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a  b  s  t  r  a  c  t

The  development  of  methodologies  to detect  and quantify  azo dyes  in  treated  water  is  required  because
some  of these  dyes  exhibit  genotoxic  activity,  even  at low  concentrations.  Here,  the  construction  and
characterization  of an impedimetric  immunosensor  for  determination  of the  textile  azo  dye  Disperse
Red  1 (DR1)  by  means  of  a label-free  assay  is reported.  Anti-DR1  antibodies  (Ab  anti-DR1)  were  suc-
cessfully  coupled  to  glassy  carbon  electrode  (GCE)  surface  by  bonding  using  electrochemically  generated
activated  carboxylic  groups.  The  concentration  of  DR1  was  measured  by  the  increase  in charge  trans-
fer  resistance  (RCT) when  the immune  reaction  occurred,  using  Fe(CN)6

3−/4− as  a  probe.  Electrochemical
characterizations  of  the sensor  by  cyclic  voltammetry  (CV)  and  electrochemical  impedance  spectroscopy
(EIS)  were  performed,  and infra-red  spectra  were  obtained  to complement  the  electrochemical  results
showing  immobilization  of  the  antibodies.  Under  optimal  conditions,  the change  in  RCT presented  a linear

relationship  with  DR1  concentration  in  the  range  from  8.40  to  100  nM,  and  the  sensor  provided  low  limit
of  detection  (LOD  =  2.52  nM)  and  quantification  (LOQ  =  8.40  nM).  No  significant  interference  from  other
azo dyes  was  observed.  The  performance  of  the  immunosensor  was  evaluated  using  tap  water  spiked
with  20.0  nM  DR1  and  a satisfactory  recovery  of 98.5%  was  found.  The  proposed  immunosensor  is  simple,
relatively  inexpensive,  and  shows  good  sensitivity  for this  application.

© 2016  Published  by  Elsevier  B.V.
. Introduction

Azo dyes, which contain one or more N N- groups in their
tructures [1], are widely used in the textile industry because they
rovide a method of dyeing cellulosic fibres (especially elongated
bres) with a high degree of attachment and high resistance against

ight and humidity, compared to other classes of dyes [2]. Precisely
ue to these features, the treatment of wastewater containing azo
yes is difficult, and conventional biological processes can be inef-
ective because the compounds are not biodegradable. In addition,
heir reductive cleavage can release aromatic amines that are more
oxic than the dyes themselves [3].

Investigations using microorganisms and mammalian cells have
hown that many of these dyes present genotoxic activity [4].

his activity is closely related to the nature and position of the
ubstituents attached to the azo group [5]. Therefore, since small
ariations in dye molecules change their properties, it is impor-
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tant that each azo dye be studied individually [6]. Azo dyes
become mutagenic after breaking of the azo bonds by azoreduc-
tase enzymes synthesized in the intestinal cells, which results in
colourless aromatic amines [7,8]. Uliana et al. [9] investigated the
interaction between DNA and two disperse azo dyes, Disperse Red
1 (DR1) and Disperse Orange 1, as well as their electrolysis prod-
ucts, and found that after interaction there were strong decreases in
the current intensities of DNA bases. It was concluded that the dyes
affected the double helix structure of DNA, causing conformational
changes and damage.

In addition to the problems of toxicity of azo dyes, the presence
of these coloured substances in natural waters affects light pene-
tration and can interfere in the biological cycles of aquatic biota,
especially in relation to the photosynthesis process and oxygena-
tion of the water body [10]. Therefore, considering that about 50%
of the dyes are lost after the dyeing process and aobut 10–15% of
them are discharged in the effluents [11], it is very important that
methods for the determination of these substances be developed

for the purposes of water quality control.

Several methods for detection of azo dyes have been reported in
the literature, especially high performance liquid chromatography
(HPLC) coupled to different detectors [12–15], as well as capillary

dx.doi.org/10.1016/j.snb.2016.05.040
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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Table  1
Limits of detection obtained with different techniques for dyes determination.

Dye LOD Technique Reference

Biodegradation products of an
antraquinone dye, Drimarene
Blue K2RL

0.011–0.1 �g mL−1 HPLC with fluorescence detector 12

Acid  Orange 6 Acid Orange 7
Acid Orange 20 Acid Orange 52
Basic Orange 22 Basic Orange
21 Basic Orange 2

0.5–3.0 �g kg−1 HPLC–MS/MS 13

Dyes  present in historical art
works

– HPLC with a dual detection system UV–vis and ESI MS 14

Ponceau 4RC Sunset yellow
Allura red Azophloxine
Ponceau xylidine Erythrosine
Orange II

0.02–21.83 ng mL−1 HPLC-DAD-MS HPLC–MS/MS 15

Green  S Patent Blue 10–17 �M Capillary electrophoresis 16
Ponceau 4R 0.80 ng mL−1 ELISA 17
Amaranth 3.35 ng mL−1 ELISA 18
Sunset yellow Tartrazine 1.25–1.43 × 10−8 M Differential pulse voltammetry 19
p-Phenylenediamine
Resorcinol

0.58–0.79 mg  L−1 Linear sweep voltammetry 20

2,6-Diaminopyridine 0.0275 mg  kg−1 Cyclic voltammetry 21
−1
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Sudan I 0.03 ng mL
Disperse Orange 1 7.56 nM 

Disperse Red 1 2.52 nM or 0.79 ng mL−1

lectrophoresis [16], and enzyme-linked immunosorbent assay
ELISA) [17,18]. However, many of these processes may  require
ong analysis times and/or substantial financial resources. For this
eason, electrochemical sensors represent a viable alternative for
nalysis of dyes [19–23], offering advantages including simplicity,
peed, high sensitivity, and lower costs. Methods for determination
f azo dyes using different techniques are listed in Table 1.

Among the different types of electrochemical sensors, impedi-
etric immunosensors represent a category that deserves special

ttention. Immunosensors can be highly selective, due the speci-
city of antigen-antibody interactions, and their use in combination
ith the electrochemical impedance spectroscopy (EIS) technique

nables the development of label-free assays. Formation of the
mmunocomplex changes the impedance response of the system,
ompared to the response prior to the immunoaffinity reaction,
roviding the basis of the analytical methodology and eliminat-

ng the use of indirect measures. This makes the sensor simpler
nd cheaper, because the assay requires fewer steps and dispenses
ith the use of labelled secondary antibodies. Furthermore, EIS

s a non-destructive technique that allows successive measure-
ents to be made using the same electrode. All these advantages

ave led to increased interest in impedimetric immunosensors in
ecent years, and several different applications have been reported
24–26], although few are related to dye determination.

In order to ensure sensitivity and stability of an immunosen-
or, the antibodies must be suitably immobilized on the transducer
nd maintain their biological activity after the immobilization pro-
ess [27]. Procedures that satisfy these requirements include the
se of self-assembled monolayers on gold [28,29] and carbon sur-
aces [23,30], functionalized nanoparticles [31,32], and polymeric
lms [33,34]. It is also possible to perform the immobilization of a
iomolecule by means of groups generated directly on the glassy
arbon electrode surface, instead of using additional reagents to
ulfil this role in the assay. Millan and Mikkelsen [35] described

 method in which a glassy carbon electrode was oxidized by the
pplication of a high potential in a strongly oxidizing solution (acid
olution of potassium dichromate). This procedure led to the for-
ation of carboxylic groups on the glassy carbon electrode surface
tself, which were then activated with EDC/NHS (1-ethyl-3-(3-
imethylaminopropyl) carbodiimide and N-hydroxy-succinimide),
romoting the bond to the DNA molecule. Because it is very simple
nd effective, this method can be used to immobilize biomolecules
EIS 22
EIS 23
EIS this work

such as antibodies on carbon surfaces, and for this reason was used
in the present work. The methodology was  previously explored for
the immobilization of proteins [36].

In this paper, we propose the development and characteri-
zation of an impedimetric immunosensor for detection of the
textile azo dye Disperse Red 1 (DR1) in treated water; as shown
in Table 1 no determination of DR1 was reported. A GCE elec-
trode was  electrochemically oxidized, activated with EDC/NHS, and
anti-DR1 antibodies were covalently linked to the electrode sur-
face. The interaction was  carried out using EIS in the presence of
Fe(CN)6

3−/4− as an electrochemical probe. The very simple pro-
posed immunosensor was then applied in the analysis of tap water
samples.

2. Materials and methods

2.1. Reagents and solutions

The reagents potassium hexacyanoferrate (III), N-hydroxy-
succinimide (NHS), KH2PO4, NaCl, KCl, K2Cr2O7, ethanolamine
hydrochloride, and acetonitrile were purchased from Sigma. Potas-
sium hexacyanoferrate (II), Na2HPO4, nitric acid (69–70%), and
sulphuric acid (95–98%) were purchased from J. T. Baker. The
dyes Disperse Red 1 (DR1), Disperse Orange 1 (DO1), Disperse
Red 73 (DR73), and Disperse Red 78 (DR78) were purchased
from Aldrich. The 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) reagent was purchased from Fluka. The anti-DR1
monoclonal antibodies (Ab anti-DR1) were purchased from Rhe-
abiotech (Campinas, Brazil). All aqueous solutions were prepared
using Milli-Q water with resistivity of 18.2 M� cm (Millipore). All
other chemicals were analytical grade.

A stock solution of DR1 (1.0 mM)  was  prepared in a mixture
of acetonitrile and deionized water (1:1, v/v). 0.1 M phosphate
buffered saline (PBS, 0.1 M NaCl, pH 7.4) was used to prepare the
stock solution of Ab anti-DR1 and for dilution of the DR1 stock
solution.
2.2. Preparation of the immunosensor

A glassy carbon electrode (GCE) (3.0 mm diameter) was  care-
fully polished with 0.05 �m alumina powder (�-Al2O3) on chamois
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rocedure used to construct the impedimetric immunosensor.
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Fig. 2. (A) Cyclic voltammograms and (B) Nyquist plots for (a) bare GCE, (b) Ab
anti-DR1/GCE, and (c) ethanolamine/Ab anti-DR1/GCE. Both characterizations were

3−/4−
Fig. 1. Schematic illustration of the GCE modification p

eather for 3 min. The electrode was then washed and ultrasonically
leaned (for 1 min) in ethanol, followed by water, and dried in air.

After cleaning, the GCE was submitted to an electro-oxidation
n order to generate carboxylic groups covering the entire surface.

 potential of +1.5 V was applied for 15 s in a solution of potas-
ium dichromate 2.5% (m/m)  containing 10% nitric acid (m/m). The
lectrode was then rinsed with water and immediately incubated
pside down over a drop (100 �L) of EDC/NHS solution (5.0 and
.0 mM,  respectively) for 1 h at room temperature.

After the incubation, the electrode was rinsed by immersion
n deionized water, with moderate stirring, for three sets of
0 s, and then incubated for 1 h in 50 �L of Ab anti-DR1 solu-
ion (0.05 mg  mL−1). The weakly bonded antibody molecules were
emoved by immersing the electrode in PBS buffer solution (0.1 M,
H 7.4), with moderate stirring, for three sets of 10 s.

The remaining activated carboxylic groups (which were not
sed for binding to the antibody) were blocked by incubation in
00 �L of ethanolamine solution (100 mM),  followed by washing
y immersion in PBS (0.1 M,  pH 7.4). After this step, the electrode
as ready for the interaction with the antigen (DR1 dye).

To avoid evaporation of the drops of solutions used in each
odification step, the electrode was fixed upside down in a micro-

entrifuge tube containing the solution and covered with Parafilm.
ig. 1 summarizes the GCE modification methodology used to con-
truct the immunosensor.

.3. Cyclic voltammetry (CV) and electrochemical impedance
pectroscopy (EIS) measurements

All electrochemical measurements were carried out with a
lassy carbon electrode (Ageom = 0.0707 cm2), Ag|AgCl|KClsat elec-
rode, and a platinum wire (Ageom = 4 cm2) as the working,
eference, and auxiliary electrodes, respectively. The measure-
ents were performed in the presence of 0.1 M PBS buffer

olution (pH 7.4) containing 1 mM of Fe(CN)6
3−/4− as a probe. The

yclic voltammetry (CV) measurements used a compact poten-
iostat/galvanostat (�Autolab Type III), with General Purpose
lectrochemical System v. 4.9 (GPES) software for data acquisition
nd processing. Characterization of each step of construction of the
mmunosensor was performed with scanning from −0.2 to +0.6 V,
t a scan rate (�) of 25 mV  s−1.
The electrochemical impedance (EIS) measurements were per-
ormed using a compact modular potentiostat/galvanostat (Autolab
GSTAT204) fitted with an FRA32 M module and controlled using
OVA 1.10 software. The EIS measurements were performed inside

performed using 0.1 M PBS buffer solution (pH 7.4) containing 1 mM of Fe(CN)6 .
Inset: High frequency region.
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Table  2
Experimental parameters evaluated using full factorial design.

Variable Low Level High Level

[Ab anti-DR1]a 0.005 mg  mL−1 0.05 mg mL−1

Ab incubation timeb 30 min 60  min
Ag incubation timec 30 min  60 min

a Concentration of the Ab anti-DR1 solution.
b Incubation time in Ab solution.
c Incubation time in DR1 solution (1 × 107 mol L−1).
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process. This could be attributed to attachment of the antibody
molecules on the GCE surface. It can be seen from Fig. 2(A) that
after the blocking step, there was  a large change in the reversibility
 Faraday cage (EG&G Instruments, Princeton Applied Research).
he EIS technique was employed for characterization and for the
etermination of DR1 concentrations, using a frequency range from
0 KHz to 10 mHz  and an amplitude of 10 mV (rms). The experi-
ental impedance data were presented as Nyquist plots and the

iameter of the semicircle, which was dependent on the charge
ransfer resistance (RCT), was then used to obtain the quantitative
ensing signal for the DR1 concentration.

.4. Characterization of immobilization of the antibody on the
lassy carbon surface, using attenuated total reflectance fourier
ransform infra-red spectroscopy (ATR-FTIR)

The glassy carbon surface, bare and after the immobilization of
b anti-DR1, was additionally characterized by means of a non-
lectrochemical technique (ATR-FTIR). For this purpose, a glassy
arbon plate with dimensions of 2 × 2 cm and 0.5 cm thickness
as carefully polished with 0.05 �m alumina powder (�-Al2O3) on

hamois leather for 3 min, washed with ethanol and water, and
ried in air.

The immobilization of Ab anti-DR1 on the glassy carbon plate
as performed using the same procedure described for the GCE.

nfra-red spectra was then obtained with a Nicolet iS5 FT-IR spec-
rometer (Thermo Scientific) equipped with an iD7 ATR accessory

odule.

.5. Optimization of experimental conditions for construction of
he immunosensor using full factorial design

Factorial design is a simultaneous method in which the factors
f interest are evaluated at the same time. It can be represented by
k, where k is the number of factors and b is the number of levels
elected [37]. Here, chemometric studies using full factorial design
ere conducted in order to optimize the experimental conditions

or construction of the immunosensor. The stages that showed the
reatest impact on the signal measured after interaction with the
nalyte were selected.

The following factors were evaluated: Ab anti-DR1 concentra-
ion, incubation time in Ab anti-DR1 solution, and incubation time
n DR1 solution (antigen), at high and low levels. Table 2 summa-
izes the conditions investigated in this study.

The procedure required eight experiments (23 = 8), which in
riplicate mean 24 experiments in total. The DR1 concentration
as fixed at 1 × 10−7 M in all cases. The change in the RCT value

�RCT) between the measurements corresponding to the block-
ng step and the antigen interaction step in each experiment was
sed as the signal. The data were analyzed using MinitabTM statis-
ical software in order to identify the effects on the system of the

ifferent combinations of factors.
Fig. 3. (A) Infra-red spectra obtained for (a) the bare GCE and (b) the GCE with Ab
anti-DR1. (B) Amplification of the spectral region related to the band corresponding
to  the amide group.

3. Results and discussion

3.1. Electrochemical characterization

The main steps of the immunosensor construction were elec-
trochemically characterized by CV and EIS, as shown in Figs. 2(A)
and 2(B), respectively. The cyclic voltammogram obtained for the
bare GCE presented the typical profile obtained in the presence
of the Fe(CN)6

3−/4− redox couple, with current peaks at +0.256 V
(cathodic peak) and +0.164 V (anodic peak), as expected for a quasi-
reversible electron transfer model (Ipa/Ipc /= 1.0 and �Ep /= 59 mV,
Fig. 2(A)). The Fe(CN)6

3−/4− redox couple does not exhibit an
entirely reversible response in the presence of almost all phos-
phate buffer solutions (with pH around 7) and salt concentrations
of around 0.1 M.  The main reasons for this include changes in the
diffusional control process in the electrode, phosphate adsorption
on the electrode surface, and the influence of ohmic drop [38]. After
antibody immobilization, it was possible to observe a decrease in
the current peak intensities related to the redox couple, and an
increase in �Ep (the �Ep values were 92 mV  for the bare electrode
and 273 mV  after antibody immobilization).

These results indicated that something was bound to the elec-
trode surface and hindered the redox couple electron transfer
of the system, with virtually no peaks, which could be explained
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y the attachment of more species to the electrode surface, imped-
ng the electron transfer. This was as expected, because in this step

olecules of ethanolamine were present on the electrode.
Fig. 2(B) shows a successive increase in the charge transfer resis-

ance (RCT) values according to the modification steps, reflected by
he semicircle diameters. The RCT value for the bare GCE was  0.58
�, while values of 58.91 k� and 81.22 k� were obtained for the
CE with Ab anti-DR1 and the blocked electrode, respectively. This

ndicated that species were successfully attached to the electrode
urface, and that these species, in turn, progressively hindered the
lectron transfer process.

Therefore, both electrochemical characterization results indi-
ated successful Ab anti-DR1 immobilization and blocking of the
CE surface. However, the electrochemical techniques did not pro-
ide any information concerning the identity of the substance
resent on the GCE surface, which therefore required the use of

 different characterization technique.

.2. Characterization of antibody immobilization on the glassy
arbon surface, using attenuated total reflectance Fourier
ransform infra-red spectroscopy (ATR-FTIR)

The effective immobilization of the antibodies on the GCE
urface was confirmed using infra-red spectroscopy, which can pro-
ide information concerning the functional groups present in the
ample. The spectra obtained in this study are shown in Fig. 3.

In general, proteins (including antibodies) and peptides present
road bands that are difficult to differentiate, due to considerable
verlap [39]. However, the spectra of all proteins exhibit absorption
ands associated with their characteristic amide groups. The most
seful infra-red bands for the characterization of proteins are those
or amide I (related to carbonyl absorption) and amide II (related
o the deformation of NH2 or NH) [40], which occur near 1565 and
655 cm−1, respectively.

The spectrum for the bare GCE (Fig. 3(A-a)) showed no signif-
cant features, while the spectrum for the GCE with immobilized
ntibody (Fig. 3(B-b)) showed a characteristic absorption band
f amide groups. The absorption band in question occurred at
580 cm−1, indicative of amide I. Furthermore, this band appeared
o be superimposed on another band at around 1640 cm−1 (Fig. 3(B-
)) that could indicate the presence of amide II.

.3. Stability of the electrode containing immobilized Ab
nti-DR1 after successive EIS measurements

The stability of the immobilized antibody was evaluated using
ve EIS measurements performed in the presence of 0.1 M PBS
uffer solution (pH 7.4) containing 1 mM of Fe(CN)6

3−/4−.
Between the measurements, the electrode was incubated in

BS buffer solution (0.1 M,  pH 7.4) for 30 min  and rinsed with
eionized water. The RCT values showed no significant differences
etween the measurements, with a relative standard deviation
f 1.2% (n = 5). The Nyquist plots corresponding to the measure-
ent made immediately after the immobilization process and the

ast measurement were very similar, which excludes the possibil-
ty of molecules being leached from the GCE electrode during the

easurements and the rinsing procedures. If the surface were not

table, the Nyquist plots would be expected to show the presence
f inductive loops [41]. When the same experiments were carried
ut using a pencil graphite electrode (data not shown), no stability
as achieved, probably due to the porosity of the electrode.
Fig. 4. Cube plot showing the relationship between the mean responses obtained
in  the EIS measurements (n = 3) and the different combinations of factors. The �RCT

values are presented multiplied by 1 × 103 � (k�).

3.4. Adsorption of DR1 on the blocked electrode surface (in the
absence of Ab anti-DR1)

Experiments were performed to investigate the effectiveness of
ethanolamine in blocking the adsorption of DR1 on the GCE surface.
The tests were conducted in the absence of Ab anti-DR1 (the car-
boxylic groups generated on the GCE surface were directly blocked
with ethanolamine, without performing the antibody immobi-
lization step), because this resulted in greater exposure of the
surface for determination of the blocking capacity. The blocked
electrode was incubated for 30 min  in 1 �M DR1 solution, then
rinsed with water and used for the EIS measurements. The Nyquist
plots obtained after the blocking step and after incubation with the
DR1 solution were very similar, indicating that virtually no DR1 dye
was adsorbed on the blocked electrode. In quantitative terms, there
was an increase of 1.68 k� between the first and the last measure-
ments, representing a 5.5% change in the impedance response. This
change was  very small, and could be considered acceptable because
no antibodies were present. In the presence of antibodies, access to
the electrode surface would become more difficult.

3.5. Full factorial design optimization of the experimental
conditions for immunosensor construction

The results obtained with the chemometric study are presented
in the form of a cube plot (Fig. 4). Each vertex of the cube corre-
sponds to the mean of responses obtained in the measurements
performed using the combination of parameters indicated by the
convergent edges, which represent the factors of the factorial
design. It can be seen from Fig. 4 that the highest signal (�RCT)
occurred for an Ab anti-DR1 concentration of 0.05 mg  mL−1 (high
level), incubation time in Ab solution of 30 min (low level), and
incubation time in DR1 solution of 30 min  (low level). Therefore,
these conditions were adopted for construction of the immunosen-
sor.

3.6. Selectivity of the immunosensor response in the presence of
other disperse dyes
The selectivity of the anti-DR1 antibodies in the presence of
other textile dyes was evaluated by individually incubating the
immunosensor in 1.0 × 10−7 M solutions of Disperse Orange 1
(DO1), Disperse Red 73 (DR73), and Disperse Red 78/50 (DR78/50)



C.G. Rocha et al. / Sensors and Actuators B 236 (2016) 52–59 57

Fig. 5. Chemical structures of azo dyes: (a) DR1, (b) DO1, (c) DR73 and (d) DR78/50.
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Fig. 7. Nyquist plots for the immunosensor incubated with different concentrations
of  DR1: (a) blank; (b) 1.0 nM;  (c) 20.0 nM;  (d) 40.0 nM;  (e) 60.0 nM;  (f) 80.0 nM;  and
(g)  100.0 nM.

of 0.9991. The limits of detection (LOD) and quantification (LOQ)
ig. 6. Relative magnitudes of the signals obtained with the immunosensor after
ncubation in 1 × 10−7 M solutions of DR1, DO1, DR73, and DR78/50.

or 30 min  at room temperature. These dyes were chosen because
hey belong to the same class as DR1 and have similar structures
nd molecular weights as DR1 (Fig. 5).

Hence, the antibody selectivity was evaluated in the presence
f interfering substances that were very similar to the DR1 antigen.
fter the incubation step, EIS measurements were performed and

he signal (�RCT) obtained for each dye was compared to the signal
btained for DR1 (considered 100%) at the same concentration. The
esults obtained are presented in Fig. 6.

Although the magnitude of the signal observed for DR1 was
ore than 3 times higher than the signals observed for the other

yes (26.2% for DO1; 28.3% for DR73; and 22.6% for DR78), it is clear
hat the interfering substances induced reactions. The effects were
ot very pronounced, but nonetheless if a sample contained a mix-
ure of these dyes, the signal observed for DR1 would be slightly

igher than the true value. However, given that these molecules
re very similar, the results could be considered satisfactory.
Fig. 8. Calibration curve for DR1. The error bars represent the standard deviation
for  measurements in triplicate.

3.7. Detection of disperse Red 1 using the impedimetric
immunosensor

The performance of the immunosensor was  evaluated by anal-
ysis of the change in RCT values obtained in EIS measurements
after the immunoaffinity reaction, using different concentrations
of DR1. There was a progressive increase of RCT with increasing
DR1 concentration (Fig. 7), since the DR1 molecules attached to the
electrode surface increased the kinetic barrier to electron transfer
of the redox couple used as a probe.

The immunosensor responses (RCT for incubation with DR1
subtracted from the response for incubation with PBS) were
plotted against the DR1 concentrations. The calibration curve
was constructed in triplicate (Fig. 8) and showed a linear range
from 8.40 to 100 nM,  with saturation at higher DR1 concentra-
tions. The curve was  described by the linear regression equation:
�RCT (k�) = 9.61 + 0.59CDR1 (nM), with a correlation coefficient (r)
were 2.52 and 8.40 nM,  calculated using 3s/S and 10s/S, respec-
tively, where s is the standard deviation (root mean square error)
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nd S is the slope. Based on these results, the immunosensor per-
ormance was then evaluated using a water sample.

.8. Determination of DR1 in a water sample

The performance of the impedimetric immunosensor was eval-
ated by determination of the concentration of DR1 present in a
ater sample. The experiment was first performed with tap water

treated water collected directly from the tap) with no DR1 spik-
ng. The tap water was diluted 1:5 in PBS buffer solution (0.1 M,
H 7.4), and the experimental conditions were the same as used
or construction of the calibration curve. There were no differ-
nces between the RCT values obtained for incubation in PBS buffer
blank) and for incubation in the sample, indicating that no DR1 was
resent in the tap water sample. The sample was then spiked with
0.0 nM of DR1, the EIS measurement was carried out and then
R1 determination was performed by standard addition method

incubation in DR1 standard solutions at concentrations of 20.0,
0.0, and 60.0 nM). The experiment was performed in triplicate.
he �RCT values were obtained and the linear regression, �RCT
k�)  = 11.11 + 0.56CDR1 (nM), was used to calculate the mean DR1
oncentration. A value of 19.7 ± 3.1 nM corresponded to 98.5%
ecovery, demonstrating that the immunosensor provided satis-
actory performance for the determination of DR1.

. Conclusion

A simple, sensitive, and label-free impedimetric immunosen-
or is presented for detection of the textile azo dye Disperse Red

 in treated water. The methodology used for antibody immo-
ilization, based on the generation and activation of carboxylic
roups on the glassy carbon electrode surface, is low-cost, employs
ommon reagents, and requires only a few steps. The sensor
s demonstrated to be effective and stable. The entire process,
ncluding immunosensor construction, electrochemical impedance

easurements, and data processing, is not complex and enables
he determination of DR1 at low concentrations in practical appli-
ations involving water samples. There have been few studies on
he literature concerning the use of immunoassays to determine
isperse dyes and the proposed method enhances the potential in
his area.
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