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Highlights
e GOx chemisorbed on AuNPs/Pty/PB/SPCE displayed high affinity for glucose.
e The LOD of the biosensor was 1.0 uM, and its linear range was 1.0 uM—1.0 mM.
e The biosensor showed high operational stability over 374 injections.

e Results from this biosensor agreed well with those from the hexokinase method.



Abstract:

A novel oxidase enzyme sensor was fabricated based on the chemisorption of highly active
glucose oxidase (GOx) on gold nanoparticles that were adsorbed on a polytyramine layer
(AuNPs/Pty). The GOx/AuNPs/Pty assembly was coated on a Prussian blue (PB)-modified screen-
printed carbon electrode (SPCE) to produce the GOx/AuNPs/Pty/PB/SPCE biosensor. The
amperometric glucose biosensor response was measured at —0.10 V using a Ag pseudo-reference
electrode through the reduction current of the PB mediator in a flow injection analysis system.
Under optimised experimental conditions, the developed biosensor displayed linearity over the 1.0
uM-1.0 mM glucose concentration range and a limit of detection of 1.0 uM (s/n > 3). A low value
for the Michaelis constant of 0.21 mM indicated that the immobilised GOx had high affinity for
glucose. The developed biosensor exhibited excellent operational stability over 374 injections,
long-term stability over 3 weeks, good reproducibility (relative standard deviations = 1.9%—4.3%)
and high selectivity. The results obtained analysing glucose in blood plasma samples were
satisfactory when compared with the corresponding results recorded implementing the standard

hexokinase-spectrophotometric method (P > 0.05).
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1. Introduction

Electrochemical enzymatic sensors, a category of electrochemical biosensors, combine the
use of an enzyme, acting as a biological receptor, and an electrochemical transducer that can
transform the occurrence of the reaction catalysed by the said enzyme into an appropriate signal.
Amperometry is the main electrochemical technique used in these sensors, in combination with an
oxidase. In these biosensors, current signals are detected and measured by application of a constant
potential that drives the oxidation of hydrogen peroxide (H,0,;) produced in the enzymatic reaction
[1]. A very important factor in the development of a biosensor is the immobilisation of the receptor
and various techniques have been proposed to achieve this goal [2]. Most reported approaches to
enzyme immobilisation involve crosslinking, which, however, results in the loss of some
enzymatic activity [3]. Therefore, the development of an enzyme immobilisation technique that
does not negatively affect enzyme activity has become the focus of keen interest in the context of

the research effort to fabricate new enzymatic biosensors.

Owing to its simple, reagent-less preparation approach, which results in minimal loss of

enzymatic activity, immobilisation by chemisorption has attracted much attention. This method



can be employed using metal nanoparticles [3], with gold nanoparticles (AuNPs) having been
commonly chosen, since thiol- and amino-containing enzymes can be immobilised on AuNPs [2,
4] with high affinity and still display high enzymatic activity [5]. AuNPs have also been proven to
have excellent electrical conductivity, a large specific surface area and high biocompatibility [6,
7]. Thanks to these properties, use of AuNPs could increase enzyme loading and improve sensor
response [8]. Another important technological aspect of this technique is the attachment of AuNPs
to the electrode surface. This objective needs to be achieved via an appropriate supporting material.
An attractive category of materials to be used for the said purpose are polymers, particularly those
comprising free amino groups, which can coordinate AuNPs, resulting in the chemisorption of
these particles. Polytyramine (Pty), a non-conducting polymer with abundant free amino groups
on the Pty backbone [9, 10], is an interesting choice in the present context. Pty has been shown to
easily undergo electropolymerisation onto electrode surfaces to form an extremely thin film
displaying good film-forming ability and uniformity [11]; furthermore, since ultra-thin Pty films
are biocompatible and environmentally friendly [12], they are a promising supporting material for

AuNPs.

Besides the immobilisation strategy, an appropriate detection scheme is also important in
the development of an electrochemical enzymatic sensor. Amperometric oxidase sensors most
often determine H,O, presence, but the sensors’ signals can easily be influenced by interference
from various real-sample components, since H,O, detection is achieved at high oxidation
potentials (about +0.60 V vs. Ag/AgCl) [13, 14]. In order to get around this problem, a suitable
redox mediator has been employed to reduce the value of the operational potential [15, 16]. A good
candidate is Prussian blue (PB) (Fe,'[Fe!l(CN)g]3). Due to its artificial peroxidase behaviour, it

could be utilised in biosensors at low potential, while displaying good biocompatibility and



excellent catalytic activity toward H,O, reduction [17]. Through this approach, the influence of

interfering species was avoided [18].

We hereby report a novel oxidase sensor that combines the functions of AuNPs/Pty, acting
as a support material for the immobilisation of the oxidase and PB, acting as a redox mediator.
The large specific surface area of AuNPs and the enzyme chemisorption they afforded allowed
high enzyme loading to be achieved, in a context whereby enzymatic activity was retained. In this
study, glucose was the model analyte chosen for the development of the sensor. Notably, glucose
levels in blood are related to diabetes mellitus, which is one of the most significant threats to
human health, and glucose detection is very important in the early diagnosis and treatment of
diabetes. In an effort to improve analyte detection performance, a flow injection analysis (FIA)
system was coupled to the electrochemical sensor, an assembly known to afford analysis
automation, low sample requirement and high repeatability [19-21]. Notably, the results of glucose
oxidase (GOx) immobilisation by chemisorption and by crosslinking were compared. Influencing
parameters were studied to achieve the highest analyte sensitivity. The analytical performance of
the GOx/AuNPs/Pty/PB-modified screen-printed carbon electrode (SPCE) was then evaluated.
The developed biosensor was ultimately utilised to measure glucose levels in real blood plasma
samples that had not undergone pre-treatment. The results thus obtained were statistically
compared with their counterparts recorded implementing the standard hospital hexokinase-

spectrophotometric method.

2. Experimental

2.1. Chemicals and reagents



D-(+)-glucose anhydrous, potassium chloride (KCl) and absolute ethanol were provided
by Merck (Darmstadt, Germany). Glucose oxidase (GOx) from Aspergillus niger (EC 232-601-0,
Type X-S, 155,000 units/G solid) and dopamine (DA) hydrochloride were provided by Sigma
(Steinheim, Germany). Iron(III) chloride (FeCl;) anhydrous was purchased from BDH (Leuven,
Belgium). Hydrochloric acid (HCI) was provided by Loba Chemie (Mumbai, India). Uric acid
(UA) (= 99%), L-ascorbic acid (AA) (99%), cholesterol (Chol) (= 92.5%), tyramine (CgH;;ON),
potassium hexacyanoferrate (I1I) (K;Fe(CN)) and tetrachloroauric(Ill) acid (HAuCly) (30 wt% in
dilute HCI, D = 1.637 g mL!) were provided by Sigma-Aldrich (St. Louis, USA). Potassium
dihydrogen orthophosphate, di-potassium hydrogen orthophosphate and tri-sodium citrate were
provided by Ajax Finechem (Sydney, Australia). All solutions were prepared using deionised (DI)

water characterised by a resistance value above 15.6 MQ cm.

2.2.  Apparatus

All electrochemical experiments were conducted using an Autolab PGSTAT 128N
potentiostat—galvanostat (Metrohm Autolab B.V., KM Utrecht, The Netherlands) controlled by
NOVA 1.11 software. The SPCE (Metrohm, 6.1208.110) consisted of a carbon working electrode
(4 mm in diameter), a carbon counter-electrode and an Ag pseudo-reference electrode. A
transmission electron microscope (JEM-2010, IEOL, Japan) was employed to determine the
morphology of the AuNPs. A scanning electron microscope (Quanta™ 400, FEI, USA) was
employed to investigate electrode surface morphology. The electrodes’ elemental composition was
determined using an energy-dispersive X-ray (EDX) spectrometer (X-Max, Oxford, England). A
Fourier-transform infrared (FTIR) microscope (LUMOS, Bruker, Germany) was employed to

characterise the modifications that had taken place in the electrode material.

2.3.  AuNPs synthesis



The synthesis of AuNPs was carried out adapting the procedure employed in previous
studies [22, 23]. In brief, 16.0 L of HAuCl, were added dropwise to 50 mL of boiling ultrapure
water under vigorous stirring. Au?* was then reduced to Au® by the rapid addition of 1.0 mL of a
5.0% w/v solution of tri-sodium citrate. After the obtained mixture was boiled under stirring for
30 min, the heat was turned off and the solution allowed to cool down to room temperature. The
volume of the resulting wine-red solution was adjusted to 50 mL using ultrapure water, and it was

kept at 4 °C until use.

2.4. Fabrication of the glucose biosensor

The SPCE was cleaned in a saturated aqueous solution of Na,COj3 by applying a potential
of 1.20 V to the electrode for 300 s, so as to eliminate organic binders from the surface of the
SPCE [24]. The first step in the modification process (Fig. 1) was the electrodeposition of PB on
the SPCE, which was realised performing 20 cycles of cyclic voltammetry (CV), scanning from
—0.20 to +1.00 V at a rate of 50 mV s! in a solution containing FeCl; 2.0 mM, K3Fe(CN)y 2.0
mM, KCI1 0.10 M and HC1 20 mM. The surface of the PB-modified SPCE (PB/SPCE) was then
activated by performing as many CV cycles in HCI 20 mM containing KC1 0.10 M as necessary
to obtain a stable voltammogram. In order to stabilise the PB, the electrode was heated in an oven
at 100 °C for 30 min [25]. Pty was then deposited on the PB/SPCE surface by
electropolymerisation of tyramine implementing 10 CV cycles from —0.20 to 0.80 V at a scanning
rate of 50 mV s™! in phosphate buffer (pH 7.00) and ethanol (3:1) containing tyramine 20 mM. A
30-uL dispersion of AuNPs was drop-cast onto the Pty-modified PB/SPCE (Pty/PB/SPCE), which
was then kept at 4 °C for 6 h to allow the AuNPs to be adsorbed onto Pty/PB/SPCE via the amino

groups of Pty. After washing off any unbound AuNPs with DI water, 2.50 uL of the appropriate



amount of GOx (see section 3.6.2) were placed onto the modified electrode. The GOx was
immobilised on the AuNPs by way of chemisorption achieved keeping the modified Pty/PB/SPCE
at 4 °C overnight. Notably, the thus fabricated electrode was stored in phosphate buffer (pH 7.00)
at 4 °C when not in use.

For comparison purposes, an electrode without AuNPs (GOx/Pty/PB/SPCE) was also
prepared implementing the same procedure just described, using 5.0% glutaraldehyde to activate

the amino group of Pty and immobilise GOx via crosslinking.

2.5. Electrochemical detection

CV and electrochemical impedance spectroscopy (EIS) experiments were conducted to
characterise the electrodes obtained after each modification step, from bare SPCE to PB/SPCE, to
Pty/PB/SPCE, to AuNPs/Pty/PB/SPCE and, finally, to GOx/AuNPs/Pty/PB/SPCE. CV
experiments were performed at a scan rate of 50 mV s! in 0.10 M phosphate buffer saline (KCI1
10 mM) (PBS) at pH 7.00. EIS experiments were conducted within a frequency range between 10
Hz and 0.10 kHz, with an AC amplitude of 5.0 mV and DC potential of 0.0 V in a 5.0 mM solution
of Fe(CN)s*’* containing KCI 0.10 M. The FIA system for amperometric detection used a
custom-built screen-printed electrode flow cell characterised by a dead volume of 10 uL. A six-
port valve (Valco Instrument, USA) was used to inject standard glucose solutions into a continuous
flow of carrier buffer driven to the flow cell by a Minipuls peristaltic pump (Gilson, France)

(Schematic 1).

Schematic 1 here

2.6. Optimisations



The concentration of tyramine (1040 mM) and enzyme loading (25—75 units) on the
modified electrode were optimised by analysing glucose solutions characterised by a range of
different concentrations (0.10, 0.25, 0.50, 0.75 and 1.00 mM) under the initial operating
conditions. These conditions were such that a carrier buffer consisting of PBS 0.10 M at pH 7.00
was utilised, at a flow rate of 350 uL min™!, using a sample volume of 250 pL and an operating
potential of 0.00 V. Notably, the initial operating conditions were also subsequently optimised. In
particular, the applied potential was made to vary between —0.20 and 0.10 V, the solution pH
between 6.00 and 8.00, the sample volume between 200 and 350 puL and the flow rate between 350
and 800 pL min~!. The optimal value was the one that provided a high sensitivity, as determined

from the slope of the calibration curve and a short response time.

2.7. Interference

The common interfering species present in blood, that is AA, UA, DA and Chol, were
studied. The relevant test was carried out by mixing glucose 5 mM with AA 0.10 mM, UA 0.50
mM, DA 12.0 nM and Chol 8.0 mM to obtain a solution that was subsequently diluted 40 times
with PBS 0.10 M (pH 7.00). The signals thus obtained were compared to that obtained for glucose
alone. Notably, the mentioned interfering species were at concentrations that were slightly higher
than the maximum levels present in normal blood samples, whereas glucose concentration was

within the normal range in blood [26].

2.8. Reproducibility and operational and long-term stability

Under the optimised analysis conditions, the reproducibility of the data furnished by six
biosensors prepared on different days was studied using a series of glucose standards at 0.10, 0.25,

0.50, 0.75 and 1.00 mM concentration. Operational stability was determined by the continuous



measurement of a 0.50 mM glucose solution. Finally, the electrode’s long-term stability was
determined by using the same enzyme electrode after storage in phosphate buffer (pH 7.00) at 4
°C for 0, 1, 2, 3, 4 and 5 weeks to analyse a series of glucose standards characterised by

concentrations of 0.10, 0.25, 0.50, 0.75 and 1.00 mM.

2.9. Blood sample analyses

Blood plasma samples, as well as the relevant results of hexokinase-spectrophotometric
detection, were collected from Songklanagarin Hospital, Hat Yai, Thailand. The protocol met the
criteria of the Exemption Determination as was acknowledged by Human Research Ethics
Committee of Faculty of Medicine, Prince of Songkla University (REC 63-480-19-2). The
responses and sensitivity toward glucose standards at concentrations of 0.050, 0.10, 0.25, 0.50 and
0.75 mM in PBS 0.10 M (pH 7.00) were first compared with those of spiked plasma samples,
which were prepared by pooling together 50 puL of blood plasma, 1900 uL of PBS 0.10 M at pH
7.00 and 50 pL of glucose standard solutions characterised by 2.0, 4.0, 10.0, 20.0 and 30.0 mM
concentrations to produce the same final glucose concentrations as those of the glucose standards
subjected to 40-fold dilution. The two sets of results obtained using the biosensor were statistically
compared by Two-Way ANOVA to identify any matrix effect. The biosensor was later utilised to
detect glucose in 20 plasma samples. The obtained glucose concentrations were statistically

compared via the Wilcoxon signed-rank test to the corresponding results provided by the hospital.

3. Results and discussion

3.1. Mechanism of tyramine electropolymerisation

The cyclic voltammetric response to tyramine electropolymerisation was recorded

(Supplementary information, Fig. S1). The oxidation peak current due to tyramine ([10.60 V)



continuously decreased with the increasing number of scans, indicating that a non-conducting
polymer was being formed on the electrode surface. The proposed mechanism of tyramine
electropolymerisation is reflected by reaction (1) [10]. In particular, the electropolymerisation of
tyramine monomers occurs through the compounds’ ortho positions via free radical
polymerisation. Firstly, the anodic oxidation of tyramine monomers produces a protonated cation
radical, which is also stabilized by resonance and forms the reactive protonated radical by proton
elimination. Subsequently, coupling between a protonated radical and an ortho carbon of the
protonated cation radical leads to the formation of a dimer. This process is repeated multiple times,

leading to the generation of the polymer chain.

NH, NIl
/@A/Anodic oxidation
—_— -
10 O
n

Tyramine Polytyramine ( 1 )

3.2.  Surface morphology of the modified electrode

The scanning electron microscopy image of the surface of the bare SPCE is indicative of
uniformly distributed carbon particles (Fig. 1A). Following PB deposition, sphere-like
aggregations of PB particles became observable on the surface of PB/SPCE (Fig. 1B). The
particulate character of the surface of the electrode was reduced when Pty was electropolymerised
on top of PB/SPCE (Fig. 1C). The electrode surface became rougher following addition of AuNPs
(Fig. 1D). The assembly of GOx clearly seen on the electrode surface rendered the said surface
more compact and reduced its roughness (Fig. 1E). The final morphology confirmed the successful
deposition of the enzyme on AuNPs/Pty/PB/SPCE. EDX mapping of AuNPs/PB/SPCE carried out
before GOx immobilisation (Fig. 1F) indicated the presence of evenly distributed Au, Fe and N

atoms, associated with the presence of AuNPs, PB and Pty, respectively. EDX data thus confirmed



the presence of the mentioned species on the surface of SPCE. A transmission electron microscopy
image and a size distribution curve (inset) indicated the average diameter of the synthesised AuNPs

tobe 13.9 = 1.1 nm (n = 200) (Fig. 1G).

Fig. 1 here

3.3. Electrochemical characteristics of the different modified electrodes

The cyclic voltammetric responses of the electrode were recorded at each modification step
(Fig. 2A). No redox peak was observed for the bare SPCE (curve a); by contrast, the reversible
peaks typically associated with the Fe'l/Fe'l redox reaction were observed after PB deposition
(curve b) [27]. Smaller redox peak currents were observed after the electropolymerisation of the
non-conducting Pty (curve c); however, following the addition of AuNPs, the peak currents
increased significantly in value (curve d), owing to the increase in conductivity and effective
surface area of the electrode [28]. The insulating characteristics of GOx then caused the peak
currents to decrease in value (curve e), indicating that the immobilisation of the enzyme on the

AuNPs/PB/SPCE had been achieved.

In the Nyquist plots of different electrode modification steps, the diameter of a curve is
equivalent to the value of the charge-transfer resistance (R and a straight line at low frequencies
corresponds to the diffusion process (Fig. 2B). Related parameters calculated by fitting with the
equivalent circuit model included R, the solution resistance (R;), the constant phase element
related to double-layer charge capacitance and the Warburg impedance (Z,,) associated with the
diffusion of ions between the redox probe and the electrode surface [29]. The Nyquist spectrum of
each modification step was produced from three scans. The Nyquist plot of the bare SPCE was

characterised by a small semicircle, corresponding to an Ry, value of 277.3 = 3.0 Q (curve a). A



significantly increased R, value was obtained after SPCE modification with PB (1485 + 59 Q,
curve b), which hindered the charge transfer of the redox probe [30]. After Pty polymerisation, the
R, value decreased to 959 + 17 Q (curve c), indicating that the Pty coating promoted the charge-
transfer process. This observation was likely the result of the electrostatic attraction between the
positively charged protonated Pty and the negatively charged redox probe [10, 31, 32]. The R
value decreased further to 406 + 15 Q (curve d) after AuNPs addition, due to the good conductivity
of these nanoparticles. Finally, the insulating nature of the immobilised GOx caused the R to
increase again in value to 753 £ 27 Q (curve e). Thus, the successful modification of successive

layers on the SPCE was confirmed.

The electrochemical behaviour of GOx/AuNPs/Pty/PB/SPCE was characterised at scan
rates ranging from 25 to 300 mV s™!. The PB redox peak currents increased proportionally to the
square root of the scan rate (Fig. 2C), indicating that the electrochemical kinetics of the modified

electrode was controlled by diffusion of the counter K* into the PB lattice [33, 34, 35].

Bare SPCE, PB/SPCE, Pty/PB/SPCE and AuNPs/Pty/PB/SPCE were utilised to measure
H,0, concentration so as to evaluate their electrocatalytic activity toward H,O, reduction
(Supplementary information, Fig. S2). CV data on bare SPCE indicated a value of the H,0O,
oxidation potential of 1.0 V (Supplementary information, Fig. S2A). When using PB/SPCE, the
peak associated with PB reduction in response to H,O, was observed at around —0.10 V
(Supplementary information, Fig. S2B). When using Pty/PB/SPCE (Supplementary information,
Fig. S2C) and AuNPs/Pty/PB/SPCE (Supplementary information, Fig. S2D) the peak associated
with PB reduction was observed at —0.08 V. As a result of the excellent catalytic activity of PB,
these potentials applied for the detection of H,O, could eliminate the problems associated with

interference from other electroactive species besides H,O,, for instance AA. Notably, the change



in the value of the reduction peak current was lower for Pty/PB/SPCE (Supplementary
information, Fig. S2C) than for PB/SPCE (Supplementary information, Fig. S2B). This difference
was due to presence of the insulating layer of Pty, which reduced the conductivity of the electrode.
After electrode modification with AuNPs, the value of the change in reduction peak current
increased, confirming the excellent conductivity and large specific surface area of AuNPs

(Supplementary information, Fig. S2D).

The electrocatalytic behaviour of the electrode with respect to glucose was evaluated via
CV. After the addition of glucose, the cathodic peak current associated with PB reduction
increased, whereas the anodic peak current decreased (Fig. 2D). In other words, PB could be
reduced to Prussian white (PW) reversibly according to reaction (2), where Fe!l and Fe!l! correlate
with the different oxidation states in the PB structure— PW was then oxidised by the H,O,
generated by the enzymatic reaction to produce PB once more (reaction (3)), which served as an
electron-transfer mediator between the electrode and the H,O, generated in the enzymatic reaction,
leading to an increase in the cathodic current associated with PB reduction. The whole reaction
course is rapid, with a constantly evolving series of reactions, a current response is produced at the

electrode and quantitatively measured.

Fe[Fe'(CN)gls (PB) + 4¢~ + 4Kt <= K Fe,'[Fe''(CN)s]5 (PW) (2)

KiFe'[Fel(CN)g]5 (PW) + 2H,0, — = Fe,[Fell(CN)g]; (PB) + 40H™ + 4K+ 3)

Fig. 2 here



3.4. Characterisation of AuNPs/Pty/PB/SPCE

The as-prepared Pty, PB, Pty/PB and AuNPs/Pty/PB were investigated by FTIR
spectroscopy. The FTIR spectrum of Pty comprised a broad band in the 3350-3246 cm!
wavenumber range that was attributed to the O—H and N—H bond stretching modes (Supplementary
information, Fig. S3 (curve a)). The absorption bands at 1650—-1600, 1558, 1385, 1249, 1071 and
825 and 725 cm™! were attributed to the aromatic C=C bond stretching, the N-H bond bending,
the angular deformation of terminal O—H and C—N bond stretching modes, the C—O—C stretching,
the out-of-plane C—H deformation and inter-ring C—O—C deformation, respectively [10]. The FTIR
spectrum of PB comprised a characteristic band at 2076 cm™!, which corresponds to the C=N bond
stretching (Supplementary information, Fig. S3 (curve b)). Additionally, a broad band observed at
3400 cm™! and an adsorption band at 1540 cm™! are due to the O—H bond stretching and bending
of adsorbed water, respectively [36, 37]. The FTIR spectrum of Pty/PB is characterised by similar
adsorption peaks to Pty and PB (Supplementary information, Fig. S3 (curve c)). However, the peak
at 1385 cm™! was no longer present, whereas new absorption peaks of asymmetric aliphatic C-H
stretching and N—H bond bending were observed at 2941 and 1511 cm™!, respectively. These
results confirmed the existence of an interaction between Pty and PB; they also indicated that the
amino groups of Pty remained free on the electrode surface [38]. After adsorption of AuNPs, strong
adsorption peaks at 1570 and 1392 cm™! appeared, which were attributed to the symmetric and
asymmetric bond stretching modes, respectively, of the carboxylate group of the citrate ion [39]
(Supplementary information, Fig. S3 (curve d)). Furthermore, the absorption peak due to the C=N
bond stretching was reduced in intensity and the peak due to the N—H bond bending was no longer

present. These results were evidence that a chemical bonding between AuNPs and the Pty/PB layer



had occurred. The modification of the SPCE with AuNPs/Pty/PB was thus concluded to have been

successful.

3.5. Modified electrodes with and without AuNPs

The effect of immobilising GOx by chemisorption onto the AuNPs/Pty layer was
compared with the effect of immobilising GOx by crosslinking directly onto the Pty layer using
glutaraldehyde (in the absence of AuNPs). Electrodes with (GOx/AuNPs/Pty/PB/SPCE) and
without (GOx/Pty/PB/SPCE) AuNPs were then employed to measure glucose concentration in a
series of glucose standard solutions (0.10, 0.25, 0.50, 0.75 and 1.00 mM) under the initial
operating conditions (see section 2.6.). The linear regression equation when GOx/Pty/PB/SPCE
was used was as follows: y (A) = (1.264 + 0.010) x (mM) — (0.004 + 0.005) (R = 0.999); when
GOx/AuNPs/Pty/PB/SPCE was used, on the other hand, it was as follows: y (uA) = (3.056 £+
0.068) x (mM) — (0.001 £ 0.031) (R? = 0.996). The glucose sensitivity of
GOx/AuNPs/Pty/PB/SPCE was 2.4 times as high as that of GOx/Pty/PB/SPCE. Modification
with AuNPs increased electrode conductivity and the increased effective surface area available
for GOx immobilisation provided more active sites for the interaction with glucose. The values
for the limit of detection (LOD) of the two electrodes were calculated. The LOD of
GOx/Pty/PB/SPCE was 15.1 uM and that of GOx/AuNPs/Pty/PB/SPCE was 4.7 uM (s/n > 3).
Therefore, modification with AuNPs improved the biosensor’s sensitivity and decreased the
LOD value. Notably, the yield of GOx immobilisation also increased as a result of the presence
of AuNPs; in particular, the results of the silver-binding assay protein method [40] indicated that
the said yield improved from 52.4 &+ 0.6% in the absence of AuNPs to 70.5 = 0.1% in the
presence of AuNPs. This confirmed that the chemisorption of GOx on AuNPs produced simple

and reagent-less enzyme immobilization with high sensitivity.



3.6. Optimisations

3.6.1. Concentration of tyramine

The thickness of the Pty film was optimised by varying the concentration of tyramine
(10, 15, 20, 25, 30 and 40 mM) in the deposition solution. The sensitivity of the calibration plot
of glucose increased from 2.70 + 0.13 uA mM™!, in the case of tyramine 10 mM, to 3.280 +
0.056 pA mM™!, in the case of tyramine 20 mM (Supplementary information, Fig. S4A). The
increase in sensitivity was likely caused by the increase in the number of -NH, groups available
to bind AuNPs in the polymer chain. This interpretation of the evidence was indirectly confirmed
by the difference in redox peak currents of the PB (Al) electrodeposited on the electrodes
comprising and not comprising adsorbed AuNPs on the Pty layer (Supplementary information,
Fig. S5 and Table S1). The observed increase in Al value as the concentration of tyramine
increased from 10 to 20 mM indicated that the amount of adsorbed AuNPs increased with
tyramine concentration. However, as tyramine concentration increased to 30 mM, the Al value
decreased, which was likely due to the increased thickness of the Pty film, which reduced
electron transfer and hindered the diffusion of substrates and products [41]. Thus, the optimal

concentration of tyramine was concluded to be 20 mM.

3.6.2. Enzyme loading

Although increasing enzyme loading would increase reactivity and thus enhance response,
excessive amounts of loaded enzyme are known to inhibit electron transfer due to the non-
conductive nature of the enzyme [42]. With a loading of 25 units of GOx, the sensitivity was
observed to be 0.553 £ 0.019 uA mM™!. Sensitivity increased to 2.777 + 0.083, 3.280 + 0.075 and

3.31 = 0.13 pA mM! as the enzyme loading increased to 40, 50 and 60 units, respectively



(Supplementary information, Fig. S4B). A further increment of GOx loading to 75 units reduced
sensitivity. Cyclic voltammograms performed after the immobilisation of GOx onto the electrode
were characterised by decreases in the redox peak currents as the GOx loading increased. This
behaviour suggested that, at the GOx loading level of 75 units, the loss of electron-transfer
efficiency outweighed the advantage of the increased number of active sites (Supplementary

information, Fig. S6). Thus, 50 units of GOx was selected as the optimum enzyme loading.

3.6.3. Operating potential

The applied potential of amperometry is a crucial parameter affecting the system’s
sensitivity and selectivity. In the cyclic voltammetric response to glucose (Fig. 2D), the reduction
peak of PB appeared between —0.20 and 0.10 V. With applied potentials of —0.20, —0.15 and —0.10
V, sensitivity was relatively stable at 3.63 = 0.34 pA mM™; it then slowly started to decrease,
reaching its lowest value of 1.033 + 0.062 pA mM™! at 0.10 V (Supplementary information, Fig.
S4C). In order to minimise the effect of interfering signals from other electroactive compounds,
which were observed as the reduction potentials increased, an applied potential of —0.10 V was

selected as optimal.

3.6.4. pH of the buffer solution

Enzymatic catalysis is pH-sensitive, so amperometric responses were evaluated in the
working buffer between pH 6.00 and 8.00. Electrode sensitivity at pH 6.00, 6.50 and 7.00 showed
little change, with observed values of 3.582 + 0.095, 3.503 + 0.087 and 3.61 £+ 0.13 pA mM!,
respectively (Supplementary information, Fig. S4D). At pH 7.50 and 8.00, sensitivity declined

slightly to 3.382 + 0.054 and 3.347 + 0.033 pA mM ™!, respectively. This decrease was likely due



to the excellent activity level of GOx between pH 4.00 and 7.00 [4]. In addition, when the pH was
higher than 7.00, PB was relatively unstable, since it could be dissolved by reaction with OH™ ions
[30, 43]. Hence, pH 7.00 was selected as the optimal value. Notably, this result was consistent

with results reported for other glucose biosensors [44, 45].

3.6.5. Flow rate and sample volume

In FIA, the sample volume and flow rate are important parameters that affect the amount
and mass transport of the substrate and the catalytic reaction time. The flow rate (350, 500, 700
and 800 uL min™!) and sample volume (200, 250, 300 and 350 pL) were optimised together
(Supplementary information, Fig. S7). For all sample volumes, the sensitivity of the electrode
increased as the flow rate grew from 350 to 700 uL min™!, as a result of the increase in mass
transport of glucose from solution to the electrode surface. The reduced sample dilution also
resulted in a greater response. At a flow rate of 800 uL min~!, however, sensitivity decreased
slightly due to the shortening of the reaction time at the mentioned high flow rate. Consequently,
700 uL min~! was chosen as the optimal flow rate. As for the sample volume, electrode sensitivity
at all flow rates increased from 200 to 300 uL to then level off. The reason for this observation
was that reactivity increased with the sample volume; in turn, the said increase in reactivity caused
the sensitivity to increase. However, once the enzyme active sites had fixed a certain amount of
glucose, sensitivity could not improve. Therefore, a sample volume of 300 pL was chosen as
optimal. Notably, at the optimal values for flow rate and sample volume, analysis time was 1.5

min.

3.7.  Analytical performance



3.7.1. Linear dynamic range and detection limit

The relationship between the reduction current and glucose concentration was linear in the
1.0 uM—-1.0 mM concentration range (R? = 0.999) (Fig. 3). Sensitivity was calculated to be 16.70
+ 0.17 pA mM ! cm™2 against the electrode surface area. The electroactive surface area of the
electrode after modification with AuNPs (AuNPs/Pty/PB/SPCE) was studied via CV at different
scan rates (Supplementary information, Fig. S8) and, using the Randles—Sevcik equation [46], was
calculated to be 25.2 mm?. The LOD and limit of quantitation (LOQ) were determined to be 1.0
UM (s/n>3) and 5.0 uM (s/n > 10), respectively. In order to calculate the Michaelis constant (K§}?
), which indicated the reaction kinetics of the enzyme and substrate [47], the Lineweaver—Burk

equation was utilised (4),

sy @

where i, is the current after the addition of glucose, i,,,x the maximum current measured in saturated

1
glucose conditions and C is the glucose concentration. K{§P was calculated by plotting - (y axis)

C

1
versus - (x axis) in the 0.010-1.0 mM analyte concentration range. The value of the y-axis

intercept (0.73 £ 0.30 uA) of the plot (R? = 0.991) represent the inverse of the iy, value, whereas

app

the slope (0.1553 £ 0.0055 mM pA) is expressed by The K} of the reaction between GOx

imax '
and glucose was thus determined to be 0.21 mM.

In Table 1 are listed data that allow comparisons to be made between the analytical
performances in glucose detection of mediated biosensors characterised by different modifications

developed herein and reported in the literature. The hereby-developed biosensor exhibited the

widest linear range and it also displayed a higher sensitivity than some previously described



glucose biosensors, such as the poly(m-phenylenediamine)-PB hybrid film [48] and the
polyaniline-poly(ethylene oxide) nanocomposite modified Pt electrodes [49]. Even though the
value for the sensitivity of the sensor developed in the present study was lower than the
corresponding parameter of some of the previously developed sensors, such as the porous carbon
and PB composite modified Pt electrode [50] and 3D silver nanocubes@PB core-shell material
[51], the hereby-developed biosensor afforded a lower value for the LOD. In fact, the values for
both the LOD and K}}P were among the lowest in the case of the biosensor developed in the present
study. In particular, the low K§}§® value implies that the hereby-developed biosensor had a high
affinity for glucose, which means that the reaction rate will approach i,,,x quickly [47, 52]; on the
other hand, the low LOD value means that use of our biosensor allows the quantification of lower

levels of glucose than many of the previously reported biosensors.

Fig. 3 here

Table 1 here

3.7.2. Interference study

The potential interference of AA, UA, DA and Chol present in blood samples was
investigated. No significant differences in the responses (P > 0.05) were observed to exist
between standard glucose solutions and the corresponding mixtures (Fig. 4). In addition, no
signals were observed for any of the interfering species (Supplementary information, Fig. S9).
The high selectivity of the hereby-developed biosensor is due to the artificial peroxidase
behaviour of the modified PB nanoparticles present on the electrode. The value of the oxidation
peak potential of the generated H,O, was reduced by the presence of PB nanoparticles, as

described in section 3.3. In this study, glucose concentration was determined at an applied



potential of —0.10 V, which is not close to the oxidation potential of the potentially interfering
species mentioned above. For example, the oxidation potential of AA is about 0.30 V (vs.
Ag/AgCl) [53]. The biosensor displayed, therefore, high selectivity for glucose in blood plasma

samples.

Fig. 4 here

3.7.3. Reproducibility and operational and long-term stability

The reproducibility of the data obtained using the biosensor developed in this study was
determined by measuring the glucose concentration in 0.10, 0.25, 0.50, 0.75 and 1.0 mM glucose
standard solutions. The average currents of the six electrodes at each concentration were 0.377 £
0.012, 0.949 + 0.041, 1.974 + 0.062, 3.101 £+ 0.060 and 4.20 + 0.11 pA for the 0.10, 0.25, 0.50,
0.75 and 1.0 mM glucose standard solutions, respectively (Fig. SA). Values for the corresponding
relative standard deviations (RSDs) were 3.2, 4.3, 3.1, 2.0 and 2.5%. These values are all much
lower than the relevant value reported in the guidelines of AOAC International: 7.3% for a 10 mg

L' (0.10 mM = 18 mg L) [54].

Operational stability was tested by repeatedly analysing a 0.50 mM glucose standard
solution. This concentration was chosen from the high end of the linear range (1.0 uM—1.0 mM).
Stability was good up to 374 injections, with an average current response equal to 99.7 = 2.0% of
the initial response. Notably, the current response decreased to 90% after 411 injections (Fig. 5B).
The operational stability of the developed biosensor was excellent because the non-conductive Pty

covering improved the stability of the PB mediator [55]. The used electrode was verified by cyclic



voltammetric response (Supplementary information, Fig. S10), whereby a decrease in the redox
peak current of PB was evident. Therefore, the decrease in magnitude of the current response signal

was due to the loss of PB during extended use in the FIA [30, 43].

The long-term stability of the electrode was tested each week over a 5-week period. The
obtained sensitivities were compared with the sensitivity of the first measurement. Results
indicated that the sensitivity did not change significantly during the first 3 weeks and it remained
higher than 80% after 5 weeks (Fig. 5C). When compared with other biosensors (Table 1), the
hereby-developed glucose biosensor was characterised by higher storage stability than most.
However, some of the previously developed biosensors were reported to display higher storage
stability than the hereby-developed one, including the chitosan/ionic liquid/PB-modified Pt
electrode [56] and a polydopamine-GOx matrix/PB-modified glassy carbon electrode [30]. This
superior stability may have to do with the implementation of the entrapment immobilisation
method, which could improve the stability of the enzyme and electrode materials. However, the
said method generally had limitations for mass transfer [57, 58]. Therefore, although the hereby-
developed biosensor was characterised by inferior stability, it displayed superior characteristics
when other performance parameters were taken into consideration. Consequently, the method

employed for GOx immobilisation is a significant factor that should be carefully evaluated.

Fig. 5 here

3.7.4. Analysis of real blood plasma samples

The concentration range of glucose in human blood is 4.1-33.3 mM [26, 59] while this
biosensor displayed linearity in the 1.0 pM—1.0 mM concentration range. Therefore, to perform

the measurement blood plasma samples should be diluted by 33.3—4,100-fold for the analyte



concentration to remain within the linear range. The dilution also helps eliminate the sample matrix
effect. According to a previous study, a 40-fold dilution for plasma glucose analysis showed no
matrix effect [45]. Thus a 40-fold dilution was tested. At this dilution, the sensitivities of the
analyses performed on the standard glucose solutions and the spiked samples exhibited no
significant difference (P > 0.05), indicating that there was no matrix effect (Supplementary
information, Fig. S11). Accordingly, 20 human blood plasma samples were diluted 40-fold prior
to the measurements and the obtained signals were utilised to determine the glucose concentration
based on the standard glucose calibration equation. Results obtained utilising the developed
biosensor and implementing the hexokinase method were statistically compared to each other and
no significant difference was observed between the two sets of data (P > 0.05) (Fig. 6). This
evidence confirms that the high dilution allows glucose analysis to be successfully performed
within the linear range and helps to avoid the matrix effect. Values for the recovery rate of the
spiked blood samples were also determined and they were observed to range from 82.5 +3.5% to
100.3 + 0.4% (Table 2), in line with the values for this parameter reported in the AOAC
International guidelines: 80%—110% for 10 mg L™! (0.050 mM = 9 mg L") [54]. These results

indicated the high accuracy of the developed biosensor.

Fig. 6 here

Table 2 here

4. Conclusion

A novel oxidase-based enzymatic sensor for the determination of glucose concentration
was successfully developed using a simple reagent-less method of enzyme immobilisation on gold

nanoparticles via chemisorption. Notably, the gold nanoparticles increased the surface area of the



electrode and as a result, an increased enzyme loading was possible and the electrode conductivity
improved. The sensitivity of this electrode was superior to that of an electrode on which glucose
oxidase had been immobilised via crosslinking, in the absence of gold nanoparticles.
Immobilisation of glucose oxidase on gold nanoparticles via chemisorption endowed the electrode
with high affinity toward glucose (K{P = 0.21 mM). A polytyramine thin film served as a
supporting material for the attachment of gold nanoparticles, as it allowed nanoparticle
chemisorption via coordination by the free amino groups of polytyramine. Also, the extremely thin
polytyramine film enabled good electron transfer and substrate diffusion. Notably, PB was also
utilised to modify the surface of the glucose sensor; in fact, the artificial peroxidase behaviour of
PB allowed the applied operational potential to be reduced to —0.10 V, which prevented the
detection of electroactive interfering compounds. Under the optimal analysis conditions, the
developed biosensor exhibited excellent values for various performance parameters, including low
detection limit, wide linear dynamic range, good reproducibility, good selectivity, high accuracy
and high operational stability. When the developed sensor was employed for the determination of
glucose concentration in blood plasma samples, the obtained results were not significantly
different to those recorded implementing the standard hexokinase method (P > 0.05). Although
the 24-h timeframe required to modify the electrode surface to obtain the described sensor is a
slight drawback, one fabricated electrode could be used up to 374 times, which would help reduce
analysis cost. This biosensor is a reliable device and the proposed material and immobilisation

method could be used in several biosensor applications.
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Table 1. A comparison of the performances of the developed glucose biosensor and other reported glucose biosensors.

o anp . . o

Structure of biosensor o AS i:llls\}[t‘lrlctr}rlrz) (ﬁ’f/{) Llnzal:'l\l/iz)mge po?elr)nlt)ilzlj(zV) LOD (uM) (0/? ::Egl;;};e) Reference
GOx-PDA/PB/GCE 22.50 - 0.20-3.4 0.0 46.2 60 days [30]
GOx/CS-BSA-Fc/MWCNTSs/GE 7.8 1.5 0.010-30 +0.175 10 900/9"’9;0’0331&;;"“5 [46]
GOx/PmPD-PB/GCE 282 1.0 0.025-0.65 0.0 (vs. SCE) 1.0 90%, 10 days [48]
GOx/PANI-PEO/Pt electrode 16.0 - 1.0-10 +0.20 820 83%, 15 days [49]
PCPB-GOx/Pt electrode 218.8¢ 0.44 0.030-0.4 -0.05 30 85%, 15 days [50]
GOx/screen-printed AgNCs@PB 115.73 - 0.01-1.3 —=0.05 5 77.26%, 30 days [51]
GOx/CS/IL/PB/Pt electrode 37.8 6.6 0.01-4.2 -0.05 5 90%, 40 days [56]
Paper-based/PB-SPCE 17.0° - 0.25-2.0 —-0.30 10 72%, 45 days [60]
GOx/ConA/GOx/AuNPs/CS-PB-GR/GCE 58.7 1.29 0.025-3.2 ~0.20 10 87%, 30 days [61]
GOx/PB nanocubes/SPE 83.40 - 0.01-1.3 —0.05 10 74.1%, 3 weeks [62]
GOx/SnO,-NF/CS/PB/GE - < 0.5-5.0 ~0.10 50 95%, 30 days [63]
GOx-PoPD/PtNPs/PVF*ClO, /Pt electrode 17.40 7.6 0.06-9.64 +0.60 18 95%, 15 days [64]
GOx-Si0,/Lig/F¢/CPE 11.00 62 0.50-9.0 +0.60 145 ;22%’ 21 VVVV::; [65]
GOx/3D-printed G-PLA electrode 3.632 - 0.50-6.30 +0.40 15 - [66]
Fc/GOx/PDA/Lig/Fe;0,/CPE ~ 6.8 10-90 +0.60 ~ ~ [67]

99.7%, 374 injections
GOx/AuNPs/Pty/PB/SPCE 3136‘; 0.21 0.0010-1.0 ~0.10 1.0 900;’5;01, 13 igvj:e"liisons This work
84%, 4 weeks

ays. geometric surface area

PmPD: poly(m-phenylenediamine), PDA: polydopamine, ConA: concanavalin A, CS: chitosan, GR: graphene, IL: ionic liquid, BSA: bovine serum albumin, Fc:
ferrocene, MWCNTSs: multiwalled carbon nanotubes, GE: gold electrode, AgNCs@PB: three-dimensional silver nanocubes@Prussian blue core-shell composite,
PANI-PEO: polyaniline-poly(ethylene oxide) nanocomposite, SPE: screen-printed electrode, SnO,-NF: multiporous tin-oxide nanofiber, PoPD: poly(o-
phenylenediamine), PtNPs: platinum nanoparticles, PVF*ClO4: polyvinylferrocenium perchlorate matrix, PCPB: porous carbon and Prussian blue composite,
SiO,/Lig: functional silica/lignin hybrid material, CPE: carbon paste electrode, GCE: glassy carbon electrode, Au electrode: gold electrode, Pt electrode: platinum
electrode, G-PLA: graphene/polylactic acid, Fe;O4: magnetite nanoparticles.



Table 2. A recovery study was performed by spiking standard solutions of glucose (0.050,
0.10, 0.25, 0.50 and 0.75 mM) into blood serum samples. After a 40-fold dilution, they were
tested with the developed biosensor.

Glucose added Total glucose found + SD Recovery
(mM) (mM),n=3 (%),n=3

- 0.130 +0.002 -
0.050 0.172 £0.003 82.5+3.5
0.10 0.216 £0.003 86.2+2.2
0.25 0.356 £ 0.005 90.5+1.7
0.50 0.597 £ 0.009 93.4+1.5

0.75 0.883 £ 0.005 100.3+0.4
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