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Polymer indicator displacement assay:
electrochemical glucose monitoring based on
boronic acid receptors and graphene foam
competitively binding with
poly-nordihydroguaiaretic acid+t
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The concept of a reversible polymer displacement sensor mechanism for electrochemical glucose moni-
toring is demonstrated. A pyrene-derivatised boronic acid chemo-receptor for glucose is adsorbed onto
a graphene foam electrode. Spontaneous oxidative polymerisation of nordihydroguaiaretic acid (NHG)
onto the graphene foam electrode leads to a redox active film (poly-NHG) covalently attached to the
boronic acid receptors. Oxidation of poly-NHG frees the boronic acid receptors to interact with glucose
from the solution phase, which is detected due to competitive binding when reduced poly-NHG re-binds
to the boronic acid functional groups. The sensor shows the anticipated boronic acid selectivity of fruc-
tose > glucose. The ratio of charges under the voltammetric peaks for poly-NHG unbound and bound is
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employed for glucose sensing with an approximately linear analytical range from 1 to 50 mM glucose in
aqueous pH 7 buffer. The new methodology is shown to give apparent saccharide — boronic acid binding
constants and to work in human serum. Therefore, in the future it could be developed further for glucose
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1. Introduction

Diabetes is a chronic condition in which the sufferer can no
longer naturally regulate their own blood glucose levels, either
due to not being able to produce insulin (type I) or due to a
loss of cell responsiveness to insulin (type II). In both cases,
successful diabetes management relies upon accurate and sen-
sitive blood glucose testing methods to inform insulin dosage.
A vast number of glucose detection methods already exists."*
The most common techniques applied to clinical sensing
make use of enzymes such as glucose oxidase for electro-
chemical glucose detection, thereby classifying them as bio-
sensors.” However, enzyme-based biosensors are inherently
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affected by changes in temperature, pH and are dependent on
localised oxygen concentration in the analyte, which can lead
to reliability issues and may impact upon the ability of the
patient to effectively manage their condition.* Furthermore,
current electrochemical glucose sensors on the market today
are expensive (it is estimated that £172 million was spent on
glucose monitors in 2012 by the NHS alone).”> Therefore, it is
clinically and fiscally desirable to uncover new, enzyme-free
glucose monitoring sensor solutions. Here, we propose an
alternative, low-cost yet effective electrochemical glucose
chemo-sensing technique based on a boronic acid functiona-
lised graphene foam electrode in conjunction with a redox-
active polymer. The sensor mechanism relies on temporary
polymer displacement.

Boronic acids have previously been explored for their poten-
tial in glucose detection, often in optical or fluorescence
methods.®® Electrochemical detection methods based on
boronic acids have been developed'’ for a range of analytes. In
this work, we exploit the known ability of boronic acids to act
as a chemo-receptors and form cyclic boronic esters with diols
such as glucose or fructose (more specifically o-p-glucofura-
nose or f-o-fructofuranose, the isomers that bind most
strongly,"’ Fig. S11) in the fabrication of our boronic acid-
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based electrochemical sensor. The chosen boronic acid for
this work was 4-borono-1-(pyren-2-ylmethyl)pyridin-1-ium
bromide (abbreviated T1; see Fig. S1Aft), a pyrene-appended
pyridinium boronic acid receptor that has been employed
previously.'?

Both the boronic acid and the glucose analyte are not redox
active and therefore not easily detected at electrodes under
physiological conditions. A competitive assay would require a
redox active molecule to bind to the boronic acid in competition
with glucose, but this would not be practical due to loss of the
redox indicator into the solution. However, the introduction of a
redox-active polymer (here based on poly-nordihydroguaiaretic
acid - a polymeric material of medicinal interest'*'* - with
additional dispersion interaction to the graphene foam sub-
strate) into the boronic acid - based electrochemical sensor
design confers many advantages to the sensor. Firstly, the
polymer can act as a molecular sieve, filtering out larger mole-
cules in the blood that may disrupt or interfere with glucose
sensing (such as plasma proteins and/or red blood cells).
Secondly, the polymer could increase the stability and resistance
of the system to degradation and mechanical damage (i.e.
keeping the boronic acid in place), which is of particular impor-
tance for the proposed application as a clinical, point-of-care
glucose sensor. Most importantly, the redox-active polymer
remains bound to the electrode even when displaced from the
boronic acid receptor. This provides a re-usable device with the
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capability to monitor glucose levels rather than just giving a
one-point measurement. The polymer indicator displacement
assay methodology is illustrated in Fig. 1.

The analytical detection mechanism for glucose and other
species able to form boronic ester complexes with T1 is based
on the ability to decouple boronic acid—polymer covalent com-
plexes (due to ortho-quinol oxidation to ortho-quinone) formed
on the T1 - functionalised graphene foam electrode during poly-
merisation. Decoupling of the boronic acid-polymer complex
on the graphene foam electrode creates ‘free’ boronic acid
binding sites, which can then interact competitively with rele-
vant diols (such as glucose) that may be present in solution,
reducing the number of boronic acid binding sites for the
polymer to re-bind to (after ortho-quinone reduction back to
ortho-quinol). This is shown here to cause voltammetric peak
signals, which are related to the diol/glucose concentration.

2. Experimental

2.1. Chemical reagents

Nordihydroguaiaretic acid (NHG; CAS Number 500-38-9; mole-
cular weight 302.37 g mol™"), chloroform (>99%), ethanol (ACS
Reagent), NaH,PO,, Na,HPO,, glucose, and fructose were
obtained from Sigma-Aldrich and used without further purifi-
cation. Demineralised and filtered water (ultrapure, 18.2 MQ
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Fig. 1 Schematic of the polymer indicator displacement assay process with (i) strong binding of a poly-ortho-quinol to a surface boronic acid, (ii)
oxidation of the ortho-quinol to weaken the polymer—boronic acid interaction, (iii) competitive interaction with glucose, (iv) reduction to re-connect
the poly-ortho-quinol, and (v) voltammetric determination of the ratio of bound and unbound poly-ortho-quinol (R here corresponds to the mole-

cular structure of nordihydroguaiaretic acid, vide infra).
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cm at 18 °C) was taken from a Thermo-Fisher water purifi-
cation system.

2.2. Instrumentation

A computer controlled Ivium Compactstat instrument (Ivium,
The Netherlands) was employed for electrochemical measure-
ments. Graphene foam electrodes were obtained from
Integrated Graphene Ltd. Electrochemical measurements were
performed with a single droplet (volume 100 pL) placed onto
the graphene foam electrode. The working electrode was gra-
phene foam (4 mm diameter disk, approx. 40 pm thick) with a
counter electrode (1 mm ring) and a printed Ag/AgCl reference
electrode. Scanning electron micrographs were obtained with
JEOL JSM-7900F field emission scanning electron microscope
(FE-SEM) with attached Oxford Instruments Ultim Extreme
100 mm®> low kV energy dispersive X-ray analyser (EDX).
Raman spectroscopy was performed at 532 nm excitation with
a Renishaw inVia confocal Raman microscope.

2.3. Characterisation

2.3.1. SEM, EDX, and Raman analysis. Scanning electron
microscopy (SEM) images were obtained to explore the mor-
phology of bare and coated graphene foam electrodes.
Fig. S2A-Ct show the bare graphene-foam electrode with a
typical pattern of 1-10 pm sized cavities. Fig. S2D and Ef show
the surface with boronic acid T1 immobilised (6 pg on a 4 mm
diameter graphene foam disk). There is no clear change in
morphology and therefore a very thin essentially monolayer-
like film is likely. Energy dispersive X-ray (EDX) fluorescence
data reveal the presence of B and N (not shown), which are
absent on the bare graphene electrode. Fig. S2F and Gf show
poly-NHG deposits (approx. 0.15 pg) which are likely to be
amorphous and extremely thin without any significant signa-
ture in the SEM. Fig. S2H and I show a graphene-foam with
both boronic acid T1 (6 pg on a 4 mm diameter electrode area)
and poly-NHG deposits (formed during 30 minutes exposure
to 0.05 mM NHG solution in 0.1 M phosphate buffer pH 7).
Again, the changes in morphology are insignificant which is
indicative of a very thick uniform coating throughout the
approx. 40 pm thick film. Raman spectra were recorded for all
samples, but only insignificant variations resulted from
boronic acid or poly-NHG coatings. Fig. S2Jt shows a typical
Raman spectrum for the graphene foam electrode with D, G,
and 2D bands clearly observed. Minor peaks for D + D'
(2948 cm™") and for 2D’ (3255 cm™") bands are observed. The
data are consistent with defective graphene.”

2.4. Procedure

2.4.1. 1In aqueous buffer. For glucose sensing experiments,
a freshly prepared solution of 1 mg cm™ T1 in chloroform
(6 pL on a 4 mm diameter graphene foam disk) is evaporated.
Next a droplet (100 pL) of 0.05 mM NHG in 0.1 M phosphate
buffer pH 7 is placed on the graphene foam electrode for
30 minutes to allow poly-NHG polymer formation. The result-
ing electrode is rinsed with distilled water and dried.
Electrodes can be stored ambiently for a couple of days (dry in

This journal is © The Royal Society of Chemistry 2022
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the dark) but appear to decay more rapidly when exposed to
visible light. In analytical experiments, a droplet (100 pL) of
glucose/fructose in 0.1 M phosphate buffer solution pH 7 is
placed onto the graphene foam electrode to cover all three
electrodes. Cyclic voltammetry data were recorded over two
potential cycles from —0.3 V vs. Ag/AgCl to 0.55 V vs. Ag/AgCl.
Multiple experiments can be performed without significant
loss of sensor activity. However, at higher applied potentials
over-oxidation occurs and secondary voltammetric signals are
observed. Errors in peak charge ratios (estimated +20%) were
dominated by uncertainty in the baseline for peak integration
rather than by electrode-to-electrode variations or by other
factors.

2.4.2. In human serum. Human serum (Sigma-Aldrich
637810; lot number 3764702) contains glucose (4.89 mmol L),
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Fig. 2 (A) Cyclic voltammetry (scan rate 100 mV s for a graphene
foam electrode immersed in 0.1 M phosphate buffer electrolyte pH 7
with NHG (0.005, 0.05, 0.10, 0.25 mM). (B) Cyclic voltammograms (scan
rates 10, 25, 50, 100, and 150 mV s™%) for surface immobilised poly-NHG
on graphene foam (from 0.05 mM solution; 30 minutes deposition)
immersed in 0.1 M phosphate buffer pH 7. (C) Cyclic voltammograms
(scan rate 100 mV s™) for poly-NHG deposited from (i) 0.005, (ii) 0.05,
(iii) 0.1, and (iv) 0.25 mM NHG in 0.1 M phosphate buffer pH 7. (D) Plot of
charge under the oxidation peak QP1, versus concentration of NHG.
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BUN (0.44 mmol L"), creatinine (0.067 mmol L"), sodium
(136 mmol L"), potassium (4.4 mmol L), chloride (98 mmol
L™, calcium (0.38 mmol L"), phosphorous (0.21 mmol L),
uric acid (0.17 mmol L™"), albumin (0.21 mol L"), globulin
(0.12 mol L"), bilirubin (0.02 mmol L), alkaline phosphatase
(1 pmol L™), LDH (4.3 pmol L"), AST/SGOT (0.56 pmol L),
ALT/SGPT (0.22 pmol L7'), GGTP (1.33 pmol L"), ionised
calcium (0.18 mmol L7, iron (3.6 pmol L), triglycerides
(3.1 mmol L™") with a total protein content of 0.32 mol L™" and
pH = 7.2 (no preservatives). A droplet (100 pL) is placed on the
modified graphene foam electrode to cover all three electrodes.
Cyclic voltammetry data recorded as above. Glucose or fructose
were added as appropriate as solids. Electrodes could not be re-
used due to serum contaminating the surface and therefore each
measurement needed to be performed on a separate electrode.

3. Results and discussion

3.1. Binding of nordihydroguaiaretic acid onto a graphene
foam electrode

Nordihydroguaiaretic acid (NHG) is poorly soluble in aqueous
media but can be readily dispersed by initially preparing
5 mM ethanolic solution followed by dilution in 0.1 M phos-

View Article Online

Analyst

phate buffer pH 7. Fig. 2A shows cyclic voltammetry data for
0.1 M phosphate buffer solution (pH 7) containing 0.005, 0.05,
0.10, and 0.25 mM NHG. The symmetric shapes of these cyclic
voltammograms (with E;, = 1Eq, + 1E..q = —0.08 V vs. Ag/AgCl)
differ from classic diffusion-controlled signal shapes. This
shape is indicative of a surface-immobilised redox system,
which is linked to spontaneous (or electrochemically induced)
polymerisation of NHG onto graphene foam. Transfer of the
electrode into clean phosphate buffer solution without dis-
solved NHG demonstrates that poly-NHG is indeed immobi-
lised at the graphene foam (Fig. 2B). The charge under oxi-
dation and reduction peaks is essentially independent of scan
rate. Similar immobilisation processes have been reported
previously'®'” and are known to result in poly-NHG as a
deposit on the electrode surface. The equilibrium potential
(open circuit) of a graphene foam electrode immersed in
aerated phosphate buffer pH 7 is approximately 0.1 V vs. SCE
(due to the presence of oxygen in solution), which is
sufficiently positive to drive the spontaneous anodic polymer
formation (see Fig. S31) in aerated aqueous buffer, on gra-
phene foam, and without externally applied voltage.
Poly-(nordihydroguaiaretic acid) (or poly-NHG) formation
occurs spontaneously at the graphene foam electrode upon
addition of a droplet of aqueous NHG solution onto the gra-
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Illustration of Process 1, the oxidation and back reduction of poly-NHG (tentatively assigned molecular structure).
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Fig. 4 Condensation reaction between a boronic acid and poly-NHG forming the boronate ester at the electrode surface.
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Fig. 7 Cyclic voltammograms (scan rate (A) 10, (B) 50, (C) 200 mV s

Fig. 5 Cyclic voltammograms (scan rate 100 mV s™%) for T1-functiona- (D) overlay for (i) 10, (ii) 25, (iii) 50, (iv) 100, and (v) 200 mV s™) for a 6 pg
lised electrode with poly-NHG introduced onto the surface and Tl-functionalised electrode with poly-(NHG) introduced onto the
immersed in phosphate buffer (0.1 M, pH 7) for (A) 0.1, (B) 1.0, (C) 6.0, surface and immersed in phosphate buffer (0.1 M, pH 7).

and (D) 10 pg T1. (E) Overlay of data from A to C.
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Fig. 6 Illustration of Process 2 based on oxidative boronate bond breaking and ortho-quinone formation.
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phene foam electrode (see Experimental). Fig. S31 tentatively
suggests a molecular structure consistent with this reactivity
although the molecular structure of poly-NHG has currently
not been elucidated. The presence of ortho-quinol groups is
supported by the electrochemical oxidation response that is
consistent with the oxidation of the mono-molecular NHG
molecule (and by literature reports on poly-NHG formation'®).
There are related ortho-quinol redox systems with a related
pattern of polymerisation reactivity, e.g. formation of poly-
dopamine'® or formation of poly-caffeic acid.’>*' The resulting
poly-NHG is anticipated to adhere well to the hydrophobic gra-
phene foam electrode surface. The amount deposited onto the
surface (330 pC for 0.25 mM NHG solution) corresponds to
about 10% of the solution species (deposited spontaneously
within 30 minutes) and this amount is indicative of multi-layer
formation. The geometric area of the graphene foam working
electrode (4 mm diameter disk) is 12.5 x 10~® m” with a rough-
ness factor of roughly 100 (estimated from electron micro-
graphs in Fig. S2AT). Even taking into account the roughness
factor, the resulting footprint per molecule would be unreason-
ably small for a monolayer, clearly suggesting multi-layer
polymer formation. The thickness of the resulting poly-NHG is
below that for imaging in electron microscopy (see Fig. S2G¥).
The thickness of the poly-NHG film is controlled by the con-
centration of NHG in the deposition solution (see Fig. 2D).

The poly-NHG film was further investigated using cyclic vol-
tammetry. Fig. 2B shows data for poly-NHG immobilised onto
the graphene foam electrode immersed in 0.1 M phosphate
buffer solution pH 7. Clear oxidation and back-reduction
current signals are observed in the potential region consistent
with NHG ortho-quinols.*> When systematically changing the
scan rate, the peak current varies, but the charges under the
oxidation and reduction peaks remain essentially constant.
The peaks can be assigned (tentatively) as cathodic and anodic
processes for immobilised poly-NHG (corresponding to oxi-
dation of the ortho-quinol and reduction of the ortho-quinone,
see Fig. 3).

3.2. Binding of poly-nordihydroguaiaretic acid onto a
boronic acid modified graphene foam electrode

Next, a pyrene boronic acid (T1, see Fig. 4) is introduced onto
the graphene-foam electrode surface. The pyrene is known to
attach to the graphene surface.”® Here, a drop-casting method
is employed with T1 dissolved in chloroform (1 mg mL™)
being evaporated onto the graphene-foam (see Experimental).
Data in Fig. 5 show how the amount of T1 on the surface
affects the voltammetric signals. Fig. 5A shows the effect of
0.1 pg T1 immobilisation. The poly-NHG redox system is not
strongly affected and only a new minor peak at 0.35 V vs. Ag/
AgCl indicates a change. When increasing the amount of T1 to
1 pg (Fig. 5B) the product peak is stronger and shifted to 0.44
V vs. Ag/AgCl. With 6 pg T1 (Fig. 5C) an optimum case is
observed with Process 1 (see Fig. 3) and Process 2 (see Fig. 6)
both clearly observed. Further increase in the amount of T1
(see Fig. 5D) causes partial blocking of the electrode and
diminished voltammetric responses. The “footprint” of T1 is
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linked to the pyrene unit and can be estimated as 8 A x 8 A =
64 A%, The resulting covered area for 6 pg T1 should be 6 x
10~ m?, which compares well with the estimated graphene
area of about 2 x 10~ m” (including the roughness factor 100,
vide supra). Fig. 5E shows an overlay of voltammetric data as a
function of T1 surface coverage demonstrating (A) the gradual
blocking of electron transfer by T1 (widening of the peak-to-
peak separation for Process 1) and (B) the gradual increase in
the peak for Process 2. The gradual shift of the peak potential
for Process 2 towards more positive values is likely to also
reflect slower electron transfer across the T1-modified gra-
phene foam interface.

Electrochemical processes in Fig. 5 are indicated as Process
1 and Process 2. Process 1 is associated with the poly-NHG oxi-
dation and back-reduction (see Fig. 3). Process 2 is associated
with the oxidation of poly-NHG bound to the boronic acid (see
Fig. 6). Process 2 leads to boronic ester bond breaking and
temporary anodic disconnection of the poly-NHG.

Fig. 4 illustrates how poly-NHG will form and bind to the
T1-modified graphene surface. When a positive potential of
+0.5 V vs. Ag/AgCl is applied, the ortho-quinol is oxidised to
the ortho-quinone and the bond to the boronic acid is broken

40
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(C) 100y
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S
= -100-

-200+
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W)(iv)

0.2 0.6

0.0 0.2 0.4
Evs. Ag/AgCl/V

Fig. 8 Cyclic voltammograms (scan rate (A) 10, (B) 50, (C) 200 mV s
(D) overlay for (i) 10, (ii) 25, (iii) 50, (iv) 100, and (v) 200 mV s™2) for a 6 pg
T1-functionalised electrode with poly-(NHG) introduced onto the
surface and immersed in phosphate buffer (0.1 M, pH 7) with 50 mM
glucose.
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(see Fig. 6; polymer displacement). This phenomenon is
studied next as a function of scan rate. Fig. 7 shows the cyclic
voltammetry data (first and second potential cycle) for NHG
oxidation immobilised on T1 on a graphene foam electrode.
The experiment is started at —0.3 V vs. Ag/AgCl where NHG is
in the reduced state and bound to T1. The first oxidation peak
at —0.05 V vs. Ag/AgCl (associated with unbound poly-NHG) is
small. A second oxidation peak at +0.4 V vs. Ag/AgCl then is
associated with the breaking of the boronic acid to ortho-
quinol bond (see Fig. 6). The reduction peak at —0.05 V vs. Ag/
AgCl is associated with the reduction back to the ortho-quinol
and therefore with re-binding of boronic acid and NHG. This
re-binding process is time dependent as can be seen from the
effect of scan rate. With faster scan rates P1,, for first and
second potential cycle are different. P1,, increases as not all
poly-NHG is re-binding to the boronic acid. The re-binding
process occurs on the second timescale.

The re-binding process is likely to be sensitive (retarded)
due to competitive binding for example to glucose. This is
investigated next. Fig. 8 demonstrates the effect of 50 mM
glucose in solution. For all scan rates the change between P1,,
in the first cycle to P1,, in the second cycle is substantially
increased compared to data in Fig. 7. The glucose is able to
bind to the boronic acid and in this way causes a competition
process that slows down the poly-NHG re-connection process.
Most clearly observed is the effect of the glucose when compar-
ing data for 10 mV s™* (Fig. 7A and 8A) when the peak charge
ratio for P1.(ii) and P2.(ii) is examined. In the presence of

02 0.6

0.0 0.2 0.4
Evs. Ag/AgCl/V
Fig. 9 Cyclic voltammograms (scan rate 50 mV s™%; in 0.1 M phosphate buffer pH 7) for a 6 pg T1-functionalised electrode with poly-(NHG) intro-
duced onto the surface and immersed in (A) 1 mM, (B) 5 mM, (C) 10 mM, (D) 25 mM, (E) 50 mM, and (F) 100 mM glucose.

This journal is © The Royal Society of Chemistry 2022
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glucose P2,,(ii) is much smaller compared to P1,(ii) due to
glucose blocking the re-connection process.

3.3. Polymer displacement assay for glucose with poly-
nordihydroguaiaretic acid and boronic acid modified
graphene foam electrodes

The effect of the glucose concentration on voltammetric
characteristics is shown in Fig. 9. The glucose concentration is

=31
£)
= 1 1 | I
< T j—
=8 o
5 e !
2 e
S gl :
A | KT
S B
0 r \ . . .
0 20 40 60 80 100 120

[glucose] / mM

Fig. 10 Plot of the ratio of charges QP1.,(ii)/QP2.lii) versus glucose
concentration for cyclic voltammetry experiments (scan rate 50 mV s™%;
poly-NHG from 0.05 mM solution; 6 pg T1) in 0.1 M phosphate buffer
pH 7. Polynomial line: —0.0001x® + 0.03x + 0.7649; errors estimated

+20%.
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varied from 1 mM to 100 mM. The effect on P1,, in the first and
second potential cycle is clearly observed. In addition, the pres-
ence of glucose lowers the current for P2,, in the second poten-
tial cycle (due to glucose slowing down re-binding). A measure-
ment of glucose based on these effects is possible based on the
ratio of charge under P1,, in the second cycle over the charge
under P2, in the second cycle (see shaded area in Fig. 9A). The
use of the ratio of peak charges helps normalising data (for
example when the polymer amount on the sensor surface
varies). Table S11 summarises some of the peak charges.

The charge under peak P1,,(ii) seems to vary systematically
with glucose concentration and a normalisation approach can
be employed to make data form different experiments more
comparable. The ratio of peak charges QP1,(ii)/QP1,cq(ii) con-
firms a systematic trend, although a plateau occurs at higher
glucose concentration. The ratio of peak charges QP1.(ii)/
QP2,,(ii) offers a better spread of data points. A plot of the
ratio QP1,(ii)/QP2.(ii) versus glucose concentration is shown
in Fig. 10. An almost linear dependency from 1 mM to 50 mM
glucose is observed with plateauing of the data at higher
glucose concentrations. A polynomial fit suggests QP1,(ii)/
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QP2,,(ii) = —0.0001x> + 0.03x + 0.765 with x = glucose concen-
tration in mM. There is a considerable error on data points
(estimated as 20%) especially at higher glucose concentrations
due to uncertainty in the baseline for peak integration.

3.4. Polymer displacement assay for fructose with poly-
nordihydroguaiaretic acid and boronic acid modified
graphene foam electrodes

Fructose is known to bind strongly to boronic acids (in the
form of the p-o-fructofuranose'') and investigated next. Fig. 11
shows voltammetric data for the poly-NHG oxidation and back-
reduction in the presence of different concentrations of fruc-
tose. Comparison to data for glucose (Fig. 9) clearly demon-
strates the stronger binding.

Peak charge data for the second potential cycle is summar-
ised in Table S2.f The peak charge ratio QP1.x(ii)/QP1,cq(ii)
again plateaus, but the peak charge ratio QP1,,(ii)/QP2(ii)
exhibits a systematic increase with increasing fructose concen-
tration. A plot of this parameter versus fructose concentration
is shown in Fig. 12. Again, a second order polynomial can be

0.2 0.6

0.0 0.2 0.4
Evs. Ag/AgCl/V

Fig. 11 Cyclic voltammograms (scan rate 50 mV s™; in 0.1 M phosphate buffer pH 7) for a 6 pg T1-functionalised electrode with poly-(NHG) intro-

duced onto the surface and immersed in (A) 0.01 mM, (B) 0.1 mM, (C) 1 mM,

668 | Analyst, 2022,147, 661-670

(D) 5 mM, (E) 10 mM, (F) 25 mM, (G) 50 mM, and (H) 100 mM fructose.
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employed to add a trendline. Errors (estimated as 20%) are
mainly due to uncertainty in the baseline for integration.

It is interesting to compare the point at which QP1(ii)/
QP2,(ii) is in unity (i.e. half of the boronic acid binding sites are
blocked). For fructose this occurs at approx. 0.2 mM and for
glucose this is at approx. 8 mM. For Langmuirian binding, the
point of half coverage is linked to the binding constants (the
binding constant K is given by the inverse of the concentration at
half coverage), which suggests Kguctose = 5000 M~ and Katucose =
125 M' (very approximately; apparent binding constants). The
related apparent binding constant in solution for phenylboronic
acid with fructose (B-o-fructofuranose) is 4370 M, while that with
glucose (ap-glucofuranose) is 110 M~".""** The ratio of these
reported apparent binding constants is Kgyctose/Kgiucose = 40. There
is a remarkable agreement in literature and measured apparent
binding constants and, although there is currently no direct evi-
dence for Langmuirian binding conditions being obeyed in the
presence of poly-NHG, it can be concluded that meaningful
binding information can indeed be obtained directly from voltam-
metric polymer displacement assays.
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Fig. 12 Plot of the ratio of charges QP1.,(ii)/QP2.,l(ii) versus fructose
concentration for cyclic voltammetry experiments (scan rate 50 mV s
poly-NHG from 0.05 mM solution; 6 pug T1) in 0.1 M phosphate buffer
pH 7. Polynomial line: —0.0005x*> + 0.1142x + 1.21; errors estimated

+20%.
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3.5. Polymer displacement assay for fructose/glucose with
poly-nordihydroguaiaretic acid and boronic acid modified
graphene foam electrodes in human serum

Further exploratory experiments were performed in pure
human serum (Sigma-Aldrich 637810). Of particular interest
during this experiment was the possibility of interference in
saccharide detection by or electrode foul/or electrode fouling.
Fig. 13 shows typical cyclic voltammograms with no sign of
detrimental interferences. The electrode modified with fruc-
tose-containing serum clearly shows a higher ratio of QP1(ii)/
QP2(ii) consistent with the anticipated polymer indicator dis-
placement in the presence of fructose. However, in contrast to
measurements in aqueous buffer media, measurements in
serum required a new electrode for each measurement.
Therefore, error margins are substantially higher compared to
those in data obtained in buffer.

Data in Fig. 13 suggests that the polymer indicator displace-
ment mechanism does work even in a complex serum environ-
ment, and the QP1,,(ii)/QP2.(ii) parameter shows fructose
binding. But the experimental error introduced by using a new
electrode for each measurement currently prevents meaningful
calibration or determination of concentrations. Improved elec-
trode design, flow through sensing, and new types of boronic
acid with higher affinity to a- or f-p-glucose will be important
targets for future research.

4. Conclusion

A boronic acid - functionalised graphene foam electrode has
been successfully applied for the detection of glucose via the
reversible displacement of a redox-active polymer, poly-NHG.
The graphene foam gives a high sensor surface area.
Competition for a limited number of boronic acid binding
sites (adsorbed to the graphene foam) facilitates the use of
cyclic voltammetry to analytically detect glucose or fructose
concentrations in solution. The analytical method has been
based on double cycle voltammetry and the analysis of the
charge under the oxidation peaks for Process 1 (poly-NHG oxi-
dation) and Process 2 (boronic acid bound poly-NHG oxi-

0.8

0.0 0.2 0.4
Evs. Ag/AgCl/V

Fig. 13 Cyclic voltammograms (scan rate 100 mV s™%) for a T1 — functionalised graphene foam electrode with poly-NHG (0.1 mM) introduced onto
the surface and immersed in human serum (4.9 mM glucose present in serum) spiked with (A) glucose to give a total concentration of 44.9 mM and

(B) fructose to give a total concentration of 44.9 mM.

This journal is © The Royal Society of Chemistry 2022
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dation). Quantitative information can be obtained not only
relating to the concentration of glucose (or fructose) but also
linked to apparent binding constants between saccharides and
boronic acids in aqueous media.

In future work, the analytical methodology needs to be
improved and longer-term detection of glucose in real or simu-
lated blood plasma needs to be investigated in more detail.
The use of alternative ortho-quinols and other types of boronic
acid receptor molecules will be an option to improve the
sensor performance. Techniques other than cyclic voltammetry
will be necessary to avoid errors in peak integration and to
speed up the analytical process for fast glucose concentration
monitoring.
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