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Abstract

An amperometric L-ascorbic acid biosensor utilizing ascorbate oxidase (AOx) immobilized onto poly(L-aspartic acid) (P(L-Asp))
film was fabricated on carbon nanofiber (CNF) and nanodiamond particle (ND)-modified glassy carbon electrode (GCE). Effects
of AOx, ND, and CNF amounts were investigated by monitoring the response currents of the biosensor at different amounts of
AOx, ND, and CNF. The electropolymerization step of L-aspartic acid on CNF-ND/GCE surface was also optimized. Scanning
electron microscopy (SEM), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) techniques were used
to enlighten the modification steps of the biosensor. The effects of pH and applied potential were studied in detail to achieve the
best analytical performance. Under optimized experimental conditions, the AOx/P(L-Asp)/ND-CNF/GCE biosensor showed a
linear response to L-ascorbic acid in the range of 2.0 x 10”'—1.8 x 10> M with a detection limit of 1.0 x 10”7 M and sensitivity of
105.0 pAmM ' cm 2. The novel biosensing platform showed good reproducibility and selectivity. The strong interaction
between AOx and the P(L-Asp)/ND-CNF matrix was revealed by the high repeatability (3.4%) and good operational stability.
The AOx/P(L-Asp)/ND-CNF/GCE biosensor was successfully applied to the determination of L-ascorbic acid in vitamin C
effervescent tablet and pharmaceutical powder containing ascorbic acid with good results, which makes it a promising approach
for quantification of L-ascorbic acid.
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Introduction deficiency can cause muscle degeneration, anemia,
Parkinson’s, Alzheimer’s, infections, or poor wound healing

L-Ascorbic acid or vitamin C is a water-soluble vitamin found  [3, 4]. Ascorbic acid cannot be synthesized in human body

in citrus and other fruits, and in vegetables [1]. It is widely
utilized as an antioxidant in some foods, pharmaceutical for-
mulations, and cosmetics [2]. L-Ascorbic acid plays a crucial
role in some biological processes such as hormone biosynthe-
sis, collagen formation, and amino acid metabolism [3]. The
excess of ascorbic acid can lead to several disorders such as
gastric irritation, urinary stones, and diarrhea, whereas its
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and must be provided exogenously in the diet [1]. Thus, the
development of rapid and reliable techniques for the quantita-
tive determination of ascorbic acid is of great importance in
clinical chemistry, pharmaceutical, cosmetic, and food
industries.

Different analytical techniques such as spectrophotometry
[5], chromatography [6], colorimetry [7], and chemilumines-
cence [8] have been reported for the quantification of ascorbic
acid. Nevertheless, most of these techniques suffer from cum-
bersome and time-consuming sample pretreatment steps or ex-
pensive equipment. As compared to them, the electrochemical
determination of ascorbic acid is more practical, sensitive, and
rapid and does not need complex sample preparation procedure
[3]. The determination of ascorbic acid by amperometric tech-
nique is based on its direct oxidation at conventional solid
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electrodes such as glassy carbon or platinum. However, this
approach has some drawbacks including high overpotential re-
quired for direct oxidation of ascorbic acid, low selectivity, and
poor sensitivity [4]. In this sense, chemically modified elec-
trodes have been proposed to lower the overpotential [9, 10].
On the other hand, the use of amperometric biosensors which
integrate biological recognition through enzyme specificity
with the simplicity of fabrication is another attractive approach
for L-ascorbic acid determination [11-14]. These devices have
gained increasing attention in the last few decades for their
favorable properties such as high sensitivity, rapid response,
low cost, and good selectivity.

Nowadays, carbon nanomaterials such as graphene and its
derivatives, carbon nanotubes, or carbon nanofibers (CNFs)
are widely used as sensing materials in the development of
amperometric biosensors of good sensitivity and high selec-
tivity [15, 16]. Among various carbon nanomaterials, CNFs
exhibit distinguished properties such as large surface area,
good mechanical stability, high electric conductivity, broad
chemical modification capacity, and biocompatibility, which
make them good candidates for electrode modification [16,
17]. Compared with carbon nanotubes, CNFs have inherent
advantages including higher mechanical stability, easier sur-
face functionalization, lower-cost mass production, and more
edge sites on the outer wall [18].

Nanodiamonds (NDs), a member of the carbon
nanomaterial family, have attracted researcher’s attention in
different fields such as biomedicine, sensor development,
drug delivery, and energy storage [19]. NDs exhibit excellent
characteristics including small particle size (about 5 nm), high
biocompatibility, thermal stability, large specific surface area,
chemical inertness, facile surface functionalization, wide po-
tential window, and low background current [20-22]. NDs
also contain a small fraction of carbon atoms with sp® hybrid-
ization which causes the nanomaterial to be an electric con-
ductor, unlike conventional diamond [20]. The surface of NDs
can be functionalized with a variety of functional groups such
as carboxyl and hydroxyl groups which can be used for con-
jugation with biological molecules [23]. For instance, the
bioconjugation of surface carboxylic groups present in NDs
with enzyme through coupling agents (1-ethyl-3—(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) has been reported [24].
These outstanding properties of NDs make them favorable
materials to fabricate modified electrodes for biosensors.
Moreover, the use of NDs in electrochemical sensing has been
reported to improve various electrode characteristics such as
effective surface area and detection limit [25]. Various efforts
have been made to show the appropriateness of both CNFs
[16, 17] and NDs [20, 26] individually in electrochemical
sensing but no significant research has been conducted on
modified electrodes based on the combination of CNFs and
NDs.
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Polymer-modified electrodes have shown to be an effective
tool in biosensor fabrication due to their advantages including
good selectivity and sensitivity, chemical stability, improved
electrocatalysis, easy preparation, and absence of surface foul-
ing. Moreover, polymers are reported as suitable platforms for
the immobilization of biomolecules [27, 28]. L-Aspartic acid
(L-Asp) is an amino acid that contains two carboxyl groups (—
COOH) and one amino group (-NH,). L-Asp can be easily
electropolymerized on the GCE surface by CV to form a P(L-
Asp) layer [29]. P(L-Asp) exhibits various favorable proper-
ties such as biocompatibility, low toxicity, easiness of prepa-
ration, low cost, and biodegradability [30, 31]. Moreover, the
functional groups on the membrane enable the immobilization
of a high number of enzyme molecules on the surface of
modified electrodes. Both the carboxyl and amino groups
are involved in electropolymerization of L-aspartic acid which
enables the immobilization of a high number of enzyme mol-
ecules on the surface of modified electrodes [30].

A novel trend in biosensor development is the combination
of polymers and carbon nanomaterials in electrode modifica-
tion, with the aim of combining the advantageous properties
of different materials. These composites are expected to pos-
sess complementary properties of each component with a syn-
ergistic effect and to exhibit improved performance in biosen-
sor fabrication. In this context, our attention was directed to-
ward the application of a composite containing CNFs, NDs,
and P(L-Asp) in electrode modification to benefit from the
properties of both carbon nanomaterials and polymer. To the
best of our knowledge, there is no study on the application of
CNFs, NDs, and P(L-Asp) composite for the determination of
L-ascorbic acid. Herein we report, for the first time, the con-
struction and application of an ascorbic acid biosensor using a
composite matrix containing CNF, ND, and P(L-Asp) as
supporting material for immobilization of ascorbate oxidase
(AOx) on glassy carbon electrode (AOx/P(L-Asp)/ND-CNF/
GCE). Optimization of conditions that might affect the bio-
sensing of ascorbic acid was performed. The analytical per-
formance of the AOx/P(L-Asp)/ND-CNF/GCE biosensor was
evaluated in terms of linear dynamic range, the limit of detec-
tion, specificity, stability, and reproducibility. In addition, the
reliability of the resulting biosensor was investigated in the
real sample by measuring ascorbic acid concentration in vita-
min C effervescent tablets and pharmaceutical powder con-
taining ascorbic acid.

Materials and methods
Reagents and instrumentation
Ascorbate oxidase (E.C. 1.10.3.3. from Cucurbita sp. 1000—

3000 U mg_l), L-ascorbic acid, carbon nanofibers (D X L
100 nm % 20-200 pum), (1-ethyl-3—(3-dimethylaminopropyl)-
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carbodiimide hydrochloride, monodispersed nanodiamond
particles (10 mg mL™"' in H,O, carboxylated), N-
hydroxysuccinimide, potassium hexacyanoferrate(Ill), potas-
sium chloride, potassium hexacyanoferrate(Il) trihydrate, so-
dium hydroxide, glucose, caffeine, paracetamol, citric acid,
oxalic acid, urea, glycine, sodium chloride, disodium hydro-
gen phosphate, hydrochloric acid, sodium dihydrogen phos-
phate, chitosan, and L-aspartic acid were obtained from
Sigma-Aldrich. Vitamin C effervescent tablets and pharma-
ceutical powder containing ascorbic acid were bought from a
pharmacy. Double distilled water obtained from ELGA
Purelab Option-S System was used throughout the
experiments.

All electrochemical studies were performed using a
Metrohm Autolab electrochemical analyzer (Eco-Chemie,
Utrecht, The Netherlands) controlled by the NOV A software.
A traditional three-electrode arrangement consists of a modi-
fied glassy carbon working electrode (3.0 mm in diameter,
BASi MF2012, Bioanalytical Systems, Inc., USA), platinum
wire auxiliary electrode (BASi MW1032), and Ag/AgCl ref-
erence electrode (BASi MF2052) was used for the electro-
chemical experiments. The SEM images were captured by a
Carl Zeiss AG, EVO® 40 Series scanning electron
microscope.

Electrochemical measurements

Amperometric measurements were carried out in phosphate
buffer solution (PBS) (pH 6.5, 0.05 M) at a constant operating
potential of + 0.25 V under stirring. Before aliquots of ascor-
bic acid were added to the stirred PBS, the background current
was allowed to reach a constant level. The steady-state current
responses were recorded after the addition of ascorbic acid
and the response current was marked as the difference (Ai)
between the steady-state and background currents. Ascorbic
acid solutions were prepared freshly prior to each measure-
ment. Cyclic voltammograms and electrochemical impedance
spectra were obtained in 100 mM KCI solution containing
5.0 mM Fe (CN)s . A potential window from —0.20 to
+0.60 V and a scan rate of 50 mV s~ ' were used for CV
measurements. EIS measurements were performed within a
frequency range of 0.05-10° Hz. All measurements were ac-
complished at room temperature.

Preparation of the biosensor

AOx/P(L-Asp)/ND-CNF/GCE biosensor was fabricated as de-
scribed below.

(i) GCE was polished with alumina slurry on a wet
microcloth to obtain a mirror-like surface. Then, the elec-
trode was rinsed with double distilled water, sonicated in
double distilled water and ethanol, and dried at room

temperature. 100.0 mg chitosan (CS) was dissolved in
20.0 mL pH 5.0 acetate buffer solution under magnetic
stirring. Chitosan was used as a dispersive agent to obtain
stable CNF-ND dispersions due to its advantageous
properties such as good film-forming ability and biocom-
patibility [32]. Eight milligrams of the CNF was dis-
persed into 1.0 mL CS solution by ultrasonic agitation
for 2 h. 6 mg mL ™" ND solution was prepared by diluting
the 10 mg mL ™" ND solution with double distilled water.
0.5 mL of diluted ND solution (6 mg mLﬁl) was added to
0.5 mL of CNF-CS suspension and the final mixture was
sonicated for 1 h to get a uniform dispersion. Five micro-
liters of the ND-CNF-CS suspension was cast onto the
GCE surface and allowed to dry.

(i) Electropolymerization of L-Asp on the ND-CNF/GCE
was carried out by CV between —1.5 and+2.0 V at a
scan rate of 100 mV s ™' for 10 cycles in PBS (pH 6.0)
containing 2.0 mM L-Asp [27]. P(L-Asp)/ND-CNF/
GCE was rinsed repeatedly with double distilled water
and dried in air.

(iii) EDC/NHS coupling chemistry [33] was used for the
immobilization of AOx onto the modified electrode.
For this purpose, 3 pL of EDC (100 mM)-NHS
(100 mM) mixture was pipetted onto the P(L-Asp)/
CNF-ND/GCE to activate the unbound and free —
COOH groups of P(L-Asp)/ND-CNF composite film.
AOx solution was prepared in pH 6.0 PBS and stored
at — 18 °C until usage to prevent activity loss. Five mi-
croliters of AOx solution (100 U mL™") was casted onto
the P(L-Asp)/ND-CNF/GCE and left to be dried at +
4 °C to construct the biosensor. The enzyme electrode
was washed with PBS (pH 6.5) to eliminate the un-
bound components. Three microliters of Nafion solu-
tion (0.25%) was drop coated on the biosensor to min-
imize the effect of interfering species and prevent en-
zyme leakage. The fabrication process of AOx/P(L-
Asp)/ND-CNF/GCE is presented in Scheme 1.

Results and discussion
Optimization of the electrode surface composition

The analytical performance of the AOx/P(L-Asp)/ND-CNF/
GCE biosensor is directly affected by the amounts of (a)
CNF and (b) ND in the composite, (c) the cycle number used
for the electropolymerization of L-Asp, and (d) AOx loading.
Therefore, in the first step, the amounts of CNF, ND, and AOx
and the cycle number of the P(L-Asp) were optimized to
achieve good analytical characteristics. The optimization
study was performed by changing the amount of each
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Scheme 1 The fabrication process of AOx/P(L-Asp)/ND-CNF/GCE

component at one time and keeping others constant. In order
to determine the optimum condition, amperometric responses
of the biosensors to successive ascorbic acid additions were
recorded and the sensitivities were evaluated.

i. CNF amount

To find the optimum CNF amount, 2.0, 4.0, 6.0, 8.0, and
10.0 mg of CNFs were dispersed in 1.0 mL of CS solution
and these mixtures were used in biosensor construction.
Figure 1A depicts the ascorbic acid responses of the biosen-
sors constructed with different amounts of CNF. The sensitiv-
ity of the biosensor increased with the increase in CNF
amount until 8.0 mg and decreased thereafter. The decrease
observed at higher amounts of CNF can be attributed to the
diffusion problem for the substrate. Hence, 8.0 mg mL ™' of
CNF was selected for the fabrication of the biosensor.

ii. ND amount

The effect of ND amount on the response of AOx/P(L-Asp)/ND-
CNF/GCE biosensor was also determined. For this purpose, dif-
ferent ND amounts as 4.0, 6.0, 8.0, and 10.0 mg mL " were used
for the construction of the biosensor and amperometric responses
of the biosensors to ascorbic acid were recorded (Fig. 1B). The
highest sensitivity was obtained with the biosensor constructed
with 6.0 mg mL ™" ND and this optimum amount was used in the
construction of AOx/P(L-Asp)/ND-CNF/GCE biosensor.
Camargo et al. [26] reported that an increase in ND amount on
GCE surface leads to a decrease in peak currents of cyclic volt-
ammograms which is consistent with our findings.

iii. Effect of cycle number

Electropolymerization of L-Asp on ND-CNF/GCE was per-
formed by continuous cyclic voltammograms which were
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recorded between — 1.5 and +2.0 V at 100 mV s ' scan rate
for 10 cycles in a 0.05 M pH 6.0 PBS containing 2.0 mM L-
Asp (Fig. 1C). The redox behaviors of the polymer are shown
in Fig. 1C. As can be seen, a cathodic peak at —0.8 V and an
anodic peak at + 1.3 V were observed due to the formation of
P(L-Asp). Furthermore, the gray film observed on the elec-
trode surface after modification confirmed the formation
P(L-Asp) on the surface of ND-CNF/GCE. It was reported that
monomer containing amino group can be electropolymerized
at the surface of GCE to form a film via carbon-nitrogen (C-N)
linkages between the electrode and —NH, [34]. In our study,
the possible electropolymerization mechanism can be detailed
as follows: the oxidation of the -NH, group could convert to
its corresponding cation radical and these radicals can form C-
N linkages at the ND-CNF/GCE surface to form P(L-Asp)
films [30]. The voltammograms obtained during the modifi-
cation of the ND-CNF/GCE surface with P(L-Asp) are similar
to those obtained by polymerizing L-Asp on bare GCE and
multiwalled carbon nanotube-modified GCE [27, 30].

Polymer thickness is an important parameter in en-
zyme immobilization since very thick or thin polymeric
layers may not preserve the enzyme molecules properly
[35]. The thickness of the polymer film could be con-
trolled by changing the cycle number of voltammetric
scans. Thus, the optimum cycle number for the
electropolymerization step was determined from amper-
ometric measurements at varying cycle numbers from 5
to 20 cycles. The highest biosensor sensitivity was ob-
tained at a cycle number of 10 and this value was used
as the optimum cycle number (Fig. 1D). It was also
observed that, by increasing the cycle number, the
thickness of the polymer film was increased, which
makes it difficult to perform enzyme immobilization
procedures in the next step. Moreover, the stability of
the electrode surface was not satisfactory at thick poly-
mer layers.
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Enzyme loading should also be optimized to achieve the
highest biosensor performance. To optimize the AOx
loading, five different biosensors having 0.00, 0.05,
0.10, 0.50, and 1.00 unit AOx were constructed by
keeping other parameters constant. Figure 1E shows
the dependence of sensitivity on AOx loading. The sen-
sitivity of the biosensor improved as the loading of
AOx increased up to 0.50 unit where the highest re-
sponse was obtained and then decreased at 1.00 unit.
The decrease in sensitivity at high enzyme loadings
can be ascribed to the increased film thickness, which
increased the resistance to the diffusion of the substrate
molecule [35]. Consequently, an AOx loading of 0.50 U
immobilized on the P(L-Asp)/ND-CNF/GCE was chosen
for future experiments.

Morphological characterization of electrode surfaces by SEM
is an effective tool to confirm the construction steps of mod-
ified electrodes. SEM images of (a) CNF/GCE, (b) ND-CNF/
GCE, (c) P(L-Asp)/ND-CNF/GCE, and (d) AOx/P(L-Asp)/
ND-CNF/GCE are shown in Fig. 2. In the image, a typical
morphology of CNFs [36] can be observed. When NDs were
added to CNF-CS mixture, there were spherical structures
between CNFs as shown in image b. These structures can be
attributed to the presence of NDs and it is obvious that the
incorporation of NDs changes the microstructure of films. The
ND-CNF/GCE surface presents a very rough appearance, sug-
gesting that the ND-CNF matrix provided an increased sur-
face area for the modified GCE. After the
electropolymerization of L-aspartic acid on ND-CNF/GCE,
the morphology of the electrode changed significantly and
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Fig. 2 SEM images of (a) CNF/GCE, (b) ND-CNF/GCE, (¢) P(L-Asp)/ND-CNF/GCE, and (d) AOx/P(L-Asp)/ND-CNF/GCE surfaces (WD =11.0

mm; EHT =20.00 kV; Mag = 50.00 KX)

the polymer layer covered the electrode surface (image c).
However, CNFs and NDs are still visible and the modified
electrode surface reveals a porous structure which is important
for the effective immobilization of the enzymes onto the elec-
trode surface. In image d, a different morphology with bright
clustered structures was observed on the electrode surface
revealing the successful immobilization of AOx onto P(L-
Asp)/ND-CNF/GCE.

Electrochemical characterization

The biosensor fabrication process and charge transfer properties
of the modified electrodes were also probed by CV and EIS
techniques. Figure 3A presents the cyclic voltammograms of
different electrodes recorded in redox probe Fe(CN)e 7+, At
the bare GCE (curve a), well-defined redox peaks of the ferri/
ferrocyanide couple were observed. The modification of the
GCE surface by ND (curve b) and CNF (curve c) led to an
increase in the peak currents and decrease in peak to peak sep-
aration (AE,) as a result of larger surface area and better
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conductivity. The peak currents of ND-CNF/GCE (curve d)
increased much more than those of bare GCE, CNF/GCE, and
ND/GCE due to the synergistic effect of CNFs and NDs. In
contrast, the introduction of P(L-Asp) onto ND-CNF matrix
resulted in a decrease in the peak current signal (curve ) which
is probably due to the negative effect of thick polymer film layer
on the conductivity of the electrode surface. Moreover, the elec-
trostatic repulsion between the negatively charged carboxyl
groups of the polymer layer and the negatively charged redox
probe contributed to the decrease of the peak current [30].

EIS is a valuable tool to enlighten the interface properties of
surface-modified electrodes. A typical Nyquist plot includes a
semicircular part obtained at high frequencies representing the
electron transfer-limited process and a linear part obtained at
low frequencies representing the diffusion process. The diame-
ter of the semicircle corresponds to the charge transfer resis-
tance, R [37]. Figure 3B depicts the impedance spectra of (a)
GCE, (b) ND/GCE, (c) CNF/GCE, (d) ND-CNF/GCE, and (e)
P(L-Asp)/ND-CNF/GCE recorded in 5 mM [F e(CN) . A
high R value of 910 €2 was observed at bare GCE due to the
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low electron transfer rate of glassy carbon. According to the
fitting results, the R, of ND/GCE was 210 2 indicating the
increased conductivity of the electrode interface. The increase
in conductivity observed after the incorporation of NDs into the
modification matrix is consistent with the EIS results reported
for nanodiamond-potato starch-modified GCE [26]. On the oth-
er hand, CNF/GCE exhibited a R value of 35 €2 which can be
attributed to the improved electron transfer rate of [Fe(CN)e]> ™
" at the electrode surface due to the presence of CNFs. The R,
value of ND-CNF/GCE was 16 €2 which suggested that NDs
and CNFs had a synergistic effect and ND-CNF matrix shows
the highest electron transfer efficiency. After L-Asp was electro-
deposited on the surface of ND-CNF/GCE, an increase in Ry
(22 ) was observed (curve e) suggesting that the polymer film
increases the resistance of the electrode. A similar observation
was also reported for P(L-Asp)/MWCNT bionanocomposite-
modified GCE [30].

Optimization of experimental conditions

The operating potential and pH of the working buffer were also
optimized to improve the performance of the ascorbic acid bio-
sensor. Figure 4A shows the bioelectrocatalytic oxidation of
ascorbic acid at AOx/P(L-Asp)/ND-CNF/GCE biosensor.
According to the figure, the bioelectrocatalytic oxidation of
ascorbic acid began to appear from 0.0 V and reached the max-
imum value at about + 0.20 V. In addition, peak current increased
with increasing the concentration of ascorbic acid, suggesting
that the AOx/P(L-Asp)/ND-CNF/GCE biosensor exhibited a
good bioelectrocatalytic performance toward ascorbic acid oxi-
dation. In order to determine an appropriate operating potential,
the amperometric response of biosensor was also investigated at
different potentials at 0.10, 0.15, 0.20, and 0.25 V (Fig. 4B). This
potential range was selected according to the bioelectrocatalytic
oxidation of ascorbic acid depicted in Fig. 4A. As can be seen,
the sensitivity increased as the operating potential shifts from
0.10 to 0.20 V and reached a plateau around 0.20-0.25 V which
can be ascribed to the rate-limiting process of enzyme kinetics
and substrate diffusion [38]. Therefore, an operating potential of
+0.25 V was selected for further studies. This relatively low

operating potential would help to decrease the effect of interfer-
ences from electrochemically active species normally coexist in
real samples.

In this study, the response mechanism of the AOx/P(L-Asp)/
ND-CNF/GCE biosensor is based on the biocatalytic oxidation
of ascorbic acid to L-dehydroascorbic acid and H,O by AOx in
the presence of O,. Several authors have reported that the bio-
catalytic oxidation of ascorbic acid by AOx follows a double
displacement reaction mechanism which occurred in the pres-
ence of two substrates (ascorbic acid and O,) and two reactants
(first: ascorbic acid; second: O,) resulting in products of
dehydroascorbic acid and H,O [1, 13]. The reaction mechanism
can be presented by the following reaction:

. . 1 . .
L—Ascorbic acid + 5 0, —Ax Dehydroascorbic acid
4+ H,O0

This mechanism is also named as the “ping-pong” reaction
mechanism where the substrates appear to bounce on and off
from enzyme, just like a ping-pong ball [1]. According to the
reaction mechanism, ascorbic acid first binds to AOXcy, to form
AOxX(ox)-ascorbic acid, then transforms into AOX( ed)-
dehydroascorbic acid, next releases product dehydroascorbic
and forms AOXeq). The other substrate O, binds to AOXeq) to
form AOXgeqy-O, which transforms into AOXox-H,O then re-
leases another product H>O and forms AOX ). In this reaction,
the concentration of O, was held constant, whereas ascorbic acid
varied. Therefore, the concentration of O, was kept constant in
air-saturated PBS in all amperometric measurements.

pH of the working buffer is a crucial parameter for biosens-
ing studies since it affects the bioactivity of the enzyme [39].
The effect of buffer pH on the amperometric response of the
AOx/P(L-Asp)/ND-CNF/GCE biosensor was explored over
the range from pH 6.0-9.0 in 0.05 M PBS (Fig. 4C). The
sensitivity increased with increasing pH from 5.0 to 6.5,
where the highest sensitivity was achieved, then decreased
afterwards. The optimum sensitivity for AOx/P(L-Asp)/ND-
CNF/GCE biosensor was observed at pH 6.5 and this pH was
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Fig. 4 (a) The cyclic 75 10.0
voltammograms of the AOx/P(L- a b
Asp)/ND-CNF/GCE biosensor in ™
0.05 M PBS containing different - S . z sl
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used as the optimum value for L-ascorbic acid biosensing. The
optimum pH for the free AOx is pH 5.5-7.0 [40]. After the
immobilization of AOx, no significant change was observed
at the optimum pH of the enzyme indicating that the immobi-
lization matrix or procedure did not affect the microenviron-
ment or quaternary structure of the enzyme. Several biosensor
studies reported pH 6.5 as the optimum pH value for ascorbic
acid determination [14, 41].

Analytical performance of the biosensor

After the optimization of experimental conditions, the re-
sponse of AOx/P(L-Asp)/ND-CNF/GCE to ascorbic acid
was investigated. For this purpose, amperometric current-
time (i-¢) responses of AOx/P(L-Asp)/ND-CNF/GCE for suc-
cessive additions of ascorbic acid were recorded in a stirred
0.05 M PBS (pH 6.5) at an operational potential of +0.25 V.
The i-t response of the biosensor shows that a stable, rapid (<
10 s), and well-defined amperometric response was observed
after each addition of ascorbic acid, indicating the effective-
ness of the biosensing platform for the biorecognition event
(Fig. 5A). Figure 5B depicts the corresponding calibration
curve plotted from i-¢ data. According to the calibration curve,
AOx/P(L-Asp)/ND-CNF/GCE biosensor displayed a linear re-
lationship between the current and ascorbic acid concentration
in the range of 2.0 x 107 —1.8 x 10> M with a sensitivity of
7.42 pAmM ' (105.0 pA mM ' cm ?). The detection limit of
the biosensor was calculated according to the 3s,/m formula
where m represents the slope of the calibration graph and s,
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represents the standard deviation of the chronoamperometric
responses from different solutions of ascorbic acid at the con-
centration level corresponding to the lowest concentration of
the calibration plot [42]. The detection limit of the AOx/P(L-
Asp)/ND-CNF/GCE biosensor was found to be 1.0 x 1077 M.

Figure 5B (inset) shows that the calibration curve of AOx/
P(L-Asp)/ND-CNF/GCE biosensor follows a hyperbolic trend
with a plateau observed at high ascorbic acid concentrations
which is typical for Michaelis-Menten kinetics. The apparent
Michaelis-Menten constant (K,,**?) can be calculated from the
Lineweaver-Burk equation:

()
I T inax C L inax
In this equation, I; represents the steady-state current after
ascorbic acid is added, C represents the bulk concentration of
ascorbic acid, and 7,,,,., is the maximum biosensor current record-
ed under saturated ascorbic acid conditions [43]. In our study,
K,/ PP value was calculated as 1.21 mM. This K, value was
found to be smaller than those of poly(3,4-
ethylenedioxythiophene)/single-walled carbon nanotube/
Nafion/AOx-modified platinum electrode (18.35 mM) [44] and
polypyrrole/multiwalled carbon nanotubes/AOx-modified plati-
num electrode (21.18 mM) [14]. According to the characteristics
of K/, the lesser the value of K,/ *P, the stronger will be the
affinity between AOx and ascorbic acid. Thus, the low value of
K,/ indicated that the AOx immobilized on the P(L-Asp)/ND-
CNF composite showed a high bioaffinity to ascorbic acid.
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Fig. 5 (a) Current-time plots of 20
the AOx/P(L-Asp)/ND-CNF/
GCE biosensor to successive ad-
ditions of ascorbic acid and (b)
calibration curve of the biosensor
(inset: relationship between the
response current and the concen-
tration; 0.05 M pH 6.5, PBS at +
0.25 V, error bars represent the 5
standard deviation across the bio-
sensors for each assay, N=3)

—_
W

Current, pA
)

16
y =7.42x +0.08
a R2 = 0.9982 b

0 500

The repeatability and reproducibility of the AOx/P(L-Asp)/
ND-CNF/GCE biosensor were also studied. Five consecutive
calibration plots were performed under the optimal experi-
mental conditions using the same biosensor to investigate
the repeatability. The change observed in sensitivity (slope
of'the linear calibration) in terms of relative standard deviation
(RSD) was 3.4% between the 1st and the 5th calibration. This
result indicated the high repeatability of the presented biosen-
sor which can be attributed to the good interaction between the
AOx enzyme and P(L-Asp)/ND-CNF/GCE matrix. In case of
reproducibility, five calibration curves were plotted, using five
different similarly fabricated electrodes. The RSD values ob-
tained with AOx/P(L-Asp)/ND-CNF/GCE biosensor was
3.3% indicating that the ascorbic acid biosensor also exhibited
good fabrication reproducibility. In order to prove the opera-
tional stability, the biosensor response to 0.1 mM ascorbic
acid solution was recorded for a hundred times. Only 12%
loss in activity was observed after 100 measurements which
confirms the good operational stability of the ascorbic acid
biosensor.

The selectivity of the AOx/P(L-Asp)/ND-CNF/GCE bio-
sensor to various potential interferants such as oxalic acid,
glucose, citric acid, paracetamol, glycine, caffeine, and sodi-
um chloride was investigated in 0.05 M pH 6.5 PBS (Fig. 6).
The interference effect was calculated by comparison of the
response obtained for 0.1 mM ascorbic acid solution vs. the
response obtained for solutions of the same concentration of
those interferants. The results showed that the interference of
oxalic acid, citric acid, paracetamol, glycine, and sodium chlo-
ride was negligible (< 5%). On the other hand, glucose and
caffeine showed only 2% and 5% interference on the ascorbic
acid response of the AOx/P(L-Asp)/ND-CNF/GCE biosensor.
The results of the selectivity study showed that the presented
biosensor exhibited good anti-interference ability.

A comparison between the analytical performance of pre-
viously reported ascorbic acid biosensors and AOx/P(L-Asp)/
ND-CNF/GCE biosensor is presented in Table 1. It can be
seen from the table that the AOx/P(L-Asp)/ND-CNF/GCE
biosensor offered a wider linear dynamic range for ascorbic
acid than some of the previous ascorbic acid biosensors [4,

1000
Time, s

1500 2000

Concentration, mM

11-13]. Moreover, AOx/P(L-Asp)/ND-CNF/GCE biosensor
exhibited lower detection limit than all other ascorbic acid
biosensors presented in Table 1 except Nafion-MWCNT/
AOx/PEDOT/GCE [13]. This good analytical performance
may be attributed to the following reasons, (i) the high con-
ductivity of CNFs, (ii) synergistic effect of CNFs and NDs to
improve the electron transfer rate, (iii) the good interaction
between the enzyme and —COOH groups of P(L-Asp)/ND-
CNF matrix which improved the covalent bond formation
between electrode and enzyme, and (iv) the stability of the
P(L-Asp)/ND-CNF matrix on GCE surface.

The analytical performance of the presented AOX/P(L-
Asp)/ND-CNF/GCE biosensor was also compared with the
earlier ascorbic acid sensors based on the non-enzymatic de-
termination (Table 2). Particularly worth mentioning was that
our proposed biosensor’s detection limit was lower than most
of the other published ascorbic acid sensors. This low detec-
tion limit is important for the detection of small amounts of
ascorbic acid in some real samples. Furthermore, the AOx/
P(L-Asp)/ND-CNF/GCE biosensor shows a wider linear
range [47, 52-55] and higher sensitivity [47, 48, 50-52] com-
pared with some of the listed works.
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Fig. 6 Effect of potential interferants on the response of AOx/P(L-Asp)/
ND-CNEF/GCE biosensor (0.05 M pH 6.5 PBS at +0.25 V, N=3)
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Table 1 Comparison of the analytical performances of various amperometric ascorbic acid biosensors

Biosensor Potential/pH  LOD, Linear working Sensitivity, tA mM !/ Sample Ref.
uM range, pM HA mM ! cm™?
AOx/P(L-Asp)/ND-CNF/GCE +0.25 V/6.50 0.1 0.2-1800 7.4/105.0 Pharmaceutical and vitamin This
C tablet WoO-
rk
AOx/MWCNT/PEDOT/PtE +0.40 V/6.50 150  50.0-20,000 NR/23.9 - [1]
AOx/c-MWCNT/PANI/Au electrode +0.60 V/5.80 0.9 2.0-206 0.7/NR Serum, fruit juices, and [4]
vitamin C tablets
AOx/SPCE +045V/4.65 3.0 5.0-150 13.5/NR Fruit juices, effervescent [11]
tablets
AOx/egg shell membrane/Au elec-  +0.60 V/6.00 10.0 10.0-400 NR/NR Serum, fruit juices, and [12]
trode vitamin C tablets
Nafion-MWCNT/AOx/PEDOT/GCE +0.05 V/6.50 0.09 0.4-1000 NR/187.0 Commercial juices [13]
AOx/PPy-MWCNT/PtE +0.40 V/6.50 03 50.0-20,000 NR/25,900 - [14]
AOx/PEDOT-LS/PtE +0.20 V/6.50 0.5 2.0-14,000 NR/80.4 Commercial juices, [41]
vegetable crops
Nafion/AOx/SWCNT-PEDOT/PtE ~ +0.40 V/6.50 0.7 1.0-18,000 NR/28.5 - [44]
AOx/Au/graphite +0.20 V/7.00 1.5 2.0-3300 NR/154.0 - [45]
AOx/PEDOT(EMIES)/GCE +0.20 V/6.50 0.4 0.8-19,000 NR/56.6 Vegetable crops [46]

Au gold nanoparticles, c-MWCNT carboxylated multiwalled carbon nanotubes, EMIES 1-ethyl-3-methylimidazolium ethyl sulfate, MWCNT multiwalled
carbon nanotubes, NR not reported, PANI polyaniline, PEDOT poly(3, 4-ethylenedioxythiophene), PEDOT-LS poly(3,4-ethylenedioxythiophene)-
lauroylsarcosinate, PPy polypyrrole, PtE platinum disc electrode, SPCE screen-printed carbon electrode, SWCNT single-walled carbon nanotubes

Real sample analysis of these samples were determined using the standard addition

method. Sample 1 was a vitamin C effervescent tablet which
The analytical applicability of the AOx/P(L-Asp)/ND-CNF/  contains 1000 mg of ascorbic acid per tablet with vitamin D
GCE biosensor for real sample determinations was studied and zinc. One tablet was taken, dissolved in 0.05 M pH 6.5
by analyzing vitamin C effervescent tablet and pharmaceutical ~ PBS, and diluted to 250.0 mL. The resulting solution was
powder containing ascorbic acid. The ascorbic acid contents  diluted 1:50 with PBS, and aliquots from stock sample 1

Table 2 Comparison of the analytical performance of the AOx/P(L-Asp)/ND-CNF/GCE biosensor with previously reported amperometric ascorbic
acid sensors

Sensor Potential/l LOD, Linear working Sensitivity, pA mM '/ Sample Ref.
pH uM range, pM pA mM ' em
AOx/P(L-Asp)/ND-CNF/GCE +0.25/6.50 0.1 0.2-1800 7.4/105.0 Pharmaceutical and vitamin ~ This
C tablet wo-
rk
PdANPs-GO/GCE +0.10/7.40 NR 20.0-2280 1.8/NR Vitamin C tablets [47]
Fe(CN)¢> /PAH/PSS—CaCO4/CS/GCE +0.27/7.00 0.7 1.0-2413 4.5/NR NR (48]
CS/Au-AgNTs/GCE +0.25/7.00 2.0 5.0-2000 NR/NR Vitamin C tablet, urine, and  [49]
serum samples
AuNP/PPy/TiO, nanotube electrode +0.20/7.00 0.1 1.0-5000 26.9/63.9 Lemon [50]
Au-PANI/GCE -0.20/7.40 8.2 10.0-12,000 NR/25.7 Vitamin C tablet [51]
GS/GNR/GCE +0.07/7.00 0.2 10.0-360 NR/22.0 NR [52]
TiO,/rtGO/GCE +0.22/7.00 1.2 25.0-725 75.3/1061.0 Vitamin C supplement [53]
Gr/CuPc/PANI/SPCE +0.10/7.00 0.06 0.5-120 24.5/NR Vitamin C tablets [54]
MWCNT/PNB-3/GCE 0.00/530 2.4 10.0-140 NR/860.0 Pharmaceutical sample [55]

Au-AgNTs gold-silver nanotubes, AuNP gold nanoparticles, CS chitosan, CuPc copper(Il) phthalocyanine-tetrasulfonic acid tetrasodium salt, GNR
graphene nanoribbon, GO graphene oxide, Gr graphene, GS graphene sheet, MWCNT multiwalled carbon nanotubes, NR not reported, PAH
poly(allylamine) hydrochloride, PANI polyaniline, PdNPs palladium nanoparticles, PPy polypyrrole, PSS poly(sodium 4-styrenesulfonate), PNB
poly(Nile blue A), GO reduced graphene oxide, SPCE screen-printed carbon electrode
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solution were injected into the test cell containing 5.0 mL of
PBS. Then, aliquots of standard ascorbic acid solution were
added to the cell and a multiple addition calibration curve was
plotted. The ascorbic acid concentration in tablet solution cal-
culated from the calibration curve was 1005.8 £+ 18.8 mg tab-
let”! (N=3) with an average recovery of 100.6+ 1.9%.
Sample 2 was a pharmaceutical powder with 300 mg ascorbic
acid per sachet. One sachet of powder was transferred to a
calibrated flask, dissolved with 0.05 M pH 6.5 PBS and dilut-
ed to 100.0 mL. The resulting solution was diluted 1:10 for the
analysis. The concentration of ascorbic acid in sample 2 was
found to be 299.0 +4.2 mg sachet ! (N=3). The mean recov-
ery was calculated as 99.7 + 1.4. The performance of the bio-
sensor was also checked out by calculation of 7., value using
the results obtained from samples 1 and 2 applications and the
nominal value. The 7, value was calculated as 1.01 for sam-
ple 1 and 1.33 for sample 2 at 95% confidence level while the
titic was 4.30. The results indicate that no significant differ-
ence observed between the nominal value and the results ob-
tained from the proposed biosensor at the 95% confidence
level. It can be concluded that AOx/P(L-Asp)/ND-CNF/GCE
biosensor is a promising approach for the rapid, accurate, and
practical analysis of ascorbic acid in real samples.

Conclusion

In this study, a novel L-ascorbic acid biosensor based on AOx,
P(L-Asp), CNF, and ND-modified GCE was fabricated. The
presented biosensor combined the advantageous properties of
both carbon nanomaterials and polymer and exhibited good
analytical characteristics in terms of wide linear dynamic
range, low detection limit, high sensitivity, excellent repeat-
ability, and good operational stability. Moreover, the strong
attraction between the enzyme and composite matrix contrib-
uted to the analytical performance of the biosensor. It can be
concluded that the P(L-Asp)/CNF-ND matrix is a promising
immobilization platform for enzyme-based sensors. The bio-
sensor also showed anti-interference ability which is crucial in
real sample applications. In addition, the biosensor was tested
on vitamin C effervescent tablets and pharmaceutical powder
to determine their ascorbic acid content. The results of the real
sample analysis indicated that the proposed biosensor can be
used for the rapid and reliable analysis of ascorbic acid.
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