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ABSTRACT

Glycerol is widely used as humectant in cosmetics to improve skin's smoothness and
moisture. However, its level must be controlled in cosmetics at the risk of causing irritation or
allergy. Therefore, determining glycerol concentration in environmental waters with more
advanced, inexpensive and accurate sensing systems is of great importance. In this work, a
fast, simple, portable and cheap molecular imprinted polymer (MIP) approach is used to
develop an electrochemical sensor for glycerol determination. The MIP based screen-printed
gold electrode (Au-SPE) is prepared by electro-polymerizing Acrylamide/Bisacrylamide
(AAM/ NNMBA) and gold nanoparticles (AuNPs) in the presence of glycerol as a template.
Techniques, such as cyclic voltammetry (CV), differential pulse voltammetry (DPV) and
electrochemical impedance spectroscopy (EIS) are used for electrochemical measurements.
Energy-dispersive X-ray spectroscopy (EDS) is utilized to characterize the chemical
composition analysis. In contrast to its high response towards glycerol, the electrochemical
sensor exhibits negligible responses when exposed to interfering species, such as glycolic
acid, glycerol monostearate, tartaric acid, sodium citrate, ammonium sulfate, decyl-glucoside,
caprylyl glucoside and glutamic acid. Under optimal experimental conditions, a detection
limit (LOD) as low as 0.001 pg/mL (signal-to-noise ratio S/N=3) is calculated over a linear
concentration range (20.00 to 227.81 pg/mL). Interestingly, the sensor was successfully
applied to wastewater samples relating to glycerol determination with a relative standard
deviation (RSD) less than 4%. Besides, the reproducibility, the working and storage stabilities
of the sensor were proven. According to these outcomes, the electrochemical MIP sensor

could be viable enough to detect the presence and levels of pollutants in real water samples.

Keywords: Glycerol; Electrochemical sensor; Gold nanoparticle; Molecularly imprinted

polymer; Screen-printed gold electrode; Wastewater.
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1. Introduction

Glycerol is an emollient, humectant, oral care agent, skin protection and skin conditioning
agent. It is widely used in many products including toothpastes, creams, shower gels, hair care
products and soaps [1]. One key point in favour of glycerol is that it prevents the premature
loss of moisture from personal care products [2]. Furthermore, as an indicator of food quality,
glycerol is an additive widely utilised to improve or preserve many food products [3]. As a
sweetening agent, it is sometimes added to pharmaceuticals, and utilized as a tablet-coating
agent. Glycerol concentration varies regarding the nature of the product and manufacturing
process. Indeed, it typically ranges from 2 to 10% and from 1 to 2% in cosmetic and cleaning
products, respectively [4]. However, after application of glycerol at concentrations around 10
g/100 mL, slight skin irritation occurs after 48 h [5]. At higher concentrations, it can cause
severe skin irritation. Moreover, ingested glycerol is rapidly absorbed from the
gastrointestinal tract [6]. A toxicity of waters containing glycerol concentrations over than 1
mg/mL has been reported [7]. Since the presence of glycerol-based products has become a
habit in most people’s lives, the identification and accurate measurement of glycerol, as a
suspicious substance, have been also reported as a desideratum in assorted environmental
studies [&].

A large amount of literature has been evolved for glycerol detection. Electrochemistry [9. 10],
biosensor | 11], spectrophotometry [12], chemical analysis [ 13] and enzymatic reactions have
been deployed in this respect [14]. Among these techniques, traditional detection methods
usually include high-performance liquid chromatography (HPLC), and chromatography-mass
spectrometry [ 15, 16]. Although these techniques are known to be reproducible and sensitive
for qualitative and quantitative analysis, their defects are unfortunately and inevitably
obvious. However, these methods suffer from limitations, such as high cost, long and
complex pre-treatment as well as the need for trained personnel [ 17]. In the case of biological
analysis, the detection heavily relies on the test conditions (e.g., temperature and pH) because
of the poor stability of biological materials, such as antibodies and enzymes. These later are
very expensive, sometimes unavailable, and less reproducible [ 18].

Compared with the classical techniques, electrochemical methods are preferred thanks to their
simplicity, high sensitivity, rapidity, energy saving devices, good stability, on-site monitoring,
and low-cost instrumentation analysis [ 19]. Recently, molecularly imprinted polymers (MIPs)
technology has received great attention. With regards to the context, MIPs, renowned types of
electrochemical sensors, have been carefully considered to achieve the purpose of the study.

The molecular imprinting strategy comprises polymerization of a functional monomer in the

3
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presence of the template molecules and subsequent template extraction from the polymer
network. This involves creation of cavities that are capable of selectively recognizing the
target molecules in any matrix of interest [20, 21]. Among others, MIPs are commonly
immobilised by different methods including the electropolymerization technique. Through
electropolymerization conditions (e.g., applied voltage, cyclic scan, ratio/concentration of
target/monomer, etc.), key advantage of this technique lies in the possibility to control the
film thickness of the electrodeposited film and the deposition rate [22].

Nowadays, the combination of surface molecular assembly with nanostructures in the
imprinting technology is very promising for enhancement and enlargement of conductivity
and active surface area, respectively. In fact, AuNPs have attracted considerable attention in
electrochemical studies because they allow a fast electron transfer between the redox probe
and electrode surfaces [23]. Besides, SPEs have been identified as potential sensor substrates
to develop systems of disposable MIPs [24]. For this reason, gold, one of the most stable
metals, is widely used in the fabrication of SPEs thanks to its noteworthy stability [25].

In the present work, a MIP sensor for glycerol detection, through electropolymerization of
AAM/ NNMBA, and AuNPs on Au-SPE, was developed. Given the wide use of glycerol and
the need to control and monitor it, the aim of this study is the development of an
electrochemical sensor based on MIP including AuNPs on Au-SPE for glycerol detection in
wastewater. To our knowledge, this strategy has never been reported in the literature.
Therefore, the new innovative electrochemical sensor presented in this work demonstrates
that the combination of the polymer with AuNPs is an effective and sensitive approach
compared to the functionalization with AuNPs on Au-SPE. In addition, relative to others
(without inclusion of AuNPs), a greater enhancement of the conductivity as well as a larger
active area are achieved by the proposed method as reported [26]. CV, DPV, and EIS were
used as electrochemical characterisation techniques at each step of the sensor development
process. The chemical composition analysis of the prepared sensor is characterized by EDS
technique. The experimental parameters and analytical performance of the MIP sensor with
regard to its linear range, LOD, LOQ, sensitivity, stability, and its interference behaviour
were evaluated, optimized and compared to those of reported works in this topic. Finally, the
sensor practical application was studied in environmental matrices (wastewater samples), and

results were validated by using the spectrophotometry method.
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2. Materials and methods

2.1. Reagents and solutions

Glycerol (99.5%), glycerol monostearate, ethanol, phosphate buffered saline (PBS), glycolic
acid, tartaric acid, sodium periodate, acetylacetone, gold (III) chloride trihydrate
(HAuCls 3H20) (99.99%), trisodium citrate, ammonium sulfate, decyl-glucoside, caprylyl
glucoside, and glutamic acid were purchased from Sigma Aldrich. N’-methylene-
bisacrylamide (NNMBA), acrylamide (AAM), N, N, N’, N’-Tetramethyl-ethylenediamine
(TEMED), ammonium persulphate (APS), potassium ferricyanide K;[Fe(CN)s] and potassium
ferrocyanide Ku4[Fe(CN)g] were all obtained from Fluka. Sodium citrate was from Riedel de
Haén. PBS solution (0.01 M, pH 7.0) was prepared by dissolving a PBS tablet in 200 mL of
distilled water (DW). A standard solution of glycerol (1 mg in 1 mL of DW) was diluted using
DW to obtain less concentrated glycerol solutions over the adopted range (20.00 to 227.81

png/mL). All the experiments were carried out at room temperature (25°C).

2.2. Sample preparation

Domestic wastewater samples were collected from three different wastewater sites of Meknes
(Morocco), and its surroundings. Prior to measurement, the samples were mixed using a
microfuge and then filtered through membrane filters of 0.45 pm pore size before
immediately performing the analysis. A volume of 50 pL of wastewater samples was exposed
to the Au-SPE/ MIP+AuNPs sensor.

Tap water sample free of glycerol was also collected from our laboratory. Indeed, the tap
water sample is aliquoted into three and then spiked with different glycerol concentrations
(20.00, 30.00 and 50.00 pg/mL). After thoroughly stirring, a volume of 50 pL of each spiked
aliquot was deposited onto the working electrode. The standard addition method was utilized

to analyse the tap water samples to generate accurate results.

2.3. UV-Vis spectrophotometry analysis

Absorbance measurements were performed by using a UV—-Vis spectrophotometer. The
domestic water samples were analysed via an ANACHEM  instruments UV220
spectrophotometer by using a quartz cell (I cm path length). Each wastewater sample was
pre-treated by adding 1.2 mL of a sodium periodate solution (10 mM). Furthermore, 1.2 mL
of acetylacetone solution (0.2 M) was added to the previous solution. The absorbance of the

obtained solution was finally read in a spectrophotometer at a wavelength of 410 nm [27].
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The glycerol levels of each sample were calculated using a linear calibration curve derived

from synthetic glycerol measurements.

2.4. Synthesis of AuNPs

AuNPs were prepared by using citrate reduction method. For this purpose, HAuCls 3H,O was
dissolved in DW (0.005 g/50 mL) and the obtained solution was heated. As the solution began
boiling, 0.5 mL of trisodium citrate (0.5 g/50 mL) was added in a dropwise fashion until the
colour changed from yellow to deep red, indicating the formation of AuNPs. Here, trisodium
citrate is used as a reducing and stabilizer agent [28].

Furthermore, the AuNPs size was measured using an optical technique named, Dynamic Light
Scattering (DLS). This measurement was performed by placing 500 puL of the AuNPs solution
in a plastic cuvette at 25°C. The obtained AuNPs size was 131.8 nm. The solution was left in

dark until use.

2.5. Preparation of MIP and non-imprinted polymer (NIP) sensors

First, pre-treatment of the Au-SPE was performed by rinsing with ethanol and DW. Second,
in a 1:1 volume ratio, AAM (11 mg/mL) and NNMBA (71 mg/mL) were mixed in a PBS
buffer (0.01 M, pH 7.0). In addition, 1 mL of APS solution (13 mg/mL) and 20 pL of
TEMED (5%) were added to the previous mixture to initiate and accelerate polymerization,
respectively. A volume of 1 mL glycerol (1 mg/mL in DW) was also added to the previously
obtained solution. The final chemical mixture is called P;.

Electropolymerization processes were chosen to design the MIP. It was performed using CV
technique over a potential range between -0.2 to 1.2 V at a scan rate of 100 mV/s for 10
cycles.

For the first sensor elaboration, a small drop (50 puL) of P; was electropolymerized on Au-
SPE and the obtained sensor is denoted Au-SPE/ MIP.

Since AuNPs have notable electrical properties, and are expected to improve the active
surface, electron transfer rate and electrode sensitivity, the effect of their inclusion on the MIP
sensor preparation was investigated. Indeed, an AuNPs solution was prepared.

Then, for the second sensor fabrication, the Au-SPE was first functionalized with AuNPs (50
uL). Then, 50 pL of P; was electropolymerized to obtain the Au-SPE/ AuNPs/ MIP sensor.
To prepare the third sensor, P; is mixed with 1 mL of AuNPs. A volume of 50 pL of the
obtained solution is used for the electropolymerization to fabricate the Au-SPE/ MIP+AuNPs

S€nsor.
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A judicious choice of functional monomer is crucial for successful imprinting, which requires
a solid binding of the template. AAM, which is hydrophilic in nature, provides multiple
functional groups for hydrogen bonds. This allows it to form a solid bond with several
substances. For the electropolymerization process, AAM as a functional monomer was chosen
because it contains -NH, groups that offer a rapid and very specific interaction through
hydrogen bonds with the -OH groups of glycerol [29]. In addition, AAM is stable,
inexpensive and can be polymerized under mild conditions. Indeed, the functional monomer,
the crosslinking agent, gold nanoparticles and the template molecule interact in solution. After
the electro-polymerization step on the electrode surface, the AAM spatially forms a mesh
around the glycerol template leading to a homogeneous structure. This later contains
recognition sites formed after hydrogen bonds between the AAM and glycerol. This reduces
the activity of non-specific bonds. Thus, a sensitive mimetic layer (AAM-Glycerol) was
obtained.

Then, the glycerol extraction step was carried out with ethanol for 20 minutes at room
temperature (25°C) [30]. After thoroughly washing with DW, the MIP sensor was ready for
use.

As a control test, the NIP sensor was prepared in the same procedure but without adding

glycerol to the electro-polymerization process.

2.6. Characterization methods

All electrochemical experiments were performed using a Potentiostat (Palmsens’, Spain)
interfaced with a computer. The MIP sensor was designed on a standard Au-SPE (DropSens,
DRP-C223BT) configuration consisting of a gold working electrode (0.19 c¢cm?), a gold
counter electrode (0.54 cm?) and a silver reference electrode. Parameters, such as potential
range from -0.4 V to 0.6 V and a scan rate of 50 mV/s were used for electrochemical
characterization by CV. Differential pulse voltammograms were recorded over a potential
range from -0.3 to 0.3 V and a scan rate of 100 mV/s. The EIS measurements were carried out
at a frequency range of 0.1 Hz - 50 kHz. The Nyquist plots were recorded at a DC potential of
0.01 V/ref and an AC potential of 25 mV. The charge-transfer resistance (R¢) was determined
after a best fit with the simple Randles equivalent circuit using the implemented EIS spectrum
analyzer software. All the electrochemical characterisations were performed using a solution
of [Fe(CN)e]>"™* as redox probe to study the performance of the prepared sensor [31]. For this
purpose, 50 uL of [Fe(CN)6]>"™* was dropped onto the surface electrode.
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Moreover, the chemical composition analysis of the electrode was carried out using EDS (FEI

Quanta 250).

3. Results and discussion

3.1. Electrochemical characterization of the different modified electrodes

In this study, three different sensors are developed, and their sensitivity are compared. The
first sensor (Au-SPE/ MIP) was developed by a direct immobilization of the MIP. The second
sensor (Au-SPE/ AuNPs/ MIP) was fabricated by first modifying the electrode surface with
AuNPs and then the MIP was immobilized. The third sensor (Au-SPE/ MIP+AuNPs) was
developed by immobilizing the complex of MIP+AuNPs onto the electrode surface. After the
development of these three sensors, the CV method is operated in a potential range of -0.4 V
to 0.6 V at 50 mV/s using a PBS buffer (supporting electrolyte at pH = 7) containing 5 mM
[Fe(CN)s]*'*. Fig. 1A shows all the corresponding cyclic voltammograms.

The unmodified gold electrode (Au-SPE) shows a reversible redox signal of the [Fe(CN)]’ s
It can be seen that the signal corresponding to Au-SPE/ MIP admits an anodic current
amplitude (I,.) of about 20 pA with a peak separation (AE, = E,, — E,¢) of about 0.57 V. For
the Au-SPE/ AuNPs/ MIP sensor, an increase of current (I, = 40 pA) with (AE, = 0.45 V) is
observed. It is noted that the third sensor (Au-SPE/ MIP+AuNPs) admits a higher anodic
current I, of about 60 pA with (AE, = 0.27 V) compared to those of the two previous sensors.
Indeed, AE, of sensors with AuNPs are lower than that without AuNPs. In other words, the
reason for these lower AE, values could be attributed to the presence of AuNPs. While
making the sensors more sensitive, AuNPs play a key role in rate of electrons transfer. As
marked, AE, of Au-SPE/ MIP+AuNPs is lower than Au-SPE/ AuNPs/ MIP, suggesting a
faster electron transfer of [Fe(CN)e]*”. This suggests that for better sensitivity, the AuNPs
should be mixed with the polymer complex.

Moreover, the importance of AuNPs inclusion are justified by exposing several
concentrations of glycerol on the three different sensors. As shown in Fig. 1B, sensitivities of
-0.05, -0.106 and -0.79 (pA/ (ug.mL™)) are obtained for Au-SPE/ MIP, Au-SPE/ AuNPs/ MIP
and Au-SPE/ MIP+AuNPs, respectively. As results, it is found that the sensitivity of the Au-
SPE/ MIP+AuNPs sensor is 16-fold more sensitive than that of the Au-SPE/ MIP. Then, the
Au-SPE/ MIP+AuNPs sensor with higher sensitivity to glycerol was selected as the

appropriate sensor for all subsequent measurements in this manuscript.
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Elsewhere, the active surface area was calculated by taking into consideration the anodic
current peak (Ipa) and using the Randles-Sevcik Eq. (1) [32].

I.=2.6910°n*? AD"*Cv'? Eq. (1)

Where n is number of electron transfer involved (n = 1 for the used redox probe), A is the
electrode surface area (cm?), D is the diffusion coefficient of ferrocyanide taken to be D =
7.610°° cm?/s [33], C is the [Fe(CN)s]* ™ concentration (510 ° mol/cm®) and v is the scan
rate (V/s).

As results, the surface area was calculated to be A = 0.02 cm? for Au-SPE/ MIP, A = 0.04 cm’
for Au-SPE/ AuNPs/ MIP and A = 0.08 cm” for Au-SPE/ MIP+AuNPs. To summarize, the
electro-kinetic analysis shows that the inclusion of AuNPs significantly improves the active
area. In addition, the active area of the Au-SPE/ MIP+AuNPs sensor is higher than that
corresponding to the Au-SPE/ AuNPs/ MIP sensor.

3.2. Preparation of glycerol imprinted sensors

Electropolymerization is a straight way to prepare MIPs on a conducting surface electrode.
This was carried out using an electrolyte solution of PBS (pH = 7) within a potential range
from -0.2 to 1.2 V at a scan rate of 100 mV/s for 10 cycles. The imprinted film formation was
monitored by changes in the current amplitude per cycle. Indeed, the recorded cyclic
voltammograms of the electropolymerization for MIPs and NIPs are recorded in Fig. 2.

Fig. 2A clearly shows an obvious oxidation peak at about +0.1 V, indicating that glycerol
molecules were successfully imprinted into the MIP. However, as expected, non-oxidation
peaks are observed during the electropolymerization in the absence of glycerol (NIP) (Fig.
2B). In the both cases, the current peaks decrease while increasing the cycle number from the
I to the 10", suggesting that the imprinted compact polymeric film was successfully
deposited on the electrode surface.

During the MIP electropolymerization, hydrogen bonding occurs between the glycerol
hydroxyl groups (-OH) and amine groups (-NH,) of polyacrylamide. This process is capable
of generating cavities in a large area because of the AuNPs’ presence, which allow the
sensitive recognition of glycerol. The schematic view (Schematic 1) of the mechanism is

provided for better understanding of the readers.

3.3. EDS characterization

EDS technique was utilized to determine the chemical composition of the electrode surface.

Indeed, Fig. 3 shows the recorded spectra of the atomic composition of the sensor during its

9
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elaboration steps. The EDS spectra of the bare Au-SPE indicates 1.92 wt% of aluminum (Al),
and a presence of gold (Au) elements in large quantities (90.74 wt%), which confirms that the
electrode surface was not modified (Fig. 3A). The Au-SPE/ MIP+AuNPs spectra shows peaks
of carbon (C), potassium (K), sodium (Na), phosphate (P), sulfide (S), oxygen (O) and gold
(Au) in percentages of 7.77 wt%, 0.12 wt%, 5.64 wt%, 6.72 wt%, 6.16 wt%, 29.15 wt% and
40.21 wt%, respectively. This could be attributed to the presence of moieties constituting the
complex (AAM/ NNMBA, glycerol, and AuNPs) (Fig. 3B). In this figure, aluminum atoms
are not detected in the point of interest, demonstrating that the polymer deposit was
homogeneous. Furthermore, the O content is higher, proving the presence of the glycerol
molecules. Indeed, the presence of O at lower percentage (16.42 wt%) shows that most of the
glycerol molecules were removed from the Au-SPE/ MIP+AuNPs matrix (Fig. 3C). These
EDS spectra confirm that the electropolymerization in the presence of glycerol was well
performed and indicated that MIP was successfully immobilized on the electrode surface.
Therefore, from these outcomes, it could be concluded that the polymer layer deposition and

extraction of the glycerol molecules were successfully done.

3.4. Electrochemical characterizations

CV technique was used to characterize the electrochemical behaviour of the bare Au-SPE,
Au-SPE/ MIP+AuNPs (before template removal), Au-SPE/ MIP+AuNPs (after template
removal) and Au-SPE/ NIP+AuNPs.

As expected, a pair of redox peaks was observed for Au-SPE/ MIP+AuNPs (before template
removal). As shown, Fig. 4A displays a cyclic voltammogram of the redox probe, which is
different in shape and magnitude compared to that corresponding to bare Au-SPE. This
demonstrates that the electrode surface is well modified. However, after removal of template
molecules, the voltammogram of the electrode Au-SPE/ MIP+AuNPs (after template
removal) admits a highest current peak. This is because some holes become available for the
electrochemical reaction of active probe to take place at the electrode surface due to removal
of glycerol from the MIP film. The Au-SPE/ NIP+AuNPs exhibits an anodic current peak less
than that of Au-SPE/ MIP+AuNPs (after template removal). This may be explained by the
absence of glycerol (a negatively charged molecule) and the absence of holes [34].

Besides, EIS is well known to be a useful technique to study the impedance changes in
electrode surfaces during the modification process [35]. The faradaic impedance

measurements are in good agreement with the CV results as the diameter of semicircles (the

10
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Nyquist diagrams) correlate with variations of the oxidation current peaks inferred by the CV
technique (Fig. 4B).
These results demonstrate that the imprinted film had a stronger affinity to glycerol, which

was ascribed to the specific binding sites in the MIP film.

3.5. Optimization of experimental parameters

In order to develop a sensor with high performance, important parameters, such as the number
of cycles for electropolymerization, the pH value of the electrolyte, the extraction time and

the incubation time have been previously optimized.
3.5.1. Cycles for electropolymerization

The thickness of the MIP film is indeed an important factor influencing the sensitivity and
stability of a MIP sensor. In this study, the appropriate number of electropolymerization
cycles is investigated for the fabrication of the Au-SPE/ MIP+AuNPs sensor. For this
purpose, numbers of cycles ranging from 7 to 15 are used. After each of these cycle numbers,
the glycerol molecules are extracted and the current peaks of the ferrocyanide generated by
the sensor are shown in Fig. 5A. As seen, the sensor current peaks increase up to 10 cycles.
This finding can be explained by an increasing number of imprinted sites, which facilitate the
access of the ferrocyanide to the electrode surface. Nevertheless, beyond 10 cycles, a high
resistance to charge transfer is formed. This makes the electrode surface compact and the
number of sites no longer increases. For this reason, the current peaks of the ferrocyanide
decrease. Through these observations, the highest sensitivity for the detection of glycerol is
obtained for 10 cycles.

Additionally, the electropolymerization process is operated at different potential intervals and

the best response is obtained at potential range from -0.2 to +1.2 V.
3.5.2. Effect of pH

The pH of the supporting electrolyte is a crucial key factor in achieving an optimized
electrochemical response of the MIP sensor. Therefore, the pH of the PBS containing
ferrocyanide has been studied and optimized in order to have a better charge transfer. For this
purpose, pH values ranging from 5 to 10 were used. As can be seen in Fig. 5B, pH 7.0 gave a
higher signal value and was chosen as an optimum pH for all characterizations in the

subsequent studies.

3.5.3. Extraction and incubation time

11
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In order to enhance the sensitivity, selectivity, and reproducibility of the electrochemical
sensor, the duration of glycerol extraction step so as to create the recognition cavities are also
investigated. Fig. 5C shows the variation of the current at different extraction times (from 10
min to 30 min). As shown, from 10 to 20 min, the current increases in accordance with the
extraction time. After 20 min, no current variation is observed. Thus, 20 min was chosen as
the best removal duration of the glycerol molecules.

Similarly, the effect of incubation time after synthetic glycerol concentrations deposit is
studied using durations ranging from 10 to 50 min at room temperature (Fig. 5D). The best

optimization is achieved for a period of 30 min as optimal incubation time.

3.6. MIP and NIP responses

Compared to CV, the DPV technique is more sensitive and has been extensively applied to
electrochemical detection [36]. After the template removal, different synthetic concentrations
of glycerol solution were subsequently utilized in order to determine the retention capability
of the developed MIP sensor. Indeed, the electrochemical and synthetic-detection of glycerol
was achieved by dropping 50 pL of a glycerol concentration solution onto the working
electrode of the MIP sensor. After each incubation time (30 min), DPV and EIS
characterizations techniques were performed using PBS containing 5 mM [Fe(CN)s]*"*
solution at room temperature.

By using the DPV technique, the obtained voltammograms are plotted in Fig. 6A. By
increasing glycerol concentrations, a decrease in the current peaks of [Fe(CN)s]*"* signal is
observed. Upon increasing the concentration of glycerol, more imprinted sites were rebound
with glycerol molecules at the surface of the sensor. This explains the obtained outcomes in
Fig. 6A.

Moreover, a NIP test was performed to confirm the sensor responses during the MIP test. The
objective was to control experiments without glycerol addition during the
electropolymerization stage. Fig. 6B represents the DPV signals recorded during the detection
of synthetic glycerol concentrations by the non-imprinted device. The oxidation current peaks
remain almost unchanged for the different glycerol concentrations. This confirms that the
absence of specific cavities able to recognize glycerol results in the lack of sensitivity of the
NIP sensor.

The linear relationship between the current peaks and their corresponding concentrations
is illustrated in Fig. 6C and Fig. 6D. These figures show the calibration curves of MIP and

NIP sensors. The relative variation of (I.-Ip)/Ip is plotted in function of logarithmic
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concentration of glycerol in a linear range of 20.00 to 227.81 pg/mL. As shown in Fig. 6, the
equations expressing the relationship between the relative currents and their corresponding
concentrations for MIP and NIP are y= -0.58 Log C + 0.33 and y= -0.08 Log C - 0.002,
respectively. The LOD is calculated using LOD = 3 Sb/m, where Sb is the standard deviation
of the y-intercept of the regression line and m is the slope of the calibration curve, based on
signal-to-noise ratio (S/N=3) [37-39]. For the DPV technique, good linearity (R* = 0.99) is
observed over the study range with analytical parameters, such as sensitivity, LOD and LOQ
of 0.58 mL/ug, 0.001 pg/mL and 0.025 pg/mL, respectively.

According to EIS technique, the charge transfer resistances (R.) of the MIP sensor increase
with an elevation of glycerol concentration as shown in Fig. 7A. Glycerol molecules are
known to be non-conductive and negatively charged [34]. The characterization, using a

negative redox probe [Fe(CN)s]*"*

, therefore, involved repulsive interaction between it and
the glycerol molecules. This could explain the decrease in the recorded current peaks and
correspondingly the elevation in R values while increasing glycerol concentration.

In contrast, the negligible variations in R, observed for NIP sensors, reveal the minimal, non-
specific interaction existing between the polymer and glycerol (Fig. 7B).

A logarithmic linear relationship between electrochemical sensor responses and glycerol
concentration is obtained using EIS. The value of (R.-R¢)/R¢ was calculated for each glycerol
concentration. As shown in Fig. 7C and Fig. 7D, the equations expressing the relationship
between the R and their corresponding concentration for MIP and NIP are y= 0.46 Log C -
0.33 and y=0.09 Log C + 0.71, respectively. EIS results are in good consistency with those of
DPV. The normalized data for the MIP and NIP sensors showed good linearity with R* of
0.99 and 0.98, respectively. The LOD and LOQ using EIS technique are calculated to be 0.11
pg/mL and 0.37 pg/mL, respectively.

A comparison of experimental data between the relevant MIP sensor and previously reported
methods 8, 9, 10, 40, 41] for glycerol determination is summarized in Table 1. The proposed
MIP sensor exhibits a high accuracy, a lower LOD, and a higher sensitivity towards glycerol
traces detection compared with reported works. Although these works were well performed,
the majority of them need expensive reagents, organic solvents for detection, and long
synthetic protocols with sometime a problem of over-potential. These disadvantages
significantly limit their use in wearable systems. However, the sensor developed in this work
departs from all these drawbacks. Moreover, we could hardly find literature on glycerol
detection in wastewater that develops a technology similar to the one described in this work

with a high sensitivity, and a process as simple as that. As conclusion, with an economical
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cost, the MIP sensor is easily developed while admitting satisfactory analytical results, such

as good stability, sensitivity and specificity.
3.7. Selectivity, reproducibility and stability of the MIP sensor

To be practically viable, the sensor should exhibit little or nil responses towards the
interfering species, suspected to be present with glycerol in wastewater. Responses of the
developed sensor toward glycerol were first compared with those obtained in the presence of
the same concentrations of the interfering species including glycerol monostearate, glycolic
acid, tartaric acid, sodium citrate, ammonium sulfate, decyl-glucoside, caprylyl glucoside and
glutamic acid. The obtained results are summarized in Fig. 8. As a result, the slopes of the
interfering species are found significantly lower than that of glycerol, which demonstrates the
MIP sensor selectivity toward glycerol.

Second, the existence of matrix effect in the samples was studied by the mixed method [42]
using a ratio of glycerol and each interfering substance (1:10). By using the DPV technique,
the sensor responses are recorded and the relative errors (Aly/Al,) are calculated, where Al is
the normalized current when the competitor was included, while Al is the normalized current
without the competitor. Accordingly, Table 2 summarizes the effects of the interfering
species. The range of Al/Al, values comprise between 60.97% and 92.01%. Based on these
experimental results, it is found that 10-fold competitors did not significantly interfere with
the determination of glycerol.

In order to explore the reproducibility test, five MIP sensors were developed separately under
identical conditions. Responses from these sensors were investigated during exposure to a
glycerol concentration of 20.00 pg/mL. Indeed, the sensor responses are recorded with a
relative standard deviation (RSD) of 5%, indicating good reproducibility of the measurement.
The working and storage stabilities of the proposed sensor were also investigated. As shown
in Fig. 9A, for several measurement times, there is no obvious decay in the anodic current
peaks for successive responses of the sensor using a 20.00 pg/mL glycerol solution. A rinsing
step was performed after each measurement. As a result, an RSD of 4.6% is found, suggesting
the good working stability of the proposed sensor for glycerol detection.

Furthermore, the storage stability test was evaluated by measuring the MIP sensor responses
using DPV at 20.00 pg/mL of glycerol. The sensor was stored at 4°C in a refrigerator in PBS
(pH = 7.0) solution during the stability test. The results depicted in Fig. 9B indicate that after
60 days, the sensor response decreased to 86% compared to its initial response. This means

that the proposed sensor has good storage stability.
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3.8. Recovery in tap water

To demonstrate the reliability and accuracy of the proposed method for the real samples
application, tap water samples were analysed using the standard addition method. The tap
water sample is aliquoted into three and then spiked with different glycerol concentrations
(20.00, 30.00 and 50.00 pg/mL). An appropriate volume of the aliquot (50 puL) was placed in
the working electrode for the determination of glycerol. After a period for incubation, the
electrode was rinsed and an electrochemical characterization was performed by using DPV
technique. The oxidation current peaks obtained from the sensor responses are inserted to the
calibration equation (y= -0.58 Log C +0.33) in order to determine the content of glycerol.
Satisfactory recoveries are obtained from 98.26 to 107.03% of glycerol concentrations with an
RSD less than 3%. The results are listed in Table 3. In summary, the most obvious results of
this study are that the developed sensor could be successfully applied to the detection of

glycerol in tap water.
3.9. Application in real samples

As a final step, to ascertain practical applicability of the proposed method, the MIP sensor
was used for glycerol analysis in wastewater samples and the experimental results are shown
in Table 4. Accordingly, the obtained results from the proposed sensor by DPV technique are
in good agreement with those obtained by using a spectrophotometry method as reference
method. An RSD lower than 4% is found, which reveal the proposed MIP sensor reliability
with respect to glycerol determination. An RSD less than 6% was also obtained by using the
spectrophotometry measurements. The results clearly show that the developed sensor could be
potentially used in the preparation of portable electrochemical sensors in environmental

experiments.
4. Conclusions

In conclusion, the present research study proposes, for the first time, a portable
electrochemical sensor employing a matrix of polyacrylamide and AuNPs coated on Au-SPE
for glycerol analysis. Correspondingly, the MIP sensor shows a LOD calculated to be 0.001
and 0.11 pg/mL by DPV and EIS, respectively over a working range of 20.00 to 227.81
pg/mL. Similarly, LOQ of 0.025 pg/mL and 0.37 pg/mL are obtained by using DPV and EIS,
respectively. One of the significant findings, which emerges from this study, is that the MIP
sensor device is 7-fold more sensitive than NIP with a particularity of its simplicity of

implementation, its portability and low cost. The developed sensor displays high sensitivity
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and selectivity, short response time, good reproducibility, working and storage stabilities.
Moreover, better analytical parameters are found in comparison with previously reported
works. Taking into account all these outcomes, the MIP sensor well demonstrates its ability
towards glycerol determination in tap water and wastewater samples. Spectrophotometry was
utilized as a validation method. Of greater significance, this approach for achieving a highly
sensitive and selective glycerol electrochemical sensor could be easily extended for other

applications in environmental fields.

Acknowledgements

The authors would like to cordially express gratitude to Moulay Ismail University of Meknes
for funding the project ‘’Scientific Research Promotion‘” under grant number 2018. The
authors would like to thank CNRST-Morocco for the PhD student award of the merit
scholarship. The study of morphological characterization was carried out in the
Nanostructured Materials Laboratory, National R&D Institute for Non-Ferrous and Rare
Metals in Romania as part of the European project “TROPSENSE” under H2020-MSCA-
RISE-2014, grant agreement number: 645758. The authors would like to thank Angstrom

laboratory in Uppsala, Sweden for nanoparticle size measurements.

16



472
473
474

475
476
477

478
479

480
481

482
483

484
485

486
487

488
489
490

491
492
493

494
495
496

497
498
499

References
[1] R. Eccles, P. Mallefet, Soothing properties of glycerol in cough syrups for acute cough
due to common cold, Pharmacy 5 (2017) 4.

[2] S. Cochran, M. Anthonavage, Fatty acids, fatty alcohols, synthetic esters and glycerine
applications in the cosmetic industry, in: Pappas, A. (Eds.), Lipids Ski. Heal. Springer
International Publishing, Cham, 2015, pp. 311-319.

[3] G.P. Da Silva, M. Mack, J. Contiero, Glycerol: a promising and abundant carbon source

for industrial microbiology, Biotechnol. Adv. 27 (2009) 30-39.

[4] L.C. Becker, Safety assessment of glycerin as used in cosmetics. Washington, DC,

Cosmetic Ingredient Review (2015) 1-24.

[5] J. Nikitakis, H.P. Breslawec, 2014. International Cosmetic Ingredient Dictionary and
Handbook. 15 ed. Washington, DC: Personal Care Products Council.

[6] E.C.C. Lin, Glycerol utilization and its regulation in mammals, Annu. Rev. Biochem. 46

(1977) 765-795.

[7] J.T. Zelikoff, P.T. Thomas, Immunotoxicology of environmental and occupational metals,

Taylor and Francis Ltd., London, (eds.), 1998. pp. 374.

[8] T.B. Goriushkina, L.V. Shkotova, G.Z. Gayda, H.M. Klepach, M.V. Gonchar, A.P.
Soldatkin, S.V. Dzyadevych, Amperometric biosensor based on glycerol oxidase for

glycerol determination, Sens. Actuators B Chem. 144 (2010) 361-367.

[9] R.M.A. Tehrani, S. Ab Ghani, Electrocatalysis of free glycerol at a nanonickel modified
graphite electrode and its determination in biodiesel, Electrochim. Acta 70 (2012) 153-
157.

[10] P.L. Faccendini, M.E. Ribone, C.M. Lagier, Selective application of two rapid, low-cost
electrochemical methods to quantify glycerol according to the sample nature, Sens.

Actuators B Chem. 193 (2014) 142-148.

[11] N. Li, Q. Zhou, X. Li, W. Chu, J. Adkins, J. Zheng, Electrochemical detection of free
glycerol in biodiesel using electrodes with single gold particles in highly ordered SiO,
cavities, Sens. Actuators B Chem. 196 (2014) 314-320.

17



500
501
502

503
504
505

506
507

508
509
510

511
512
513

514
515
516

517
518

519
520
521

522
523
524

525
526
527

[12] S.G. Silva, F.R. Rocha, A flow injection procedure based on solenoid micro-pumps for
spectrophotometric determination of free glycerol in biodiesel, Talanta 83 (2010) 559-
564.

[13] M.L. Pisarello, B.O. Dalla Costa, N.S. Veizaga, C.A. Querini, Volumetric method for
free and total glycerin determination in biodiesel, Ind. Eng. Chem. Res. 49 (2010) 8935-
8941.

[14] L.C. Wu, CM. Cheng, Flow-injection enzymatic analysis for glycerol and
triacylglycerol, Anal. Biochem. 346 (2005) 234-240.

[15] S.G. Dmitrienko, E.V. Kochuk, V.V. Apyari, V.V. Tolmacheva, Y.A. Zolotov, Recent
advances in sample preparation techniques and methods of sulfonamides detection—a

review, Anal. Chim. Acta 850 (2014) 6-25.

[16] R.L. Self, Direct analysis in real time-mass spectrometry (DART-MS) for rapid
qualitative screening of toxic glycols in glycerin-containing products, J. Pharm. Biomed.

Anal. 80 (2013) 155-158.

[17] R. Monosik, P. Magdolen, M. Stred’ansky, E. Sturdik, Monitoring of monosaccharides,
oligosaccharides, ethanol and glycerol during wort fermentation by biosensors, HPLC and

spectrophotometry, Food Chem. 138 (2013) 220-226.

[18] N. Perakis, C.M. Wolff, Kinetic approach for the enzymic determination of creatinine,

Clin. Chem. 30 (1984) 1792-1796.

[19] A.A. Lahcen, S.A. Errayess, A. Amine, Voltammetric determination of sulfonamides

using paste electrodes based on various carbon nanomaterials, Microchim. Acta 183

(2016) 2169-2176.

[20] J. Liu, Y. Wang, X. Liu, Q. Yuan, Y. Zhang, Y. Li, Novel molecularly imprinted
polymer (MIP) multiple sensors for endogenous redox couples determination and their

applications in lung cancer diagnosis, Talanta 199 (2019) 573-580.

[21] A.G. Ayankojo, J. Reut, V. Ciocan, A. Opik, V. Syritski, Molecularly imprinted
polymer-based sensor for electrochemical detection of erythromycin, Talanta (2019)

120502.

18



528
529
530

531
532
533

534
535
536
537

538
539

540
541
542
543

544
545
546

547
548

549
550

551
552
553
554
555
556

[22] P.S. Sharma, A. Pietrzyk-Le, F. D’Souza, W. Kutner, Electrochemically synthesized
polymers in molecular imprinting for chemical sensing, Anal. Bioanal. Chem. 402 (2012)

3177-3204.

[23] G. Lai, H. Zhang, J. Yong, A. Yu, In situ deposition of gold nanoparticles on
polydopamine functionalized silica nanosphere for ultrasensitive nonenzymatic

electrochemical immunoassay, Biosens. Bioelectron. 47 (2013) 178-183.

[24] D. Martin-Yerga, A. Pérez-Junquera, M.B. Gonzélez-Garcia, J.V. Perales-Rondon, A.
Heras, A. Colina, D. Hernandez-Santos, P. Fanjul-Bolado, Quantitative Raman
spectroelectrochemistry using silver screen-printed electrodes, Electrochim. Acta 264

(2018) 183-190.

[25] N.V. Skorodumova, S.I. Simak, Stability of gold nanowires at large Au-Au separations,
Phys. Rev. B 67 (2003) 121404-121414.

[26] A.M. Mahmoud, M.M. El-Wekil, M.H. Mahnashi, M.F. Ali, S.A. Alkahtani,
Modification of N, S co-doped graphene quantum dots with p-aminothiophenol-
functionalized gold nanoparticles for molecular imprint-based voltammetric

determination of the antiviral drug sofosbuvir, Microchim. Acta 186 (2019) 617.

[27] P. Bondioli, L. Della Bella, An alternative spectrophotometric method for the
determination of free glycerol in biodiesel, Eur. J. Lipid Sci. Technol. 107 (2005) 153-
157.

[28] S. Kumar, K.S. Gandhi, R. Kumar, Modeling of formation of gold nanoparticles by
citrate method, Ind. Eng. Chem. Res. 46 (2007) 3128-3136.

[29] N.D. Zakaria, N.A. Yusof, J. Haron, A.H. Abdullah, Synthesis and evaluation of a
molecularly imprinted polymer for 2, 4-dinitrophenol, Int. J. Mol. Sci. 10 (2009) 354-365.

[30] F.J. Arévalo, Y. Osuna-Sanchez, J. Sandoval-Cortés, A. Di Tocco, A.M. Granero, S.N.
Robledo, M. Alicia Zon, N. Roberto Vettorazzi, J. Luis Martinez, E. Patricia Segura, A.
[lin4, H. Fernandez, Development of an electrochemical sensor for the determination of
glycerol based on glassy carbon -electrodes modified with a copper oxide

nanoparticles/multiwalled carbon nanotubes/pectin composite, Sens. Actuators B Chem.

244 (2017) 949-957.

19



557
558
559

560
561
562
563

564
565
566
567

568
569
570

571
572
573

574
575
576

577
578
579

580
581
582
583

584
585
586
587

[31] M.L. Yola, T. Eren, N. Atar, A molecular imprinted voltammetric sensor based on
carbon nitride nanotubes: application to determination of melamine, J. Electrochem. Soc.

163 (2016) B588-B593.

[32] V.R.R. Bernardo-Boongaling, N. Serrano, J.J. Garcia-Guzman, J.M. Palacios-Santander,
JM. Diaz-Cruz, Screen-printed electrodes modified with green-synthesized gold
nanoparticles for the electrochemical determination of aminothiols, J. Electroanal.

Chem. 847 (2019) 113184.

[33] A. Diouf, M. Moufid, D. Bouyahya, L. Osterlund, N. El Bari, B. Bouchikhi, An
electrochemical sensor based on chitosan capped with gold nanoparticles combined with a
voltammetric electronic tongue for quantitative aspirin detection in human physiological

fluids and tablets, Mater. Sci. Eng. C (2020) 110665.

[34] M. Zhou, T.L. Eberhardt, B. Cai, C.Y. Hse, H. Pan, Dynamic dielectric properties of a
wood liquefaction system using polyethylene glycol and glycerol, ACS Sustain. Chem.
Eng. 5 (2016) 1123-1131.

[35] Y. Sun, H. Yang, X. Yu, H. Meng, X. Xu, A novel non-enzymatic amperometric glucose
sensor based on a hollow Pt—Ni alloy nanotube array electrode with enhanced sensitivity,

RSC Adv. 5 (2015) 70387-70394.

[36] A. Diouf, N. El Bari, B. Bouchikhi, A novel electrochemical sensor based on ion
imprinted polymer and gold nanomaterials for nitrite ion analysis in exhaled breath

condensate, Talanta (2019) 120577.

[37] S. Motia, LLA. Tudor, P.A. Ribeiro, M. Raposo, B. Bouchikhi, N. El Bari,
Electrochemical sensor based on molecularly imprinted polymer for sensitive triclosan

detection in wastewater and mineral water, Sci. Total Environ. 664 (2019) 647-658.

[38] Y. Aghoutane, A. Diouf, L. Osterlund, B. Bouchikhi, N. El Bari, Development of a
molecularly imprinted polymer electrochemical sensor and its application for sensitive

detection and determination of malathion in olive fruits and oils, Bioelectrochemistry, 132

(2020) 107404.

[39] S. Motia, I.LA. Tudor, L.M. Popescu, R.M. Piticescu, B. Bouchikhi, N. El Bari,
Development of a novel electrochemical sensor based on electropolymerized molecularly
imprinted polymer for selective detection of sodium lauryl sulfate in environmental

waters and cosmetic products, J. Electroanal. Chem. 823 (2018) 553-562.
20



588
589
590

591
592
593

594
595
596

[40] M.B. Lima, M. Insausti, C.E. Domini, M.F. Pistonesi, M.C.U. de Araujo, B.S.F. Band,
Automatized flow-batch method for fluorescent determination of free glycerol in

biodiesel samples using on-line extraction, Talanta 89 (2012) 21-26.

[41] A. Pop, F. Manea, A. Remes, A. Baciu, C. Orha, N. Vaszilcsin, S. Picken, J. Schoonman,
Silver-functionalized multi-wall carbon nanotubes composite electrode for non-enzymatic

detection of glycerol, IEEE Sens. J. (2011) 581-584.

[42] T. Wu, T. Li, Z. Liu, Y. Guo, C. Dong, Electrochemical sensor for sensitive detection of
triclosan based on graphene/palladium nanoparticles hybrids, Talanta 164 (2017) 556-
562.

21



597

598
599
600
601
602
603
604
605
606
607
608
609

610
611
612

613
614
615

616
617
618

619

620

Figure captions

Fig. 1. Electrochemical comparison in 5 mM [Fe(CN)s]*’* in PBS buffer at pH 7.0 of: Au-
SPE, Au-SPE/ MIP, Au-SPE/ AuNPs/ MIP and Au-SPE/ MIP+AuNPs: (A) Cyclic
voltammograms and (B) Calibration curves.

Fig. 2. Electropolymerization of (A) MIPs electrode and (B) NIPs electrode using cyclic
voltammograms.

Schematic 1. Procedure of the MIP sensor preparation.

Fig. 3. EDS results of: (A) Bare Au-SPE, (B) After electropolymerization and (C) After
glycerol extraction.

Fig. 4. Electrochemical characterization in PBS buffer (pH 7.0) containing 5 mM [Fe(CN)o]*
" of Au-SPE, Au-SPE/ MIP+AuNPs (before template removal), Au-SPE/ MIP+AuNPs (after
template removal) and Au-SPE/ NIP+AuNPs: (A) Cyclic Voltammograms and (B) Nyquist
plots.

Fig. 5. Optimization of factors affecting the performance of the MIP sensor in PBS buffer (pH
7.0) containing 5 mM [Fe(CN)6]3'/4': (A) Effect of the cycles number, (B) pH, (C) Extraction

and (D) Incubation times on the current response.

Fig. 6. Differential pulse voltammograms in 5 mM of [Fe(CN)s]*"* obtained after glycerol
detection at different concentrations on (A) MIP and (B) NIP sensors; Normalized calibration

curves corresponding to (C) MIP and (D) NIP sensors.

Fig. 7. Nyquist impedance plots in 5 mM of [Fe(CN)s]*"* for glycerol detection at different
concentrations on (A) MIP and (B) NIP sensors; Normalized calibration curves of (C) MIP
and (D) NIP.

Fig. 8. Sensor responses toward interfering molecules.

Fig. 9. (A) Working and (B) Storage stabilities of the MIP sensor.

22



