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ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano Phenol (PNL) and phenolic compounds are major contaminants for water sources as they are used for the pro-
duction of many industrial products. Herein, it is aimed to fabricate a novel voltammetric sensor platform for
selective, sensitive, and practical detection of PNL. For this purpose, pencil graphite electrodes (PGEs) were
modified with dodecyltrimethylammonium bromide (DTAB) surfactant as the first time in the literature. The
optimizations of the experimental conditions for modification of DTAB at the surface of PGEs were done, then the
oxidation signal of PNL was measured at +0.660 V using DTAB-PGEs. Enhanced PNL signal was obtained by
using DTAB-PGEs and sensitive detection of PNL was achieved. PNL detection was successfully performed in not
only buffer solution but also in tap water and industrial wastewater by reaching the detection limits as 0.16 pg/
mL, 0.12 pg/mL, and 0.24 ug/mL, respectively. Moreover, DTAB-PGEs eliminated the interference effects of
inorganic and organic compounds for the detection of PNL. This is the first study in the literature in terms of the
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development of DTAB-PGEs and non-enzymatic voltammetric detection of PNL by using DTAB-PGEs.

1. Introduction

Surfactants are organic compounds that have unique structures
consisting a head group and a tail group. They are able to reduce the
interfacial tension and they have the ability to form self-assembled
structures [1]. They are used in many different areas including nano-
technology [2-6] and the use of surfactants for development of (bio)
sensor systems by themself or in combination with different nano-
materials has been studied. Moreover, the development of electro-
chemical (bio)sensors by using cationic surfactants [7-15] and the
number of reports about cationic surfactants based electrochemical (bio)
sensors has been increasing day-by-day. The previous studies in this field
were presented in Table 1 [8-21]. As represented in Table 1, cetyl-
trimethylammonium bromide (Synonym: hexadecyl-
trimethylammonium bromide; CTAB) [7,8,15-18] and
dodecyltrimethylammonium bromide (DTAB) [9-14] are commonly
used cationic surfactants into the electrochemical (bio)sensor area. Most
of the modified surfaces are carbon-based electrodes, especially carbon
paste electrodes (CPEs). However, the preparation of CPEs requires
labor-intensive experimental steps such as preparation of homogenous
carbon paste and filling of this paste into a glass tube, polishing and

sonication. The preparation of glassy carbon electrodes (GCE) also re-
quires polishing, and sonication pretreatment steps. These procedural
necessities make CPEs and GCEs unfavorable to fabricate hand-held
practical systems. Screen printed electrodes (SPEs) and pencil graphite
electrodes (PGEs) are disposable carbon electrodes and can be prepared
without the requirement of complex procedures and allowed to design
model systems for lab-on-a-chip technologies. However, PGEs are more
affordable than SPEs which makes them preferable. Moreover, they have
a unique immobilization/adsorption surface for (bio)molecules due to
their robust graphite structure which forms a high surface area [19].
CTAB in combination with gold nanoparticles (AuNPs) [17] or
multi-walled carbon nanotubes (MWCNT) [18] was used for modifica-
tion of PGEs. The modification of AuNPs/CTAB was done by the passive
adsorption process [17] while MWCNT/CTAB was modified electro-
polymerization technique [18]. AuNPs/CTAB/PGE and
MWCNT/CTAB/PGE have been used for the detection of cefixime or
irinotecan (CPT-11) drugs, respectively. However, there is no report in
the literature for modification of DTAB at the surface of PGEs.

Within the scope of the present study, a voltammetric sensor was
developed by using disposable PGEs for the detection of PNL. To the best
of our knowledge, there is no report in the literature for the development
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Table 1

Surfactant modified electrochemical (bio)sensors. Abbreviations: BDD: Boron
doped diamond, PGCPE: Pencil graphite carbon paste electrode, CC: Carbon
ceramic, CS: Chitosan, TTAB: Tetradecyltrimethylammonium bromide, SDS:
Sodiumdodecyl sulfate, TFACL: N-(1,1,2,2-tetrahydroperfluorooctyl)-N,N-
dimethylammonium chloride, SLS: sodium lauryl sulphate, MWCNT: Multi-
walled carbon nanotube, PAn-SiO,: polyaniline-silica, CNT: Carbon nanotube,
RGO: reduced graphene oxide, NFC: Nanofibrillated kenaf cellulose, BPA:
bisphenol A, HQ: hydroquinone, Mb: Myoglobin, NRF: Norfloxacin, CA 125:
glycoprotein 125, CPT-11: Irinotecan, RF: Riboflavin.

The type of Electrode Combined (nano)  Analyte Reference

cationic type material

surfactant

CTAB BDD - BPA and [71
electrode HQ
SPE Zincon PNL [8]
CPE - Alloxan [15]
GCE CS CA 125 [16]
PGE AuNPs Cefixime [17]
PGE MWCNT CPT-11 [18]

SLS PGCPE CNT RF [20]

DTAB CC electrode - Mb [9]

DTAB and TTAB CPE MWCNT dsDNA [10]

DTAB CPE PPy-Fe304 H50, [11]

nanoparticles

DTAB and SDS GCE - NRF [12]

DTAB CPE PAn-SiO, H,0, [13]

DTAB Conductive RGO and NFC - [14]
paper

SDS SPE - TFACI [21]

of DTAB modified disposable electrochemical sensor and its application
for environmental monitoring. It was aimed to fabricate a practical,
robust, sensitive, selective, and inexpensive analytical tool for PNL
monitoring due to the fact that it is an environmental hazard. First, the
step-by-step modification of disposable PGEs by using a cationic sur-
factant, DTAB was performed, then the voltammetric monitoring of PNL
was performed by using cyclic voltammetry (CV) technique in a short
time as 45 s. Enhanced sensor response could be obtained by modifi-
cation of PGEs using DTAB. The interference effects of organic and
inorganic compounds on PNL detection were investigated, and the
detection of PNL into tap water and industrial wastewater samples was
studied. This is the first study in the literature in terms of DTAB modi-
fication of PGEs and PNL detection by using DTAB-PGEs.

2. Experimental
2.1. Apparatus

The voltammetric and impedimetric measurements were completed
by using IVIUM Compactstate with IVIUM Release 4.951 software
package (Holland). The electrochemical cell consisted of a working
electrode as a pencil graphite electrode (PGE), a reference electrode as
an Ag/AgCl/3 M KCI (BAS, Model RE-5B, W. Lafayette, USA), and a
counter electrode as platinum wire. The used portion of a graphite lead
(Tombow, Japan) was 14 mm and this part was holded by a pencil. 10
mm of the graphite lead was immersed into the surfactant sample or
measurement solution. The pencil was holded with a metallic wire to
obtain electrical contact [22,23].

2.1.1. Voltammetric measurements

Cyclic voltammetry (CV) technique was applied to monitor the step-
by-step activation/modification processes of the PGEs based on the
changes at the anodic peak current value (I,) of K4[Fe(CN)e. For this
purpose, 2.00 mM K3[Fe(CN)gl/K4[Fe(CN)g] (1:1) contained in 0.10 M
KCI was used as the anionic redox probe. The potential range was chosen
between —0.45 V to +1.20 V with the scan rate as 50 mV s~ .
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2.1.2. Impedimetric measurements

2.00 mM K3[Fe(CN)g]/K4[Fe(CN)g] (1:1) prepared in 0.10 M KCI was
used for impedimetric measurements. The conditions for the impedi-
metric measurements were performed using the frequency ranging from
100 mHz to 100 kHz divided into 98 logarithmically equidistant points
During the impedimetric measurement, +0.23 V as open circuit poten-
tial with a sinusoidal signal as 10 mV was applied. The charge-transfer
resistance (R;) was measured using the Randles circuit. The elements
of the circuit are Ry, Rs, Q, and C which are representing the respective
semicircle diameter, the solution resistance, the capacitance, and the
Warburg impedance, respectively.

2.2. Chemicals

Dodecyltrimethylammonium  bromide = (DTAB), hexadecyl-
trimethylammonium bromide (CTAB), phenol (PNL), CaCly, CuSOs,
MgSO4, ZnSO4, FeSO4, HgCl,, potassiumhexacyanoferrate(Ill) (KsFe
(CN)g), potassiumhexacyanoferrate(Il) trihydrate (K4Fe(CN)g.3H20),
potassium chloride (KCl), dimethyl sulfoxide (DMSO), 2,4-dichlorophe-
noxyacetic acid (2,4-D), 2,6-di-tert-butyl-4-methylphenol (m-PNL),
bisphenol A (BPA), D(+) glucose and urea were supplied from Sigma-
Aldrich. Vitamin C (vitC), paracetamol (PRL), diclofenac sodium
(DFC) were purchased from local drugstore.

Analytical grade chemicals were used for all study and they were
supplied from Sigma-Aldrich. All solutions were prepared in ultra pure
water.

2.3. Procedure

2.3.1. Preparation of the surfactant solutions

1000 ug/mL DTAB or CTAB was prepared in 50 mM phosphate buffer
solution (buffer-1, pH 7.40) or ultrapure water for immobilization at the
surface of electrochemically pretreated PGEs.

500-2000 pg/mL DTAB was prepared in DMSO to immobilize at the
surface of unpretreated and chemically activated PGEs.

2.3.2. Preparation of PNL solution and the interference factors

1000 pg/mL of PNL, urea, D(+)glucose, vitC, PRL and DFC were
prepared in buffer-1(pH 7.40) and 1000 ug/mL 2,4-D, m-PNL and BPA
were prepared in DMSO as the stock solutions. 25-100 pg/mL and 1-5
pg/mL of PNL were prepared in buffer-1 (pH 7.40). 5 or 7.50 pug/mL
interference factors were prepared in buffer-1 (pH 7.40).

For tap water and wastewater studies, PNL samples were spiked [24,
25] into tap water or industrial wastewater samples from 1000 pg/mL
stock solution of PNL prepared in buffer-1 (pH 7.40). The concentration
level of PNL was 1-5 pg/mL. Tap water samples were obtained in the
Bilecik Seyh Edebali University region. The wastewater, used in the
current study, was obtained from the landfill leachate pool of a solid
waste management facility in Canakkale province (40°10°29”°N
26°32’37"’E).

2.4. Surface modification of the sensor

2.4.1. Electrochemical pretreatment of PGEs (e-PGEs)

+1.40 V potential was applied for 30 s in 0.50 M acetate buffer
containing 20 mM NaCl (buffer-2, pH 4.80) [26] to activate the elec-
trodes and obtain a carboxylated surface.

2.4.2. Immobilization of CTAB or DTAB at the surface of e-PGEs

e-PGEs were dipped into 100 pL of 1000 ug/mL DTAB or CTAB
prepared in buffer-1 (pH 7.40) for 15 min. Then, the electrodes were
washed with buffer-1 (pH 7.40) during 5 s to eliminate unspecific
binding of the surfactants.

2.4.3. Chemical activation of the PGEs
e-PGEs or unpretreated PGEs were dipped into 100 pL of 1 M NaOH
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solution during 1 h for the formation of carboxyl groups at the graphite
surface [27]. The PGEs were washed with ultrapure water at the end of
the immobilization time.

2.4.4. Immobilization of DTAB at the surface of chemically activated PGEs
Chemically activated PGEs were dipped into 100 pL of DTAB solution
prepared in DMSO for 1 h. Then, the electrodes were dried upward
position for 5 min. The experiments were performed at room tempera-
ture and dark condition.
For stability test, DTAB-PGEs were stored for 5 days at room tem-
perature and dark conditions.

2.5. Detection of PNL

Three-electrode system was immersed into 2 mL of the PNL sample,
the oxidation signal of PNL was monitored at +0.660 V peak potential
using CV technique. The potential range is from +0.30 V to +1.10 V with
the scan rate as 50 mV s~ .

3. Results and discussion

First, the modification of the PGEs using different cationic surfac-
tants was investigated (Fig. S1). 1000 pg/mL DTAB (Fig. S1-B,b) or
CTAB (Fig. S1-B,c) was modified at the e-PGE surface for 15 min and CV
measurements were performed in the anionic redox probe. Although
CTAB was widely used for modification of the carbon electrodes [8,
15-18], DTAB gave the highest anodic peak current (I,) value by using
the passive adsorption process (Fig. S1A,c) and the average I, value was
measured as 116.63 + 4.27 pA with the relative standard deviation%
(RSD%) as 3.66% (n = 3). Compared to the average I, value obtained by
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e-PGEs (Fig. S1-B,a) there was a 14.45% increase at the average I, value
after DTAB modification of e-PGEs (Fig. S1-B,b). The effect of solvent for
DTAB preparation was then investigated (Fig. S2). The highest average
I, value could be obtained using DTAB prepared in DMSO (Fig. S2-B,d).
The increase at the average I, values was calculated as 17.73%
compared to the one obtained by e-PGEs (Fig. S2B-a). Therefore, DTAB
was prepared in DMSO for further studies. Peyre et al. [24] studied the
micellization characteristics of DTAB in water and water-DMSO solu-
tions. According to the results of this study, the increasing DMSO con-
centration caused augmentation of the critical micelle concentration
(CMCQ), decreased the aggregation number, and increased the ionization
degree [28].

The modification of DTAB caused an increase at the I, value due to its
cationic structure [29]. Surfactants are surface-active molecules which
means that they have ability to change electron transfer occurred be-
tween electrode/electrolyte interface [15,30]. Cationic surfactant
modification caused to form an adsorptive layer at the graphite surface
which had attractive behavior for electron transfer [15,31]. The increase
at the I, value after DTAB modification was consistent with the literature
knowledge [10]. However, this increase was small even if DTAB con-
centration increased or the modification time was longer than 15 min.
Therefore, chemical activation of PGEs was investigated (Fig. 1). The
e-PGEs or unpretreated PGEs (the PGEs without electrochemical pre-
treatment) were chemically activated in the presence of 1 M NaOH and
then 1000 pg/mL DTAB prepared in DMSO was immobilized at the
surface of these electrodes during 1 h. After chemical activation of
e-PGEs or unpretreated PGEs, the average I, values decreased as 5.71%
(Fig. 1C-I, a to c) and 21.96% (Fig. 1C-II, a to c), respectively as a result
of the carboxylation of the surface of e-PGEs and unpretreated PGEs.
However, carboxylation of the unpretreated PGEs was more effective
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Fig. 1. The voltammograms and histograms representing the average I, values of e-PGEs (A, C-I) or unpretreated PGEs (B, C-II). e-PGE or unpretreated PGE (a),
1000 pg/mL DTAB modified e-PGE or unpretreated PGE (b), chemically activated e-PGE or unpretreated PGE (c), 1000 pg/mL DTAB modified chemically activated

e-PGE or unpretreated PGE (d).
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than e-PGEs. The average [, value was found to be 85.78 + 8.92 uA with
the RSD% as 10.40% (n = 3) by using chemically activated unpretreated
PGEs (Fig. 1C-II,c). 1000 ug/mL DTAB modification caused the increase
at the average I, value obtained by e-PGEs (Fig. 1C-I, a to b), chemically
activated e-PGEs (Fig. 1B-1, c to d) or chemically activated unmodified
PGEs (Fig. 1C-II, c to d). On the other hand, almost no change was
observed at the average I, value after the modification of DTAB onto
unpretreated PGEs (Fig. 1C-II, a to b). The highest increase at the
average I, value could be obtained after the modification of chemically
activated unpretreated PGEs. This increase may be attributed the suc-
cessfull carboxylation of the PGE surface by using a chemical activation
process and unpretreated PGEs, and DTAB molecules effectively bound
onto the surface of carboxylated PGEs by the formation of covalent
bindings between methyl groups of DTAB and carboxyl groups of the
graphite surface. The increase ratio was calculated as 38.97% and the
average I, value was measured as 119.21 + 1.54 yA (RSD% = 1.29%, n
= 3) (Fig. 1 C-II, d). The peak-to-peak separation (AE,) values of before
and after the chemical activation of unpretreated PGE and DTAB
modified PGE were found to be 100 mV, 160 mV, and 100 mV which
means while chemical activation was the irreversible process andthe
modification of DTAB had quasi-reversible behavior [32,33]. The
average anodic charge values (Q,) were found to be 6.78 x 1074, 6.24 x
10 *and 6.7 x 10 * C with the RSDs% as 4.33%, 7.54%, 2.79% (n = 3)
by using unpretreated PGEs, chemically activated unpretreated PGEs
and 1000 ug/mL DTAB modified PGEs, respectively. The changes at the
Q, values were in parallel with the changes at the average I, values.
Further experiments were performed with chemically activated
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unpretreated PGEs.

The chemical activation and DTAB modification of the PGEs were
monitored by scanning electron microscopy (SEM) technique (Fig. 2).
Layered graphite structure was seen at Fig. 2-A, and the changes
occurred after chemical activation were determined in terms of the
changes at the layered structure (Fig. 2, A-a to B-a). DTAB modification
made smoother surface (Fig. 2-C) which indicated the successful modi-
fication of DTAB molecules at the surface of PGE.

The optimization of DTAB concentration was done using
500-2000 pg/mL DTAB and the average I, values and related voltam-
mograms were represented in Fig. 3. The highest I, was obtained in the
presence of 1500 ug/mL DTAB (Fig. 3-A,B,d) and the average I, was
measured as 123.96 + 3.18 pA (RSD% = 2.56%, n = 3). 1500 pg/mL
concentration level of DTAB was chosen as optimum.

The effective surface area (Aeff) values of the unpretreated PGE,
chemically activated PGE and 1500 pg/mL DTAB modified PGE were
calculated using Randles and Sevcik Equation [34] (Eq. 1):

i, = 2.6910°n*2A ;D> Cv'/? €))]

In this equation n, D and C represents the transferred electron
number, the diffusion coefficient of K4[Fe(CN)g] as 7.6 x 1076 cm? s’l,
and the concentration of K4[Fe(CN)gl, respectively.

The Acf values of unpretreated PGE, chemically activated PGE and
1500 ug/mL DTAB modified PGE were found to be 0.335, 0.259,
0.376 cm?, respectively. The changes at the A values were in a good
agreement with the changes at the average I, values. Also, the A value
was a good indicator to show the enhanced surface area obtained by

Fig. 2. SEM images of unpretreated PGE (A), chemically activated PGE (B), 1500 pg/mL DTAB modified PGE (C). The acceleration voltage was 10.0 kV, the res-
olutions were 10000x (a), 5000x (b) and 2000x (c). All measurements were done at Bilecik Seyh Edebali University Research and Application Center.
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Fig. 3. The voltammograms (A) and histograms representing the average I,
values (n = 3) of chemically activated PGE (a), 500 (b), 1000 (c), 1500 (d) and
2000 (e) pg/mL DTAB modified chemically activated PGE.

DTAB modification onto PGE.

The modification of DTAB at the PGE surface was also studied by
electrochemical impedance spectroscopy (EIS) technique which made
possible to evaluate the changes at the resistance against electron
transfer occurred between electrode/electrolyte interface (Fig. S3) [35].
After modification of 1500 ug/mL DTAB onto the chemically activated
PGE surface, the charge transfer resistance value (R.y) sharply decreased
(Fig. S3AB-a to b) as a result of the presence of DTAB molecules onto
graphite surface. The electrode surface became positively charged due to
the cationic structure of DTAB [29] and the repulsive interaction be-
tween the PGE surface and anionic redox probe decreased. The average
Rt value was measured as 15.50 4+ 0.71 Ohm (RSD% = 4.56%, n = 3)
by using DTAB-PGEs (Fig. S3B-b). The impedimetric results were
consistent with the voltammetric results. Also, electrochemical results
were in a good agreement with the microscopic results (Fig. 2).

In the second part of the study, PNL was monitored by using DTAB-
PGEs. First, 25-100 ug/mL PNL was measured using chemically acti-
vated PGEs (Fig. S4) or DTAB-PGEs (Fig. S5). The PNL oxidation signal
coming from +0.660 V increased till the concentration of PNL increased
by using both chemically activated PGEs and DTAB-PGEs. In comparison
to the PNL signals obtained by chemically activated PGEs, increased PNL
signal could be measured at all concentration levels using DTAB-PGEs
The average PNL signals obtained by both chemically activated PGEs
and DTAB-PGE:s and the increase ratios at the PNL signals were given in
Table S1. The increase ratio increased when PNL concentration
increased due to the fact that DTAB modification enhanced the electrode
surface area for binding of PNL molecules. In addition, negatively
charged PNL molecules [36] bound with positively charged DTAB
molecules decorated onto PGEs. Calibration curves were obtained based
on the average PNL signals obtained by chemically activated PGEs
(Fig. S4B) or DTAB-PGEs (Fig. S5B). At 25-100 pg/mL concentration
level, the detection limit (DL) values were estimated using 3 sb/m
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equation (sb represents the standard deviation of the blank and m is the
slope of the equation of the analytical curve) [37] and found to be 10.45
and 8.31 ug/mL by using chemically activatedPGEs and DTAB-PGEs,
respectively.

The detection of 1-5 ug/mL PNL was studied in order to show the
capability of the proposed method to obtain a linear calibration curve
even if in the presence of a low concentration of the analyte by using
DTAB-PGEs (Fig. 4). The PNL oxidation signal was measured at
+0.670 V in the presence of 1 ug/mL PNL and peak potential slightly
shifted from positive to negative while PNL concentration increased.
The electrochemical reaction depends on the mass transfer at the elec-
trode/electrolyte interface. This transfer was easy at low concentrations
of PNL, however, mass transfer was disrupted by adding more analyte in
the measurement solution. Therefore, a slight shift at peak potential was
observed. This result was consistent with the results reported by Arslan
et al. [38]. The DL of PNL in buffer-1 (pH 7.40) was calculated at the
concentration level ranging from 1 to 5pug/mL and found to be
0.16 pg/mL (1.70 uM) [37] using the equation as y = 0.95x-0.44 with
R? = 0.9988. This DL value was quite lower than the one reported as the
maximum tolerated amount of PNL as 1 mg/L in drinking water [39].
The sensitivity was also calculated as 2.53 pA.mL/pg.cm?.

3.1. Interference studies

Interference effects of both metal ions and organic compounds were
investigated in the presence of the mixture of PNL:interference factor.
Also, it was aimed to show how increase at the concentration of the
interference factor affected on PNL signal. Therefore, the concentration
levels were chosen as 5 ug/mL: 5 pg/mL or 5 ug/mL PNL: 7.50 pg/mL
PNL:interference factor. Related results were given in Table 2 and
Figs. S6 and S7. Since water sources could be contaminated by metal
ions and PNL together [36], the interferences occurred in the presence of
the metal ions were investigated. As seen in Table 2, the average PNL
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Fig. 4. The voltammograms (A) of DTAB-PGE (a), PNL signals measured by
DTAB-PGEs in the presence of 1 (b), 2 (c), 3 (d), 4 (e) and 5 (f) ug/mL PNL in
buffer-1 (pH = 7.40). Analytical curve (B) based on the PNL signals measured
by DTAB-PGEs in the presence of 1-5pg/mL PNL in buffer-1
(pH =7.40) (n = 3).
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Table 2

The average PNL signals measured at in the presence of 5 ug/mL PNL (A), 5 ng/
mL PNL:5 pg/mL interference factor (B) or 5 ug/mL PNL:7.50 ug/mL interfer-
ence factor (C) (n = 3).

A (uA) B (nA) C (nA)

PNL 4.62 + 0.26

PNL:Ca** 412 +0.22 5.23 +0.13
PNL:Cu*" 4.20 + 0.06 4.59 +0.77
PNL:Fe?* 4.32 +0.01 5.48 +0.13
PNL:Hg>" 4.41 £ 0.02 5.28 + 0.25
PNL:Mg?" 4.41 +0.10 5.38 +0.15
PNL:Zn?* 4.32 +0.05 5.33 + 0.24
PNL:2,4-D 4.52 + 0.04 5.34 + 0.06
PNL:m-PNL 4.29 +0.13 5.07 +0.18
PNL:urea 4.43 £ 0.15 5.25+0.11
PNL:glucose 4.55 + 0.02 5.23 + 0.07
PNL:vitC 5.41 + 0.27 5.18 + 0.01
PNL:BPA 3.42 +0.15 2.64 + 0.03
PNL:PRL 5.25 + 0.12 5.56 + 0.17
PNL:DFC 3.28 + 0.37 2.30 + 0.05

signal monitored at +0.660 V was measured as 4.62 £ 0.26 uA (RSD
% = 5.26%, n = 3). There was no oxidation signal of the metal ions
around +0.660 V peak potential (Fig. S6A to F, a). In the presence of
5 ug/mL metal ions, there was a small decrease at the PNL signal
(Fig. S6A to F, ) and there was a small increase at the PNL signal in the
presence of 7.50 pg/mL metal ions as well (Fig. S6A to F, d). There was
an exception for Cu>* ion, both concentration levels caused to monitor a
small decrease at the PNL signal. Therefore, the interference effects of
the metal ions on the PNL signal measured by DTAB-PGEs were negli-
gible. Similar results were obtained in the presence of 2,4-D, m-PNL,
urea, vitC, and glucose, none of them gave an oxidation signal around
+0.660 V peak potential (Fig. S7A to E, a) and a little decrease at the
PNL signal was observed in the presence of 5 pg/mL 2,4-D, m-PNL, urea,
vitC, and glucose (Fig. S7A to E, c¢) while a small increase at the PNL
signal was monitored in the presence of 7.50 ug/mL of them (Fig. S7A to
E, d). The interference effects of bisphenol A (BPA), paracetamol (PRL),
and diclofenac (DFC) were also investigated (Fig. S7F to H). There were
oxidation signals of BPA, PRL and DFC at +0.500 V, +0.400 V and
+0.550 V, respectively. The average oxidation signals of them were
presented in Table 3. Two distinct oxidation peaks were observed in the
presence of 5 ug/mL PNL: 5 pg/mL PRL or 5 ug/mL PNL: 7.50 pg/mL
PRL (Fig. S7G), and there was a small increase at the PNL signal.
Therefore, it could be evaluated that PRL did not significantly affect on
PNL signal even if its concentration was the same with PNL or higher
than PNL. Although the oxidation signals of BPA (Fig. S7F-a and b) or
DFC (Fig. S7H-a and b) were close to the PNL signal due to their phenolic
structure, PNL monitoring was achieved without fully coverage of the
PNL signal by the BPA (Fig. S7G-f and g) or DFC signals (Fig. S7H-f and
2). The PNL signal was observed even if the concentration of BPA or DFC
increased. Therefore, it could be concluded that the developed electro-
chemical sensor had selective behavior against metal ions, organic
compounds or phenolic compounds.

3.2. Stability and repeatability of DTAB-PGEs

In order to evaluate the stability of the developed electrochemical

Table 3

The average oxidation signals of BPA, PRL or DFC measured by DTAB-PGEs
(n = 3). Measurements were done in the presence of 5 (A) or 7.50 ug/mL (B)
BPA, PRL or DFC or 5 pug/mL: 5 pg/mL (C) or 5 pg/mL: 7.50 ug/mL PNL:BPA,
PRL or DFC (D).

A B C D
BPA 4.07 = 0.15 5.96 +£0.11 1.49 £0.31 2.32 + 0.06
PRL 1.80 £0.18 1.99 £ 0.45 1.77 £0.10 2.66 + 0.01
DFC 3.26 + 0.45 6.08 + 0.42 1.00 +£0.28 2.57 £0.11
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sensor, 5 pg/mL PNL was measured by freshly prepared (Fig. S8-a) or
five days-stored (Fig. S8-b) DTAB-PGEs, and the average PNL signals
were found to be 4.62 +0.26 yA (RSD% = 5.26%, n =3) and
4.69 £ 0.63 yA (RSD% = 13.51%, n = 3), respectively. DTAB-PGEs
were stable during 5 days as no signal loss was observed by using five
days-stored DTAB-PGE:s.

Repeatability of DTAB-PGEs was tested by preparing 5 different
experimental groups which included three repetitive measurements.
The average PNL signals were presented in Fig. S9 and measured as
4.54 + 0.51 pA, 4.39 +£ 0.19 pA, 4.75 + 0.28 pA, 4.49 + 0.19 pA, and
4.80 £ 0.29 pA with the RSD% values as 11.14%, 4.30%, 5.94%, 4.13%,
6.02%, respectively. These results showed that repeatable results could
be obtained by using DTAB-PGEs.

3.3. Real sample analysis

The voltammetric detection of PNL in tap water (Fig. 5) and indus-
trial wastewater (Fig. 6) was investigated. In tap water, a linear increase
at the PNL signal could be achieved using 1-5 ug/mL concentration
range and the DL was found to be 0.12 pg/mL (1.26 uM) with the
equation as y = 0.85x — 0.21 (R2 =0.9992) (Fig. 5B) [37] and the
sensitivity was calculated as 2.26 pA.mL/pg.cm?.

The detection of PNL into industrial wastewater was also investi-
gated using a 1-5 ug/mL concentration range (Fig. 6). There was a
background signal coming from wastewater (Fig. 6A-a) at +0.660 V and
the average value of this signal was 0.40 &+ 0.05 nA (RSD% = 12.76%,
n = 3). The signal measured at +0.660 V increased till the concentration
of PNL increased (Fig. 6A, b to e) which indicated this signal is the PNL
signal and wastewater contained PNL. The analytical curve could be
obtained at 0-4 pg/mL concentration level (Fig. 6B). The DL was
calculated as 0.24 ug/mL (2.85uM) using the equation as
y = 0.34x + 0.44 (R% = 0.9975) [37]. The sensitivity was calculated as
0.90 pA.mL/ug.cm?. It was reported that the concentration of PNL and
its derivatives is able to range from 0.1 to 3900 mg/L in wastewater
[40]. The DL value obtained in industrial wastewater was in the range of
this reported concentration range.

A

Current / yJA

0.5 0.6 07 0.8 0.9
Potential / V

y= 0.85x-0.21
R?=0.9992

Current / yA
N

0 T T T T T \
0 1 2 3 4 5 6

PNL concentration / ug/mL

Fig. 5. The voltammograms (A) of tap water (a), the PNL signals of 1 (b), 2 (¢c),
3 (d), 4 (e) and 5 (f) ug/mL PNL prepared in tap water. Analytical curve (B) of
the average PNL signals of 1-5 pg/mL PNL prepared in tap water (n = 3). All
measurements were performed by DTAB-PGEs.
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Fig. 6. The histograms (A) representing the average signal of industrial waste
water (a), the PNL signals by adding 1 (b), 2 (c), 3 (d), 4 (e) and 5 (f) pg/mL
PNL into the waste water. Inset was the voltammograms of industrial waste
water (a), 1 (b), 2 (c), 3 (d), 4 (e) and 5 (f) ug/mL PNL. Analytical curve (B)
based on the average PNL signals obtained in the presence of 0-4 ug/mL PNL
prepared in industrial waste water . All measurements were done by
DTAB-PGEs.

Some of the electrochemical sensor platforms developed for the
detection of PNL were summarized in Table 4 [8,24,25,41-49]. DTAB
modified PGEs allowed to detect PNL in not only buffer solution but also
tap water and wastewater. Although some of the reports presented lower
DLs than the one obtained in this study, the DLs were calculated in only

Table 4
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buffer solution. However, low detection limits were achieved in
different water samples by using DTAB-PGEs developed within the scope
of this study. The application of DTAB-PGEs for PNL detection was
successfully shown in real samples without any pretreatment of the
samples such as ultrasonic water bath [42], pH adjustment [24], or
filtering [25,45].

The authors want to underline how practical to develop PGE based
electrochemical tools to monitor target (bio)molecules. GCE [25,42] and
CPE [45] based electrochemical PNL sensors require labor-intensive and
exhausting pretreatment steps of the electrodes such as grinding, filling,
polishing, and sonication. In comparison to these electrodes, chemical
activation of PGEs was done by a simple passive adsorption process, the
electrodes were dipped into the sample for 1 h. The preparation of the
DTAB-PGEs required to use of just 100 uL. sample for each activa-
tion/modification step. Therefore, the disposable DTAB-PGEs could be
fabricated with the minimum environmental burden. The use of PGEs
was very practical, the experiments were performed by using pencil
leads which could be purchased from local markets and the leads were
introduced into the electrochemical cell by holding a pencil. Also, this is
the first study in the literature about preparation of DTAB modified
PGEs.

Economical features of the sensor systems should be discussed to
evaluate the application of the analytical tools in the real world. PGEs
make it possible to develop affordable sensor systems without the
requirement of complicated preparation steps. Also, PGEs serve a large
surface area for immobilization/adsorption of the (bio)molecules which
leads to perform sensitive detection of the target.

In light of the explanations given above, it was proven that the
successfull modification of PGE using DTAB and the potential analytical
application of DTAB-PGE by performing voltammetric PNL detection
was achieved.

4. Conclusion

This report represents a novel surfactant-based disposable sensor
platform for electrochemical detection of PNL. The single-use electro-
chemical sensor could be fabricated by modification of DTAB onto PGEs
using the passive adsorption process as the first time in the literature.
Sensitive and selective electrochemical detection of PNL was success-
fully achieved. The application of the sensor platform was proven by
performing the detection of PNL into tap water and industrial

The electrochemical sensor platforms for detection of PNL. Abbreviations: PEDOT: poly(3,4-ethylenedioxythiophene), poly HQVHMs:poly (hydroquinone-oxova-
nadium (IV)) porous hollow microspheres (poly HQVHMs), DAB: 3,3'-diaminobenzidine, NPG: Nanoporous gold, GTC: Graphene modified anatase TiO2-carbon paste
electrode, pTED: Thread-based electroanalytical device, EASPCE: Electrochemically activated screen printed electrode, Ni/Al LDH/Pt: Ni/Al Layered Double Hy-
droxide (LDH) thin film modified platinum electrode, NiZn-MOF NSs: 2D bimetallic metal organic framework nanosheets, CA: Chronoamperometry, DPV: Differential

pulse voltammetry.

Electrode type Detection Detection limit Real sample analysis Pretreatment of real Ref.
method samples

CTAB-Zincon-SPE CA 214 ppb in buffer Waste water - [8]

SWCNT/PEDOT/ CV 0.38 uM in buffer Distilled water and tap water - [41]
SPE

DAB-GCE cv 1.0 x 107'° M in buffer Tap water Ultrasonic water bath [42]

GTC (9% 3.66 x 10°° M - - [43]

CPE/poly cv 30 nM in buffer Tap water and river water pH adjustment [24]
HQVHMs

WwTED CV 2.94 nmol/L in buffer Tap water - [44]

Zincon-CPE cv 9 x 107° mol/ L in buffer Waste water Filtration [45]

NPG thin film Amperometry 0.5 uM in buffer - - [46]

EASPCE DPV - Industrial pollutant absorbed - [47]

molecular sieves

Ni/Al LDH/Pt CA - - _ [48]

NiZn-MOF NSs/ Amperometry 6.5 nM in buffer Tap water Filtration [25]
GCE

PGE DPV 120 nM in buffer Insulin - [49]

DTAB-PGE Ccv 0.16 pg/mL in buffer 0.12 ug/mL in tap water, 0.24 ug/ Tap water, waste water - This

mL in waste water

work
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wastewater. DTAB modification of the single-use PGEs resulted in the
sensitive detection than the one obtained by unmodified PGEs and the
interference factors were eliminated by using DTAB-PGEs. The pros and
cons of the sensor platform were comprehensively discussed by
comparing with the previous electrochemical sensor platforms reported
in the literature. DTAB-PGEs based electrochemical sensor platform is
able to be a model for the development of miniaturized and microfluidic
chip devices for detection of not only PNL but also different environ-
mental and food contaminants.
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