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ARTICLE INFO ABSTRACT
Keywords: Developing simple, cost-effective, easy-to-use, and reliable analytical devices if of utmost
4,4'-methylene diphenyl diamine importance for the food industry for rapid in-line checks of their products that must comply with
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the provisions set by the current legislation. The purpose of this study was to develop a new
electrochemical sensor for the food packaging sector. More specifically, we propose a screen-
printed electrode (SPE) modified with cellulose nanocrystals (CNCs) and gold nanoparticles
(AuNPs) for the quantification of 4,4'-methylene diphenyl diamine (MDA), which is one of the
most important PAAs that can transfer from food packaging materials into food stuffs. The
electrochemical performance of the proposed sensor (AuNPs/CNCs/SPE) in the presence of 4,4'-
MDA was evaluated using cyclic voltammetry (CV). The modified AuNPs/CNCs/SPE showed the
highest sensitivity for 4,4'-MDA detection, with a peak current of 9.81 pA compared with 7.08 pA
for the bare SPE. The highest sensitivity for 4,4’-MDA oxidation was observed at pH = 7, whereas
the detection limit was found at 57 nM and the current response of 4,4’-MDA rose linearly as its
concentration increased from 0.12 pM to 100 pM. Experiments using real packaging materials
revealed that employing nanoparticles dramatically improved both the sensitivity and the
selectivity of the sensor, which can be thus considered as a new analytical tool for quick, simple,
and accurate measurement of 4,4’-MDA during converting operations.

1. Introduction

Primary aromatic amines (PAAs) are toxic chemicals that can transfer from food packaging materials, including polyurethane (PU)
adhesives, into packaged foods. The most established route for PAAs formation in multilayer packaging materials containing aromatic
PU adhesives relies on the migration of residual isocyanic monomers into the package, where they react with water molecules in the
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package headspace. Nevertheless, for foods that have undergone thermal treatments (e.g., pasteurization and sterilization), an
alternative route of PAA generation involving secondary bonds on the main PU backbone (i.e., biuret and allophanate bonds) should
also be considered [1].

Risk assessment concerning the possible presence of PAAs in PU-based food packaging materials must be performed in accordance
with current European regulations [2]. To this end, several analytical approaches such as spectrophotometry, chromatography,
titration, electrophoresis, chemiluminescence, and fluorimetry have been successfully developed to identify and quantify PAAs.
However, these approaches have several limitations. They are laborious, expensive, time-consuming, and they require large sample
volumes and highly trained personnel, particularly for quality control in the food industry [3-7].

More recently, to overcome the limitations of conventional methods, smart sensors, specifically screen-printed electrochemical
sensors, have attracted considerable attention owing to their ability to replace more complex techniques for detecting a wide range of
substances, even in very small amounts [8]. Screen-printed electrodes (SPEs), in particular, are reliable, single-use planar devices that
are produced by printing different inks on plastic, glass, or ceramic substrates [8]. The main advantage of SPEs is the miniaturization of
a more complex electrochemical setup (which includes a working, reference, and counter electrode in an electrochemical cell) in one
device [9]. First, this enables the use of a limited sample volume. Second, it is possible to adapt the performance of the electrode by
modifying the composition of the inks/coatings on its surface according to the specific analyte to be detected. The low cost of SPEs
(between 0.7 and 1.0 €/piece) allows the use of one electrode for each individual measurement so that fouling on the surface of the
electrode can be avoided or at least minimized during electrochemical measurements [10,11]. Finally, in spite of their simplicity and
ease of use, SPEs afford high reproducibility and sensitivity, and they do not require pre-treatment, such as electrode polishing, as other
electrode materials do [12]. As for all electrochemical sensors, in SPEs the applied voltage initiates a redox reaction on the working
electrode, resulting in a measurable current proportional to the concentration of the target analyte [13]. However, a bare SPE has low
conductivity and low surface area, which can negatively affect the performance of the electrode. Therefore, modification of the
electrode surface with metallic nanoparticles and carbon-based nanomaterials has been proposed as promising strategy to improve the
electrode’s surface area, electrical conductivity, and electrocatalytic properties [14-16].

In recent years, different electrochemical sensors have been developed by our group to detect PAAs. Ghaani et al. fabricated two
nanosensors to quantify 2,4-diaminotoluene (TDA) and 4,4’-methylene diphenyl diamine (MDA). In these works, a glassy carbon
electrode modified by different bionanocomposites of gold nanoparticles, multiwalled carbon nanotubes, and chitosan has been used
as the transducer [13,15]. In another study, multiwalled carbon nanotubes and carbon mesoporous nanocomposite were used to
modify a glassy carbon electrode to quantify 2,6-TDA migrating from multilayer packaging materials into food products [17].
Recently, screen-printed electrodes have gained popularity in the food industry. Hong et al. used polyethyleneimine, reduced graphene
oxide, and gold nanoclusters for the detection of p-lactoglobulin in milk with high sensitivity [18]. Topsoy et al. fabricated a
screen-printed electrode with a low detection limit of 2.88 nM for the quantification of diazinon [19]. Nejad et al. achieved excellent
recoveries and a low limit of detection for sunset yellow detection in food using a screen-printed graphite electrode (SPGE) modified
with MnO; nanorods anchoring graphene oxide nanocomposite [20]. Additionally, Arreguin-Campos et al. successfully applied a
functionalized screen-printed electrode for the thermal detection of E. coli in dairy products for the first time [21]. These examples
have demonstrated the potential of screen-printed electrodes to achieve accurate and sensitive detection of various compounds in the
food industry.

In this work, we now attempt to translate all previous information and knowledge acquired on conventional lab-scale devices on a
smaller and yet commercially-advantageous analytical devices (i.e., the SPEs). This work is the first of its kind because, based on our
knowledge, there are no studies investigating SPEs specifically developed to detect PAAs. The main advantage of these novel electrodes
is the higher suitability for ‘in-field’ applications than conventional electrodes, mainly due to a simpler cell set up. Hence, SPEs
modified with appropriate nanomaterials can pave the way for sensitive, precise, easy, and in-field detection of PAAs. To this goal, a
gold nanoparticles-nanocellulose hybrid nanomaterial has been used in this study to modify the surface of the SPE. The combination of
AuNPs and CNCs was aimed at achieving remarkable selectivity and a low detection limit for 4,4’-MDA. The final AuNPs/CNCs/SPE
was fully characterized its electrochemical properties were discussed in depth.

2. Materials and methods
2.1. Chemicals and apparatus

All the chemicals used in the present study were the same as in our previous investigations on the quantification of PAAs using
conventional ‘macro’ electrodes, as well as the apparatuses used (i.e., the potentiostat and pH-meter) [13,15,17].

CNCs were produced according to the procedure proposed in our previous work [22], which consisted in an acid hydrolysis of
bacterial cellulose obtained from Komagataeibacter sucrofermentans to separate the amorphous regions from the residual crystalline
domains, i.e., CNCs.

2.2. Preparation of a modified screen-printed electrode

Commercial SPEs (DropSens C110, Metrohm, Herisau, Switzerland) are electrochemical sensors made of a carbon working elec-
trode, a carbon counter electrode and a silver pseudo-reference electrode. SPEs were modified with CNCs via drop casting. A small
volume (6 pL) of CNCs was cast on the working electrode surface and dried for 10 min using a double-bulb infrared light placed 40 cm
far from the sample. As the last step, 4 pL of AuNPs solution were dropped on the CNCs/SP electrode to obtain the final sensor (AuNPs/
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CNCs/SPE), which was then dried as previously described. For comparison purpose, CNCs/SP and AuNPs/SP electrodes were also
prepared and subjected to investigation (Scheme 1).

The effective surface area of the AuNPs/CNCs/SPE was determined by cyclic voltammetry (CV) using a solution of 1.0 mM Kgs[Fe
(CN)g] at various scan speeds. The Randles-Sevcik formula (Eq. (1)) was used for a reversible process [23,24]:

e =2.69 x 10°n”AC,D"v" )

where I, is the anodic peak current (pA), v is the scan rate (mV s‘l), n is the number of electrons transported, A is the electrode surface
area (cmz), D is the diffusion coefficient (cm2 s’l), and Cj is the K3[Fe(CN)g] concentration [23,25]. The effective mean area of the
AuNPs/CNCs/SPE (0.176 + 0.022 cm?) was determined as the slope of I, versus V2,

2.3. Surface morphology of the modified electrode

The surface of the CNCs-, AuNPs-, and AuNPs/CNCs-modified SPEs was observed by means of a field emission scanning electron
microscope. The modified SPEs were first sputtered with Pt/Pd (60/40) for 20 s at a current of 80 mA under an argon atmosphere.
Images were captured using a 1-5 kV acceleration voltage and a 10 pA electrode current.

2.4. Real tests on commercial multilayer packaging films

The behavior of the modified electrodes was evaluated in a real sample setting (laminate packaging materials made using PU
adhesives) using the same method proposed in our previous work [15]. In brief, pouches made of three layers with a surface area of 1
dm? were filled with 100 mL of simulant B (acetic acid solution at 3 w/v %) and placed in an autoclave at 121 °C for 20 min.

Following the heat treatment, appropriate amounts of 4,4’-MDA were added to 20 mL simulant B/(B-R) universal buffer (1:1)
mixture and detected by differential pulse voltammetry (DPV), yielding the final analyte recovery (%).

2.5. Statistical analysis

Statgraphics Plus 4.0 software (STSC, Rockville, MD, USA) was used for data analysis, whereas potential differences among samples
were assessed by one-way analysis of variance. The significance level (p) was set at 0.05. Unless otherwise stated, all the analyses were
performed in triplicate.

3. Results and discussion
3.1. Morphological characterization of modified SPEs

Fig. 1 shows the surface morphology of the modified electrodes as revealed by FE-SEM images. In consideration of the fact that the
bare electrode surface is very smooth and the FE-SEM image thereof is represented by a flat black background (image not shown), the
change in morphology arising from the modification of the bare SPE can be clearly seen. In particular, a visibly rough surface was
observed in the presence of CNCs (Fig. 1a), which was due to a fibrillar, rod-shaped morphology given to the individual CNCs
organized in bundles. The deposition of AuNPs led to a typical topography characterized by small nanoparticles clustered in larger
domains (Fig. 1b). However, the presence of AuNPs is hardly visible when they are deposited on top of the CNCs-modified electrode
most likely because they were encased in the CNCs framework (Fig. 1c).

3.2. Oxidation of 4,4'-MDA on the surface of the electrodes

CV was used to investigate the electrochemical performance of the different electrodes during the oxidation of 4,4'-MDA. Fig. 2
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Scheme 1. Schematic illustration of the preparation of the AuNPs/CNCs/SPE.
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Fig. 2. Cyclic voltammograms in B-R buffer (pH 7.0) at a 50 mV s~! scan rate of (a) bare SPE, (b) AuNPs/SPE, (c) CNCs/SPE, and (d) AuNPs/CNCs/
SPE in the presence of 500 uM 4,4'-MDA.
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displays the CV responses of the bare SPE, CNCs/SPE, AuNPs/SPE, and AuNPs/CNCs/SPE in the presence of 500 pM 4,4’-MDA in a
Britton-Robinson (B-R) universal buffer solution (pH = 7) at a scan rate of 50 mV s~! whereas the oxidation peaks associated with
each curve are reported in Table 1.

The weakest peak current response (7.08 pA) pertained to the bare electrode (Fig. 2a). The modification with only AuNPs (Fig. 2b)
produced a significantly (p < 0.05) higher oxidation peak current, 7.55 pA. This finding proves that AuNPs can increase the con-
ductivity of the SPE to a certain extent. A further improvement was observed after the modification with CNCs, which generated an
oxidation peak of 7.99 pA for 4,4'-MDA at the same concentration (Fig. 2c), thus showing the greater capability of CNCs to increase the
surface of the electrode compared to AuNPs, in full agreement with the micrographs of Fig. 1. Modification of the electrode with both
AuNPs and CNCs yielded an additional shift of the CV plot to the highest level (Fig. 2d), which corresponded to the maximum peak
current measured in this work (9.81 pA) (Table 1). The observed rise in the peak current is a clear indication of the synergistic effect
that arises from the simultaneous use of CNCs and AuNPs. This effect can be likely attributed to the increased surface area and
electroactivity of the modified electrode. More specifically, CNCs provide a high surface area, while the AuNPs can be thought as
responsible of the high electrocatalytic activity that facilitates the electron transfer. Both higher surface area and electroactivity are
crucial to increase the efficiency of the electrochemical reactions and the electrode’s capacity for interaction with the analyte,
respectively. Overall, the simultaneous use of CNCs and AuNPs yielded a superior electrode performance, making this approach a
viable strategy for a wide range of electrochemical applications.

Interestingly, the 4,4’-MDA peak current on the bare SPE was greatly higher than the peak current recorded on a bare GCE in the
presence of the same analyte [15]. The same difference was observed by Jin and co-workers when detecting dopamine using both a SPE
and a GCE, which was explained in terms of differences in the working electrode structure [26,27].

However, the modification performed on the SPE resulted less effective than the modified GCE, which exhibited a maximum peak
current of 25.5 pA. Plausibly, this has to be ascribed to the different modification, which included multi-walled carbon nanotubes
(MWCNTSs) [15], as well as to different operating conditions (e.g., pH of the test).

3.3. Effect of pH

The pH of the medium is one of the most critical factors that greatly affects the performance of a sensor, especially as far as its
sensitivity is concerned. For this reason, CV tests were conducted using B-R buffer solutions with a pH ranging between 2 and 11
(Fig. 3). The highest oxidation peak current was recorded at pH = 7. As a result, all subsequent studies were carried out at this pH
value. This value is lower than the optimum pH value found in our previous work [15]. However, this can be due to the different type of
sensor used (GCE vs SPE), as also confirmed by Salimi et al. [28] and Huang et al. [29], who used different types of electrodes to detect
dopamine. Their findings suggest that the same molecule may exhibit the best oxidation peak at different pH values depending on the
electrode type and composition.

The oxidation peak potential, Ey,, decreased according to a quasi-linear trend (Ep, = —31.42 pH + 629.89; R? = 0.912) as the pH
was increased, thus suggesting the active involvement of protons in the 4,4’-MDA oxidation reaction. According to the previously
shown linear regression equation, the oxidation peak potential is shifted downward by 31.42 mV per pH unit. Based on the Nernst
equation, a slope of 0.0592/2 shows a proton-to-electron ratio of 2:1, implying that one proton for every two electrons was engaged
during the 4,4’-MDA oxidation.

3.4. Influence of scan rate

Fig. 4 displays the CVs of 500 uM 4,4'-MDA in B-R buffer solution at various scan rates (10-45 mV s~ 1). The relationship between
peak height (I) and the square root of scan rate (v}?) was linear, suggesting that, at appropriate overpotential, the process is diffusion-
controlled rather than surface-controlled (Fig. 4, inset). In addition, this linear relationship indicates that no 4,4’-MDA absorption on
the AuNPs/CNCs/SPE coating occurred before oxidation.

Laviron’s theory, which is an appropriate technique for investigating the kinetic mechanism of the electrode with respect to the
analyte, was then used in this study to gather information on the overall number of electrons (n) that took part within the electro-
catalytic process. The following equation (Eq. (2)) can be thus used to calculate the anodic peak potential (Ep,) as a function of the
natural logarithm of the scan rate (In v) for a completely irreversible electrode process [30]:

RT RTK® RT
Ep, =E'+ (aﬁ) ln( anF) + (ﬁ) Inv 2)

Table 1
Oxidation peak current (I,) of 4,4'-MDA (500 pM) on the surface of different modified electrodes at pH = 7.0.
Different superscript letters indicate statistical differences between the tested electrodes (p < 0.05).

Electrode Oxidation peak current (pA) Drying method
Bare SPE 7.08 + 0.06* -

AuNPs/SPE 7.55 + 0.10° IR lamp
CNCs/SPE 7.99 + 0.15¢ IR lamp
AuNPs/CNCs/SPE 9.81 +0.13¢ IR lamp
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Fig. 3. Effect of pH on the oxidation peak current and potential of 4,4'-MDA (500 pM) at the AuNPs/CNCs/SPE surface. Scan rate: 50 mV s~*.
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where a is the transfer coefficient, n is the electron transfer number, v is the scanning rate, E° is the formal redox potential, R is the gas
constant (8.314 J mol ! K’l), T is the absolute temperature, and F is the Faraday constant (9.648 x 10* C mol ™). It is worth noting
that the elaboration of data contained in the raw voltammograms presented in Fig. 4 perfectly fit the mathematical relationship
expressed by Eq. (2), thus allowing the discovery of a linear relationship between Ej, and In (v), as showed by the equation Ep(V) =
0.024 In (v) (mV s_l) + 0.3454 (Fig. 5). The slope of Ep, vs In (v), which is RT/nF, can be used to calculate the electron transfer number
(n) using Laviron’s equation. After the proper substitutions, the final value of n 2.14 ~ 2 was achieved, which indicates that a two-
electron transfer mechanism is involved in the electrochemical oxidation of 4,4’-MDA at the AuNPs/CNCs modified SPE.

3.5. Chronoamperometry measurements

To gain additional insight into the electrochemical oxidation of 4,4’-MDA on the surface of AuNPs/CNCs/SPEs, chronoampero-
metric studies were carried out by fixing the potential of the electrode at 550 mV and testing solutions with various concentrations of
4,4'-MDA, from 0.02 mM to 1.2 mM in B-R buffer (Fig. 6).

For an electroactive material with a diffusion coefficient D, the current response under diffusion control is described by the Cottrell
equation (Eq. (3)):

FAD'/?C,
=2 1/241/2 . €)
/2t

where n is the number of electron transfers per reactant molecule which is equal to 2, F is the Faraday constant, A is the electrode
effective surface area (0.176 cmz), t is the observation time (s), Cp, (mol cm~3) is the concentration of 4,4'-MDA and D (em?s V) is the
diffusion coefficient of 4,4’-MDA.

Different linear curves were generated by plotting I against ¢ /2 for 4,4'-MDA concentrations ranging from 0.02 mM to 1.2 mM

(Fig. 6a). The slope of each straight line versus 4,4-MDA concentration allowed the total slope of the best-fit line (Fig. 6b) to be
calculated using (Eq. (4)):

FAD'/?
1[]/2 = nT/sz (4)
In particular, D can thus be drawn from (Eq. (5)):

(slope)*n
— 5
(nFAC,) 2

Within the Cottrell equation, the overall slope was employed to get a diffusion coefficient of 2.82 x 107% cm? s~1. This value is lower
than the coefficient of diffusion calculated in the case of a modified GCE (9.49 x 10~° cm?s™ D) [1 5], which plausibly reflects the
different mechanism of transfer due to both type of electrode and nature of the modification.

3.6. Differential pulse voltammetric studies

In this work, the sensitivity of the AuNPs/CNCs screen-printed electrode to 4,4’-MDA was investigated by differential pulse
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Fig. 6. Chronoamperograms obtained at AuNPs/CNCs/SPE in B-R buffer solution (pH 7.0) for various 4,4’-MDA concentrations (0.02-1.2 mM).

Insets: (a) plots of I vs. 172 gained from the chronoamperograms. (b) plot of the slope of the straight lines against 4,4'-MDA concentration.
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voltammetry (DPV).

To obtain the DP voltammograms of 4,4’-MDA, appropriate volumes of the stock solutions of 4,4’-MDA were added to the cell
containing B-R buffer (9 mL) for a total volume of 10 mL. Fig. 7 shows the voltammetric response of 4,4-MDA at different concen-
trations. The calibration curve of 4,4-MDA was linear across a single concentration range (0.12-100 uM) (inset of Fig. 7). The pro-
posed sensor’s lower limit of detection (LOD) was computed using the equation below (Eq. (6)):

LOD=(3xSy) /m (6)

where the slope of the linear range in the voltammetric plot (m) was 0.0576 A )~ ! and Sp1 is the standard deviation of the current
response (pA) derived from the blank solution (10 replicates). Eventually, the AuNPs/CNCs/SPE LOD value was calculated to be 0.057
pM.

A comparison of our work with the study carried out by Ghaani et al. shows that the modified GCE had a lower LOD than the
modified SPE of this study (AuNPs/CNCs/SPE) [15], somehow in line with our previous observations on the higher performance of a
GCE system. As reported in the literature, a higher LOD of modified SPEs compared to modified GCEs was confirmed by other authors.
For example, the LOD of a GCE modified with MWCNTs-AuNPs for bisphenol A was 7.5 nM [31], while the LOD of a magnetic-activated
carbon-cobalt modified SPE for the same analyte was 10 nM [32]. Jin et al. found a LOD of 20 nM for the dopamine detection using a
poly (p-aminobenzene sulfonic acid)-modified GCE [26], whereas Moreno et al. calculated a LOD of 60 nM for dopamine on graphene
quantum dots/ionic liquid-modified SPE [27]. Interestingly, both a GCE and a SPE with the same modification were used for the
detection of catechol [33,34]. LOD values were found at 41 nM and 100 nM, respectively. Accordingly, GCEs seem to achieve a lower
detection limit than SPEs.

3.7. Interference study

Interference effects generated by the simultaneous presence of electroactive compounds in the target solution can affect adversely
the performance of the sensor. In the case of multilayer packaging materials, a variety of additives are added to the films during the
extrusion process. These additives can migrate from the films thus decreasing the electrode performance toward the target analyte. As
a result, in this study we examined the electrocatalytic efficacy of the AuNPs/CNCs/SPE against 4,4’-MDA in the presence of a variety
of possibly interfering chemicals.

The modified screen-printed was tested against two additives commonly used in polyolefins, namely Irganox® 1010 and Irgafos®
168, which are used as antioxidant and processing stabilizer, respectively. DPV experiments (data not shown) revealed that no increase
in the current response was observed after the addition of these compounds (40 pM) to the 4,4’-MDA containing solution, demon-
strating that the fabricated sensor is suitable for selective 4,4’-MDA detection.

Lastly, a relative standard deviation (RSD) of 3.65% was obtained when a single modified electrode (AuNPs/CNCs/SPE) was used
for five consecutive measurements in the same 4,4'-MDA solution (10 pM), hence demonstrating the high performance of the sensor in
terms of repeatability. Similarly, the reproducibility of the proposed sensor was investigated through DP voltammograms at 10 pM
4,4'-MDA using five independent distinct sensors of the same configuration (AuNPs/CNCs/SPE). The measured RSD (4.20%) indicates
good reproducibility of the fabricated sensor.

3.8. Real sample analysis

The AuNPs/CNCs/SP electrode was also tested for its capability to detect and quantify 4,4’-MDA in real sample experiments. For
this reason, food simulant B (3 w/v % acetic acid water solution) was employed within a pouch that was subsequently subjected to
121 °C for 20 min (sterilization conditions). The conventional addition model was used to evaluate the modified electrode’s ability to
detect 4,4-MDA. As can be seen in Table 2, the AuNPs/CNCs-modified electrode worked efficiently, with high recovery
(98.20-104.07%). This result clearly shows that the AuNPs/CNCs/SPE may be utilized to detect 4,4-MDA migration from multilayer
packages that have been subjected to thermal stresses. SPE’s recovery was slightly higher than GCE’s, which is consistent with other
studies [15,31,32].

4. Conclusions

In this work, the detection of 4,4-MDA, one of the most hazardous PAAs that might contaminate foods by migrating from
multilayer PU adhesive-based packaging materials, was proposed by developing a new screen-printed electrode modified with CNCs
and AuNPs. The simultaneous use of CNCs and AuNPs was highlighted as the main reason for superior sensitivity of the modified sensor
over the bare SPE as far as the electro-oxidation of 4,4’-MDA was concerned. This work demonstrated the excellent analytical per-
formance of the modified SPE towards 4,4'-MDA, especially at pH 7.0, whereby the electrode exhibited a limit of detection of 0.057 uM
and a linear detection range from 0.12 to 100 pM of 4,4’-MDA, with simultaneous satisfactory repeatability and reproducibility. For
these reasons, the proposed sensor could be a viable alternative to conventional analytical instrumentation used for the detection of
PAAs, particularly for quality control in converting operations of the food packaging industry.
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Fig. 7. Differential pulse voltammetry response of AuNPs/CNCs/SPE in 10 mL B-R buffer (pH = 7.0) containing different concentrations of 4,4'-
MDA (0.12-100 pM). The peak current against 4,4-MDA concentration is shown in the inset of the plot.

Table 2
Amount of added (spiked) and measured 4,4'-MDA at the AuNPs/CNCs/SPE surface, with resulting recovery percentage after the migration test using
the acidic food simulant (simulant B) under typical sterilization conditions (121 °C for 20 min).

Sample Spiked (pM) Found (uM) Recovery (%)
Laminate structure (PET/EVOH/PE) including a PU adhesive 0 - -
5 4.91 98.20
40 41.63 104.07
80 79.02 98.77
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