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Some colourants are hazardous to living organisms. Hence, a powerful and
fast methodology is required for the analysis of those colourants in food and
water samples. A modest electrochemically polymerised glutamic acid layered
multi-walled carbon nanotube paste electrode [P(GA)LMWCNTPE] was
functionalised for the sensing of indigo carmine (IC) by the differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) approaches. Within the
optimised experimental conditions, the P(GA)LMWCNTPE holds an accept-
able and high rate of electro-catalytic activity towards the redox behaviour of
IC. The projected P(GA)LMWCNTPE shows a decent selectivity for IC in the
presence of methyl orange. The modified sensor shows an acceptable linear
growth between oxidative peak current and concentration in both CV and
DPV methods with fine limit of detection values of 4.2 lM and 0.36 lM,
respectively. Additionally, the developed sensor was effectively applied to
detect IC in food and water samples. The morphological and surface activities
of the modified and unmodified electrodes were determined through field
emission scanning electron microscopy, electrochemical impedance spec-
troscopy, and CV techniques. The P(GA)LMWCNTPE requires a simple
preparation procedure and is low-cost, with acceptable storage stability, sen-
sitivity, and reproducibility.
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INTRODUCTION

Dyes are most imperative substances, utilized as
synthetic colouring agents in food, beauty products,
clothes, papers, medicines, furniture, photographs,
paints, leather, electronic materials, and also in the
staining of samples in forensic investigations.1–4

Numerous estimations have reported that more
than ten thousand various colouring dyes are
utilised in various industries, and more than 70
micro-tons of artificial colourants are manufactured
in the global market. Unfortunately, 10% to 50% of
these dyes are wasted during the dyeing and
finishing processes, and massive quantities of
wasted dyes are directly released to the environ-
ment. Most of the released dyes are noxious and
mutagenic, with numerous negative impacts on the
environment including oxygen deficiency, impeded
sunlight penetration (leads to lowering of photosyn-
thetic activity), and variation in biological oxygen
demand, pH, salinity of the soil, and chemical
oxygen demand, and affecting fundamental uses
such as irrigation and drinking water. These defects

cause many deadly diseases among living organ-
isms. Even less than 1.0 mg of dye in one litre of
water hazardously affects the aquatic
environment.5

Indigo carmine (IC) or 3,3¢-dioxo-2,2¢-bisindoly-
den-5,5¢-disulfonic acid disodium salt is a water-
soluble natural hydrophilic dye occurring through
natural indigo sulfonation. IC is used in some very
important applications, such as ozone and superox-
ide detection, pH indication in redox reactions,
preparation of medicinal capsules, and colouring of
food, beverage, and denim fabric products.6 Also, IC
is significantly used for a variety of treatments such
as gastric cancer,7 transurethral resection and
vesicoureteral reflux by locating ureteral orifices
(destroys muscle fibres, leading to upper tract
urothelial carcinoma development),8,9 obstetric sur-
gery, and chemotherapy of hepatic tumours.10 Some
of the earlier reports revealed that the highest
allowed range of IC in the normal living body is from
100 mg/kg to 300 mg/kg body weight.11 Neverthe-
less, the anomaly of IC concentration in water and
food samples stimulates some insensitive effects in

Electrochemical Analysis of Indigo Carmine in Food and Water Samples Using a
Poly(Glutamic Acid) Layered Multi-walled Carbon Nanotube Paste Electrode

1231



living species, such as hereditary problems, invari-
able blood pressure, hypertension, urticaria, eye
problems, bronchospasm, and cancer-related
tumour growth.12–18 Hence, IC inspection and over-
protection in water and food samples are most
essential in an easy and faster way.

In previous studies, various analytical approaches
have been reported for IC analysis, such as chemi-
luminescence,19 thin-layer chromatography,20 spec-
trophotometry,21 high-performance liquid
chromatography,22 flow amperometry,23 and tan-
dem mass spectrometry.24 These techniques are
monotonous, high-priced, time-consuming, and
require sample preparation with complicated
instrumentation and handling. Consequently, these
techniques are probably less appropriate for routine
IC assessment. However, electrochemical methods
are the most effective practical tools for the sensing
of electrochemically active molecules because of
their high sensitivity, selectivity, stability, quick
and potent response, low cost, reduced time con-
sumption, easy handling, and easy optimization
procedures in the available laboratory circum-
stances.25–29 These electrochemical methods need
a working electrode to enhance the sensing activity
with a high peak current.

Nowadays, multi-walled carbon nanotubes
(MWCNTs) are the best sensing materials for the
investigation of bioactive and electroactive mole-
cules because they show some special features such
as elevated mechanical potency, finer electrical
conductivity, lofty dynamic surface area, high
chemical steadiness, exceptional electronic beha-
viours, simple preparation, low cost, and execution
of extremely accurate and steady voltammo-
grams.17,30 Hence, MWCNTs are functionalized as
a significant sensing material for this work.

Polymer amino acid-based sensors have recently
captured much attention for use in electrochemi-
cal investigations. In particular, polymerised glu-
tamic acid [poly(GA)] shows higher
biocompatibility, stability, reproducibility, sensi-
tivity, a non-toxic nature, bio-medicinal activity,
and strong adherence towards the surface of the
sensor, and offers more surface sites with con-
ducting bridges.31 Therefore, in this work
poly(GA) is used as a chemical modifier at the
exterior of a multi-walled carbon nanotube paste
electrode (MWCNTPE) to provide high conductiv-
ity and catalytic activity.

As from the brief literature study, there are no
earlier reported works on the electrochemical sens-
ing of IC in both commercial and real (food and
water) samples on the conductive surface of
P(GA)LMWCNTPE through the cyclic voltammetry
(CV) and differential pulse voltammetry (DPV)
methods. The simultaneous analysis of IC with
methyl orange (MO) was examined using the DPV
method. This data certifies the analytical applica-
tions and informational validations for the inspec-
tion of food and water quality.

EXPERIMENTAL

Chemicals and Reagents

IC (analyte) and GA were purchased from Moly-
chem, India. Na2HPO4.2H2O, NaH2PO4.H2O, and
K4[Fe(CN)6]Æ3H2O were procured from HiMedia,
India. Silicone oil and KCl were bought from Nice
Chemicals, India. MWCNTs (with external diame-
ter and length of 30–50 nm and 10–30 lm, respec-
tively) were purchased from Sisco Research
Laboratories, India. MO was procured from British
Drug Houses, England. The food sample (Gems
chocolates) was purchased from a nearby general
store. These chemicals were of analytical reagent
quality and utilised with no additional refinement.
All the chemical solutions of the appropriate con-
centration were prepared by dissolving a calculated
quantity of compound in distilled water. The entire
investigation was done at the laboratory tempera-
ture of 25 ± 2�C.

Instrumentation

A VITSIL-VBSD/VBDD water purification cham-
ber was used to obtain distilled water. A CHI-6038E
(CH Instruments, USA) was used to examine IC in
an electrochemical chamber, having three elec-
trodes, such as working sensors
[P(GA)LMWCNTPE and MWCNTPE], a platinum
electrode (counter electrode), and a saturated
calomel electrode (SCE) (reference electrode). An
EQ-610 digital pH instrument was used to obtain
different pH values of the phosphate-buffered saline
(PBS). A spectrochemical analyser (Ocean Insight,
USA) was used to obtain the UV–visible spectra of
IC. Field emission scanning electron microscopy
(FE-SEM) (operating in keV) was used for the
surface analysis of the electrode, and data were

Scheme 1. Graphic representation of the preparation of electrodes.
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obtained from the DST-PURSE Laboratory, Man-
galore University, India.

Analytical Sample Preparation

The testing sample was prepared by gathering the
outer shells of the Gems chocolates and then dis-
solved in distilled water with constant stirring to get
a pure homogeneous solution. Then, the achieved
solution was filtered using Whatman filter paper, and
the filtrate was centrifuged. The obtained super-
natant solution was collected and analysed.

Preparation of MWCNTPE
and P(GA)LMWCNTPE

MWCNT powder and silicone oil were blended
well in a percentage ratio of 60:40 for 15 min to
attain a fine homogeneous paste. A portion of the
ensuing paste was crammed into the 3-mm-diame-
ter cavity of the polytetrafluoroethylene tube with
copper wire to afford the electrical connection. The
exterior of the electrode was smoothed vigilantly
using a soft sanitary paper to obtain an unmodified
MWCNTPE.

The freshly prepared MWCNTPE was chemically
modified by the electrochemical polymerization pro-
cess using 1.0 mM GA in 0.1 M PBS of 7.0 pH
through the CV (10 cycles) approach by maintaining
the potential gap of �0.5 V to 1.8 V at a scan rate of
0.1 V/s. After the complete electrochemical poly-
merization of GA on the MWCNTPE surface, we
obtained the chemically modified
P(GA)LMWCNTPE. Afterward, the surface of the
equipped electrode was just rinsed with distilled
water (to remove contamination) to get a fresh
electrode surface. The graphical representation of
the preparation of electrodes is shown in Scheme 1.

RESULTS AND DISCUSSION

Surface Morphology, Conductivity, and Active
Surface Area of the MWCNTPE
and P(GA)LMWCNTPE

The surface morphology, conductivity, and sur-
face area of the modified and unmodified electrodes
were investigated through FE-SEM, electrochemi-
cal impedance spectroscopy (EIS), and CV
performance.

The FE-SEM approach was functionalised for
surface morphological study of the MWCNTPE and
P(GA)LMWCNTPE. The obtained FE-SEM images
are shown in Fig. 1a and b, respectively. Figure 1a
presents two images with size of 2 lm and 100 nm;
the 2 lm picture shows a randomly scattered bulky
root-like arrangement, and the 100 nm image shows
exactly a tube shape, confirming that the electrode
surface comprised only MWCNTP material. Inver-
sely, Fig. 1b displays the morphology of the
P(GA)LMWCNTPE, where the surface is almost
enclosed by poly(GA) films on the surface of
MWCNTs (100 nm image). Hence, the modification
effect increases the additional surface area for the
detection of IC.

EIS is a simple methodology for the investigation
of conductivity and electrocatalytic nature of the
MWCNTPE and P(GA)LMWCNTPE. This study
was done using 1.0 mM K4[Fe(CN)6]Æ3H2O as a
testing sample in 0.1 M KCl (supporting electrolyte)
in optimum conditions. According to the equivalent
circuit model, the Nyquist plots display the fitting of
obtained experimental EIS results for the

Fig. 1. FE-SEM images of the (a) MWCNTPE and (b)
P(GA)LMWCNTPE. (c) EIS for 1.0 mM K4[Fe(CN)6]Æ3H2O in 0.1 M
KCl at the surface of the MWCNTPE and P(GA)LMWCNTPE. (d) CV
for 0.1 mM K4[Fe(CN)6]Æ3H2O in 0.1 M KCl of the
P(GA)LMWCNTPE (cycle a) and MWCNTPE (cycle b) having a
potential gap of �0.3 to 0.7 at a scan rate of 0.1 V/s.

Table I. EIS outcomes of the MWCNTPE and
P(GA)LMWCNTPE

Physical term

Working electrode

MWCNTPE P(GA)LMWCNTPE

C2 (F) 8.783 9 10�8 9.311 9 10�7

Rct (X) 1.765 9 105 2.030 9 10�2

Fig. 2. UV–visible absorbance spectra for 10 lM IC in 0.1 M PBS.
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MWCNTPE and P(GA)LMWCNTPE (inset Fig. 1c).
Here, the equivalent circuit model encloses different
parameters including W (Warburg impedance)
related to the diffusion-kinetic step; Rs corresponds
to the electrolyte solution resistance, Rct is associ-
ated with the electrode charge transfer resistance,
CPE relates to the constant phase element of
conductance, C1 and C2 correspond to the outer
and inner capacitances, and R1 and R2 correspond to
the outer and inner resistance, respectively.
Nyquist plots of the MWCNTPE and
P(GA)LMWCNTPE show dual-frequency sections.
The initial frequency region of the MWCNTPE
results the capacitance (straight line), and the
higher-frequency region of the MWCNTPE results
the value of Rct, whereas the P(GA)LMWCNTPE
displays a straight line with a small curve that
symbolises the high capacitance and lower Rct. The
obtained Rct and capacitance values are tabulated in
Table I, indicating that surface activation of the
MWCNTPE through electropolymerization of GA
was done effectively with an efficient elevation of
electrocatalytic and conductive behaviours.

The active surface area of the P(GA)LMWCNTPE
and MWCNTPE is helpful for explaining the con-
ductivity of the electrodes, and the values were
estimated using the Randles–Sevcik equation.32

Figure 1d shows the cyclic voltammograms for
0.1 mM K4[Fe(CN)6]Æ3H2O in 0.1 M KCl at both
the P(GA)LMWCNTPE (cycle a) and the
MWCNTPE (cycle b) with the potential window of
�0.3 V to 0.7 V at a scan rate of 0.1 V/s. On the
surface of the P(GA)LMWCNTPE, K4[Fe(C-
N)6]Æ3H2O shows faster redox action with an
improved peak current with more active spots as
compared to the MWCNTPE, which depends on the
active surface area of the sensors.

Ip ¼ 2:69 � 105n3=2AD1=2Ct1=2 ð1Þ

where Ip represents the peak current (lA), A
signifies the active surface area of the sensor
(cm2), n indicates the number of electrons, D
represents the diffusion coefficient (cm2/s), t

specifies the scan rate (mV/s), and C designates
the analyte concentration (mM). The active surface
area of the P(GA)LMWCNTPE and MWCNTPE was
calculated using Eq. 1, and the deliberated values
are 0.074 cm2 and 0.021 cm2, respectively. This
data portrays that the formation of GA polymer
films on the MWCNTPE surface increases its sens-
ing capacity with high catalytic activity.

UV–Visible Spectra for IC

UV–visible spectrum study is a broadly used
approach for the confirmation of dye light absorp-
tion behaviours. Figure 2 displays the UV–visible
spectrum for 10 lM IC (in 0.1 M PBS) recorded in
the spectral wavelength range of 220 nm to 800 nm.
Here, IC displays three absorption peaks, two peaks
in the UV region (‘a’ and ‘b’) and one peak in the
visible region (‘c’), corresponding to different wave-
lengths 252 nm, 290 nm, and 616 nm, respectively.
Additionally, these absorption peaks are due to the
presence of chromophore centres followed by p–p*,
n–p*, and n–p* transitions, respectively. The UV
region provides the maximum absorption at
290 nm, which is due to the presence of an indigoid
functional group.

Fig. 3. (a) CVs for the electrochemical polymerization of 1.0 mM GA
in 0.1 M PBS (pH 7.0) at the MWCNTPE having the potential window
of �0.5 V to 1.8 V at a scan rate of 0.1 V/s. (b) Graph of a number of
CV cycles against Ipa.

Scheme 2. The probable electrochemical polymerization reaction of
GA at the surface of the MWCNTPE.

Fig. 4. CVs for the absence (cycle c) and presence of 0.1 mM IC in
0.1 M PBS (pH 7.0) at a scan rate of 0.1 V/s at the
P(GA)LMWCNTPE (cycle a) and MWCNTPE (cycle b).
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Electrochemical Polymerization of GA
on MWCNTPE

To achieve the electropolymerization of GA on the
less electroactive surface of the MWCNTPE, ini-
tially, we fixed the optimum number of CV cycles for
the polymerization of GA. Figure 3a corresponds to
the plot of CV cycles (5 to 20 cycles) on the
MWCNTPE against the peak current of IC in
0.1 M PBS. Here, ten CV cycles provide the finest
peak current response with high sensitivity for the
redox action of IC as compared to 5, 15, and 20
cycles, which is possibly because of the complete
coverage of poly(GA) films at the vacant surface
area of the MWCNTPE. Thus ten cycles were
chosen as the optimum for the polymerization of
GA on the MWCNTPE. Figure 3b represents the ten
CV cycles scanned with the potential gap of �0.5 V
to 1.8 V at a scan rate of 0.1 V/s for the electro-
chemical polymerization of 1.0 mM GA in 0.1 M
PBS of 7.0 pH on the MWCNTPE. The CV plot
(Fig. 3b) indicates that the peak current was
decreased with the increase of each CV cycle,
indicating the conversion of a monomer film of GA
into a polymer film of GA on the surface of the
MWCNTPE. The probable reaction mechanism of
poly(GA) on the MWCNTPE is shown in Scheme 2.

Electrocatalytic Behaviour of the Sensors
Towards IC

The electrocatalytic activities of the MWCNTPE
and P(GA)LMWCNTPE towards the electrochemi-
cal redox action of IC in PBS were analysed by CV.
CVs were recorded for P(GA)LMWCNTPE and
MWCNTPE in the presence and absence of IC in
0.1 M PBS of 7.0 pH at a scan rate of 0.1 V/s (Fig. 6).
As evident from Fig. 4, the P(GA)LMWCNTPE
(cycle a) affords a more elevated redox peak current
than the MWCNTPE (cycle b) for IC with the
change in potential (DEp), and the anodic and
cathodic peak current ratios (Ipa/Ipc) were 0.1308 V
and 1.08, respectively, which defines a quasi-re-
versible nature. But in the case of only PBS on the
surface of the P(GA)LMWCNTPE (cycle c), it does
not reveal any electrochemical behaviour. As per
the achieved data, the superior electrochemical
redox character of IC with faster electron transfer
at the surface of the P(GA)LMWCNTPE is due to

the elevated active surface area, conductivity, and
electrochemical modification.

Impact of Electrolyte pH

The impact of the functioning parameter, elec-
trolyte pH, on the redox activity of 0.1 mM IC on the
surface of the P(GA)LMWCNTPE was analysed
using the CV method. The CVs were obtained for
IC in altered pH of PBS in the range of 5.5 to 7.5 at
the P(GA)LMWCNTPE (Fig. 5a), where we observed
higher and lower percentages of proton concentration
degrade the redox peak current of IC. Also, a neutral
pH of 7.0 provides easy adsorption, oxidation, and
reduction of IC with a high peak current on the
surface of the P(GA)LMWCNTPE with a high rate of
catalytic activity, as compared to other pH values
(plot of pH versus Ip in Fig. 5b). Hence, pH 7.0 was
selected as the optimum for the entire experiment.
From the plot of pH versus Ep (Fig. 5b), a negative
linear shift was observed in the oxidation peak
potential of IC during the escalation of solution pH.
This was demonstrated by the linear regression
equation (LRE) of Ep (V) = 0.825 � (0.050) pH (V/
pH) (R2 = 0.991), with a fine linear regression coef-
ficient (R2), representing that the electron transfer
during the oxidation and reduction of IC most
probably depends on protonation. The involved pro-
tons (m) in the IC redox reaction were calculated
based on pH versus Ep through DEp/DpH = 0.059 m/
an relation. The value of m is found to be 1.723
(nearly equal to 2), signifying that the IC redox
nature is most possibly happening through the
transfer of two protons and two electrons.

Scan Rate Impact on Peak Current
and Potential

The inset of Fig. 6 represents the scan rate impact
for 0.1 mM IC in 0.1 M PBS of 7.0 pH on the

Fig. 5. (a) CVs for 0.1 mM IC at the P(GA)LMWCNTPE in 0.1 M
PBS of different solution pH in the range of 5.5 to 7.5 at a scan rate of
0.1 V/s. (b) Graph of Epa versus pH and Ipa versus pH.

Fig. 6. (a) CVs for 0.1 mM IC in 0.1 M PBS (7.0 pH) on the
P(GA)LMWCNTPE at different scan rates in the range of 0.10 V/s to
0.250 V/s. (b) Plot of peak current versus m. (c) Plot of log Ip versus
log m. (d) Plot of Epa versus log m.
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P(GA)LMWCNTPE to realize the dependability of
the redox nature of current and potentials on the
variable scan rate. CVs obtained for IC at the
altered scan rate (in the range from 0.1 to 0.25 V/s)
in PBS on the active surface of the
P(GA)LMWCNTPE are shown in Fig. 6a. The
obtained IC oxidation peak currents and increased
scan rates were proportional to one another with a
fine linearity (Fig. 6b), and the slope (1.28) of log m
versus log Ipa plot (Fig. 6c) was nearly equal to the
theoretical value. This suggests that the electrode
catalytic activity towards IC was predominant
through adsorption-controlled kinetics, and the
achieved LREs were fitted to be Ipa (A) = �26.09 9
10�6 + 1.24 9 10�3 t (V/s) (R2 = 0.996) and log(Ipa,

A) = �2.81 + 1.28 log(t, V/s) (R2 = 0.991). As from
Fig. 6d, log t and Epa are proportional to each other
with a fine linear relationship, and the achieved
LRE is Ep (V) = 0.58 + 0.15 log(t, V/s) (R2 = 0.986).
The obtained plot of Ep versus log t was significantly
used for the inspection of the number of electrons
that participated in the IC redox reaction through
Laviron’s relationship shown as follows:33

Ep ¼ E0 þ 2:303RT

anF

� �
log

RTk0

anF

� �
þ 2:303RT

anF

� �
log t

ð2Þ

where n is the number of electrons involved in the
redox reaction of IC, E0 is the standard redox
potential (V), a is the charge transfer coefficient, Ep

is the peak potential (V), k0 is the heterogeneous
rate constant (/s), T is the absolute temperature
(298 K), F is the Faraday constant (96,485 C/mol), R
is the universal gas constant (8.314 J/mol/K), and m
is the scan rate (V/s). The calculated value of
transferred electrons in the IC redox reaction was
2.26 (nearly equal to 2). The probable redox reaction

mechanism of IC on the P(GA)LMWCNTPE is
shown in Scheme 3.

The surface concentration of IC at the
MWCNTPE and P(GA)LMWCNTPE was deter-
mined by the following equation:

C ¼ Q=nFA ð3Þ

where U is the surface concentration of IC (M/cm2),
A is the active surface area of the MWCNTPE and
P(GA)LMWCNTPE (cm2), and Q is the charge at the
anodic peak (C). The projected values of the surface
concentration of the IC on the surface of the
MWCNTPE and P(GA)LMWCNTPE are 0.83 Å M/
cm2 and 2.19 Å M/cm2, respectively. Hence, the
modified P(GA)LMWCNTPE shows a higher cur-
rent sensitivity and faster rate of electron move-
ment in the redox action of IC than the unmodified
MWCNTPE.

Limit of Detection, Quantification,
and Sensitivity

In the optimal circumstances, the limit of detec-
tion (LOD) and the limit of quantitation (LOQ) of IC
at the proposed sensor were determined through
DPV and CV methods by construction of a calibra-
tion curve. Differential pulse voltammograms
(DPVs) were documented during the increased IC
concentration in 0.1 M PBS (pH 7.0). The linear
relation between the concentration and peak cur-
rent of IC were achieved with acceptable linearity,
and the LRE is Ipa (A) = 1.200 9 10�4 + 0.282 [IC]
(M) (R2 = 0.999) (Fig. 7a). Also, the same experi-
mentation was done through the CV method for the
concentration variation of IC, which provides a good
linear relation with the peak current, and the
corresponding LRE is Ipa (A) = 4.129 9 10�5

+ 0.1406 [IC] (M) (R2 = 0.989) (Fig. 7b). The LOD
and LOQ values were calculated by the relations
LOD = 3 SD/M and LOQ = 10 SD/M, where SD
represents the standard deviation of the blank, and
M signifies the slope of Ipa versus [IC]. From the
DPV method, calculated values of LOD and LOQ
were found to be 0.36 lM and 1.20 lM, and from the
CV method, deliberated LOD and LOQ values were
found to be 4.2 lM and 14.22 lM, correspondingly.
A comparison of the currently equipped sensor with
previously reported sensors for the analysis of IC is
tabulated in Table II34,35 It was concluded that the

Scheme 3. The probable redox reaction mechanism of IC on the
P(GA)LMWCNTPE.

Fig. 7. (a) Graph of concentration of IC versus DPV current (Ipa). (b)
Graph of concentration of IC versus CV current (Ipa).
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projected sensor affords a better electrocatalytic
response for IC detection by DPV method with a
lower LOD. The sensitivity of the
P(GA)LMWCNTPE was calculated by the use of
the active surface area of the sensor and the slope of
the calibration plot (from DPV), and the calculated
value is 3.81 A/M/cm2.

Simultaneous Analysis

DPV was utilised for the examination of selectiv-
ity of the MWCNTPE and P(GA)LMWCNTPE
towards 0.05 mM IC in the presence of 0.05 mM
MO. As evident from Fig. 8, the MWCNTPE dis-
closes less sensible anodic peaks for IC and MO, but

the P(GA)LMWCNTPE shows fine distinct anodic
peaks with high current for IC and MO, respec-
tively. The obtained data elucidates that the high
electrocatalytic action of the P(GA)LMWCNTPE for
IC in the presence and absence of MO is almost
alike, thus the redox behaviour of IC and oxidative
nature of MO on the surface of P(GA)LMWCNTPE
are dissimilar and subsequently simultaneous.
Therefore, the projected P(GA)LMWCNTPE is com-
pletely free from the interfering molecules.

Storage Stability and Reproducibility

The storage stability of the P(GA)LMWCNTPE
for the analysis of IC in PBS was inspected through
CV method by preserving the sensor for 6 days in a
sealed container. The deliberated value of percent-
age degradation demonstrates 88.88% of the initial
peak current even after 6 days, which affords
acceptable storage stability of the sensor. The
reproducibility of the sensor was estimated by
cycling CV on constant IC in PBS at ten separately
modified sensors. Here, the equipped sensor pro-
vides the relative standard deviation (RSD) of
3.83%, demonstrating fine reproducibility.

Analysis of Food and Water Samples

To validate the proposed P(GA)LMWCNTPE for
the testing of real samples, the implemented sensor
and DPV technique were applied for the examina-
tion of IC in food and water samples. The analysis of
IC was done by the standard spike recovery
approach for both food and water samples, individ-
ually. The obtained DPVs for both food (a = 0.1 mM,
b = 0.15 mM, and c = 0.2 mM) and water
(a = 0.1 mM, b = 0.15 mM, and c = 0.2 mM) sam-
ples are displayed in Fig. 9a and b, respectively. The
P(GA)LMWCNTPE provides recoveries of 99.06 to
99.76% (in food samples) and 98.91% to 99.61% (in
water samples) with fine RSDs. The found results
are tabulated in Table III. The obtained data reveal
that the proposed sensor is the correct choice for IC
analysis in both food and water samples with fine
recovery and an acceptable RSD.

Table II. Comparison of reported LODs, techniques, and sensors with present work

Technique Sensor Linear range (lM) LOD (lM) Reference

SERRS1 Silver colloids 1.0–0.1 (632.8) 36.50 34
10.0–0.1 (514.5) 23.60
1.0–0.1 (514.5c) 32.25

10.0–0.1 (632.8) 28.00
10.0–0.1 (632.8c) 19.50

LC-APCI-MS2 – 10–100 29.00 35
DPV P(GA)LMWCNTPE 5.0–50.0 0.36 Present study
CV 5.0–60.0 4.20

1 Surface-enhanced resonance Raman spectroscopy.
2 Liquid chromatography-atmospheric pressure chemical ionization-mass spectroscopy.

Fig. 8. DPVs for 0.05 mM IC in the presence of 0.05 mM MO in
0.1 M PBS (7.0 pH) on the surface of the MWCNTPE (cycle a) and
P(GA)LMWCNTPE (cycle b) at an amplitude of 0.05 V and pulse
period of 0.5 s.

Fig. 9. DPVs for the analysis of IC in (a) food sample and (b) water
sample at different concentrations in 0.1 PBS of 7.0 pH.

Electrochemical Analysis of Indigo Carmine in Food and Water Samples Using a
Poly(Glutamic Acid) Layered Multi-walled Carbon Nanotube Paste Electrode

1237



CONCLUSIONS

In this work, a fine sensitive and selective elec-
trochemically polymerised GA film-based carbon
nanotube sensor was fabricated efficaciously for
the analysis of IC redox behaviours with MO. The
projected P(GA)LMWCNTPE portrays a very good
electrocatalytic nature as compared to the unmod-
ified electrode for the redox reaction of IC trough CV
and DPV methods. The surface area calculation and
EIS show that the P(GA)LMWCNTPE has more
surface sites with high conductive strength. The
solution pH and scan rate parameters reveal that
the developed electrode shows adsorption-controlled
kinetics with the transfer of two electrons and two
protons during the reduction of IC in PBS. More-
over, the P(GA)LMWCNTPE affords considerable
linear relations in both CV and DPV methods with
lower LODs. Based on these data, the
P(GA)LMWCNTPE is an advantageous tool for the
investigation of IC in food and water samples with
good recovery.
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Table III. Recovery data of IC in food and water samples

Analytical sample
Spiked concentration

(lM)
Found concentration

(lM)
Recovery

(%)
RSD
(%)

Food sample (Gems chocolate)
(n = 3)

2.140 2.120 99.06 3.16
3.210 3.200 99.68
4.280 4.270 99.76

Water sample (n = 3) 10.000 9.891 98.91 3.26
15.000 14.872 99.14
20.000 19.922 99.61
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