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melanin-like nanoparticles

Wicem Argoubi,® Amal Rabti,

*a

@ Sami Ben Aoun {2 *® and Noureddine Raouafi

In this work, we report on the design of an enzyme-less sensitive and selective electrochemical electrode
for ascorbic acid (AA) detection using a modified screen-printed electrode of melanin-like nanoparticles
(Mel-NPs). Cyclic voltammetry shows that the melanin-modified electrode exhibits high electrocatalytic
activity for ascorbic acid. The melanin-like nanoparticles serve as a shuttle to transport electrons from
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ascorbic acid to the electrode surface. The modified electrode is endowed with a large dynamic window

ranging from 5 to 500 ppb. The detection and quantification limits were estimated to be 0.07 and 0.23
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1. Introduction

Ascorbic acid, vitamin C, is a widely used antioxidant in food,
animal feed, beverages, and pharmaceutical formulations.* It
takes part in many important human life processes as it is
necessary for promoting the generation of antibodies and the
absorption of iron.* Therefore, developing accurate, reliable,
rapid and easy to implement methods for measuring low levels of
ascorbic acid in real samples is of great importance. Despite the
fact that vitamin C is unstable in aqueous solution since it is
easily oxidized reversibly to dehydroascorbic acid and subse-
quently irreversibly to 2,3-diketo-L-gulonic acid,* which make it
difficult to be quantified, many methods have been developed for
its determination. In addition to titrimetry,® fluorimetry,*” flow
injection analysis,* spectrophotometry,'®** solid-phase iodine
method,” and chromatography,"®** electrochemical methods
have attracted much interest because they are less sensitive
towards the matrix effects than other analytical techniques and
there is no need for derivatization of the analytes.™

Although ascorbic acid is electroactive, its direct detection
using conventional electrodes such as glassy carbon, graphite
and platinum is challenging because of its high overpotential
resulting in electrode fouling, and poor selectivity and repro-
ducibility.*® To overcome these challenges, increased investiga-
tions have been carried out with nanomaterials modified
electrodes for AA sensing. Typical examples included carbon-
supported  NiCoO, nanoparticles,"””  branch-trunk Ag
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ppb, respectively. The modified electrode was successfully used to determine AA in human blood serum,
urine and saliva with satisfactory recovery levels.

hierarchical nanostructure,”® NiFe,O, nanoparticles,” MoS,
nanosheets,” CuS/Prussian blue core-shell nanohybrid,** 4-
aminobenzoic acid functionalized herringbone carbon nano-
tubes,? etc. Despite the enhanced performances of AA electro-
chemical sensors when using nanomaterials, they have not yet
been successfully validated into marketed products which make
it of paramount importance to construct portable, fast and highly
sensitive real-time system for accurate point-of-care AA detection.

Great interests have been recently shown to melanin-like
nanoparticles (Mel-NPs) because of their low-cost of produc-
tion, low toxicity, high dispersibility, stability and biodegrad-
ability.>® More recently, they have been used to modify electrode
to build an electrochemical sensor for a simultaneous detection
of ascorbic acid, dopamine (DA) and uric acid (UA) using facile
gold nanoplates and reduced graphene oxide modified glassy
carbon electrode.” The redox activity of melanin has been
linked to pro-/antioxidant behavior, which makes it an excellent
material for biomedical purposes. For instance, certain ‘black
bacteria’ are protected against phagocytic mechanisms by
a layer of melanin within their cell walls.*® Moreover, melanins’
redox features in the solid state exhibit a fast charge time at the
proper static dielectric constant which make it exploitable in
electrical energy storage devices.”® Melanins have been also
proposed for optoelectronic and photovoltaic applications,*
which make them interesting material with a wide range of
possible technological applications.

In this work, we designed a sensitive and selective electro-
chemical ascorbic acid sensor using a modified screen-printed
electrode by melanin-like nanoparticles, which were synthe-
sized through neutralization of dopamine hydrochloride salt
with NaOH followed by spontaneous air oxidation of dopamine
at 50 °C. Screen-printed electrodes, enabling measurements in
a minimum sample volume, were chosen to allow the future

This journal is © The Royal Society of Chemistry 2019
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application of the developed electrochemical sensor in the
elaboration of portable point-of-care testing system with
a sample-in answer-out approach that enables their use by non-
specialized personnel. Voltamperometric investigations showed
that the melanin-modified electrode exhibits a high electro-
catalytic activity for ascorbic acid. The voltammetric curves
demonstrated excellent analytical performances with high
selectivity towards ascorbic acid. The method for generating
nanoparticles and electrode modification are depicted in Fig. 1.

2. Methods

2.1. Materials and apparatuses

Dopamine hydrochloride (=98%), sodium hydroxide (=97%), 1-
ascorbic acid (=99%), uric acid (=98%), sulfuric acid (96%)
were purchased from Sigma-Aldrich (https://
www.sigmaaldrich.com) and used without further purifica-
tion. All solutions were prepared either in deionized water or in
a 0.1 M phosphate-buffered saline (PBS) solution (pH 7.4)
unless otherwise stated.

Melanin-like nanoparticles were prepared according to the
procedure of Ju et al*® In short, 760 puL of 1 M NaOH solution
was added to a dopamine hydrochloride solution (2 mg mL %),
prepared by dissolving 180 mg in 90 mL of deionized water, and
the suspension was heated to 50 °C under continuous stirring
for 5 h. As soon as NaOH was added, the solution color turned to
pale yellow and gradually changed to dark brown. The final
product (i.e. melanin-like nanoparticles) was isolated by
successive centrifugation and deionized water washing.

A

NH
HO =?  NaOH
HCI 3
50 °C

HO

nanostructuration

.
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A Metrohm PGSTAT M204 electrochemical workstation
equipped with an FRA32 impedance module controlled by
Nova® software was used to record all cyclic and differential
pulse voltammetric experiments (CV and DPV) and electro-
chemical impedance (EIS) measurements. Screen-printed
carbon electrodes (SPCEs), incorporating a carbon working
electrode, a carbon counter-electrode and a silver pseudo-
reference electrode, were obtained from Orion Hi-Tech S. L.
(Madrid, Spain) and were employed to perform all the electro-
chemical experiments. SEM micrographs and Energy-Dispersive
X-ray Spectroscopy (EDX) analysis were performed using a FEI
Quanta FEG250 ESEM scanning electron microscope.

2.2. Preparation of the modified electrode

First, the screen-printed carbon electrodes were cleaned and
activated using cyclic voltammetry by scanning the potential for
5 cycles in the range —1.0 V to +1.0 V in 0.5 M H,SO, solution.
For the electrode preparation, a drop of melanin-like nano-
particles black homogenous suspension (1 mg mL "), resulting
from dispersed melanin-like nanoparticles in deionized water,
was deposited on the cleaned electrode surface and was dried
for 1 h at room temperature before use. These devices are
designated to be MelNPs/SPCE.

2.3. Electrochemical measurements

All assays were run in triplicate by casting 25 puL of AA dissolved in
a PBS solution on the working electrode. For all the CV and DPV
measurements, the scan rate was fixed at 50 mV s ‘and the

Fig. 1 Principles of the preparation and sensing of ascorbic acid using a melanin-like-modified screen-printed carbon electrode.
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potential range was limited to [-0.6 V, 1.0 V] prior and after
successive additions of 2 uL from stock solutions to achieve 0.1,
0.2,1,2,3,5,10, 15, 20, 50, 100, 200, 300 or 500 ng mL~* of AA.
For the selectivity tests, 25 pL (i.e. 50 ng) of dopamine or uric acid
were casted onto the surface of the biosensor, the DPV current
was recorded and compared to that obtained for 10 ng of AA. For
real samples analysis, human serum, urine and saliva were
provided by Prof. Besma Yacoubi-Loueslati (University of Tunis El
Manar) and were part of the samples collected for her recent
study.” The study was conducted as per Helsinki II declaration
and was approved by the Research & Ethic Committee of Salah
Azaiz Institute in Tunis (registration number: ISA/2018/19,
granted on 25 June 2017). Informed consent was obtained from
all individual participants included in the study. The samples
were diluted and no other treatment was carried out.

The impedance spectra were recorded in PBS solution con-
taining 5 mM of [Fe(CN)e]** at 0.2 V, in a frequency ranging from
100 kHz to 0.1 mHz, with an amplitude modulation of £20 mV.

3. Results and discussion

3.1.
NPs

Characterization and electrochemical properties of Mel-

The morphology of the Mel-NPs was investigated by scanning
electron microscopy and energy dispersive X-ray spectroscopy. As
shown in Fig. 2A, the Mel-NPs are highly dispersed with an
average size of approximately 200 nm. EDX analysis (Fig. 2B)
reveals that they are composed by ca. 64% of carbon, 24% of
oxygen and 12% of nitrogen, which is approximately the same
composition as 2,3-dihydro-1H-indole-5,6-dione, supposedly the
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molecular unit forming melanin biopolymer. Fig. 2D depicts the
stepwise design of the modified Mel-NPs/SPCE using [Fe(CN)q]**
as a redox probe. In fact, a noticeable electron-transfer improve-
ment (i.e. ip-to-ip, current ratio and peak-to-peak potential sepa-
ration) can be observed after the nanostructuration step, which
means that Mel-NPs probably served as a shuttle to transport
electrons from and to the redox probe towards the electrode
surface. Moreover, calculation, using Randles-Sevcik equation,*
of the real electrochemical surface area of SPCE before and after
modification revealed an enhanced surface area of Mel-NPs/SPCE
found to be 1.5 x 10~* cm® when compared to unmodified SPCE
estimated to be 0.96 x 10~ * cm? which is in great agreement with
the observed improved electrical response. Furthermore, electro-
chemical impedance spectroscopy, used to probe the changes of
electrode surface, shows that the charge-transfer resistance (Rcr)
of the electrode decreased after the deposition of Mel-NPs
(Fig. 2E) indicating a better electrical conductivity and hence
confirming the surface modification.

Compared to the bare SPCE electrode in a PBS solution,
cyclic voltammetry of the Mel-NPs-modified electrode shows
a quasi-reversible CV feature (curve b, Fig. 3A) related to the
oxidation and reduction of melanin respectively at +0.4 V and
—0.1 V while the former do not exchange any electrons (curve a,
Fig. 3A). The exchanged electrons are due to the oxidation of the
melanin hydroquinonoid moiety to their corresponding
quinonoid form and their reduction to the former state.
Furthermore, the i.-to-i,, current ratio close to unity suggests
that Mel-NPs keep its reversibility even when adsorbed onto the
carbon surface. The oxidation and reduction peak currents
increase linearly with scan rates in the range from 10 to 500 mV
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Fig. 2 Characterization of the nanostructured SPCE electrode: (A) SEM image of the modified Mel-NPs/SPCE. (B) EDX analysis of the modified
Mel-NPs/SPCE. (C) SEM image of unmodified SPCE. (D) CV and (E) EIS characterization of the SPCE electrode surface: before (a) and after (b) Mel-

NPs deposition.
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Fig.3 (A) Cyclic voltammetry curves of the electrode before (a) and after its modification with Mel-NPs (b) in PBS at 50 mV s~ 2. (B) Plots of anodic
and cathodic peak currents vs. scan rates with inset corresponding to CVs of the modified electrode recorded at different scan rates (from inner

to outer: 10-500 mV s™3).

s~ ', suggesting a surface-confined electron transfer process and
thus confirming the immobilization of the Mel-NPs on the
electrode surface (Fig. 3B). So, we sought to take advantage of
the electrochemical features of these Mel-NPs to detect ascorbic
acid without using an external redox mediator. In our case, the
Mel-NPs will play at once the role of a nanometeric platform
modifier and a redox transducer with which we can monitor any
surface modification.
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3.2. Electrocatalytic activity of Mel-NPs in the presence of
ascorbic acid

The electrochemical properties of the bare screen-printed
electrode and Mel-NPs/SPCE were examined by cyclic voltam-
metry in a 0.1 M phosphate-buffered solution PBS containing
1, 5 and 10 mM of ascorbic acid at a scan rate of 50 mv s~

Upon the addition of AA, the shape of the cyclic
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(A) Cyclic voltammograms of the SPCE (a) and Mel-NPs/SPCE (b) in PBS (0.1 M, pH = 7.4) in the absence of ascorbic acid, in PBS containing

1mM (c), 5 mM (d) and 10 mM (e) ascorbic acid. Scan rate: 50 mV s *. (B) DPV voltammograms obtained from different concentrations of ascorbic
acid in PBS (0.1 M, pH = 7.4). (C) Calibration curve for ascorbic acid detection (the inset shows the linear concentration range). (D) DPV response
of the Mel-NPs/SPCE to 10 ppb ascorbic acid and 50 ppb of uric acid and dopamine in PBS (0.1 M, pH = 7.4).
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voltammograms of the Mel-NPs/SPCE electrode changes
significantly to show only a large anodic peak at ca. +0.30 V
(Fig. 4A) meanwhile, the cathodic peak disappears completely.
Increasing the ascorbic acid concentration leads to the anodic
current increase. This behavior can be explained by the elec-
trocatalytic reactions that can be schematized using the
following equations:

AA — dehydro-AA + 2H" + 2e” (1)
Mel-NPs + 2H" + 2¢~ — H,-Mel-NPs (2)

H,-Mel-NPs (electrode) — Mel-NPs (electrode) + 2H" + 2e™(3)

3.3. Sensor performances

The differential pulse voltammetry shows that oxidation current
increased steadily with the increase of ascorbic acid concen-
tration. Plotting the current variation versus AA concentration
gives a straight with a wide dynamic window ranging from 5 to
500 ppb, with a slope of 0.38 nA ppb~" and r > 0.997 indicating,
respectively, a high sensitivity of the modified electrode and an
excellent repeatability of the measurements after three runs.
The limits of detection (LoD) and quantification (LoQ) were
calculated using the formulae LoD = (3.3 X sp,)/S and LoQ = (10
X $p)/S, respectively, where s}, represents the standard deviation
of the blank signal and S represents the sensitivity of the cali-
bration curve. These limits were estimated to be ca. 0.07 ppb
and ca. 0.23 ppb, respectively.

Comparison of the sensor performances in terms of limit
of detection and linear range with previously reported
sensors for AA were summarized in Table 1. As shown, the
developed electrode exhibited lower detection limit than that
of carbon-supported NiCoO, nanoparticles,’” branch-trunk
Ag hierarchical nanostructure,”®* NiFe,O, nanoparticles,
MoS, nanosheets,®® CuS/Prussian blue core-shell nano-
hybrid,”* and 4-aminobenzoic acid functionalized herring-
bone carbon nanotubes® modified electrodes. Whereas, the
obtained linear range was smaller than that obtained for
others systems. Even known that the AA concentration levels
for healthy people in serum are between 30 and 90 uM,** that
the average value of the AA excreted by urine has been
established in 132 pM (based on a 1.5 L total urine volume in
24 hours),* and that salivary vitamin C concentration shown
in nonsmokers is in the range of 0.2-19 uM with a median of
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0.6 uM,** determination of AA in real human serum, urine
and saliva samples will be achieved in scarcely diluted
samples.

3.4. Interferences and stability of the modified electrode

The effect of naturally occurring substances such as dopamine
and uric acid that can interfere with the Mel-NPs/SPCE elec-
trode performances in the determination of ascorbic acid in
complex media such as human body fluids was evaluated using
cyclic voltammetry. The response of the Mel-NPs/SPCE to
successive additions of 10 ppb ascorbic acid and five-folds (50
ppb) of uric acid or dopamine are displayed in the histogram of
the Fig. 4D. Only small increases in the current can be observed
with the two substances comparatively to the higher current
obtained with 10 ppb of AA. The Mel-NPs/SPCE exhibits an
excellent selectivity towards the examined substances especially
considering the relative natural abundances in corporal fluid
samples such as human serum or saliva.

The repeatability and reproducibility of the developed sensor
were evaluated by DPV in a solution containing 10 ppb of AA in
a 0.1 M PBS. Using the same modified electrode, the RSD for 5
successive measurements was 5.4%, revealing a good repeat-
ability. Moreover, a RSD of ca. 4.3%, calculated from the
responses of 5 independently prepared Mel-NPs/SPCE, is a clear
evidence of an acceptable reproducibility. The long-term
stability of the Mel-NPs/SPCE electrode was assessed by
storing the electrode at RT for 2 weeks in PBS (0.1 M, pH 7.4)
and checking its performance daily with the same concentra-
tion of AA. The sensor retained 92.7% of its initial response,
indicating good long-term stability.

3.5.
saliva

Detection of ascorbic acid in human serum, urine and

The feasibility of the developed ascorbic acid sensor for prac-
tical application was evaluated by detecting the AA concentra-
tion in human blood serum, urine and saliva. Standard addition
method was adopted according to previous reports.** Different
concentrations of AA standard solutions were added to diluted
samples of serum (x1000), urine (x1000) and saliva (x10) in
order to meet the dynamic range of the sensor. As listed in Table
2, the recovery values were found to be respectively in the range
of 101.3-102.1%, 103.7-100.8% and 107.0-104.8% with stan-
dard derivations of less than 3.4%, 3.2% and 4.1% in human
serum, urine and saliva respectively, indicating the great

Table 1 Comparison of analytical performances of the as-developed Mel-NPs/SPCE sensor with other sensors reported in literature

Detection
Electrode materials Linear range (M) limit (nM) Reference
NiCo0,/C modified GCE 10 x 10" ° to 2.63 x10* 500.0 17
Branch-trunk Ag hierarchical nanostructures/GCE 0.017 x10™° to 1.8 107 60.0 18
NiFe,0,/SPGE 5.0 x 1077 to 1.0 x 10~* 10 000.0 19
MoS,-OCu/GCE 0.015 x 10> to 11.75 x 10 22.2 20
CuS@PB/GCE 5 x 107° to 3875 x 10~° 240.0 21
hCNTs-4ABA/Au-IDA electrode 0 to 600 x 10~ 15 000.0 22
Mel-NPs/SPCE 29 x 1077 to 286 x 10~° 0.4 This work
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Table 2 Detection of AA in real samples of human blood serum, urine and saliva

% recovery =

Samples Detected P Added Q Detected after addition R 100x (R — P)/Q (+standard deviation)
Serum 12.45 20 32.70 101.30 £+ 2.80
12.45 40 53.30 102.10 + 3.40
Urine 17.50 20 38.24 103.70 £ 3.20
17.50 40 57.83 100.83 + 2.60
Saliva 140.30 20 161.7 107.00 £+ 4.10
140.30 40 182.20 104.80 + 3.60

potential of the Mel-NPs/SPCE electrode for the practical and
reliable determination of AA in real samples. Moreover, the
recovery values obtained in all samples were in agreement with
those obtained with hCNTs-4ABA/Au-IDA modified electrodes.*

4. Conclusion

A melanin-like nanoparticles-modified screen-printed carbon
electrode was prepared by a simple drop casting procedure and
employed to construct an ascorbic acid sensor. Mel-NPs play at
once the role of a nanometeric platform modifier and a redox
transducer that shows high electrochemical performances for
the electrocatalytic oxidation of AA. The developed sensor was
successfully employed to detect AA in human body fluids with
satisfactory results, revealing its promising practical applica-
bility. Particularly, the prepared electrode may have promising
potential applications for AA detection in clinical and
biochemical analysis.
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