
the plot (Fig. 4¢). The K,*PP value obtained here is 7.3 mM, which is
much smaller than that reported in the literature for previous PEDOT-
based glucose biosensors: 17.27 mM for GOx entrapped in PEDOT film
(Nien et al., 2006), 33 mM for PEG-GOx/PEDOT film (Piro et al., 2001).
The relatively small K,,*"P value could be explained by the intimate
coupling of the GOx onto a relatively larger active surface of the PtNPs-
PEDOT-MSs (i.e. larger surface-area-to-volume ratio) compared with
the reported electrochemical polymerised bulk PEDOT films and the
consequent diffusion barrier presented by these systems. Moreover, the
unique water processable characteristic of the GOx-PtNPs-PEDOT-MS
composite allows the dispersion of the bio-conductive ink in a biomo-
lecule-friendly aqueous environment for the preparation of the bio-
electrode and compatibility with large-scale manufacturing processes
such as screen-printing, ink-jet printing and drop-on-delivery systems.

3.6. Stability and selectivity of the Nafion/GOx-PtNP-PEDOT-MS/SPE
bioelectrode

To investigate the stability of the glucose biosensor, the signal



Y. Liu et al.

Biosensors and Bioelectronics 100 (2018) 374-381

Fig. 4. Amperometric responses (a) and ca-
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Table 1

Comparison of analytical performance of PEDOT-based glucose biosensors.

Electrode matrix Linear range (mM) Sensitivity Response time (s) Stability References

(LA mM ™ lem™?) (days)
GOx/PEDOT-MSs-PtNPs/SPE 0.1-10 116.25 5-7 12(97.24%) This work
PEDOT-Pd/GOx-ME 0.5-30 1.6 - 12(75%) Santhosh et al. (2009)
PEDOT/GOx/Pt 0.1-10 12.42 4-10 18(80%) Nien et al. (2006)
PEDOT-PSS/GOx/ITO 0-8 0.05 20 7(81%) Park et al. (2008)
PEDOT-PSS/GOx/HRP 0.59-1.44 20.5 3 - Yun et al. (2011)
GOx/PEDOT/PSS-PVA/Pt/ITO 0.1-1 14.06 - - Jung et al. (2011)
NPG/PEDOT/GOx 0.1-15 7.3 15 7(85%) Xiao et al. (2013)
GOx/CNT/PEDOT/CFE 0.05-1.25 42 40(90%) Barsan et al. (2016)
GOx/PEDOT/PMB/GCE 0.02-1.4 31.4 7(95%) Kakhki et al. (2013)

responses of the Nafion/GOx-PtNPs-PEDOT-MS-based biosensors for
the detection of low (0.5 mM), medium (4 mM) and high (8 mM) glu-
cose concentration were monitored for a period of 12 days. All elec-
trodes were maintained at a normal operating room temperature of
22 °C. The stability of the GOx-PtNPs-PEDOT-MS-based biosensors re-
presented by the sensor sensitivity as function of time is shown in
Fig. 4d. It clear that the GOx-PtNPs-PEDOT-MS-based biosensors were

380

relatively stable and retained 97.24% of their average sensitivity after
12 days. The selectivity of the enzyme electrode is an important char-
acteristic for the specific recognition of the target substrate. The se-
lectively of the Nafion/GOx-PtNP-PEDOT-MS-based biosensors was
studied by the addition of common interfering substances presence in
biological sample, i.e. 0.5 mM uric acid (UA) and 0.5 mM ascorbic acid
(AA) (Fig. 4e). The concentrations of the tested interferences were
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chosen based on their respective concentrations in human serum
(Safavi et al., 2006). There was no noticeable interference upon addi-
tion of UA and AA during the amperometric measurement of 7 mM
glucose, likely due to the anti-interference properties of the Nafion
matrix (Manesh et al., 2008).

4. Conclusions

We have demonstrated the fabrication of electrochemical biosensors
using an advanced enzyme-hybrid conductive composite comprising
GOx-PtNPs-PEDOT-MSs. The synthesis of the enzyme-hybrid con-
ductive composite was based on a CaCO; template-assisted poly-
merisation method. The GOx-PtNP-PEDOT-MSs possess good water
processability, intrinsic biocatalytic activity and conductivity thus fa-
cilitating the convenient fabrication of modified electrodes by drop
casting methods. Our results showed that the GOx-PtNP-PEDOT-MS-
based glucose Dbiosensor exhibited a good sensitivity of
116.25 YA mM ™~ '/em ™2, a limit of detection of 1.55 uM, and retained
97% of the sensitivity after 12 days storage at room temperature. A
limitation of the current paper is the manual deposition of the GOx-
PtNP-PEDOT-MS film, which has a relatively high surface roughness
and inconsistent surface compared with electrochemically polymerised
PEDOT film, and this resulted in a relatively large error between in-
dividually prepared biosensors. This would be improved by using an
automatic deposition system for more precise fabrication of the bio-
sensors. We envision that this concept could potentially be extended to
other conducting polymers and biomolecules for the development of
advanced functional bio-conductive inks for the convenient and easy
manufacture of printed biosensors using screen-printing, ink-jet
printing or drop-on-delivery systems. Machine manufacture of new
biosensors is essential for their widespread introduction to the market
and novel approaches to formulation of composite inks such as de-
scribed here are key enablers for future success.
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