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Germanane is a novel 2D material and a good candidate for electrochemical applications due to it has high
electron mobility and direct band gap. Methyl germanane (m-GMN) is a covalently terminated germanane and
has superior catalytic activity, electron mobility and stability. Herein, m-GMN modified chemically activated
pencil graphite electrodes (m-GMN/c-PGEs) were developed and m-GMN/c-PGEs were utilized for voltammetric
detection of phenol (PNL). Chemical activation of PGEs (c-PGEs) was firstly performed, then m-GMN was
modified at the surface of c-PGEs. Electrochemical and microscopic characterizations of m-GMN/c-PGEs were
performed. The detection limits (LODs) were estimated as 0.72 ug/mL (7.65 pM) and 0.35 pg/mL (3.72 uM) using
¢-PGEs and m-GMN/c-PGEs, respectively. Application of the sensor was tested in water samples and the selec-
tivity of the sensor system was tested against Cu?*, Hg?*, 2,4-dichlorophenoxyacetic acid, 2,6-di-tert-butyl-4-
methylphenol, D(+)glucose and paracetamol. A novel electrochemical sensor which had crucial properties
such as being reproducible, repeatable, and stable was developed for PNL detection by the development of m-

GMN/c-PGEs.

1. Introduction

Discovery of graphene started to a new era into material science by
introducing the concept of ‘two-dimensional (2D) materials’. 2D mate-
rials have unique properties [1-3] including high electrical conductiv-
ity. Therefore, application of 2D materials into the electrochemical (bio)
sensor area is an attractive topic. They enhance electron mobility at the
electrode/electrolyte interface and provide high surface area by modi-
fication of them onto the (bio)sensor surface which resulted to reach low
detection limits.

Among other 2D materials, germanane (GMN) is a novel 2D material
synthesized as honeycomb-like sp>-hybridized network layer structure
of germanium atoms [4]. It is a promising material for electronics and
optoelectronics [5,6], energy storage and conversion [7]. Its applica-
tions into (bio)sensing area were shown by different research groups [8,
9]. Srimathi and coworkers developed a nanosensor using GMN nano-
sheets for detection of liver cirrhosis biomarkers [8] which were volatile
organic compounds (VOCs). The binding mechanisms of the VOCs onto
GMN nanosheet were evaluated and found that methanol binding was
less and binding of limonene was the most effective. Adsorption of DNA
and RNA molecules onto GMN nanosheet was also investigated by the
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same research group [9]. They found the order of the adsorption of
nucleobases as Cytosine>Guanine>Adenine>Tyhmine>Uracil. They
concluded that GMN nanosheet provided an immobilization surface for
nucleobases and GMN has a potential for further nanobiosensor designs.

It has been reported that covalent surface termination can be a
powerful method for the controlled tuning of material properties [10].
Recent studies showed that covalently-terminated GMN has systematic
optoelectronic [11] and catalytic properties [12]. Jiang and coworkers
[10] reported that methyl termination of GMN enhanced its thermal
stability from 75 °C to 250 °C and increased the band gap by ~0.1 to 1.7
eV which indicates enhanced electronic properties can be achieved by
methyl termination of GMN.

Development of monitoring systems that are sensitive, practical,
affordable, reliable, fast and miniaturized analytical tools is an attrac-
tive topic in today’s world struggling with pandemic diseases and
environmental hazards [13-16]. Electrochemical biosensor designs
possess the crucial properties listed above. Moreover, surface modifi-
cation of countless number of nanomaterials/biomaterials or their
nanobiocomposites can be investigated by using electrochemical tech-
niques [17-22]. The combination of advanced nanotechnological ap-
proaches and electrochemical biosensing strategies provides
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Fig. 1. SEM images of PGE (A) c-PGE (B) and 2000 pg/mL m-GMN modified c-PGE (C). The acceleration voltage was 10.0 kV, the resolutions were 5000x (a) and

10000x (b).

development of not only sensitive but also selective and miniaturized
lab-on-a chip technologies. Therefore, the electrochemical nano-
biosensor area has been growing day-by-day.

Pencil graphite electrodes (PGEs) allow to design robust, sensitive
and selective electrochemical (bio)sensor platforms [23-27]. PGE based
electrochemical biosensor systems are practical and time-saver analysis
platforms since they could be prepared without polishing, grinding,
filling or sonication steps compared to other carbon electrodes [28,29].
The graphite leads can be purchased from local markets. Due to their
disposable structure, they do not require to implement extra washing
and cleaning steps for reuse. Therefore, they are practical, time-saver,
eco-friendly, affordable and accessible and these unique properties
make them a good candidate for development of prototypes for future
hand-held and miniaturized devices [30,31].

Herein, a methyl germanane (m-GMN) modified disposable
biosensor was developed and its application was tested for detection of
phenol (PNL) since PNL and its derivatives are the raw materials for
pharmaceuticals [32], pesticides [33], plastics [34] and petrochemicals
[35]. PNL is a water contaminant as a result of industrialization [36].
First, chemical activation of the PGEs were performed, then m-GMN was
modified onto chemically activated PGEs (c-PGEs). The experimental
conditions were optimized, m-GMN modification was characterized
using microscopic and electrochemical techniques. The electrochemical
detection of PNL was done by c-PGEs and m-GMN/c-PGEs and the
detection of PNL was tested in different water samples. The selectivity of
the sensor was also investigated using metal ions or other organic
compounds. Until today, there is no report in the literature for the
development of m-GMN modified PGEs by chemical activation process
and electrochemical monitoring of PNL using m-GMN/c-PGEs.

2. Materials and methods
2.1. Apparatus

For each electrochemical measurement, IVIUM Compactstat.e with
IVIUM Release 4.951 software package (Holland) was used as the
potentiostat.

Three electrode system was used for all electrochemical measure-
ments. Graphite leads were used for the fabrication of pencil graphite
electrodes (PGEs). The leads were obtained from local market. The
electrochemical cell composed of a working electrode as PGE, a refer-
ence electrode as Ag/AgCl/3 M KCl (BAS, Model RE-5B, W. Lafayette,
USA) and an auxiliary electrode as a platinum wire. 14 mm of the
graphite lead was vertically holded by a pencil (Rotring, Germany) and
10 mm of each lead was immersed into the activation/modification/
measurement solutions. The electrical contact of the pencil was done by
soldering a metallic wire to the metallic part.

2.2. Chemicals

Methyl germanane (m-GMN), dimethyl sulfoxide (DMSO), phenol
(PNL), CuSO4, HgCl,, 2,4-dichlorophenoxyacetic acid (2,4-D), 2,6-di-
tert-butyl-4-methylphenol (m-PNL), D(+)glucose, potassiumhex-
acyanoferrate(IlI) (KsFe(CN)g), potassiumhexacyanoferrate(Il) trihy-
drate (K4Fe(CN)ge3H20) and potassium chloride (KCl) were purchased
from Sigma-Aldrich. Paracetamol (PRL) was purchased from drugstore
and their stock concentrations were 10000 pg/mL and 25000 pg/mL,
respectively. The stock solutions of PNL, D(+)glucose, CuSO4 and HgCly
were prepared with 50 mM phosphate buffer solution (PBS; pH 7.40) as
1000 pg/mL. The stock solutions of 2,4-D and m-PNL were prepared in
DMSO as 1000 pg/mL. Diluted solutions of all interference factors were
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Fig. 2. Cyclic voltammograms (A) or histograms representing the average anodic current (I) (B) and cathodic currrent (I.) (C) values of PGEs (a), c-PGEs (b), 1000
(c), 2000 (d) and 3000 (e) pg/mL m-GMN modified c-PGEs (n = 3). CV measurements were done in the anionic redox probe contained 2 mM K3[Fe(CN)¢]/K4[Fe

(CN)e] (1:1) in 0.10 M KCL.

prepared in PBS (pH 7.40).

All analytical reagent grade chemicals supplied from Sigma-Aldrich
and Merck were used for all experiments. All buffers were prepared in
Milli-Q water.

2.3. Procedure

2.3.1. Preparation of m-GMN solution
1000-3000 pg/mL m-GMN was dissolved in DMSO by sonication
during 30 min.

2.3.2. Chemical activation of disposable PGEs

Each PGE was immersed into 100 pL of 1 M NaOH sample during 1 h.
Then, the electrodes were immersed into ultrapure water during 5 s to
eliminate unspecific formation at the graphite surface.

2.3.3. Preparation of m-GMN modified c-PGEs

The chemically activated PGEs (c-PGEs) were dipped into the vials
containing 40 pL of 1000-3000 pg/mL m-GMN during 15 min at dark.
Then, the modified electrodes dried upward position during 5 min.

2.3.4. Detection of PNL

The three electrode system was immersed into 2 mL of 1-5 pg/mL
PNL sample prepared in PBS (pH 7.40) [37], then cyclic voltammetry
(CV) measurements were performed [38,39]. The potential range was
from +0.30 V to +0.90 V at the scan rate as 50 mV/s. For real sample
analysis, stock solution of PNL was spiked into 2 mL of tap water,
drinking water or industrial waste water samples. Tap water and
drinking water samples were boiled during 10 min and stored at room

temperature during 36 h for precipitation of chlorinated molecules.
Upper part of the tap water or drinking water samples were used for the
electrochemical analysis.

2.3.5. Electrochemical characterization

2.3.5.1. Voltammetric measurements. For optimization of m-GMN con-
centration and the electrochemical characterization studies, CV tech-
nique was applied. Measurements were performed in an anionic redox
probe consisted of 2.00 mM Ks[Fe(CN)g]/K4[Fe(CN)g] (1:1) prepared in
0.10 M KCl as supporting electrolyte. The potential range was from
—0.45 V to +1.20 V at the scan rate as 50 mV/s. Anodic and cathodic
peak current values (I, and I, respectively) was measured to monitor the
chemical activation of PGEs and the modification of m-GMN at c-PGE
surface. Anodic and cathodic charge (Q, and Q,, respectively) and I, and
I, values were measured at the same time.

2.3.5.2. Impedimetric measurements. Electrochemical impedance spec-
troscopy (EIS) technique was used for impedimetric measurements. An
anionic redox probe containing 2.50 mM Ks[Fe(CN)gl/K4[Fe(CN)g]
(1:1) prepared in 0.10 M KCl was used for all measurements. The fre-
quency range was from 100 mHz to 100 kHz at an AC potential of with a
sinusoidal signal of peak-to-peak amplitude as 10 mV. The frequency
interval divided into 98 logarithmically equidistant measure points.
Randles circuit was selected as the equivalent circuit model for fitting all
impedance data. Ry, R, Q and W represent the respective semicircle
diameter corresponds to the charge-transfer resistance, the solutions
resistance, the capacitance, and Warburg impedance, respectively.
All experimental steps were done at room temperature.
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Fig. 3. Voltammograms (A) of c-PGE (a), 1 (b), 2 (c), 3 (d), 4 (e), 5 (), 6 (8)
and 7 (h) ug/mL PNL measured by c-PGEs. Line graph was drawn (B) based on
the average PNL signals of 1-7 pug/mL PNL obtained by using c-PGEs (n = 3).

3. Results and discussion
3.1. m-GMN modification of PGEs

The microscopic characterization of chemical activation of PGEs and
m-GMN modification of c-PGEs were studied and the results were shown
in Fig. 1. Layered graphite surface of PGEs was visualized in Fig. 1A and
morphological change at the graphite surface by chemical activation
was clearly shown in Fig. 1B, especially zoomed picture of the one ob-
tained using 5000x resolution (Fig. 1B-a). 2000 pug/mL m-GMN modi-
fication resulted the coverage of the layered surface of c-PGEs by
obtaining smooth area (Fig. 1C-a and b) and partial coverage was
monitored and given in the zoomed picture.

The elemental concentrations of oxygen, carbon, sodium and
germanium atoms obtained by Energy dispersive X-ray spectroscopy
(EDX) were given in Table S1. Weight% of oxygen and sodium ions
increased after chemical activation (Table S1-A to B) and weight% of
germanium ions increased from zero to 2.62 after m-GMN modification
(Table S1-B to C). These results indicated that m-GMN modification at
the surface of c-PGEs was succesfully achieved.

The effect of m-GMN concentration upon the sensor response was
investigated. First, chemical activation of PGEs was performed, then m-
GMN at different concentration level from 1000 to 3000 pg/mL was
modified at the surface of c-PGE. CV measurements were done in the
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Fig. 4. Voltammograms (A) of GMN/c-PGE (a), 1 (b), 2 (¢), 3 (d), 4 (e), 5 (f), 6
(g) and 7 (h) pg/mL PNL measured by GMN/c-PGEs. Line graph was drawn (B)
based on the average PNL signals of 1-7 ug/mL PNL obtained by using m-GMN/
¢-PGEs (n = 3).

anionic redox probe and the changes at the anodic and cathodic peak
currents (I and I, respectively) were represented in Fig. 2. After
chemical activation of PGE, the I, and I, values decreased (Fig. 2A-a to
b). This decrease may be attributed that the chemical activation resulted
formation of carboxyl groups [40] which caused repulsive interactions
between anionic redox probe and negatively charged electrode surface
[41]. m-GMN modification of the c-PGEs resulted the increase I, and I,
values (Fig. 2A-b to c-e). The peak to peak separation (AE,) values of
PGEs, c-PGEs and m-GMN modified PGEs were found to be 130 mV, 230
mV and 100 mV, respectively. These results indicated that the electro-
chemical reaction of K3[Fe(CN)g] and K4[Fe(CN)g] ions onto c-PGEs was
irreversible whereas m-GMN modification made the reaction
quasi-reversible due to the fact that m-GMN decreased charge transfer
resistance occurred electrode/electrolyte interface [42]. The increase at
the I, and I; values and the changes at the AE, value were in an agree-
ment with the results reported by Rosli et al [43] who studied the
modification of glassy carbon electrode (GCE) with siloxene, germanane
and methyl germanane. m-GMN modification was successfully achieved
by formation of covalent bindings between carboxyl groups of PGEs and
methyl groups of m-GMNs. m-GMN provided low charge transfer resis-
tance [42] at the electrode/electrolyte interface and I, and I, values
increased. After three repetitive measurements, the average I, and I,
values was found to be 99.45 + 2.47 pA (Fig. 2B-a) and 105.85 + 1.20 pA
(Fig. 2C-a) by using PGEs (relative standard deviation% (RSD%) =
2.48% and 1.1%, respectively). After chemical activation of the PGEs,
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Table 1

Reports for development of electrochemical sensors for detection of PNL and its derivatives. Abbreviations: 2,4,6-TCP: 2,4,6-trichlorophenol, CC: Cathecol, PN, P,
PNL: Phenol, p-NP: p-nitrophenol, BPA: Bisphenol A, 4-NP: 4-nitrophenol, 4PP: 4-phenoxyphenol, 4MP: 4-methoxyphenol, 2-CP: 2-chlorophenol, 4-CP: 4-chlorophe-
nol, 2,4-CP: 2,4-dichlorophenol AgNPs-PDA-GR/GCE: Ag nanoparticles polydopamine-reduced graphene oxide modified glassy carbon electrode, CoOPcNRs/FA-
rGO/GCE: Fulvic acid reduced graphene oxide and and Co-phthalocyanine nanorods modified GCE, PANI-GO/GCE: Partially-reduced-GO-sheet-covered polyaniline
nanotubes modified GCE, Mn-Fe304/3D-G/GCE: N-doped three-dimensional graphene (3D-G) with Mn-doped Fe30,4 nanoparticles modified GCE, CPE: Carbon paste
electrode, Au NPs/CNTs electrode: Au nanoparticles decorated carbon nanotubes electrode, BDDE: Boron-doped diamond electrode, NiZn-MOF NSs/GCE: 2D
bimetallic metal organic framework nanosheets modified GCE, NPG: Nanoporous gold, DPV: Differential pulse voltammetry, SWV: Square wave voltammetry.

Analyte Type of (bio)sensor Analysis Limit of detection Preparation Application in real sample Reference
method time
PNL Au NPs/CNTs DPV 6nM N.R. Industrial wastewater [37]1
electrode
2,4,6-TCP AgNPs-PDA-GR/GCE DPV 0.7nM ~31h Lake water [49]
CC, PN, p- CoPcNRs/FA-1GO/ DPV 0.3uM, 0.65uM, 0.65uM ~26h River water [50]
NP GCE
BPA and PN  PANI-GO/GCE cv 0.5nM and 4.5nM ~4%h Drinking water [51]
4-NP Mn-Fe304/3D-G/GCE CvV 19nM ~30h Tap water, river water, domestic [52]
sawage
4PP, 4MP, P CPE SWvV 2.5uM, 2.5uM and 5uM N.R. N.R. [53]
PNL, 2-CP BDDE Ccv 500 pg/L, 300 pg/L, 750 pg/L, 1000ug/L N.R. Drinking water [54]
4-CP
2,4-CP
PNL NiZn-MOF NSs/GCE Amperometry 6.5nM ~17h Tap water [55]
PNL,CC NPG thin film Amperometry 0.5uM in PBS (pH 7.2), 0.1uM in 0.1 M N.R. N.R. [56]
H,S04
PNL m-GMN/c-PGE Ccv 0.35pg/mL (3.72uM) 1h 45 min Tap water, drinking water, waste This study
water
* N.R.:Not Reported.
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Fig. 5. Voltammograms of tap water (a) and 5 pg/mL PNL in tap water (b) (A). Voltammograms of drinking water (a) and 5 ug/mL PNL in drinking water (b) (B).
Voltammograms of industrial waste water (a) and 5 pg/mL PNL in of industrial waste water (b) (C).
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Table 2

The average signals (n = 3) of 5 pg/mL PNL in tap water, drinking water or
industrial waste water and control signals of drinking water or industrial waste
water.

PNL signal Control signal Recovery
%

Tap water 4.66 pA (RSD%= 0.26 pA (RSD%= 101.17%
2.93%) 4.04%)

Drinking water 4.51 pA (RSD%= 0 97.55%
8.84%)

Industrial waste 4.13 pA (RSD%= 0.76 pA (RSD%= 93.00

water 3.67%) 16.37%)

the average I, and I values were measured as 76.07 + 13.48 pA and
73.75 £+ 17.05 pA with the RSDs% as 17.73% and 23.10%, respectively
(n = 3) and the decrease ratios of the average I, and I. values were
calculated as 23.51% and 30.31%. The highest increase at the average I,
and . values could be obtained after 2000 ug/mL m-GMN modification
(Fig. 2B-b to d and 2C-b to d) and increase ratios were found to be
38.66% and 41.33%, respectively. m-GMN modification was success-
fully performed by obtaining reproducible I and I, values, the RSD%
values were found to be 5.91% and 4.30% respectively after 2000 pg/mL
m-GMN modification at the c-PGE surface. The anodic (Q,) and cathodic
(Qo) charge values of PGE, c-PGE and 2000 pg/mL m-GMN modified
c-PGE were represented in Table S2. The changes at the Q, and Q. values
were in parallel with the ones obtained by I, and I, values. Based on the
CV results, 2000 pg/mL m-GMN concentration level was determined as
optimum for further studies.

Effective surface area (A¢f) values of PGE, c-PGE and 2000 pg/mL
modified m-GMN/c-PGE were calculated according to the Rand-
les-Sevcik Eq. (Eq. 1) [44-47]. The transferred electron number is n, D is
the diffusion coefficient of K3[Fe(CN)g] (7.6 x 107% cm? s’l), C is the
concentration of K3[Fe(CN)¢] in this equation.

i, = 2.69 10°n*2A ;D2 C v'/2 €))

The A values of PGE, c¢-PGE and 2000 pg/mL modified m-GMN/c-
PGE were calculated as 0.298, 0.222 and 0.314 cmz, respectively.
Increased Aefs value was obtained after m-GMN modification of c¢-PGE
due to the fact that m-GMN modification of c-PGEs provided high sur-
face area [42].

The electrochemical characterization of m-GMN modification was
performed by EIS technique and the results were given in Figure S1. The
charge transfer resistance value (R.;) decreased by modification of 2000
ug/mL m-GMN at the surface of c-PGE (Fig. S1A-a to b) due to the fact
that the charge transfer resistance at the electrode/electrolyte surface
decreased [42] by introducing m-GMN molecules at the graphite sur-
face. The average R values of c-PGEs and 2000 ug/mL m-GMN modi-
fied PGEs were found to be 74+18 Ohm and 38.7+0.6 Ohm with the
RSD% values as 24.05% and 1.49%, respectively. The EIS data of the
other elements of equivalent circuit were given in Table S3. The
impedimetric results were consistent with the voltammetric results in
terms of m-GMN modification of c-PGEs. Moreover, electrochemical
characterization results were in a good agreement with the microscopic
results. It was concluded that m-GMN modification of c-PGEs was suc-
cesfully achieved.

3.2. Voltammetric PNL detection by using c-PGEs and m-GMN/c-PGEs

In the next step of the study, PNL detection was studied by using c-
PGEs (Fig. 3) and m-GMN/c-PGEs (Fig. 4). The oxidation signal of PNL
in PBS (pH 7.40) was measured at +0.66 V. The PNL signal measured by
c-PGEs (Fig. 3A) or m-GMN/c-PGEs (Fig. 4A) increased while PNL
concentration increased. Linear calibration graphs could be obtained at
1-7 pg/mL concentration level of PNL. The detection limits (LODs) were
estimated according to the method described by Miller and Miller [48]
and found to be 0.72 pg/mL (7.65 pM) and 0.35 pg/mL (3.72 pM) with
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the equations as y = 0.99x+0.13 (R? = 0.9879) and y = 0.86x+0.32 (R?
= 0.9972) by using c-PGEs and m-GMN/c-PGEs, respectively. Large
surface area for adsorption of PNL molecules was obtained by m-GMN
modification of c-PGEs, therefore low LOD value could be estimated by
using m-GMN/c-PGEs. The sensitivity values were calculated as 3.24 pA
mL/pg cm? and 1.11 pA mL/pg cm? for ¢-PGEs and m-GMN/c-PGEs,
respectively.

Electrochemical detection of PNL and its derivatives have been
widely investigated in the literature and some of them were summarized
in Table 1 [37,49-56]. Glassy carbon electrode (GCE) was used in most
of the studies which required polishing and sonication treatments. Also,
GCE and the other electrodes used in these studies as carbon paste
electrode (CPE) and boron-doped diamond electrode (BDDE) are not
single-use which means that the pretreatment steps should be done for
each repetition. Although lower detection limits were estimated in some
of these studies, most of them required long preparation time. As an
example, Wang et al. [49] developed an electrochemical sensor system
for detection of 2,4,6-trichlorophenol. They used a glassy carbon elec-
trode (GCE) which required polishing and sonication treatments. The
GCE electrode was then modified with a nanocomposite (Ag nano-
particles polydopamine-reduced graphene oxide (AgNPs-PDA-GR)) to
obtain sensitive results and a moleculary imprinted polymer (MIP) was
constructed onto this nanocomposite modified GCE surface. The con-
struction of the MIP required electrochemical polymerization step,
applying extra washing steps using methanol and water and removing
the template molecule. The preparation of the nanocomposite and MIP
system required using intensive chemical agents and implementing
exhausting experimental steps whose total duration was approximately
31 h. After then, 2,4,6-TCP was monitored using differential pulse vol-
tammetry (DPV) technique. The application of the sensor system was
shown in lake water, however the fabrication of the sensor system was
labor intensive and brought about environmental burden using extra
chemical agents during experimental steps. In another study reported by
Zhu et al. [51], partially-reduced-GO-sheet-covered polyaniline nano-
tubes modified GCE (PANI-GO/GCE) was developed whose total fabri-
cation time was approximately 49 h. The developed electrode was used
for detection of bisphenol A (BPA) and phenol (PN) using CV technique.
The application of the sensor system was tested in drinking water,
however an extraction technique should have been applied. An enzy-
matic biosensor was developed for detection of PNL [55] which was
required approximately 17 h preparation time. The application of the
biosensor was shown in tap water by filtration of the water sample. The
m-GMN/c-PGE based voltammetric sensor system could detect the
target molecule, PNL without long preparation time, total fabrication of
the sensor required 1 h 45 min and the measurement was done in just 30
s. The m-GMN/c-PGEs were disposable, their preparation did not
require to perform complex experimental procedures using intensive
chemical agents. The activation or modification of the PGEs was ach-
ieved by dipping the electrodes in 100 pL or 40 uL of the sample.
Therefore, the use of m-GMN/c-PGEs for detection of a contaminant
factor which is monitored in water samples possesses environmental
benefits in comparison to other (bio)sensor systems. Sensitive detection
of PNL was achieved by using the m-GMN/c-PGEs in comparison to
c-PGEs. The m-GMN/c-PGEs were time-saver, labor-friendly,
practical-to-use and allowed to detect PNL sensitively. The LOD value
obtained by the m-GMN/c-PGEs was quite lower than the one reported
as the maximum tolerated amount of PNL as 1 mg/L in drinking water
[57]. The m-GMN/c-PGE based non-enzymatic sensor system is appli-
cable in field researches since it detected PNL in different water samples.

3.3. Real sample analysis

The applicability of the developed single-use sensor system was
tested by performing voltammetric PNL detection into tap water (Fig. 5-
A), drinking water (Fig. 5-B) and industrial waste water (Fig. 5-C). The
detection of PNL into water samples was studied in the presence of 5 pug/
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Fig. 6. Voltammograms of the oxidation signal of the interference factor (a), PNL signal (b), the signal of the interference factor (a’) or PNL (b’) in the presence of
the mixture of 5 ug/mL PNL: 5pg/mL interference factor. The used interference factors are cu?t (A), ngJr (B), D(+) glucose (C), 2,4-D (D), m-PNL (E) or PRL (F).

mL PNL. The average PNL signals, control signals and recovery% values
were given in Table 2. The recovery% values were in the acceptable
ranges reported by Taverniers et al. [58]. These results showed that
m-GMN/c-PGE based electrochemical sensor system could be applied
for on-line monitoring of PNL and its derivatives in different water

sources.

3.4. Interference studies

Voltammetric detection of PNL by using the m-GMN/c-PGEs in the
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Fig. 7. Histograms representing the average signals measured at +0.66V in the
presence of PNL (a) or the mixture of PNL:Cu®* (b), PNL:Hg?* (c), PNL:D(+)
glucose (d), PNL:2,4-D (e), PNL:m-PNL (f), PNL: PRL (h) and the oxidation
signal of PRL measured at +0.40 V (g) in the presence of the mixture of PNL:
PRL (n = 3). All signals were measured in the presence of 5 ug/mL PNL or 5 pg/
mL PNL: 5 pg/mL interference factor.

presence of the interference factors was investigated in the last part of
the study. Results were given in Figs. 6 and 7. The average PNL signal in
the presence of 5 ug/mL PNL was measured as 4.46 + 0.47 pA with the
RSD% as 10.46% (n = 3) (Fig. 7a). The average PNL signals in the
presence of 5 pg/mL: 5 pg/mL Cu?", Hg?*, D(+)glucose, 2,4-dichloro-
phenoxyacetic acid (2,4-D) and 2,6-di-tert-butyl-4-methylphenol (m-
PNL) were found to be 4.58 + 0.37 pA, 4.56 + 0.44 pA, 5.07 + 0.15 pA,
4.73 + 0.34 pA and 5.27 + 1.01 pA with the RSD% values as 8.06%,
9.69%, 2.94%, 7.20% and 19.22%, respectively (Fig. 7b to f). There
were oxidation signals in the presence of 5 pg/mL of Cu?*, Hg?*, D(+)
glucose, 2,4-D and m-PNL (Fig. S2 a to e) at +0.67 V but the signals were
small and not reproducible. PNL detection was also investigated in the
presence of worldwide used and phenol group containing drug, para-
cetamol (PRL). The oxidation signal of 5 ug/mL PRL was measured at
+0.40 V (Fig. 6F-a) and the average PRL signal was found to be 1.99 +
0.21 A (RSD% = 10.47%, n = 3) (Fig. S2-f). In the presence of 5 ug/mL
PNL:5 ug/mL PRL, the average PRL and PNL signals were measured as
2.15 + 0.02 pA (Fig. 7g) and 5.00 + 0.16 pA (Fig. 7h) (RSD% = 0.72%
and 3.23% (n = 3), respectively). The recovery% values of the PNL
signal in the presence of cu®, Hg2+, D(+)glucose, 2,4-D, m-PNL and
PRL were calculated as 99.29%, 98.87%, 109.25%, 102.92%, 115.47%
and 109.22%. These results indicated that the m-GMN/c-PGE based
voltammetric sensor succesfully detected PNL in the presence of the
interference factors.

3.5. Stability and repeatability of m-GMN/c-PGEs

The PNL signal was measured in the presence of 5ug/mL PNL by
using freshly prepared m-GMN/c-PGEs (Fig. S3-a) or five days stored m-
GMN/c-PGEs (Fig. S3-b) in order to study the stability of the m-GMN/c-
PGEs. The average PNL signals were obtained as 4.46 + 0.57 pA and
4.52 + 0.66 pA with the RSD% values as 12.70% and 14.59% by using
freshly prepared and five days stored m-GMN/c-PGEs, respectively. The
detection of PNL was successfully achieved without signal loss even after
five days preparation of m-GMN/c-PGEs.

For repeatability test, four different groups of m-GMN/c-PGEs were
prepared (n = 3) and the measurement of 5 ug/mL PNL was performed
(Fig. S4). The average PNL signals were measured as 4.76 + 0.43 pA,
3.93 + 0.21 pA, 3.98 + 0.28 pA and 4.68 + 0.12 pA with the RSD%
values as 9.19%, 5.25%, 7.15% and 2.61%, respectively. The average
PNL signal which was calculated based on the average PNL signals ob-
tained in these four groups was found to be 4.33 + 0.44 pA (RSD% =

Surfaces and Interfaces 25 (2021) 101268

10.16%, n = 12) which indicated that repeatable sensor response could
be obtained by using m-GMN/c-PGEs.

4. Conclusion

Herein, chemical activation of disposable PGEs and m-GMN modi-
fication of the activated PGEs was successfully performed as the first
time in the literature. The m-GMN/c-PGEs were applied for the vol-
tammetric detection of PNL, sensitive and selective detection of PNL was
achieved by using m-GMN/c-PGEs. The application of the sensor system
in real samples was proven by monitoring of PNL in tap water, drinking
water and industrial waste water samples. m-GMN was introduced into
environmental monitoring area by combining the disposable electro-
chemical sensor technique within the scope of the present report. m-
GMN/c-PGEs can be developed in a short time without requirement of
complex experimental steps, however, further studies are needed to
obtain miniaturized compact systems which are developed based on the
fabrication procedure of m-GMN/c-PGEs. This study will lead to develop
other m-GMN based electrochemical (bio)sensor systems for not only
environmental applications but also biomedical studies including
nucleic acid analysis, monitoring drug-DNA interactions, detection of
proteins, etc .
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