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A B S T R A C T

Handmade carbon black and polyaniline-modified Sonogel-Carbon electrodes were applied for the electroana
lytical determination of tyrosine and tryptophan, achieving significant improvements with respect to unmodified 
sensors. Higher peak current intensity and anti-fouling properties were observed and, consequently, better 
analytical figures of merits were obtained after the calibrations. The interference effect of several amino acids in 
these applications was assessed as negligible. Recovery values ranging from 101 to 107% were obtained in the 
determination of these analytes in real food supplement samples. Finally, several chemometrics techniques were 
used to resolve the severe signal overlapping of the tyrosine/tryptophan system. Linear discriminant analysis 
(LDA) was able to discriminate between samples containing each amino acid or both of them, and principal 
component analysis (PCA) and partial least squares regression (PLS) techniques were able to quantify the amount 
of each amino acid present in the samples.

1. Introduction

Tyrosine (Tyr) and tryptophan (Trp) are considered two of the most 
important amino acids for the regulation of neurological functions in the 
human body due to their role as neurotransmitter precursors. The 
former Tyr acts as precursor of dopamine and, consequently, of 
norepinephrine and epinephrine. These neurotransmitters have deep 
effects in the regulation of several disorders such as depression, 
schizophrenia or deficit hyperactivity disorder. It has been reported that 
Tyr itself effectively enhance cognitive performance in stressful and/or 
cognitively demanding situations, although the use of this amino acid in 
the treatment of the previously mentioned mental disorders is limited 
[1]. The main sources of Tyr for humans are dietary protein intake, 
tissue protein breakdown or synthesis from hydroxylation of phenylal
anine (Phe) amino acid by phenylalanine hydroxylase (PAH) enzyme. 

Interestingly, phenylketonuria is a recessive genetic disorder charac
terized by the total or near total deficiency of the PAH enzyme, which 
leads to the accumulation of Phe and the ceasing of Tyr production by 
this pathway [2]. The decrease in protein intake to avoid the accumu
lation of Phe and the insufficiency of this amino acid led to lower con
centration levels of Tyr in blood. For this reason, it is commonly 
extended the use of dietetic food supplements to cover the absence of 
Tyr and avoid irregularities in the neurological stability. Moreover, the 
amount of Tyr in these integrators must be controlled to avoid an un
necessary accumulation of the amino acid [3]. Hence, several techniques 
have been applied in the analysis of Tyr and other amino acids in food 
supplement samples, such as supercritical fluid chromatography and 
high-performance liquid chromatography (HPLC) coupled with elec
trospray ionization-mass spectrometry [4], HPLC coupled with UV 
detection [5] or subcritical fluid chromatography with a chirobiotic T2 
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column [6]. In this sense, some examples of electrochemical sensor 
devices proposed for this specific application are reported in the liter
ature [7–9].

Alternatively, Trp is an essential amino acid that acts as precursor of 
the neurotransmitter serotonin and the hormone melatonin. Serotonin 
biological roles include the regulation of intestinal movements and 
cognitive functions such as memory and learning, whereas melatonin 
helps to maintain the wake-sleep cycle [10]. Low levels of Trp in plasma 
are usually found in patients with several disorders such as Parkinson, 
Alzheimer or cardiovascular diseases, whereas Trp metabolism plays an 
important role in anti-tumour immune response and tumour progression 
[11]. This amino acid can also be studied as biomarker of several dis
eases such as renal cell carcinoma, colon neoplasms, human cataracts or 
the prognosis of diabetic nephropathy [12]. High Trp abundance in di
etary intake foods includes chicken, pork, red meat, turkey, fish, milk, or 
eggs. This analyte quantity in vegetable sources is far lower than animal 
ones; however it can be found in soy, nuts or oatmeal [13]. Intake of Trp 
food supplements has been recommended for many years not only as a 
reinforcement to low-protein intaking diets but also as a treatment to 
moderate depression symptoms and other potential medical applica
tions [14]. Moreover, the frequency of scientific reports on the use of Trp 
supplements in the study of different diseases has increased in the last 
years [15]. Some research works aimed at the analysis of this kind of 
samples have been published recently, mainly using HPLC-UV [5], HPLC 
with diode array detector [16] or nano-LC-UV [17] techniques. Like Tyr, 
few applications of electrochemical sensors to the analysis of Trp in 
dietetic supplements can be found. Recently, a glassy carbon electrode 
has been modified with poly(L-arginine) by electropolymerization for 
the analysis of Trp in three dietetic supplement samples: two of them 
containing only Trp and another one containing also low concentration 
of vitamins B3, B5 and B6 [8].

In general, electrochemical sensor devices are widely used in several 
analytical applications due to their sensitivity, reproducibility, fast 
operation, accuracy, low cost, very low sample volume requirement and 
small solvent consumption, among other features. Several examples of 
sensor devices applied in the individual determination of Tyr and Trp in 
the analyses of biological [18,19] and food samples [20,21] can be 
found in the literature. Briefly, the electrochemical signal of Tyr is 
attributed to the oxidation of the alcohol group of the phenolic ring of 
the amino acid to a ketone [22], whereas the signal of Trp is related to 
the formation of an extremely reactive methylene-imine intermediate 
[23]. The final oxidation products obtained in both cases can be easily 
absorbed onto the electrode surface, leading to fouling phenomena in 
these electroanalytical applications [24]. Furthermore, the challenge of 
the simultaneous electroanalysis of both amino acids is difficult due to 
the severe overlap of their oxidation signal. Hardly any research work 
aiming to resolve the overlap of the Tyr/Trp system can be found in the 
literature. In some cases, to resolve the signal overlap, a modification of 
the sensor surface is performed to electrocatalyze the shift of a signal to a 
different potential. In this sense, modification with polyoxometalate and 
reduced graphene oxide [24], poly(diphenylamine) [25], or carboxyl
ated graphene oxide and chitosan [26] are reported to be suitable to 
solve this issue. Alternative methodologies have been proposed to tackle 
this problem, such as the application of the H-point standard addition 
method [27] or multivariate curve resolution-alternating least squares 
(MCR-ALS) [28] technique. Chemometric techniques have been sug
gested as simple effective tools to overcome the challenge of signal 
overlapping in electrochemical systems. Noteworthily, the hard over
lapped electrochemical signals of the well-known Tl+/Pb2+ system were 
resolved by using peak parameters as direct input data into different 
multivariate calibration methods: principal component regression 
(PCR), partial least square regression (PLS), multilinear regression 
(MLR) and artificial neural networks (ANN) [29,30].

In this work, we propose the use of affordable handmade electro
chemical sensors and of chemometric methodologies for the determi
nation of Tyr and Trp in dietetic supplement samples. The choice has 

fallen on Sonogel-Carbon electrodes (SNG-C), carbon ceramic electrodes 
prepared using a fast procedure assisted with high-energy ultrasound 
[31]. Briefly, these sensor devices are sensible, accurate, low cost, eco- 
friendly, easy to prepare, versatile and have been applied in the anal
ysis of several analytes in different real samples [32,33]. Recently, the 
bulk modification of the sensor material with the Carbon black (CB) 
nanomaterial and conducting polymer polyaniline (PANI) has been 
tested and validated. Briefly, the addition of PANI in the transducer 
composite led to an increase of electrical conductivity of the electrode 
surface and an improve of the electrochemical response towards 
phenolic compounds [34]. The use of CB as bulk modifier of SNG-C 
electrodes has been described previously as a source of electro
catalytic effects in the determination of caffeic acid [33]. Finally, the 
incorporation of both materials led to the development of a new device 
named Sonogel-Carbon/CarbonBlack-Polyaniline (SNG-C/CB-PANI). 
This novel sensor displayed better electroanalytical performance in the 
electroanalysis of chlorophenols than the devices containing each 
modifier separately. This improvement was attributed to unexpected 
anti-fouling properties that emerge due to a synergetic effect of both 
PANI and CB [35].

The response of SNG-C and SNG-C/CB-PANI electrodes toward Tyr 
and Trp in different measuring solutions were assessed and compared. 
Selectivity was studied considering several amino acids, such as alanine, 
phenylalanine, valine, methionine and glycine and measurements of the 
single analytes in commercial food supplement samples lead to excellent 
recovery factors. The peak potentials obtained experimentally for the 
signals of Tyr and Trp were very close: + 0.78 and + 0.76 V, respec
tively. The oxidation peaks of the analytes in samples containing both 
were highly overlapped, resulting in a single detectable signal. To 
address this, a rapid screening methodology was proposed to resolve the 
signal overlap in the Tyr/Trp system. Voltametric peak parameters were 
used as direct input data with several chemometric tools: linear 
discriminant analysis (LDA), principal component analysis (PCA) and 
partial least squares regression (PLS).

2. Material and methods

2.1. Reagents and materials

All reagents employed were of analytical grade and used as received 
without further purification. Methyltrimethoxysilane (MTMOS) was 
purchased from Merck (Darmstadt, Germany). L-Tyrosine, L-trypto
phan, L-valine, L-glycine, L-phenylalanine, L-alanine, uric acid, ascorbic 
acid, dopamine hydrochloride, lithium perchlorate and sulfuric acid 
were from Sigma Aldrich (Sigma, Steinheim, Germany). Sodium acetate 
and acetic acid were from Carlo Erba (Cornaredo, Italy). Glucose and L- 
methionine were purchased from Fluka Chemical (Charlotte, NC, USA). 
Graphite powder was from Alfa Aesar (Johnson Matthey GmbH, Ger
many). All solutions were prepared with double distilled water. Glass 
capillary tubes, i.d. 1.15 ± 0.05 mm, were used as the bodies of the 
electrodes. L-Tyrosine dietetic integrator (500 mg Tyr/tablet) from 
Warnke Vitalstoffe (Germany) and essential amino acids food supple
ment (120 mg Trp/9 g supplement) from Yamamoto Nutrition (Italy) 
were used as real samples. The amino acid composition of this dietetic 
supplement is shown in Table 1.

2.2. Instrumentation

The synthesis of Sonogel-Carbon materials was carried out using a 
high-energy ultrasound generator, Sonicator 4000 MISONIX (MISONIX, 
Inc. Farmingdale, NY, USA) equipped with a 13-mm-diameter titanium 
tip, which provides a maximum output power of 600 W. Electrochemical 
studies were made using an Autolab PGSTAT 12 potentiostat/galvano
stat (Ecohemie, Utrecht, the Netherlands) connected with a personal 
computer. Processing data was made using GPES (General Purpose 
Electrochemical System) software. All the voltammograms obtained by 
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differential pulse voltammetry (DPV) technique were processed using 
baseline correction tool from GPES. The measurements were carried out 
in a three-electrode electrochemical cell at room temperature, with the 
following composition: Ag/AgCl/KCl 3 M as reference electrode, plat
inum wire as counter electrode, and SNG-C or SNG-C/CB-PANI (geo
metric area: 1.04 × 10− 2 cm2) as the working electrodes.

2.3. Preparation of Sonogel–Carbon electrodes

The SNG-C electrodes were prepared as reported elsewhere [31]. 
Briefly, a reaction mixture was prepared from 500 μL of the methyl
methoxysilane (MTMOS) precursor and 100 μL of a 0.2 M hydrochloric 
acid solution. The mixture was sonicated for 10 s using a high-power 
ultrasound probe at 40 % of amplitude. Next, 500 mg of 
spectroscopic-grade graphite was added and homogeneously mixed into 
a paste. Then, the fabrication of the electrodes was carried out by filling 
capillary tubes with the prepared material. The electrodes were ready to 
be used after a gentle polishing of the surface with P1200 emery paper 
(Struers, Germany) and establishing electrical contact by inserting a 
copper wire.

The methodology reported previously for the preparation of SNG-C/ 
CB-PANI electrodes was used as follows [35]. Firstly, a precursor 
mixture containing 18 μL of aniline and 982 μL of 1 M HCl and 0.25 M 
ammonium persulfate solution was sonicated at 40 % of the ultrasound 
amplitude for 60 s. Next, 120 μL of the synthesized PANI dispersion was 
mixed with 480 μL of MTMOS and sonicated at the same amplitude for 
40 s. Finally, 500 mg of a mixture of graphite and CB powder (19:1 
relationship in weight) was added to the sonosol and homogeneously 
dispersed. The subsequent fabrication steps of the modified electrodes 
were carried out as mentioned in the case of SNG-C ones.

2.4. Electrochemical measurements

Before being used, the working SNG-C and SNG-C/CB-PANI elec
trodes were electrochemically polarized in 0.1 M H2SO4 aqueous solu
tion by two polarization steps at − 0.7 V for 10 s, and at + 1.8 V for 10 s, 
respectively. This electrochemical cycle was repeated eight times.

The initial electrochemical response of both kind of electrodes to
ward Tyr and Trp was assessed via cyclic voltammetry (CV) in 0.1 M 
acetate buffer solution (ABS) at pH 4 with 0.1 M KCl and using 0.1 V/s of 
scan rate. Differential pulse voltammetry (DPV) was used for the elec
trochemical determination of Tyr and Trp. The instrumental parameters 
were as follows: 5 mV of step potential, 25 mV of modulation amplitude, 
0.5 s of interval time, and 0.05 s of modulation time. The pH studies 
were performed in 0.1 M ABS at pH 4, 0.1 M phosphate buffer solution 
(PBS) at pH 7 and 0.1 M borate buffer solution (BBS) at pH 9.4, with 0.1 
M KCl in each case. The oxidation peaks obtained at + 0.76 and + 0.78 V 
(vs. Ag/AgCl/KCl 3 M) of working potential for Tyr and Trp, respec
tively, were evaluated considering a linear tangent baseline.

Calibration plots were built in the presence of different Tyr con
centrations ranging from 15 to 112 µM and different Trp concentrations 
ranging from 1 to 20 µM. The measurements for each concentration were 

done in triplicate to estimate the repeatability of the sensor. An elec
trochemical surface renewal step was carried out after each measure
ment during the Tyr calibration by performing 15 CV scans between - 
0.2 V and + 0.9 V at 50 mV/s in a solution containing 17 mM KOH and 
0.1 M LiClO4. For the Trp calibration, a mechanical surface renewal was 
carried out after each measurement. Interference studies were per
formed considering the influence of different amino acids (alanine, 
phenylalanine, valine, methionine and glycine) and electroactive spe
cies (ascorbic acid, uric acid, dopamine and glucose) on the electro
chemical signal of 7 µM Tyr or 3 µM Trp solution at the same 
concentration level of the interferent (7 µM or 3 µM in each case).

2.5. Food supplement sample analysis

The Tyr food supplement sample was prepared by dissolving an 
enteric-coated tablet in 1 L of distilled water using stirring and slight 
heating. The prepared solution was diluted 690 times in 10 mL of 0.1 M 
ABS at pH 4 with 0.1 M KCl. Subsequently, electrochemical analysis with 
DPV was carried out employing the standard addition method and using 
concentrations ranging from 3.1 to 15.5 µM. Electrochemical measure
ments were carried out in triplicate.

Similarly, the multi amino acids integrator sample was prepared by 
dissolving 9 g of the powder supplement in 200 mL of distilled water 
under stirring. The prepared solution was diluted 5000 times in 20 mL of 
0.1 M ABS at pH 4 with 0.1 M KCl. Subsequently, electrochemical 
analysis of Trp with DPV was carried out employing the standard 
addition method, using concentrations ranging from 0.5 to 1.5 µM. 
Electrochemical measurements were also carried out by triplicate.

2.6. Signal overlapping studies with chemometric tools

Several voltammetric peak parameters were used as direct input data 
in three different chemometric techniques to overcome the severe 
overlap in the oxidation signals of Tyr and Trp. The techniques 
employed for this study were linear discriminant analysis (LDA), prin
cipal component analysis (PCA) and partial least squares regression 
(PLS). LDA was applied for discriminate the samples that contained Tyr 
or Trp and the samples containing both amino acids. Alternatively, PCA 
and PLS were applied not only to classify the different samples, but also 
to predict and quantify the concentration of each analyte on them. The 
peak parameters used were: 

• peak potential or position (E), the potential at which the current has 
a maximum with respect to the baseline;

• half width (W), the difference between the peak potential and the 
potential at half height of the signal;

• peak intensity or height (I), the maximum current with respect to the 
baseline;

• peak area (S) of the signal, corrected for the baseline;
• derivative (D), the sum of the absolute values of the maximum and 

the minimum in the first derivative of the peak.

These parameters were obtained by using the Peak search option of 
the GPES software, whereas the chemometric analysis were performed 
by using the Statgraphics® Centurion XIX program. 24 samples con
taining Tyr and Trp were experimentally analyzed. 6 Tyr pure samples 
and 6 Trp pure samples were used, whereas the rest of the samples were 
extremely overlapped mixtures of both amino acids. In order to 
demonstrate the fastness and simplicity of the chemometric-based 
methodology proposed in this work, no replicates of the signals were 
used and no pre-treatment or normalization techniques were applied to 
the dataset during the overlapping resolution.

Table 1 
Amino acid concentrations in the essential amino acid food supplement of 
Yamamoto Nutrition used as real sample in the analysis of Trp.

Amino acid Concentration (mg/9 g product)

L-leucine 2500
L-isoleucine 1250
L-valine 1250
L-lysine 300
L-phenylalanine 250
L-threonine 250
L-histidine 250
L-methionine 200
L-tryptophan 120
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3. Results and discussion

3.1. Preliminary studies in Tyr and Trp solutions

The response of SNG-C electrodes in solutions containing increasing 
concentration of Tyr and Trp, separately, was preliminary studied using 
CV. A well-defined oxidation peak was found at + 0.83 V in the case of 
Tyr, whereas a similar signal was found in the solutions of Trp at + 0.85 
V. Secondary peak found during the assays were assigned to the 
oxidation of reduced intermediates of Trp, as it has been proposed 
previously elsewhere [36]. Next, a screening study was carried out with 
DPV and different SNG-C electrode configurations (SNG-C, SNG-C/CB, 
SNG-C-PANI and SNG-C/CB-PANI), which development and character
ization has been reported in previous research works [33–35]. Fig. 1A 
shows the DPV responses obtained in an ABS buffer solution at pH 4 
containing 20 µM of Tyr. The modified devices exhibit better electro
chemical performance in terms of peak current density, than the bare 
SNG-C electrode, although the highest response was found in the SNG- 
C/CB-PANI configuration. The performance of this sensor device in 
different buffer solutions was tested as well (Fig. S1A of the Supple
mentary Material). The oxidation signal with the highest peak current 
density was found in acid media (E = +0.76 V), which was eight times 
higher than the signal found in basic media.

In a similar way, the electrochemical response of SNG-C and modi
fied SNG-C/CB-PANI electrodes were tested in an ABS buffer solution at 
pH 4 containing 5 µM of Trp. The peak current density obtained with the 
modified configuration (E = + 0.78 V) was four times higher than the 
one obtained with the pristine SNG-C electrode, as shown in Fig. 1B. 
Moreover, the signal registered in acid solution surpass by several times 
the ones recorded in neutral and basic media, as noted in Fig. S1B. The 
trend observed with both analytes can be ascribed to the redox char
acteristics of the polyaniline embedded in the transducer composite. 
Briefly, emeraldine salt form is the most conductive one of this polymer, 
and its stability is ensured in acidic conditions due to the protonation of 
its structure. The subsequent studies for the determination of the two 
investigated amino acids were carried out in acid medium due to the 
better electroanalytical performance of the SNG-C/CB-PANI in those 
conditions. The gap of the peak potentials of the Tyr/Trp system is 
similar in acidic conditions (20 mV) and in basic conditions (35 mV). 
Therefore, no significant advantages in the resolution of the signal 
overlap of this system are expected at other pH values.

Fouling effects on the electrode surface during the determination of 
Tyr were studied as well. SNG-C and SNG-C/CB-PANI electrodes were 

applied in ten successive measures in a solution containing 20 µM of Tyr. 
Peak current density obtained with SNG-C fell nearly 41 % between the 
first and tenth measures, whereas the variation coefficient was 13.78 % 
due to an obvious fouling phenomenon on the electrode surface. How
ever, a negligible 3.54 % variation coefficient was obtained with the 
SNG-C/CB-PANI electrode in the same test. These results suggest anti- 
fouling properties in the modified sensor that reduce the fouling effect 
in the electroanalytical application.

The benefits of the different modifiers in the transducer material 
have been experimentally studied and reported in previous works. 
Briefly, the electroactive emeraldine salt form of the PANI led to an 
increase of the electrical conductivity of the electrode surface, whereas 
electrocatalytic effects and anti-fouling properties were attributed to the 
incorporation of the nanomaterial CB. These improvements were tested 
and validated in the electroanalysis of chlorophenols, phenolic species 
with a similar chemical structure than the amino acids Tyr and Trp 
[34,35].

Therefore, the screening study suggest that the superior performance 
of SNG-C/CB-PANI could led to better figures of merits in the analyses of 
the Tyr and Trp amino acids. The main challenge of this application is 
the overlap of the oxidation signals of these analytes. The narrow shift of 
20 mV between both peaks renders obligatory the resolution of the 
electrochemical system. To this end, the linear working range and other 
electroanalytical figures of merits were assessed by performing the 
calibration of both amino acids with the SNG-C/CB-PANI electrodes.

3.2. Enhancement of analytical calibration with renewal procedures

Analytical calibration of Tyr with the SNG-C/CB-PANI electrodes 
was carried out performing electrochemical surface renewal after each 
measurement. Several CV scans were performed in basic media after 
measuring each spiked concentration of Tyr in the working solution. The 
results of this test can be observed in Fig. 2A. The working linear range 
was enlarged from 20 to 112 µM due to the cancellation of fouling 
accumulation on the electrode surface with this renewal procedure. The 
corresponding linear regression equation (Eq. (1)) of this calibration is 
reported: 

J
(
μA cm− 2) = (1.60 ± 0.05)[Tyr](μM)+ (4.22 ± 0.15) (1) 

with an excellent correlation coefficient (R2) of 0.999 (Sy/x = 1.13, n =
6, P = 0.05). Moreover, with the renewal procedure the sensitivity was 
1.60 ± 0.05 µA µM− 1 cm− 2. The limit of detection (LOD), calculated as 

Fig. 1. (A) DPV scans recorded with SNG-C (red solid line), SNG-C/CB (red dashed line), SNG-C-PANI (blue dashed line) and SNG-C/CB-PANI (blue solid line) 
electrodes in presence of 20 µM Tyr. (B) DPV scans recorded with SNG-C (red line) and SNG-C/CB-PANI (blue line) electrodes in the presence of 5 µM Trp. ABS 
adjusted at pH 4 was used in both cases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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three times the standard deviation of the blank divided by the slope 
(LOD = 3 Sq/m), was 1.81 µM for the SNG-C/CB-PANI device. A varia
tion coefficient value of 4.30 % was calculated for repeatability by 
measuring each concentration for triplicate, whereas for reproducibility 
a value of only 0.90 % was calculated by comparing several different 
electrodes.

Trp was calibrated using the SNG-C/CB-PANI electrodes as well. A 
mechanical renewal of the electrode surface was carried out after each 
measure due to the significant fouling effect with this amino acid. This 
calibration was carried out in the concentration range from 1 to 20 µM 
and the calibration curve was obtained with the density current of the 
anodic peak versus different concentrations of Trp. The linear regression 
equation (Eq. (2)) in this case was: 

j
(
μA cm− 2) = (18.84 ± 0.12)[Trp](μM) − (8.93 ± 0.61) (2) 

An excellent correlation coefficient (R2) of 0.998 (Sy/x = 0.067, n = 6, P 
= 0.05), a sensitivity value of 18.84 ± 0.12 µA µM− 1 cm− 2 and a LOD 
value of 0.69 µM were obtained in this calibration. Calibration plot is 
displayed in Fig. 2B. These results can be compared to the calibration of 
SNG-C with Trp reported in a previous work, which suffered from sig
nificant fouling phenomenon. In this sense, the sensitivity was 8.44 µA 
µM− 1 cm− 2, whereas LOD was 1.62 µM [37]. Hence, the modified sensor 
device exhibits better electroanalytical performance than the original 
sensor material.

Finally, the performance of SNG-C/CB-PANI electrodes in the 
determination of these amino acids was compared with other sensor 
devices reported in the literature. Some of these examples are shown in 
Table 2. On the one hand, the figures of merits for the Tyr analysis using 
our sensor are comparable with other devices. Interestingly, the sensi
tivity value of our device is higher than other ones reported previously. 
The LOD in our case is similar to the limits of some of these devices, 
although much lower limits are found in the literature. Nonetheless, our 
LOD is adequate for the proposed application in food supplement 
analysis and in other food samples like milk or cheese samples [38].

In the case of Trp, the LOD and the linear range are comparable to 
some ones reported in the literature. However, the main feature of the 
SNG-C/CB-PANI electrodes is the exceptionally high sensitivity value. 
This improvement can be attributed to the anti-fouling properties 
observed due to the synergetic effect of PANI and CB. Therefore, we can 
asseverate that our handmade sensor device is competitive with other 
electrodes reported recently in the determination of Tyr and Trp amino 

acids. Next, the selectivity of our sensor device was tested to prove its 
suitability in the determination of the analytes of interest in real sam
ples, as described in section S3 of the Supplementary Material. Briefly, 

Fig. 2. (A) Differential pulse voltammograms recorded with a SNG-C/CB-PANI electrode in the presence of different concentrations of Tyr: 15; 31; 45; 59; 73; 87; 100 
and 112 µM. (B) DPVs recorded with a SNG-C/CB-PANI electrode in the presence of different concentrations of Trp: 0.2; 1.2; 3.2; 7.3; 10.2; 15.1 µM. The insets 
display the calibration plots obtained. The error bars of these calibration plots correspond to the standard deviation (n = 6). The buffer solution was 0.1 M ABS at pH 
4 with 0.1 M KCl.

Table 2 
Comparison of the analytical performance of different sensors in the determi
nation of Tyr and Trp.

Sensor device Linear range 
(µM)

Sensitivity (µA 
µM− 1 cm− 2)

LOD 
(µM)

Reference

Sensor devices for Tyr determination
CoFex-N,C/GCE 0.8–355 0.02 0.06 [39]
MW-FEs 25–750 0.10 8 [40]
CB–GO/CP 100–2000 0.11 100 [41]
EGr/GC 6–1000 0.12 9 [42]
Zr8Y/SPCE 1–250 0.14 0.10 [43]
CPE 0–150 0.17 1.92 [44]
PT-GCNT/PE 0.2–2.5 1.08 0.02 [45]
PPy/FeCN-SPCE 0.5–5 1.24 0.08 [46]
SNG-C/CB-PANI 20–112 1.59 1.81 This work

Sensor devices for Trp determination
P2Mo17V/Cs- 

Ti3C2Tx/GCE
0.1–103 0.14 0.08 [47]

PAI/GCE 0.09–20 0.32 0.09 [48]
ZrO2NPs/GCE 1–6 0.37 0.49 [49]
CBPE/NMI 2.5–300 0.58 1.71 [50]
AuNPs/CPE 6–200 1.99 0.65 [51]
3DGS/CPE 2 – 150 2.02 0.85 [52]
p-Arg/GCE 0.6–10 2.42 0.04 [53]
NiMn-LDH@PLL/ 

GCE
0.1–40 11.37 0.05 [54]

SNG-C 2–25 8.44 1.62 [37]
SNG-C/CB-PANI 1–20 18.84 0.69 This work

LOD Limit of detection; CoFex-N,C CoFex/N-doped carbon nanocomposite; GCE 
Glassy carbon electrode; MW-FEs filtered multi-walled carbon nanotubes; CB 
Carbon black; GO Graphene oxide; CP Hydrophilic carbon paper; EGr Exfoliated 
graphene; Zr8Y Yttria-doped zirconium oxide; SPCE Screen-printed carbon 
electrodes; CPE Carbon paste electrode; PT-GCNT/PE Poly threonine modified 
graphite- carbon nanotube paste electrode; PPy/FeCN Potassium hex
acyanoferrate (II) doped polypyrrole; P2Mo17V/Cs-Ti3C2Tx Poly
oxometalateTi3C2Tx MXene and chitosan; PAI Pectin from Arthrocnemum 
indicum leaves; ZrO2NPs ZrO2 nanoparticles; CBPE carbon black paste electrode; 
NMI 3-Neomenthylindene; AuNPs Gold nanoparticles; 3DGS Goethite- 
containing 3D spongin scaffold; p-Arg poly(L-Arginine); NiMn-LDH@PLL/GCE 
NiMn-layered double hydroxide and poly-L-lysine.
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any of the tested amino acids and electroactive species displayed sig
nificant interferents effects on the determination of these analytes.

3.3. Electroanalysis of complex food supplements

The applicability of the SNG-C/CB-PANI sensor device in the deter
mination of Tyr and Trp in complex matrices was studied by performing 
analysis of food supplement samples. The direct measurement of the 
analytes of interest with the external calibration lines previously 
calculated was not a suitable approach due to the matrix effects of the 
samples. For this reason, the analyses were performed by using standard 
addition methods. The calculated concentration values were compared 
with the values referenced by the commercial companies.

Tyr was determined in tablets containing this amino acid as the main 
component. The signals acquired are shown in Fig. 3A. A low-intensity 
well-defined peak at + 0.776 V can be observed when an aliquot of 
the sample is added to the electrochemical cell. The intensity of the peak 
increases when Tyr is spiked in the working solution. A good relation
ship (R2 = 0.999) between current density and analyte concentration is 
obtained. Hence, the Tyr concentration in the sample calculated was 523 
± 17 mg Tyr per tablet, after performing three analyses. The mean re
covery value obtained, defined as the ratio between the Tyr concentra
tion measured using the electrochemical method and the reference 
concentration provided by the commercial company, was 104 % 
considering a reference value of 500 mg Tyr per tablet.

Trp was determined in powder formulation containing several amino 
acids, as described in section 2.1. The voltammograms recorded during 
the analysis are shown in Fig. 3B. One oxidation peak was observed at +
0.766 V in the diluted sample and the spiking of Trp in the working 
solution led to an increase in the current density that showed an 
excellent linear relationship (R2 = 0.999) with the concentration of the 
analyte. The calculated concentration of Trp in the sample was 124 ± 3 
mg per 9 g of integrator powder, whereas the reference value provided 
by the commercial company was 120 mg Trp. The recovery values 
ranged from 101 to 107 % from the triplicate analysis of this complex 
sample.

Consequently, the SNG-C/CB-PANI can be proposed as an 
outstanding alternative for the analysis of Tyr and Trp amino acids in 
food supplement products. It is noteworthy the applicability in the 
analysis of Trp in highly complex samples with several other amino acids 
at higher concentration. These results suggest that a potential applica
bility in the analysis of food samples with significant content of Tyr and 

Trp, such as milk or cheese, is feasible. However, the overlap in the Tyr/ 
Trp system is an obvious drawback that could prevent this application. 
Therefore, to overcome this challenge different chemometric techniques 
that can major resolve the overlapped signals of the two amino acids are 
proposed.

3.4. Chemometric resolution of tyrosine and tryptophan signal overlap

The electrochemical oxidation signals of Tyr and Trp have a differ
ence of only 20 mV from each other when are analyzed individually 
(Fig. S3A of the Supplementary Material). Therefore, only one peak at 
intermediate potential is obtained when the SNG-C/CB-PANI sensor is 
used in a solution with both amino acids, as observed in Fig. S3B. In 
order to discriminate between the signals recorded in solutions con
taining the single analytes and those of mixed solutions, a chemometric 
approach was adopted. The proposed chemometric techniques use peak 
parameters as direct input data, specifically the position (E), height (I), 
peak area (S), half width (W) and derivative (D), as mentioned previ
ously in section 2.6. Samples containing only Tyr in the range from 4 to 
24 µM, or containing only Trp in the range 0.5 to 3 µM, were analyzed. 
The concentration ranges were selected in order to record relevant 
voltammetric signals of similar intensities when detecting the two 
analytes. These two groups of samples were labelled as R and P 
respectively. Several samples with mix of Tyr/Trp at different ratios 
were studied as well, labelled as the RP group. An electrochemical 
cleaning procedure was applied after each measure to avoid fouling 
phenomena interferences in the study, following the methodology pro
posed previously.

The concentration levels of each sample and the parameters obtained 
for each one are collected in Table S1. Interestingly, the parameters that 
show more differences between groups are the E, S and W. Peak po
tential for the R and P groups are + 0.779 and + 0.759 V, respectively, 
whereas for the mixtures group is an intermediate value of + 0.764 V. 
The peak area for the RP group (2.051 x 10-8 u.a.) is almost double that 
of each pure group, being 1.03 x 10-8 and 1.30 x 10-8 u.a. for P and R 
groups, respectively. Finally, the half width is wider for the mixture 
group (0.063 V) than for the P (0.048 V) and the R (0.047 V). Linear 
discriminant analysis (LDA) and principal component analysis (PCA) 
were carried out using these parameters as variables. The results are 
discussed in the sections S2 y S3 of Supplementary Material.

Alternatively, partial least squares regression (PLS) was used for the 
development of the predicting model for the two dependent variables, 

Fig. 3. Differential pulse voltammograms recorded with a SNG-C/CB-PANI electrode in the presence of two food supplement samples diluted in 0.1 M ABS at pH 4 
with 0.1 M KCl. Voltammograms of background (dashed line), with sample (pointed line) and with additions of the studied analyte (solid line) are represented. (A) 
Different concentrations of Tyr were spiked: 3.1; 6.2; 9.3; 12.4 and 15.5 µM, in the tablet sample. (B) Different concentrations of Trp were spiked: 0.2; 0.4; 0.6; 0.8; 
1.1 and 1.3 µM, in the multi-amino acids sample. The insets display the linear regressions of current density versus concentration of the analyte.

A. Sierra-Padilla et al.                                                                                                                                                                                                                         Microchemical Journal 212 (2025) 113356 

6 



the concentration of Tyr (CR) and the concentration of Trp (CP). An in
ternal cross validation of the model was carried out without using 
external samples to simplify the proposed methodology. Five compo
nents were extracted for this goal. In the case of CP only two components 
were needed for retaining 92.76 % of the variability and the corre
sponding model obtained have a R2 = 0.9266 for the experimental 
values versus the predicted ones. On the other hand, four components 
were needed for retaining 93.11 % of the variability for the CR, with an 
R2 = 0.9311 for the predictions. The plots of the experimental concen
tration values versus the values predicted by using the PLS models 
generated for both amino acids are shown in Fig. 4. The good linear 
relationship shown by the model with the input values suggests satis
factory accuracy in the quantification of the samples concentrations.

This fact is corroborated by the graphic representation of the PLS 
factor scores that appear in Fig. 5. As it can be observed, all the samples 
can be correctly discriminated by the presence of each amino acid using 
two latent variables. The latent variable 1 is able to classify the analyzed 
samples according to their concentration of amino acids. In this sense, 
samples with higher level of Tyr and Trp are placed at higher values of 
this latent variable, whereas the samples with less amount of the ana
lytes can be found at a lower range. Alternatively, the latent variable 2 
can distinguish the samples containing each amino acid. The samples 
containing Tyr can be found at positive values of this variables, whereas 
the samples with Trp are placed at negative ones. Moreover, the mix
tures are found in the middle or close to 0 value, shifting to more pos
itive or negative values of the latent variable 2, depending on the 
concentration of each amino acid. Moreover, the samples of the mixed 
group are distributed by the proportion of each amino acid, with the 
samples of proportion 1:1 in the center (with respect to the individual 
samples) and the ones with more proportion of each amino acid closer to 
the respective group. All the scores showed standardized residuals lower 
than 2 for both variables except the samples named P1 and R6P3, which 
have residual values of − 2.040 and − 2.615, respectively, for the vari
able CP. This deviation can be observed in the case of sample R6P3 in the 
scores graphic, where this score is farther far away from the R group 
than the rest of the mixture samples with a higher proportion of Tyr than 
Trp.

Therefore, these chemometric techniques are suitable for the iden
tification of mixture samples of Tyr and Trp. The overlapping problem 
can be overcome by easy and simple data analysis (since no replicates or 
pre-processing techniques are necessary) despite the narrow potential 
shift between the oxidation peaks of both analytes. Moreover, the 
discrimination of the samples can be carried out according to the con
centration of the amino acids and the proportion of each one in the 
mixture sample. This methodology can be further explored and could be 
a suitable tool for the analysis of complex samples containing both 

amino acids.

4. Conclusions

The applicability of the SNG-C/CB-PANI electrodes in the electro
analytical determination of the amino acids Tyr and Trp has been 
established in this work. The proposed sensor device exhibits anti- 
fouling properties and good performance factors, far superior to SNG- 
C electrodes without modifications. In this sense, exceptional sensi
tivity values were obtained in the calibration of Tyr and Trp: 1.59 ± 0.05 
and 18.84 ± 0.12 µA µM− 1 cm− 2, respectively. Negligible interference 
effects were observed in the determination of the analytes when other 
amino acids and electroactive species were present in the working so
lution. Moreover, great recovery values between 101 and 107 % were 
obtained when the analyses of Tyr and Trp in food supplement real 
samples were carried out. It is noteworthy the complexity of the inte
grator with several amino acids in high concentration where Trp was 
determined. Finally, voltammetric peak parameters (very simple dataset 
as input) of several pure and mixed samples of Tyr and Trp have been 
useful to the resolution of overlapped signals employing chemometric 
tools. Simple and fast use (with no pre-processing techniques) of LDA, 

Fig. 4. Plot of Tyr (A) and Trp (B) experimental concentration versus the predicted concentration calculated by means of the partial least squares regression models.

Fig. 5. Partial least squares regression analysis of Tyr (red) and Trp (blue) 
samples. Samples with both amino acids are shown in purple. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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PCA and PLS techniques is able to discriminate and even predict the 
different kinds of samples and overcome the severe overlapping prob
lem, what may be of interest for the analysis of complex real samples 
containing both species.
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Validation. Juan José García-Guzmán: Writing – review & editing, 
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[17] D. Xu, E. Sánchez-López, Q. Wang, Z. Jiang, M.L. Marina, Determination of L- 
norvaline and L-tryptophan in dietary supplements by nano-LC using an O-[2- 
(methacryloyloxy)-ethylcarbamoyl]-10,11-dihydroquinidine-silica hybrid 
monolithic column: MQD-silica hybrid monolithic column to enantioseparate 
amino acids, J. Pharm. Anal. 10 (2020) 70–77, https://doi.org/10.1016/j. 
jpha.2019.10.001.

[18] W.B. Veloso, V.N. Ataide, D.P. Rocha, H.P. Nogueira, A. de Siervo, L. Angnes, R.A. 
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