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ABSTRACT: Despite a variety of glucose sensors being available today, the development of
nonenzymatic devices for the determination of this biologically relevant analyte is still of
particular interest in several applicative sectors. Here, we report the development of an
impedimetric, enzyme-free electrochemical glucose sensor based on carbon nanofibers (CNFs)
functionalized with an aromatic diamine via a simple wet chemistry functionalization. The
electrochemical performance of the chemically modified carbon-based screen-printed electrodes
(SPCEs) was evaluated by electrical impedance spectroscopy (EIS), demonstrating a high
selectivity of the sensor for glucose with respect to other sugars, such as fructose and sucrose.
The sensing parameters to obtain a reliable calibration curve and the selective glucose sensing
mechanism are discussed here, highlighting the performance of this novel electrochemical
sensor for the selective sensing of this important analyte. Two linear trends were noted, one at
low concentrations (0—1200 M) and the other from 1200 to S000 M. The limit of detection

(LOD), calculated as the (standard error/slope)*3.3, was 18.64 uM. The results of this study
highlight the performance of the developed novel electrochemical sensor for the selective sensing of glucose.

1. INTRODUCTION

Glucose is an aldose monosaccharide that plays a fundamental
role in the processes of photosynthesis and respiration, also
serving as an energy reserve and a metabolic fuel of
mammalian cells." Glucose monitoring allows the detection
of changes in blood concentrations in response to diet,
exercise, medications, and disease processes associated with
glucose fluctuations, such as diabetes mellitus.”? High or low
blood glucose levels can result in life-threatening complications
that include heart and kidney diseases, retinopathy, decreased
quality of life, expensive surgeries, or even death.”
Furthermore, as a component of more complex structures
such as polysaccharides and glucosides, glucose plays an
important role in energy storage and as components of plant
cell walls."” Due to its pivotal role in biological mechanisms,
the quantification of this sugar is of great interest not only for
the diagnosis and control of human diseases, including
diabetes, but also for the monitoring of mammalian cell
growth and for the analgrsis of agricultural products to ensure
food quality and safety.”” Despite a variety of glucose sensor
devices being available, also being on the market from a long
time, the development of electrochemical sensors for the
determination of glucose is still investigated today.*’
Enzymatic sensors for the determination of glucose are widely
used in the clinical field,'"”'* but they have several
limitations'® as the measurements should be carried in
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physiological conditions of temperature and pH to avoid the
degradation of the enzyme recognition layer.'* Therefore, the
development of sensors for glucose determination without the
use of enzymes is of particular interest, especially in other
applicative sectors such as the agrifood and fermentation
industry.”> Many carbon-based materials, such as carbon
nanotubes (CNTs), carbon nanofibers, graphene, graphene
oxide (GO), and graphene quantum dots (GQDs) have been
exploited to improve the glucose sensing performances.'*™**
The use of organic molecules to functionalize carbon materials
is a widely applied method for the development of new

. 21
electrochemical sensors.

In particular, carbon materials
functionalized with boronic acid have been reported as
efficient glucose sensors.'***~*°

Among the different classes of carbon-based nanomaterials,
CNFs have been investigated for the development of
biosensors due to their high conductivity that allows an

efficient electron transfer to the electrode surface.”® These
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nanomaterials are similar in structure and properties to CNTs,
but are low-cost, easier to produce, and provide improved
functionalities.”® Nonenzymatic electrochemical sensors based
on CNFs reported so far are mainly constituted by metal and
metal oxide nanoparticles loaded on their high specific surface
area to enhance the electrocatalytic activity of the nano-
composites and the performance of the biosensors.”’

In this study, we focused our attention on the development
of an enzyme-free electrochemical glucose sensor based on
CNFs, taking advantage of the chemical reactivity of #-
electrons of the external graphite layer,”® using an aromatic
diamine. This allowed them to bind an aromatic and highly
conjugated system covalently on CNFs, leaving a free amino
functional group able to selectively interact with glucose.

Fundamental points of this work highlighted are a simple
synthesis procedure to obtain a sensitive material for glucose
not yet reported in the literature and its use for the selective
impedimetric glucose sensing by electrical impedance spec-
troscopy (EIS) analysis."> EIS is commonly used to study
electrochemical parameters such as charge transfer and the
identification of the equivalent circuit of the device, but it also
represents a valuable technique for the development of
impedimetric sensors.””

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. All reagents including tert-
butyl 4-aminobenzylcarbamate and solvents were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further
purification. The CNFs (cod. PR-24-XT-PS) used in this study
with an average diameter of ~100 nm have been produced by
the floating catalyst method and acquired from Pyrograf
Products Inc. (Cedarville, OH). Scanning electron microscopy
(SEM) images were acquired by using a Phenom ProX
microscope. Thermogravimetric analyses were carried out at
10 °C/min, from 100 to 1000 °C, in an argon atmosphere
using a TGA QS00 instrument (TA Instruments, New Castle,
DE). Infrared spectra were obtained using a Fourier transform
infrared (FTIR) Spectrum Two FTIR spectrometer (Perki-
nElmer Inc., Waltham, MA) by the ATR method in the range
of 4000—500 cm™. X-ray diffraction (XRD) analyses were
performed on a Bruker D2 Phaser instrument from 10 to 90°
through a PSD fast scan mode with these parameters: a step
size of 0.040° and a time per step of 165 s.

2.2. Synthesis of CNFs-NH,. The synthesis of the
sensitive material was carried out using carbon nanofibers
(CNFs PR-24-XT-PS, supplied from Pyrograf) as follows: 500
mg of CNFs were dispersed in 1,2-dichlorobenzene (50 mL)
and sonicated for 15 min. A solution of tert-butyl 4-
aminobenzylcarbamate (1.920 g, 1.73 mmol) in acetonitrile
(30 mL) was then added, and the resulting dispersion was
sonicated for 30 min. Argon was bubbled into the suspension
for 10 min and after the addition of isoamyl nitrite (1.75 mL,
2.6 mmol). The reaction mixture was refluxed at 60 °C for 24
h to obtain the CNFs-NH-Boc sample. After it was cooled to
room temperature, the suspension was diluted with ethanol
(100 mL) and filtered through a 0.1 ym Millipore membrane.
The solid recovered on the filter was dispersed in ethanol (100
mL), sonicated for 30 min, filtered again, and washed with
diethyl ether. The resulting solid was dried under vacuum. The
protecting group was removed by treatment with 4 M HCI in
dioxane to obtain sample (2); the residue was vacuum-filtered
over a 0.1 ym Millipore membrane and washed thoroughly
with dioxane and deionized water. The Kaiser test was used to

quantify free amine groups after deprotection, taking advantage
of the fact that at 120 °C, ninhydrin forms a complex that
absorbs at 570 nm. The absorbance of the solution can be
recorded and can be related to the concentration of free amine
groups:

pmol _ Absg;, X dil(ml) X 10°
g - eEXW

where Absg,, is the recorded absorbance (with a control
solution with ninhydrin as the baseline), dil(ml) is the dilution
(3 mL), € is the extinction coefficient (15000 M~ cm™), and
W is the sample weight of NFs (0.2—0.4 mg). Through this
test, it was possible to determine the amount of the NH,
group, which was found to be 471 pmol/g.

2.3. Synthesis of the CNFs-NH,/SPCE Sensor. The
screen-printed carbon electrode (SPCE), modified with CNFs-
NH, (CNFs-NH,/SPCE), was prepared by dispersing 1 mg of
the CNFs-NH, sample in 1 mL of distilled water under
sonication for S min. It is noteworthy that this procedure failed
to effectively disperse the pure CNFs, indicating that the
functionalization makes the sensor fabrication easier. Then, 10
uL of the solution was deposited on the SPCE platform and
was allowed to dry at room temperature until next use.

2.4. Electrochemical Measurements. Electrochemical
measurements were performed using screen-printed carbon
electrodes purchased from Metrohm-DropSens (Metrohm
Italiana S.r.l, Origgio (VA), Italy). The SPCEs consisted of a
planar substrate equipped with a carbon working electrode
(diameter 4 mm, geometric area 0.1257 cm?), a silver pseudo
reference electrode and a carbon auxiliary electrode. All
electrochemical analyses were performed by using a Metrohom
Autolab galvanostatic potentiostat equipped with NOVA 2.1
data acquisition software. Measurements were recorded by
using electrical impedance spectroscopy (EIS). EIS tests were
performed using 0.1 M NaOH with a frequency range of 0.1 to
105 Hz and an amplitude of 5 mV.

3. RESULTS AND DISCUSSION
3.1. Synthesis of Amine-Modified CNFs. Pyrograf-III

CNFs used here have an average diameter of about 100 nm
and a chemically vapor-deposited (CVD) layer of carbon on
the surface of the fiber, which facilitates the surface
functionalization. The synthesis of the sensitive material,
CNFs-NH,, was then achieved by reaction of CNFs with an
aryl diazonium salt containing the amine function protected
with the tert-butyloxycarbonyl (Boc) group and generated in
situ by reaction of the corresponding aniline with isopentyl
nitrite, following a previously reported procedure,” as
depicted in Scheme 1. The amount of the free amine group,
as evaluated by the Kaiser test,”’ was found to be of 471 gmol/

The morphological and microstructural characteristics of the
obtained material were characterized by SEM, XRD, and TGA
analyses. Comparing the SEM image of pristine CNFs (Figure
1 a) with that of derived CNFs-NH, (Figure 1b), it seems that
the functionalization procedure does not alter the long fiber
morphology of the raw carbon material.

This is also confirmed by the XRD spectra shown in Figure
Ic. Indeed, in both spectra, the main peaks for both samples
are at 26.61 and 44.17 °C, which indicate the C(002) and
C(100) crystalline planes, respectively. The first is associated
with the hexagonal structure of graphite, while the second is
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Scheme 1. Synthesis of CNFs-NH,“

NH,

“(a) Isopentyl nitrite, tert-butyl 4-aminobenzylcarbamate, 1,2-
dichlorobenzene, CH;CN, 60 °C, 24 h; (b) HCI 4 M, dioxane, 1 h,
r.t.

one of its characteristic peaks. The CNFs-NH, sample was
further characterized by TGA-DTA analysis performed in air
while the temperature was increased at a rate of 20 °C/min up
to 1000 °C to assess the thermal stability and purity (Figure
1d). For the CNFs-NH, sample, the weight loss starts at a
lower temperature compared to CNFs, indicating the chemical
functionalization. DTA analysis also agrees with this finding,
showing a well-pronounced exothermic peak at 600—640 °C,
related to the decomposition of the surface NH, group, while
the oxidation of the CNF core is observed at a much higher
temperature, leadin§ to the complete sample’s decomposition
at around 800 °C.’

The FTIR spectra of CNFs and of the functionalized sample
(Figure 2) show, for CNFs, the C=C stretching vibration at
1631 cm™" and the C—H stretching vibration at 2921 cm™.

The spectrum of CNFs-NH, reports the N—H stretching
vibration at 3400 cm™, and the peaks at about 743 and 759

cm™" are related to the —CH=CH— bond vibrations of the
benzene rings. In addition, a more intense peak, compared to
the CNFs-NH, sample, at 2970—2960 cm™}, can be observed
due to the C—H stretching of the alkyl functionalities.

3.2. Electrochemical Measurements. The electrochem-
ical performance of the modified CNFs-NH, screen-printed
carbon electrode (CNFs-NH,/SPCE), synthesized as reported
in the experimental section, was evaluated by EIS measure-
ments. These experiments were performed in the absence and
presence of various glucose concentrations to assess the
impedimetric response of the tested electrodes as electro-
chemical glucose sensors. The oscillation frequency was
applied in the range of 100 kHz to 0.1 Hz and the set
potential was applied to be 0.65 V vs Ag/AgCl. Figure 3
reports the equivalent circuit for modeling the Nyquist plot,
where R, is the electrolyte resistance, Ry is the charge transfer
resistance, and CPE is the constant phase element that models
the behavior of a double layer.

The sensor modification was monitored by EIS analysis,
comparing the curves of the modified CNFs-NH,/SPCE
sensors with the bare one. The Nyquist plot, as represented in
Figure 4, shows a large reduction of the semicircle after the
CNFs-NH, deposition on the working electrode surface,
indicating an effective improvement of the sensor’s electrical
performance by promoting charge transfer. This finding agrees
with previous data reported in the literature for carbon
nanomaterials.”’ The sensor CNFs-NH,/SPCE was then
tested and compared to the SPCE in the presence of 500
UM. The inset in Figure 4 shows the large variations of —Z" by
the CNFs-NH,/SPCE sensor (19255 Q) compared to the
bare SPCE (2189 Q).

The influence of the operating pH of the sensor is reported
in Figure 4. In 0.1 M NaOH (pH = 13), there is an excellent
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Figure 1. SEM images of (a) CNFs and (b) CNFs-NH,; (c) XRD spectra of CNFs and CNFs-NH,; and (d) TGA (solid lines) and differential
thermal analysis (DTA) (dashed lines) profiles of CNFs and CNFs-NH, performed in air.
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Figure 2. FTIR spectra of CNFs and CNFs-NH,.
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Figure 3. (a) EIS of the bare SPCE and CNFs-NH,/SPCE in a solution containing 0.1 M NaOH with a frequency range from 0.1 to 105 Hz;
amplitude S mV. The inset shows the EIS response of the SPCE and CNFs-NH,/SPCE in the presence of 500 M glucose. (b) Equivalent circuit.

performance of the sensor in the presence of 300 uM glucose.
Indeed, a large variation of —Z” (11 370 Q) is noted, while as
the pH decreases, the impedance variation is strongly
diminished, accompanied by a remarkable change of the
Nyquist plot. In neutral (pH = 7.4) and acidic (pH = 4)
conditions, no impedance variation is detected.

These results suggest the strategic role of the amino group
(R-NH,) present on the nanofibers in the interaction with
glucose to generate an impedance change. The capabilities of
the CNFs-NH,/SPCE sensor to detect higher and variable
glucose concentrations were evaluated by varying the
concentration from 0 to 5000 #M in 0.1 M NaOH (pH =
13). Figure Sa shows the remarkable variation of the semicircle
as the amount of glucose changes. The variation of the charge
transfer resistance (ARcr) before and after the exposure to the
different glucose concentrations, as computed by the
equivalent circuit shown in Figure 3b, was used to plot the
calibration curve shown in Figure 5b. The increase in Rcr with
increasing glucose concentration is due to the interaction of

27088

the analyte with the amine group present on CNFs-NH,,
leading to a modification of the electrode surface and
consequently to an increase in the electron transfer resistance.

The increase in the semicircle diameter implies an
enhancement in the Rcy value. Figure Sb shows the calibration
curve derived from EIS analysis. Two linear trends were noted,
one at low concentrations (0—1200 yM) and the other from
1200 to S000 M. The sensitivity (S) in the above linear
ranges was estimated as the slope between the output signal
ARcr and the glucose concentration; the corresponding
computed equations are reported in Figure 5b. The limit of
detection (LOD) calculated as the (standard error/slope)*3.3
was 18.64 uM.

The response of the sensor to other common sugars, such as
sucrose and fructose, was also investigated (Figure 6).

Interestingly, the response to the concentration of 200 yuM
glucose is much higher than that recorded at the same
concentration with fructose; moreover, the sensor did not
respond to the presence of sucrose (see the inset). This
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Figure 4. Nyquist plot for the CNFs-NH,/SPCE sensor in the
absence and in the presence of 300 uM glucose at different pH values
(pH 4, 7.4, 10, and 13).

80000
0 to 5mM glucose
@) B
« 9
60000 - « 1.0 4
< A . <
< A o O A «
4 e = " . ® 4
T 40000+ *..0;:"0 ° & .. A 44
= ° . °
Ry A SR DA e
| AL
2N o
20000+ \ﬁ:};: e *0: o e
,“ vv <4 >”. 2 )
3 X “g. £
0 Av? aw e
0 40000 80000 120000
Z'(Q)
175000
1(b)
150000
125000 -
) 1ooooo- -~ y=15300[C] + 80845
< ] R? = 0.9621
@ 75000-
< 4
50000 -
25000: y =79100 [C] + 748
1 R? = 0.9691
0

0 1000 2000 3000 4000 5000 6000
Glucose (uM)
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glucose concentrations from 0 to 5000 M in 0.1 M NaOH (pH =
13). (a) Nyquist plot and (b) calibration curve.

demonstrates the good ability of the CNFs-NH,/SPCE sensor
to selectively detect the presence of glucose compared to other
sugars.

0 2000 4000 6000 8000 10000

Z'()
Figure 6. EIS analysis of the CNFs-NH,/SPCE sensor with 200 xM

different sugars in 0.1 M NaOH (pH 13); the inset reports the
response of the sensor for each sugar.

3.3. Glucose Sensing Mechanism. The observed
response of tested sugars can be rationalized, considering
their different chemical reactivities toward the free amino
functionalities present on the electrode surface (see Figure 7).
The monosaccharides, glucose and fructose, due to the
presence of a free aldehyde (in glucose) or a ketone group
(in fructose), are reducing sugars and can react with primary
aliphatic or aromatic amines to form glycosylamines.”® In
sucrose, no free aldehyde or ketone group is present since, in
this molecule, the glycosidic bond involves the anomeric
carbons of both glucose and fructose. Thus, this nonreducing
sugar cannot react with amino groups to form glycosylamines.

The preferential interaction of the amino groups exposed on
the surface of SPEs with glucose with respect to fructose is
attributable to the higher level of reactivity of glucose with
respect to the extent of glycated product formation.**

FTIR analysis was found to be a valuable technique for
investigating the glucose sensing mechanism. The preferential
reaction mechanism hypothesized above was confirmed by
FTIR characterization, as shown in Figure 8.

The formation of a reversible azomethine bond between the
amino group exposed on the surface of the SPCE and the
carbonyl group of the sugar was observed only for glucose and
fructose. The FTIR spectrum related to the interaction of the
modified electrode with sucrose does not report any peaks
related to this sugar. For glucose, the diagnostic peak at 1640
cm™! attributable to the CH=N bond can be observed.
Moreover, for this sample, the stretching at 3350 cm™" due to
the O—H bond, the vibrations of the C—H bonds at 2847—
2915 cm™', and the peak at 1040 cm™ attributable to the
bending vibration of the C—O bond are also recorded. The
FTIR spectrum related to the interaction of fructose with the
surface of CNFs-NH,/SPCE shows a weak peak at 1645 cm™
due to the formation of the azomethine bond together with the
stretching of the O—H bond at 3350 cm™". The lower intensity
of these peaks, with respect to that observed for glucose, agrees
with the expected lower interaction of fructose with the amino
groups exposed on the electrode surface. The reported EIS-
promoted sensing of glucose was also demonstrated by
comparing the FTIR spectra reported above with those
recorded by the same substrate and sugars without applying
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glucose, CNFs-NH,/SPCE + fructose,/’ and CNFs-NH,/SPCE +
sucrose after electrochemical tests.

any potential. As reported in Figure 9, no signal related to the
formation of the azomethine bond can be in fact observed.

The performances of the proposed sensors such as the limit
of detection (LOD), linear range, and sensitivity were
compared with some recent impedimetric sensors based on
the enzymatic and nonenzymatic sensing layer reported in
recent literature (see Table 1). From this comparison, it
appears clear that the proposed sensor displays very good
performances, in terms of high sensitivity, a low detection limit,
and a good linear range.

4. CONCLUSIONS

A simple wet chemistry functionalization of carbon nanofibers
with an aromatic diamine provided a sensing material for the
development of a high-performance enzyme-free electro-
chemical sensor for the selective sensing of glucose. The
electrochemical performance of the modified carbon-based
screen-printed electrode was evaluated by EIS, demonstrating a
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Figure 9. FTIR spectra of CNFs-SPCE-NH,/glucose, CNFs-SPCE-

NH,/sucrose, and CNFs-SPCE-NH,/fructose as recorded without
any potential applied.

high selectivity of the sensor for glucose with respect to
fructose and sucrose. The optimization of the sensing
parameters allowed us to obtain linear calibrations at low
(0-1200 mM) and high (1200—5000 mM) glucose
concentrations and a low (18.64 mM) LOD. A selective
glucose sensing mechanism on the novel electrodes has been
proposed based on the formation of a reversible azomethine
bond between the amino group exposed on the surface of
CNFs-NH,/SPCE and the carbonyl group of the sugar. The
results of this study highlight the performance of this novel
electrochemical sensor for the selective sensing of this
biologically relevant analyte. Further, the EIS technique used
is suitable for future glucose monitoring in a continuous
manner. The proposed sensor also has the advantage of being a
nonenzymatic sensor, allowing its use in extreme working
environments where enzymatic sensors could not operate, such
as in analysis of fermentation processes,” and it does not need
any redox probe.
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Table 1. Performances of the CNFs-NH,/SPCE Sensor for Glucose Sensing Compared to Previous Enzymatic and
Nonenzymatic Impedimetric Sensors Reported in Recent Literature

electrodes LOD (uM)
SPCE/TiO,/APTES@CG/GOx 24
SPEs/Au/rGO 100
CE/PG/NF/FC/GOx 21
CNFs-NH,/SPCE 186

linear range (mM) sensitivity (kQ mM™") ref
0.05—1 0.4 35
3.3-27-7 0.99 x 1073 36
1-15 10.6 37
0-S§ 79.1 this work
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