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Abstract The authors describe a disposable non-enzymatic
sensor for ascorbic acid (AA) that was obtained by modifying
a screen printed electrode (SPE) with Cu(OH), nanorods
(NRs). The NRs were synthesized by a wet chemical process
which involves sequential addition of NH; and NaOH to
CuSOy solution. NR formation was confirmed by thermogra-
vimetric, spectroscopic, microscopic, and diffraction studies.
The Cu(OH), NRs were mixed with carbon ink and printed
onto an SPE. Electrochemical detection of AA was carried out
at pH 7.4, at a typical voltage as low as 0 mV versus saturated
calomel electrode with a scan rate of 100 mV/s, and is as-
sumed to involve the chemical reduction of Cu(Il) by AA
followed by electrochemical oxidation of Cu(I). The sensor
has a linear response in the 0.0125 to 10 mM AA concentra-
tion range. Response to AA is free from interference by urea,
glucose, uric acid, dopamine, metal ions such as Fez+, Zn**
and Ni**, NaCl, KCI and ethanol. It was applied to the deter-
mination of AA in a vitamin C tablet and in urine.
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Introduction

Ascorbic acid (AA), commonly known as vitamin C, is used
as an indicator of oxidative stress in human metabolism be-
cause of its excellent antioxidant properties [1]. High oxida-
tive stress can lead to diseases like cancer, hepatic diseases and
diabetes mellitus [2]. This increased the importance of clinical
estimation of AA from body fluids. AA detection has also
received great attention in food, beverages and pharmaceutical
industries [3]. Spectroscopic, electrochemical and titrimetric
methods are commonly used for the estimation of AA [4].
Non-enzymatic detection of AA on carbon based elec-
trodes is studied in detail by many researchers. It is found that
the oxidation potential of AA, uric acid (UA) and dopamine
(DA) are very close to each other in a unmodified carbon
electrode and hence very difficult to detect AA from a mixture
of the three using an unmodified electrode [5]. Cresol red [6],
polystyrene sulfonic acid [7], polyaniline [8], polypyrrole [9],
polyglycine [10], ruthenium dioxide [11], tetrabromo-p-
benzoquinone [12], N,N-dimetyl aniline [13] and polyvinyl
chloride [14] are used to modify the electrode to reduce the
overpotential for AA oxidation. Chemical or electrochemical
pretreatments of carbon electrodes were performed to resolve
oxidation peak of AA from other molecules. Preanodized
screen printed carbon electrodes showed enhanced electro-
chemical response and reduced over potential for the oxida-
tion of AA [5]. Graphene, graphene oxide and reduced
graphene oxide modified with metal nanoparticles were used
for the selective detection of AA [15-17]. Nanoparticles of
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metals such as platinum, gold, palladium, silver nanoparticles
and their hybrid materials were used for the detection of AA
[4, 18-20].

Metallic copper, oxides and complexes of copper are found
to have enhanced electrocatalytic activity towards AA oxida-
tion. Detection of AA was carried out on copper electrodepos-
ited glassy carbon electrode [21, 22]. The testing was per-
formed in weakly basic medium and at the anodic potential
Cu(T), Cu(Il) and Cu(IIl) were produced. During the cathodic
scan reduction peak current of these ions were significantly
reduced due to the chemical reduction of oxides of copper by
AA. Similarly electrochemical oxidation of AA was analyzed
on copper(l)oxide modified carbon paste electrode [23]. The
detection was based on the formation of Cu(I)-AA complex
and its reduction. Bis (2,2"”-bipyridyl)copper(Il) complex
modified gold electrode was used for the detection of AA
[24]. The electrode showed good catalytic activity towards
oxidation of AA. Electrochemical behaviors of copper
germanate nanowires and CuO nanowires modified carbon
based electrodes were also studied [25-27]. Mohamad Ali
Taher et al. used Cu(II) loaded in zeolite to oxidize AA [28].
Cuy(OH)SO,4 which is an undesirable oxidation product of
copper-bearing sulfides was used for highly selective and sen-
sitive detection of AA in the presence of UA and DA [29]. The
mechanism of oxidation of AA on Cuy(OH)sSO, involves
Cu(II)/Cu(I) redox species. Copper(Il) phosphate modified
carbon paste electrode was used for the detection of AA
[30]. Principle of the detection was the oxidation of AA by
Cu(Il) ions and the resulting in cuprous ions electrochemically
oxidized to Cu(Il). Similarly copper vanadate nanobelts mod-
ified GCE was used for the electrochemical determination of
ascorbic acid [31].

This paper describes electrochemical detection of AA on
copper hydroxide NRs modified electrode. The detection is
based on the chemical reduction of copper hydroxide by AA
followed by an electrochemical oxidation of copper(I) at the
applied potential. The potential required for the detection was
much less than that required for direct electrooxidation of AA
on modified electrode. The sensor electrode showed excellent
linearity, sensitivity and selectivity. Best of our knowledge,
this is the first report on Cu(OH), NRs modified screen
printed electrode for the detection of AA.

Experimental

Chemicals and Instrumentation

L-Ascorbic acid, D-(+)-glucose, urea, uric acid and dopamine
were purchased from Sigma-Aldrich (www.sigmaaldrich.com).
All the other chemicals were of analytical grade and used as

received. 0.1 M phosphate buffer saline (PBS) of pH 7.4 was
prepared by dissolving Na,HPO, KH,PO, KCI and NaCl
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salts. Tonic solutions of Fe, Zn and Ni were prepared by dis-
solving FeSO4(H,0)7, ZnSO4, NiSO4(H,0); salts respectively.
Inks for screen printing, silver (5874) and carbon (BQ242)
were obtained from DuPont Ltd. (www.dupont.co.in). All
solutions used in this study were prepared with Millipore
water (15.2 MQ-cm). Electrochemical experiments were
carried out using CHI660C electrochemical workstation (CH
Instruments, TX, USA (www.chinstruments.com)). The
electrochemical cell consisted of a three-electrode system with
screen printed electrode (SPE) as working electrode, a platinum
wire as counter electrode and saturated calomel (Hg/Hg,Cl,
(sat. KCl)) as reference electrode. All potentials used in this
work are in reference to calomel electrode. Surface morphology
was studied with scanning electron microscope (SEM) (JEOL
Model JSM-6390LV)(www.jeol.co.jp). The IR spectroscopic
studies were carried out on JASCO 460 Plus FTIR
spectrophotometer (Pike Technologies, USA)(www.piketech.
com). Thermogravimetric analyses (TGA) were carried out
using a Seiko Instruments TG/DTA6200, EXSTAR 6000
(www.sii.co.jp) under a 100 mL/min N, flow and a heating
rate of 10 °C/min at a temperature range of 10 to 1000 °C.
Wide angle X-ray diffraction measurements were performed
at room temperature (25 °C) on a Bruker D8 Focus X-ray
diffractometer (www.bruker.com), in 20 range of 10°-90°.

Preparation of Cu(OH), nanorods

Cupric hydroxide NRs were synthesized by a wet chemical
method as follows. 26 mL of ammonia was added dropwise to
700 mL of CuSQ, solution (0.05 M) under constant stirring.
Following this, 140 mL of NaOH (1 M) was added dropwise,
resulted in a blue colored precipitate. The precipitate was fil-
tered and washed with distilled water several times to remove
the impurities and dried at 60 °C for 12 h.

Fabrication of the sensor electrode

SPEs were indigenously fabricated by printing silver followed
by carbon ink on poly (ethylene terephtalate) (PET) substrate.
Both the layers were cured for 2 h at 60 °C in a hot air oven.
The area of the working electrode is 3.14 mm? (# = 1 mm).
Cu(OH), nanorods (NRs) were thoroughly mixed with carbon
ink (50 w/w%) to obtain an printable slurry. This was printed
on the working electrode of SPE and cured at 45 °C for 1 h.

Electrochemical detection of AA

Electrochemical detection of AA was carried out by
voltammetric and amperometric techniques. Cyclic voltam-
mograms (CVs) were recorded at a potential window of
—0.4 to 0 V at a scan rate of 100 mV/s. Chronoamperometry
was performed in an unstirred solution at a potential of 0 V for
25 s. AA solution was injected into the PBS so that the
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resultant concentration in the test solution varies from
12.5 uM to 10 mM. The interference of glucose, urea, uric
acid, dopamine, Fe**, Zn>*, Ni**, NaCl, KCl and ethanol was
studied by injecting the respective solutions into the PBS.

Commercially available vitamin C tablet (Celin 500 mg)
was dissolved in deionised water. Testing was performed with
different dilutions and recovery studies were also carried out.
Urine sample was collected from healthy volunteer and 1 mL
sample was added to 7 mL PBS. Recovery analysis was car-
ried out by spiking these samples with 300 uM AA.

Result and discussion
Choice of materials

The ascorbic acid detection on copper based nanostructures
was well studied [21, 23]. Copper nanoparticles, cuprous ox-
ide and cupric oxide nanoparticles had show a narrow detec-
tion range for AA. Detection with metallic copper in PBS is
not desirable due to copper dissolution and electrode instabil-
ity during the voltammetric experiments. Copper hydroxide
sulphates and copper phosphates show better sensor charac-
teristics than copper oxides. These are based on the chemical
reduction of Cu* followed by an electrochemical oxidation of
Cu*. In this work copper hydroxide nanorods modified on the
electrode is quantitatively reduced to Cu*. The sensor has
showed superior characteristics compared to other copper
based materials as catalysts.

Characterization of Cu(OH), NRs

The mechanism of formation of cupric hydroxide NRs from
copper precursors has been extensively discussed in literatures
[32-34]. Initially the Cu*" jons complex with ammonia and
form complex cation [Cu(NH;),]**. Upon addition of NaOH,
OH replaces NH; in the complex to form a square-planar

1 ;
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[Cu(OH)4]*" complex anion. Coordination self-assembly of
the >Cu(OH),Cu < results in the formation of cupric hydrox-
ide NRs. TGA curve (Fig. S1a) of the NRs show a weight loss
at 160 °C indicates the characteristic decomposition of
Cu(OH), to copper oxide. The percentage weight loss
(19.34%) was matched with the theoretical weight loss of
18.45%. The FTIR spectrum obtained for copper hydroxide
NRs was found matching with the literatures (Fig. S1b) [35].
XRD patterns (Fig. Slc) confirmed that the synthesized
nanomaterial is orthorhombic, copper hydroxide in end-
centered lattice (JCPDS data card 80-0656). Different lattice
planes were identified using JCPDS data and the sharp dif-
fraction patterns indicate that the material is highly crystalline.
From the SEM image of copper hydroxide (Fig. S1d) it is clear
that the material exists as thin, rods of width about 100 nm.

Morphological Characterization of SPE and modified
SPE

Fig. 1 shows the SEM images of bare and modified electrodes.
The characteristic granular structures of carbon were observed
on SPE (Fig. 1a). On the modified SPE, Cu(OH), NRs were
found embedded within the granular structures (Fig. 1b). SEM
images confirmed the presence of exposed Cu(OH), NRs on
the surface of modified electrode.

Determination of ascorbic acid

The electrochemical studies on the bare and modified elec-
trodes were carried out using CV in PBS of pH 7.4. The
electrochemical oxidation of AA occurs on the carbon printed
electrode around 0.4 V. It is difficult to distinguish the oxida-
tion potentials of AA and UA on a carbon printed electrode.
On the Cu(OH), nanorods modified electrode, the oxidation
peak appeared at around —0.1 V (Fig. 2a). The unmodified
electrode was not giving any peak at this potential range. It
was also found that UA is not giving any peak at this potential
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Fig. 1 FE-SEM images of SPE (a) and Cu(OH), NRs modified SPE (b)
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Fig. 2 CVs obtained on SPE and
Cu(OH), NRs modified SPE in
0.1 M PBS with 400 uM ascorbic
acid (a) and Cu(OH), NRs
modified SPE with ascorbic acid
concentrations from 1250 to
10,000 uM (b) at a scan rate of
100 mV/s and potential window
of—0.4to 0V, plot of peak current
versus concentration (¢)

[

{—— SPE in PBS

Current (pA)

S

[—— SPE in PBS with AA
Modified SPE in PBS /
Modified SPE in PBS with AA ’/‘

—

(op

Current (pA)

0.3

window on the modified electrode (Fig. S2). This peak can be
attributed to the electrochemical oxidation of copper(I)
formed by the chemical reduction of Cu(OH), by AA.
Chemical reduction of Cu(Il) to Cu(l) by AA is well
established [29, 31]. This strategy enabled the detection of
AA without direct electrooxidation. The potential required
for the detection was much less than that required for direct
electrooxidation of AA on modified electrode.

Fig. 2b shows cyclic voltammograms obtained on the mod-
ified SPE for different concentrations of AA. Cyclic voltam-
mograms obtained for lower ascorbic acid concentrations
were presented in supporting information (Fig. S3). The sen-
sor current response increased linearly with the increase in
concentration of AA. This can be attributed to the greater
chemical reduction of copper hydroxide at higher concentra-
tion of AA, and subsequent oxidation of Cu(l) at the applied
potential. Hence the increase in faradic current is directly pro-
portional to AA concentration in the solution. The sensor
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showed a linear response in the range 12.5 uM to 10 mM. A
calibration plot of peak current versus concentration was plot-
ted (Fig. 2c) and the regression equation obtained was Ip
(A) = 0.00842C (UM) + 0.26316 (R? = 0.9986, ¢ = 1.51,
n =29, RSD = 107.86%). The sensitivity of the electrode was
calculated as 268 pA/mM/cm?.

The relationship between scan rate and peak current can be
used to explore valuable information regarding chemical be-
havior of AA on the modified electrode in PBS. CVs were
recorded on the modified electrode in PBS pH 7.4 with
400 uM AA at different scan rates from 10 to 250 mV/s
(Fig. S4). The peak currents are linearly increasing with the
increase in scan rate with a regression coefficient of
R? = 0.990. This indicates that this nernstian process is ad-
sorption controlled and obeys the relation,
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Fig. 4 Chronoamperograms a b
recorded on the modified 0.10 0.104
electrode in 0.1 M PBS with . 0.05. 0.054
glucose, urea, uric acid, dopamine
(a), metal ions such as Fe**, Zn** 2 0.00- ~ 0.00
and Ni?*, NaCl, KCl, ethanol (b) 2 3 o
and ascorbic acid at a constant E -0.05+ - § -0.05
potential of 0 V for a time period = o1 0_;? E 20.101 —Ni"
of 25 s 5 ——PBS Dopamine O Zn® Fe*
0.15- —— Glucose Uric acid -0.15- Ethanol NaCl
Urea —AA KCl1 ——— AA
0 5 10 15 20 25 0o 5 10 15 20 25
Time (s) Time (s)

Where i, n, F, R,T, v, A and I', are the peak current, number
of electrons involved in the reaction, Faraday’s constant, uni-
versal gas constant, absolute temperature, scan rate, area of the
electrode and amount of adsorbed species at time respectively.

The results obtained for the steady state amperometric anal-
ysis at a constant potential of 0 V for duration of 25 s is shown
in Fig. 3. The current response was found to increase linearly
with the AA concentration. The current response at 25 s was
used to plot the calibration plot. The regression coefficient and
standard deviation obtained were 0.998 and 0.136 respective-
ly (with RSD = 63.57% and n = 13).

The sensor showed high operational stability and reproduc-
ibility towards the detection of AA (RSD =3.91% & 4.15%
respectively with n = 10). The details of these studies are
provided in the supplementary material.

Interference studies

Selectivity of the sensor was studied by performing
chronoamperometry at a constant potential of 0 V in the pres-
ence of different molecules in PBS. Glucose, urea, uric acid

and dopamine (glucose: 6 mM, urea: 10 mM, dopamine:
125 uM, uric acid: 125 uM) were tested and the modified
electrode was shown negligible interference by these species.
Similarly metal ions such as Fe**, Zn** and Ni** (each
25 uM), common salts (NaCl: 5 mM, KCl: 5 mM) and ethanol
(21 mM) were tested with the sensor. Fig. 4 shows
chronoamperograms on modified electrode in the presence of
these interfering molecules. Percentage responses of these mol-
ecules on the modified electrode is given in Table. S1. From
the Table it is clear that on the modified electrode the response
of species other than AA is minimal.

Sensor validation with pharmaceutical formulations
and spiked urine

The sensor was tested with commercially available vitamin C
tablet (Celin 500, Glaxo Smithkline Pharmaceuticals Ltd.).
The tablet was dissolved in distilled water and diluted to dif-
ferent concentrations. The estimation of AA in these samples
was carried out by the sensor electrode. The error was calcu-
lated and was found minimal (Table. S2). Recovery analysis

Table 1 Comparison of
performance of the sensor with
other published AA sensors using

Cu based catalysts

Linearity Detection Ref.
Potential (V)
Copper germanate/polyaniline nanorods 0.001-2 mM 0 [25]
Copper germanate nanorods 0.01-5 mM 0 [26]
Cuy(OH)SO,4 nanorods 0.017-6 mM —0.013 [29]
Copper vanadate nanobelts 0.001-2 mM 0.1 [31]
Copper electrodeposited glassy carbon electrode 1-40 uM 0.1 [21]
Bis(2,2"-bipyridyl)copper(Il) complex modified 1-100 uM 0451 [24]
gold electrode
Copper nanoparticles/polyaniline modified glassy 0.005-3.5 mM 0.2 [22]
carbon electrode
Copper(I)oxide modified carbon paste electrode 2-30 nM -0.07 [23]
Cu(Il) zeolite-modified electrode 0.003—-6 mM 0.1 [28]
Copper(Il) phosphate immobilized in a 0.02-3.2 mM 0.6 [30]
polyester resin
3D graphene foam —CuO composite 25-200 uM 02 [27]
Nanoporous platinum-copper alloy 23-800 uM 0.32 [20]
Copper hydroxide (Cu(OH),) 0.0125-10 mM 0 This work
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was also carried out by adding AA of 125 uM to vitamin C
tablet solution of concentration 353 uM. The concentration of
AA after spiking was estimated using the sensor (Table. S3).
Recovery was found 99.14%. From the data, it is evident that
the sensor fabricated can be used as an efficient tool for the
analysis of AA in various systems including commercial for-
mulations. The sensor was used for the estimation of AA in
urine samples also. The AA concentration in the spiked sam-
ple was estimated as 279 uM. The good recovery (93%) indi-
cates the applicability of the sensor in real samples.

Comparison with other sensors

The sensor was compared with the reported AA sensors based
on copper (Table 1) and other materials as catalyst [Table. S4].
The superiority of the sensor compared to other sensors is its
wide detection range (0.0125—10 mM). Next sensor with wide
detection range had an upper detection limit of 6 mM which is
much below when compared with this sensor. Wide detection
range makes the sensor ideal for direct application of sample
without dilution. The working potential of the sensor is 0 V
and at this potential other biomolecules will not undergo ox-
idation/reduction.

Conclusion

A disposable non-enzymatic electrochemical sensor for AA
was fabricated using copper hydroxide NRs. The catalyst,
copper hydroxide nanorods, was synthesized by a one pot
wet chemical method using inexpensive chemicals. The de-
tection was based on the chemical reduction of cupric hydrox-
ide by AA and followed by the electrochemical oxidation of
Cu(I) formed on the electrode surface. The sensor showed
excellent linearity (0.0125—-10 mM), sensitivity (268 pA/
mM/cm?) and selectivity at 0 V. Interference from other spe-
cies was found to be negligible or minimal. The sensor was
used for estimating the concentration of AA in commercially
available vitamin C tablets and spiked urine samples. Simple
and one step catalyst synthesis, cost effective sensor fabrica-
tion, flexibility of incorporating disposable sensors into
microfluidic platforms are the advantages of this work com-
pared to other reported methods.
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