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Abstract

In this study, a novel biosensing system for the determination of biotin (BTN) based on electrodeposition of
palladium-iron-nickel (PdFeNi) trimetallic alloy nanoparticles (NPs) onto a glassy carbon electrode (GCE) modified
with a room-temperature ionic liquid (RTIL)-chitin (Ch) composite film (PdFeNi/ChRTIL/GCE) is established. NPs
have a wide range of applications in science and technology and their sizes are often measured using transmission
electron microscopy (TEM) or X-ray diffraction. Here, we used a pattern recognition method (digital image
processing, DIP) for measuring particle size distributions (PSDs) from scanning electron microscopic (SEM) images
in the presence of an uneven background. Different depositions were performed by varying the number of cyclic
potential scans (N) during electroreduction step. It was observed that the physicochemical properties of the deposits
were correlated to the performance of the PdFeNi/ChRTIL/GCE with respect to BTN assay. The best results were
obtained for eight electrodeposition cyclic scans, where small-sized particles (19.54+6.27 nm) with high density
(682 particles pm™) were obtained. Under optimized conditions, a linear range from 2.0 to 44.0x10° mol L™ and a
limit of detection (LOD) of 0.6x10™ mol L™ was obtained. The PdFeNi/ChRTIL nanocomposite showed excellent
compatibility, enhanced electron transfer kinetics, large electroactive surface area, and was highly sensitive,
selective, and stable towards BTN determination. Finally, the PAFeNi/ChRTIL/GCE was satisfactorily applied to the

determination of BTN in infant milk powder, liver, and egg yolk samples.
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1. Introduction

Biotin (BTN, also called vitamin B6, B7 or H, Fig. 1) is a water-soluble vitamin and an essential co-factor for five
BTN-dependent carboxylase enzymes. It is synthesized in a wide variety of bacteria and plants. However, several
microorganisms as well as higher animals are notable to synthesize it and their needs in this vitamin are met by
dietary intake [1]. Besides the typical clinical features, recent evidence indicates that the pregnant women develop
BTN deficiency during normal pregnancy [2,3].

Although a maximum level of BTN in food is not specified, 1.5 mg in 100 kcal is recommended by the
current regulation in infant formula in substitution of breast-milk to satisfy the nutritional requirements of infants
during the first months of life [4]. Consequently, the diagnosis of BTN deficiency and the monitoring of its levels in
patients receiving BTN treatment are important issues as well as its determination in foods and food supplement
products. For this reason, analytical methods were developed in order to determine BTN in biological fluids as well
as in food products and pharmaceutical preparations [5-10]. The analytical techniques for biotin determination can
be divided into four main categories: (1) Microbiological methods, based on growth of microorganisms in presence
of BTN, are very sensitive but they lack specificity and they are very time-consuming [11]. (2) Biological
techniques are based on the animal development curve. These are used mainly for the determination of BTN in food
[11]. (3) Binding assays make use of formation of a specific avidin (or streptavidin)-BTN complex [11]. (4) The last
group of methods includes all physicochemical methods such as spectrophotometry, polarography, thin layer
chromatography, gas chromatography, high performance liquid chromatography and capillary zone electrophoresis
[11,12]. However, these methods suffer from some disadvantages such as high costs, long analysis times and
requirement for sample pretreatment, and in some cases low sensitivity and selectivity that makes them unsuitable
for routine analysis. To overcome these defects, electrochemical methods which are low costs are used extensively

for the elegant and sensitive properties such as selectivity, simplicity, repeatability, and reproducibility [13-17].
Chitin (Ch) is the second most abundant polysaccharide in biomass after cellulose with excellent film
forming ability, biocompatibility, nontoxicity, good water permeability and high mechanical strength. Ch production

was about 25,000 tons in 2006 [18].This polymer is a linear chain consisting of poly B (1-4) N-acetyl-d-
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glucosamine. Ch is usually isolated from the exoskeletons of crustaceans and more particularly from shrimps and
crabs where a-chitin isomorph is produced [19]. Ch is largely widespread in biomass [20], and its main application

is in the production of its water-soluble derivative chitosan. Ch and chitosan have exactly the same chemical

structure, corresponding to the series of linear copolymers of (1-4)-2-amino-2-deoxy-B- D-glucan and (1-4)-2-

acetamido-2-deoxy-p-D-glucan. Ch can accumulate metal ions through various mechanisms, such as chelation,
electrostatic attraction, and ion exchange, depending on the nature of the metal ion and pH of the solution.
Room-temperature ionic liquids (RTILs) are liquid (molten) salts that exist for certain salts in a liquid
state at and above room-temperature because of the particular kinds of interactions between certain cations and
anions. In recent years, the research and development of RTILs to achieve the functions of low-flammability, low
volatility, low-viscosity, and high electrochemical stability have been actively promoted [21-24]. Against such a
background, applications such as various electrochemical devices (lithium secondary batteries [25-28], fuel cells
[28,29], electric double-layer capacitors [30], dye-sensitized solar cells [31], field-effect transistors [32,33] etc.),
tribology solvents [34], synthetic solvents [35], and biomass solvents [36] as functional uses of RTILs have been

developed.

Nanoparticles (NPs) have been used extensively in the fields of physical, chemical and material sciences
in the past few years [37]. These materials having a high specific surface area, large pore size and unique features,
such as surface plasmon absorption, improved magnetic property, high reactivity, and enhanced catalytic activity
[38]. They are also expected to show advantages for use as electrocatalysts due to their large active surface areas,
small catalyst loading and abilities to prevent aggregation between particles [39]. Among the nanoparticles, metal
nanoparticles are objects of great interest in modern chemistry and materials research, where they find application in
such diverse fields as photochemistry, nanoelectronics, optics, catalysis and electrocatalysis [40]. Their sizes are
commonly linked directly to their catalytic activity, with different crystal nucleation and growth processes giving
rise to different particle size distributions (PSDs). PSDs are measured routinely in industrial environments, with the

requirement that they should be statistically meaningful. The adsorption technique for the determination of metal



particle size is based on the fact that over an appropriate temperature range certain gases such as ethylene, carbon
monoxide, oxygen and hydrogen form a chemisorbed monolayer on the surface of transition metals. It is an easy and
simple experimental technique. The surface of the metal area can be inferred from the amount of adsorbed gas in
combination with the metal content of the supported catalyst, only if assumptions are made about the particle shape
(normally assumed to be spherical or cubic) [41]. The two complementary techniques that are typically used are X-
ray diffraction and transmission electron microscopy (TEM). X-ray diffraction can be used to provide averaged
information from large numbers of particles, but the interpretation of the results can be difficult, especially if the
particles are not single crystals. TEM measurements rely on the acquisition of images and subsequent digital
processing from typically no more than a few hundreds of particles [42,43]. However, even using digital image
processing (DIP) tools, the quantification of the sizes and distributions of nanoparticles using TEM is difficult task.
First, for supported catalysts, the particle sizes of interest are in the range of nanometers. The detection and analysis
of small aggregates that are supported on amorphous or crystalline substrates is difficult, especially when the
particle size approaches that of phase contrast arising from the support [44,45]. Second, this difficulty is exacerbated
by the fact that the clusters may be present at different heights, they may be embedded in the support, they may be
overlapped by other particles and the support itself may be thick or rough. Although the visibility of metal
nanoparticles can often be enhanced by recording bright-field images slightly away from Gaussian focus, it is not
possible to perform accurate size measurements from such images because the image resolution is then poorer.
Inferences from bright-field TEM images are also complicated by diffraction effects, particularly as small particles
possess large reciprocal-space shape functions that can be intersected by the Ewald sphere at large tilts from zone
axes [46]. In order to provide statistically meaningful size distributions from scanning electron microscopy (SEM)
images, many particles should be analyzed. Manual segmentation of SEM images can be time-consuming because,
in most cases, it is difficult to analyze an image locally to obtain only the desired information from the particles. In
order to address these issues, we are going to use DIP that makes use of a locally varying threshold.

Alloy NPs are widely used in catalysis and sensing fields. Owing to the interaction among components

in alloy NPs, they generally show many favorable properties in comparison with the corresponding monometallic



counterparts, which include high catalytic activity, catalytic selectivity, and better resistance to deactivation [47].
Electrodeposition is the most controllable and robust technique for synthesis of metal NPs, in which the size,
density, composition of alloys and even the shape of NPs can be well-controlled by electrodeposition potential, time,

concentration, and composition of metal precursor solutions [48,49].

This paper presents a study concerning electrodeposition of PdFeNi trimetallic alloy NPs by cyclic
voltammetry (CV) onto a glassy carbon electrode (GCE) modified with a room-temperature ionic liquid (RTIL)-
chitin (Ch) composite film (PdFeNi/ChRTIL/GCE) aiming at BTN trace detection using differential pulse
voltammetry (DPV) which has been reported for the first time. Different deposits were obtained by varying the
number of cyclic potential scans during electroreduction step and we used a computerized method (DIP) for
measuring PSDs from SEM images in the presence of an uneven background. Finally the sensitivity of the best

resulting PAFeNi/ChRTIL/GCE sensor towards BTN assay was evaluated (Scheme 1).

2. Experimental and theoretical backgrounds
2.1. Experimental details
2.1.1. Chemicals and solutions

1-Ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide (EMIMBTI), Ch, and BTN were purchased from
Sigma-Aldrich. All other reagents were of analytical grade and used as received from Merck. A concentration of
0.05 mol L™ phosphate buffered solution (PBS, prepared from NaH,PO,, and Na,HPO,) was used to control the pH
at 4.0. [Fe(CN)s]>"* solution (redox probe, 5.0x10~ mol L") was prepared in PBS (0.05 mol L', pH 4.0) and used
for electrochemical impedance spectroscopic (EIS) measurements. A stock solution of BTN was prepared in PBS
(0.05 mol L™, pH 4.0) with a concentration level of 0.01 mol L', and was stored at dark in a refrigerator. Working
solutions were prepared by appropriate dilution of the stock solution. A stock solution of 0.2% Ch was prepared in
1.0% (v/v) acetic acid by ultrasonication for 30.0 min. Doubly distilled water (ddH,O) was used throughout the

study.



2.1.2. Apparatus and softwares

Electrochemical experiments were performed using a p-AutolabIIIl/FRA2 controlled by the Nova software (Version
1.8). A conventional three-electrode cell was used with a saturated calomel electrode (SCE) as reference electrode, a
Pt wire as counter electrode and a bare or modified GCE as working electrode. The EIS measurements were
performed in the redox probe solution and plotted in the form of complex plane diagrams (Nyquist plots). The SEM
experiments were performed by a KYKY-EM 3200 scanning electron microscope. A JENWAY-3345 pH-meter
equipped with a combined glass electrode was used to pH measurements. Energy dispersive X-ray spectroscopy
(EDS) was conducted by an EDS-integrated Hitachi S-4800 (Hitachi, Japan) for surface elemental composition
analysis. Digital image processing (DIP) was carried out using a MATLAB code and an adaptive thresholding
algorithm for particles counting (density estimation) and average diameter measurement. The density and average
size of PdFeNi NPs were evaluated from a 6.1 pm® GCE surface analysis. The recorded experimental data was
smoothed, when necessary, and converted to matrices by means of several homemade MATLAB files. All
computations were performed on a DELL XPS laptop (L502X) with Intel Core i17-2630QM 2.0 GHz, 8 GB of RAM
and Windows 7-64 as its operating system.

2.1.3. Preparation of the PdFeNi/ChRTIL/GCE

Prior to each modification, the GCE surface was polished successively by silicon carbide grinding paper (grit
1200.0) for 5.0 s, and by a 9.0, 5.0 and 1.0 um alumina slurry (Presi) on a cloth polishing pad for 10.0, 5.0 and 3.0
min, respectively. Between each polishing step, the surface was cleaned in an ultrasonic ethanol bath (5.0 min) in
order to remove any impurity. Finally, they were rinsed in an ultrasonic ddH,O bath (5.0 min) and dried for 1.0 min
using a N, stream. A distinct amount (15.0 pL) of EMIMBTI was added to the Ch solution (0.2%, 75.0 uL) and with
the aid of ultrasonic agitation a uniform solution (ChRTIL) was prepared. Then, 4.0 uL of ChRTIL solution was
dropped on the cleaned GCE and the solvent was evaporated by passing slow rate of warm air for 10.0 min. The

electrochemical deposition of PdFeNi trimetallic alloy NPs was performed using CV on ChRTIL/GCE in 0.2 mol L



! KCI solution containing 0.5x10° mol L™ PdCl,, 0.5x10™ mol L™ NiCl,, and 0.5x10~ mol L™ FeCls by scanning
potential from 0 to -1 V for a given number of scans (N).

2.1.4. Preparation of real samples

Three commercial infant formula milk powders (Aptamil, Similac and Bebelac), three pieces of Calf, Sheep and
Chicken livers, and three Goose, Turkey and Chicken eggs were purchased from local markets. Before the
experiments, the infant formula were mixed with 1.5% formic acid and then centrifuged for 10.0 min at 5000.0 rpm
and the supernatant was collected for further sample assay [50]. Liver and egg yolk samples were incubated with
2.25 mol L™ hydrochloric acid at 100.0 °C for 120.0 min. Then, the samples were centrifuged for 10.0 min at 5000.0
rpm and the supernatants were filtered through a 0.22 pm filter [51]. The filtrate was collected for further sample

assay. The BTN concentration was ascertained from calibration curve and reported as pg BTN in100.0 g sample.

2.2. Theoretical details

Image segmentation is an essential preliminary step in most automated pattern recognition and scene analysis
problems [52]. Segmentation is used to subdivide an image into its constituent regions, and its accuracy determines
the eventual success or failure of computerized analysis procedures. The detection of particles in a SEM image is
usually performed by thresholding the entire image at once using a single ‘‘global threshold’’ value. Individual
pixels in the image are then marked as “‘object’ pixels if their value is greater (or smaller) than a chosen threshold
intensity and as ‘‘background’’ pixels otherwise. This approach works well if all of the particles have a sufficiently
different intensity from that of the background. Once a binary (thresholded) image is obtained, an opening operator
(erosion followed by dilation) can be used to smooth the boundaries by removing small protrusions, to break narrow
isthmuses and to remove regions that are smaller than the size of a chosen structuring element. Choosing the size of
the kernel is possible to set a minimum size of particles to be detected. The image is then analyzed in order to
measure and count the particles [53,54]. Unfortunately, in most cases of practical interest it is difficult to find a
unique value for thresholding the entire picture correctly, and only a fraction of the particles in the image is outlined

correctly in the binary image.



In order to address these issues, a method for improving the thresholding step before processing such

3

images has been described [52]. The method is based on an ‘‘automatic local thresholding’’ algorithm, which is
applied to sub-regions of the image sequentially. The individual steps in the program include: (1) Selection of how
many sub-divisions to use. (2) Cutting of sub-images from the original. (3) Thresholding of each sub-image. The
output from this procedure is a binary image. (4) Opening (dilation plus erosion) with a chosen kernel size. (5)
Combination and analysis of the processed sub-images. The resulting binary image is processed, particles counted
and the boundaries are overlapped onto the original image to check the results. The algorithm assumes that each sub-
image to be thresholded contains two classes of pixels (e.g., foreground and background) and determines the optimal
threshold automatically, in one of the several ways. The simplest way consists of (1) scaling the intensities in each
sub-image and (2) selecting a threshold value equal to the median intensity range in each sub-image. After initial
segmentation (e.g., using the mid-point between the minimum and the maximum intensities), the average of the
intensities in each group of pixels is used to refine the threshold value. This procedure is repeated until the
difference between successive threshold values is smaller than a pre-defined value. A more sophisticated approach,

which is known as ‘‘Otsu’s method’” can be used to determine the optimal threshold separating two classes of pixels

so that the combined spread (intra-class variance) of the foreground and background pixels is minimized [55].

3. Results and discussion

3.1. Electrodeposition of PdFeNi trimetallic alloy NPs onto ChRTIL/GCE

In this study, ChRTIL/GCE was chosen as a platform for electrodeposition of PdFeNi trimetallic alloy NPs. As
suggested by other researchers, Ch can interact with the NPs, blocking the aggregation of NPs [56,57] and ILs have
low interfacial tension and thus can enhance the nucleation rate, which is favorable to the formation of smaller NPs
[58]. Nine ChRTIL/GCEs modified with PdFeNi trimetallic alloy NPs were elaborated using CV by scanning
potential from 0 to -1 V upon varying number of cyclic scans (V) from 1.0 to 28.0.

3.2. Characterizations

In order to characterize the PdFeNi trimetallic alloy NPs, SEM analyzes were carried out for nine significant values
of N (Fig. 2A-I). For analyzing the SEM images by adaptive thresholding it was necessary to have a bright
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background with gray objects therefore, the original SEM images were loaded in MATLAB Workspace and
inversed (Fig. 3A-I). The inversed SEM images were then submitted for analyzing by adaptive thresholding. As can
be seen in Fig. 3A-1, the detected NPs were marked by pluses and surrounded by red circles. For the calculation of
the particles size it was assumed the diameter of a circle with the same area as the particle. Table 1 summarizes the
results obtained by DIP. Number of PdFeNi NPs, NPs densities, and mean diameters obtained by processing SEM
images are reported in Table 1. Fig. 4A-I shows histograms of the measured PSDs for different applied Ns and best-
fitting curves. The electrodeposited PdFeNi NPs can be separated into two distinct populations: the first one is
related to small and spherical-shaped NPs (Fig. 2A-F) and the second one to larger, aggregate-like NPs (Fig. 2G-I).
An increase in the particles’ densities as a function of N can be noticed up to eight potential scans, then the densities
decreased (Table 1). By contrast, the average size of the particles decreased with respect to eight potential scans,
then increased (Table 1). This evolution of both the density of PdFeNi NPs and the average size clearly illustrates a
gradual coalescence phenomenon from N = 8. However, while increasing N between 1 and 8 scans, small, and well
spherical-shaped NPs formation is favored, and density reaches a maximum value at N = 8 and then decreases and
NPs begin to coalesce, leading to larger NPs. Therefore, N = 8 was chosen as the best number of cyclic scans for the

next measurements.

PdFeNi NPs were also characterized by energy dispersive X-ray spectroscopy (EDS) and signature peaks
for Pd, Fe and Ni were observed (Fig. 5A). These peaks indicated that Pd, Fe and Ni can be electrochemically
synthesized under the given conditions and contribute towards formation of trimetallic alloy NPs during the
synthesis.

Electrochemical impedance spectroscopy (EIS) is an effective method for probing the features of surface
of the modified electrodes. The Nyquist plot of impedance spectra includes a semicircle portion and a linear portion,
with the former at higher frequencies corresponding to the electron transfer limited process and the latter at lower
frequencies corresponding to the diffusion process. The electron transfer resistance (R) at the electrode surface is
equal to the semicircle diameter, which can be used to describe the interface properties of the electrode. Fig. 5B

displays the Nyquist plots of different electrodes in PBS (0.05 mol L™, pH 4.0) containing 5.0x10 mol L
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[Fe(CN)s]*'*. It can be seen that the impedance curve of bare GCE (curve a) consists of a big semicircle, and the
electron transfer resistance (R.) is estimated to be 22.75 kQ, whereas the R of Ch/GCE (29.08 kQ, curve b) is
larger than that of bare GCE, manifesting that the Ch has a blocking effect on the electron transfer of [F e(CN)6]3'/4'.
When compared with Ch/GCE, ChRTIL/GCE exhibits a smaller Ry (15.67 kQ, curve c¢). This can be attributed to
the good ionic conductivity of RTIL. In addition, the electrostatic interaction between ChRTIL and [Fe(CN)6]3'/4'
may favor the electron transfer of [Fe(CN)]>"*. When the ChRTIL/GCE is coated with Fe (curve d), Ni (curve e),
Pd (curve f), PdNi (curve h), FeNi (curve i), PdFe (curve g), and PdFeNi (curve j) NPs, the R decreases 14.08,
8.55, 6.18, 5.34, 4.2, 3.25, and 2.29 kQ, respectively. These results reveal that PdFeNi trimetallic alloy NPs can
provide the necessary conduction pathways which cause better electron-transfer interface between electrode surface

and electrolyte solution compared to monometallic or bimetallic NPs and also imply that there is a synergistic action

between Pd, Fe, and Ni in decreasing electron transfer resistance.

Fig. 6 shows the CV responses for electrochemical oxidation of 40.0x10” mol L' BTN in PBS (0.05
mol L', pH 4.0) at bare GCE (curve a), Ch/GCE (curve b), ChRTIL/GCE (curve ¢) Fe/ChRTIL/GCE (curve d),
Ni/ChRTIL/GCE (curve e), PA/ChRTIL/GCE (curve f), PdFe/ChRTIL/GCE (curve g), PANi/ChRTIL/GCE (curve
h), FeNi/ChRTIL/GCE (curve i) and PdFeNi/ChRTIL/GCE (curve j). As it can be seen, while the anodic peak
potential for BTN oxidation at bare GCE, Ch/GCE, ChRTIL/GCE, are 1.21, 1.32, and 1.28 V, respectively, the
corresponding potentials at Fe/ChRTIL/GCE, Ni/ChRTIL/GCE, Pd/ChRTIL/GCE, PdFe/ChRTIL/GCE,
PdNi/ChRTIL/GCE, FeNi/ChRTIL/GCE, and PdFeNi/ChRTIL/GCE are 1.13, 1.18, 1.14, 1.08, 1.12, 1.18, and 1.07,
respectively . These results indicate that the peak potential for BTN oxidation at PAFeNi/ChRTIL/GCE shifts by
140.0 mV toward less positive values compared to bare GCE. However, PdFeNi/ChRTIL/GCE shows much higher
anodic peak current for the oxidation of BTN compared to bare GCE, indicating that the combination of PdFeNi and

ChRTIL has significantly improved the performance of the electrode toward BTN oxidation.
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3.3. The influences of scan rate and pH on electrochemical response of BTN at PdFeNi/ChRTIL/GCE biosensor

The effect of scan rate (v) on the electrocatalytic oxidation of BTN at PAFeNi1/ChRTIL/GCE was investigated by CV
(not shown). Results showed, the oxidation peak potential shifted to more positive potentials with increasing scan
rate, confirming the kinetic limitation in the electrochemical reaction. Also, a plot of peak height (/) vs. the square

v %) was found to be linear in the range of 10-500 mV s suggesting that the process is diffusion

root of scan rate (v
rather than surface controlled.

In general, pH is one of the variables, which commonly affects the current and shape of voltammograms.
Taking into account that for analytical purposes both maximal and stable currents are necessary, the electrochemical
behavior of BTN (0.05 mol L") in PBS (0.05 mol L") with various pHs (2.0-10.0) at the surface of
PdFeNi/ChRTIL/GCE was studied using cyclic voltammetry (Fig. 7). This study showed that both peak current and
peak potential depended on the solution pH. It can be seen that the anodic peak current of BTN reaches a maximum
value at pH 4.0 and then decreases gradually with increasing of pH (inset of Fig. 7). Therefore, pH 4.0 was taken as

the optimum pH for the determination of BTN. Also, the anodic peak potential of BTN at the surface of

PdFeNi/ChRTIL/GCE shifts to less positive values with increasing pH of the buffered solution.

3.4. Analytical characterizations

Fig. 8 displays the differential pulse voltammetric (DPV) response of PdFeNi/ChRTIL/GCE biosensor for the
successive increase in BTN concentrations. The calibration curve for the biosensor under the optimized
experimental conditions is shown in the inset of Fig. 8. The biosensor exhibited a wide linear range of response to
BTN, in the concentration range of 2.0-44.0x10”° mol L™ with a correlation coefficient of 0.9973. The sensitivity of

the biosensor was 2.34 pA nM™ and the limit of detection (LOD) was 0.6x10® mol L.

Long-term stability of the biosensor was also evaluated by measuring its performance after every few
days. The biosensor shows high stability for BTN detection, and retains about 92% of its original response to BTN

after 30.0 days of storage. These results suggest that the PAFeNi/ChRTIL/GCE possesses the long term stability. To
11



ascertain the repeatability of the proposed biosensor, 10.0 measurements of 10.0x10™ mol L™ BTN were carried out
using the PdFeNi/ChRTIL/GCE at intervals of 1.0 h. The RSD was found to be 2.2%, indicating that the
PdFeNi/ChRTIL/GCE has good repeatability. Six PdFeNi/ChRTIL/GCEs fabricated independently were used to
determine 10.0x10” mol L™ BTN, and the RSD was 2.5%, revealing excellent reproducibility of the electrode
preparation procedure. PAFeNi/ChRTIL/GCE biosensor can be prepared within 15.0 min and by manual polishing
with alumina slurry we can retain the original nature of the GCE very easily.

The obtained results by the proposed biosensor with some reported methods [59-69] for the
determination of BTN were compared and given in Table 2. The proposed biosensor provides better results over the

most of the reported methods.

3.5. Interference study

Under optimal experimental conditions, the interference from selected metal ions and organic compounds was
evaluated. The tolerance limit for interfering species was considered as the maximum concentration that gave a
relative error less than +5.0% at a concentration of 10.0x10” mol L™ of BTN. Phenol, ascorbic acid, caffeine, uric
acid, glucose, citric acid, urea, cysteine, arginine, lysine, and aspartic acid were the most common constituents found
with BTN. From the studies, an 80-fold excess of ascorbic acid had no effect on the 7, of BTN. Glucose, cysteine,
arginine, lysine, aspartic acid, uric acid, citric acid and urea also did not interfere until a 100-fold excess was
achieved. In addition, phenol, and caffeine showed no changes in /, until a 70-fold excess was used. Even a 200-fold
excess of K, Ca2+, NO5", NH,", CI” or Mg2+ had no effect on the /, of BTN. These results suggested that the
determination of BTN at PdFeNi/ChRTIL/GCE biosensor was not significantly affected by the most common
interfering species.

3.6. Real sample analysis

To evaluate the feasibility of the proposed biosensing system in real sample analysis, it was applied to the
determination of BTN in infant milk powder, liver, and egg yolk samples, and the results are shown in Table 3. For

the accuracy studies, a recovery study was carried out and the recovery values were between 96.87% and 103.97%.
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The RSD values were lower than 4.9% which confirmed that acceptable values were also obtained for RSDs.
Moreover, the differences between the results of this work for BTN determination in infant milk powders and the
nominal values labeled by the manufacturer companies are small (see Table 3). These results suggested that the
PdFeNi/ChRTIL/GCE biosensor was very reliable and sensitive enough for the determination of BTN in real

samples.

4. Conclusions

For the first time we are reporting a simple method based on CV assisted by DIP for electrodeposition of PdFeNi
trimetallic alloy NPs onto ChRTIL/GCE to fabricate a novel biosensor for efficient determination of BTN in real
samples. Although not often used, CV proved to be an efficient method for spherical-like shaped NPs
electrodeposition. The systematic characterization of the electrodes using CV and SEM for different values of N
allowed a correlation to be made between both PdFeNi NPs density and size and the performances of the biosensor
towards BTN detection. Measurement of PSDs from SEM images is difficult, especially on an uneven background.
Therefore, this problem was tackled by partitioning SEM micrographs into sub-images automatically and
segmenting them using an adaptive threshold referred to as Otsu’s method. Using this approach, images are
analyzed with little human intervention and more accurately and objectively than when using a global threshold.
PdFeNi/ChRTIL/GCE exhibits interesting performances with respect to BTN trace determination, and the best
electrochemical responses were obtained for a high density (682 particles pm™) of small NPs (19.54+6.27 nm).
From those observations, both NPs density and diameter appeared to be key features with respect to analytical
performances. The proposed biosensor was sensitive, selective, free of common interferences with the analyte of
interest, and had a sub-nanomolar detection limit. This biosensor is recommended for the determination of BTN at
trace levels in quality control laboratories.
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Fig. 1. Molecular structure of BTN.

Fig. 2. SEM images of PdFeNi/ChRTIL/GCEs prepared by CV from a 0.2 mol L' KCl solution containing 0.5x107
mol L PdCl,, 0.5%107 mol L™ NiCl, and 0.5%107 mol L™ FeCls (see Section 2 for conditions). Number of cyclic
scans (N): (A) 1, (B) 2, (C) 4, (D) 8, (E) 12, (F) 16, (G) 20, (H) 24, and (I) 28.

Fig. 3. The inversed images of the original SEM images presented in Fig. 1A-I processed by MATLAB image
processing Toolbox.

Fig. 4. Histograms of PSDs measured by DIP from the images presented in Fig. 2A-1.

Fig. 5. (A) EDS spectra for confirming the presence of PdFeNi NPs on ChRTIL/GCE. (B) EIS spectra of (a) bare
GCE, (b) Ch/GCE, (c¢) ChRTIL/GCE, (d) Fe/ChRTIL/GCE, (e) Ni/ChRTIL/GCE, (f) Pd/ChRTIL/GCE (g)
PdFe/ChRTIL/GCE, (h) PdNi/ChRTIL/GCE, (i) FeNi/ChRTIL/GCE and (j) PdFeNi/ChRTIL/GCE in PBS (0.05
mol L™, pH 4.0) containing 5.0x 10~ mol L' [Fe(CN)o]*"*, Inset shows the equivalent circuit used for fitting the EIS
data: R, Zy, R and Cy represent the solution resistance, the Warburg diffusion resistance, the electron-transfer
resistance and the double layer capacitance, respectively.

Fig. 6. CVs recorded at (a) bare GCE, (b) Ch/GCE, (c) ChRTIL/GCE, (d) Fe/ChRTIL/GCE, (e) Ni/ChRTIL/GCE,
(f) Pd/ChRTIL/GCE (g) PdFe/ChRTIL/GCE, (h) PdNi/ChRTIL/GCE, (i) FeNi/ChRTIL/GCE and (j)
PdFeNi/ChRTIL/GCE in the presence of 40.0 nM BTN in PBS (0.05 mol L™, pH 4.0). Scan rate: 50.0 mV s™.

Fig. 7. Cyclic voltammograms for 40.0x10” mol L' BTN on PdFeNi/ChRTIL/GCE (prepared by applying 8.0
cycles) in PBS (0.05 mol L") with pH values of 2.0-10.0.

Fig. 8. Differential pulse voltammograms of PdFeNi/ChRTIL/GCE (prepared by applying 8.0 cycles) in PBS (0.05
mol L™, pH 4.0) containing 2.0-44.0x10” mol L™ BTN from inside to outside. Inset shows linear dependence of

peak currents on BTN concentrations as calibration curve.

Scheme 1. Schematic representation of the methodology employed to BTN assay.
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Table 1. Characterization of PdFeNi NPs for different number of cyclic scans (V) during the electrodeposition step.

N Number of NPs NPs density (Counts um™) Mean diameter (nm)
1 1313 215 22.48+10.42

2 1440 236 21.78+9.42

4 1706 280 21.50+9.57

8 4158 682 19.54+6.27

12 2818 462 19.68+7.88

16 2371 389 19.86+6.69
20 2325 381 20.18+8.24
24 1927 316 20.67+5.43
28 1617 265 21.29+5.20
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Table 2. Electrochemical methods for BTN determination.

. . Linear Range LOD Original
Technique Method Description (mol L'l) (mol L'l) Applications Ref.
HPLC-*SWV Avidin-modified electrode 0-2x10° 1.3x10°¢ Pharmaceutical drug [59]
b T 7x10°%-7x10° 5 ,

QCM sensor Avidin immobilized on the crystal surface 6 710 Pharmaceutical drug [60]
c . . . 3x107-5%10° 5 .

DPV Competition between BTN and labeled BTN with daunomycin 8 3x10 Pharmaceutical drug [61]
DPV Competition between BTN and labeled BTN with daunomycin - 2x107 Pharmaceutical drug [62]
DPV Competition between BTN and labeled BTN with Nile Blue A 3x1070-5%10° 1x10° Vitamin tablet [63]

7
Amperometry Competition between BTN and biotinylated glucose oxidase é?gi% 8,5_ 2.86x107 Vitamin tablet [64]
-8
Amperometry Anti-BTN antibody immobilized in electrode and BTN-HRP ‘1‘2 39 8 >1< (}9 . 4.09 x10®  Vitamin tablet [65]
Anti-BTN antibody immobilized in screen printed electrode using 8 . .
SWV K4Fe(CN)j as electroactive substance 10°-10° 1.4 <10 Vitamin tablet [66]
SWV Electrochemical magneto biosensor 9'94_2‘4X 10 8.4x10°® Dl'etary supplement and [67]
milk powder
9 ~
Chromatography HPLC-MS/MS 2x107-2x10 2x10°? Vitamin tablet [68]
Chromatography Postcolumn derivatization with o-phthalaldehyde and 3-mercaptopropionic 4.1x1 Oiz- 2x10° Pharmacgutical (69]
acid 4.1x10 preparations
DPV PdFeNI/dChRTIL/GCE 92.0-44.0>< 10 6x1071° Milk powder, liver, and This
egg yolk work

* SWV: Square wave voltammetry.

» QCM: Quartz crystal microbalance.

¢ DPV: Differential pulse voltammetry.

4 Chitin room temperature ionic liquid.
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Table 3. Results of determination of BTN in real samples.

Found Added Found

Sample (ug 100g™) (ug 100g™") (g 100g™) Recovery (%) RSD (%, n=3)
Milk powder (Aptamil)* 38.2 15.0 55.4 103.97 3.31
Milk powder (Similac)® 63.4 10.0 71.1 96.87 2.82
Milk powder (Bebelac)® 7.11 20.0 27.6 101.77 4.15
Calf liver 218.2 30.0 2523 101.62 1.88
Sheep liver 231.9 25.0 258.5 100.61 2.43
Chicken liver 182.5 12.0 195.3 100.4 3.21
Goose egg yolk 18.6 6.0 242 98.38 3.666
Turkey egg yolk 28.4 14.0 41.6 98.12 271
Chicken egg yolk 31.3 15.0 47.2 101.90 2.55

Labeled 40 pug 100g™, ® Labeled 60 ug 100g™, € Labeled 6.5 ug 100g™.
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e PdFeNi three metallic alloy NPs were electrochemically deposited onto ChRTIL/GCE.

e Nine PdFeNi/ChRTIL/GCEs were constructed by varying the number of cyclic potential scans.
e SEM images of the prepared electrodes were processed by DIP.

e The best results of DIP were obtained for eight electrodeposition cyclic scans.

® The PdFeNi/ChRTIL/GCE was satisfactorily applied to the determination of BTN in real samples.
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