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Abstract
A number of amino acids have been determined at carbon film electrodes in the presence of copper. Strongly
acidic, 0.1 M HCl, in the presence of 0.1 mM Cu(II), as well as alkaline, 0.1 M NaOH, solution permit successful
measurement of individual amino acids, clearer separation between oxidation of Cu and Cu-complexes occurring in
alkaline solution. Electrochemical impedance showed that Cu(II) facilitates charge transfer, particularly in alkaline
medium. Square wave voltammetry with preconcentration increased the response compared to linear sweep voltam-
metry. Protein hydrolysis rates were monitored through determination of amino acids produced by decomposition,
injecting samples into alkaline electrolyte solution.
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1 Introduction

Amino acids are main components of all proteins, and
which exist in all living organisms, amino acids (and pep-
tides) being released during decomposition as well as
during acid hydrolysis. The determination of amino acids
is important in different fields, particularly in food and
biotechnology [1,2]. They are often added to foods, as
fortifiers, in order to correct for possible dietary deficien-
cies [1,3–5], some of which can cause allergic or other
collateral effects [5].

Since amino acids have at least two active functional
groups (depending on pH): �NH2 and �COOH, they
have the ability to complex some transition metals. One
of the easiest metal ions to complex is the Cu(II) ion, can
form mixed cation or mixed anion complexes at different
pH with H+ or OH� in the presence of amino-acid ligand
[6].

Recently, a number of researchers have been attracted
towards investigating the processes and methods for the
detection of amino acids with the aim of applying this to
the food industry; new strategies and new materials are
being developed for this purpose [4,7,8].

Electrochemical determinations have been performed
at Cu electrodes in alkaline medium due to easier forma-
tion of the complexes with Cu(II) [9]. Cu(II) can form
complexes with amino acids either in bulk solution or at
the electrode surface (Cu electrodes) in alkaline medium
[10,11]. The amino acids most determined electrochemi-
cally by Cu(II) complexation were glycine (Gly) [10,12],

cysteine (Cys) [11], histidine (His) [13] all in neutral or
alkaline solutions. There are only a few reports concern-
ing the electrochemical determination of amino acids,
such as Cys [14], phenylalanine (PhAla) [15], and tyro-
sine (Tyr) [14,15], in neutral solution without Cu or any
other metal ion. Furthermore, there is a lack of reports
on amino acid determination in acidic solutions. One
paper has been published on the determination of alanine
(Ala), His and arginine (Arg) at Cu electrodes modified
with polypyrrole film doped with glutamate [16], in the
pH range 2 to 6.

In this work the determination of several amino acids
was studied in the presence of Cu(II) in strongly acidic
and alkaline solutions. Carbon film electrodes were used
for the determination of amino acids by cyclic voltamme-
try and square wave anodic stripping voltammetry in the
presence of Cu(II) in 0.1 M HCl and 0.1 M NaOH solu-
tions. Electrochemical impedance spectroscopy was used
to investigate the interactions between Cu(II) and trypto-
phan (Trp) in acidic and basic media. Hydrolysis of
bovine serum albumin was performed in order to deter-
mine the amino acids released using electrochemical
methods in the presence of copper ions. Since protein hy-
drolysis is usually performed in strong acidic solution,
a rapid and simple method is needed for the determina-
tion of amino acids in strong acidic solution in order to
monitor the rate of hydrolysis.
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2 Experimental

2.1 Apparatus

A PalmSens micropotentiostat connected to a personal
computer was used with PSLite 1.7.3. software. Cyclic
voltammetry (CV) experiments were done using a scan
rate of 50 mVs�1; and square wave anodic stripping vol-
tammetry parameters (SWASV) were: deposition poten-
tial �1.0 V (in acidic medium) or �0.7 V (in alkaline
medium), deposition time 60 s, pulse frequency 25 Hz,
amplitude 25 mV, and step potential 2 mV.

Carbon film cylinder electrodes (geometric area
0.20 cm2) were used as working electrodes, a Pt spiral as
counter electrode and a saturated calomel electrode
(SCE) as reference. The carbon film electrodes were pre-
pared from carbon film electrical resistors as described in
[17].

Electrochemical impedance spectroscopy was per-
formed using the same three-electrode electrochemical

cell and a 1250 Frequency Response Analyser, coupled to
a Solartron 1286 Electrochemical Interface (Ametek,
UK) controlled by ZPlot software (Scribner Associates
Inc., USA). The frequency range used was 65 kHz to
0.1 Hz with 10 frequencies per decade, and integration
time 60 s.

The pH measurements were done with a CRISON
2001 micro pH-meter (Crison, Spain).

All experiments were performed at room temperature,
25�1 8C.

2.2 Chemicals

Stock solutions of 10 mM of l-tryptophan, dl-a-alanine,
dl-lysine monohydrochloride, l-arginine monohydro-
chloride, dl-phenylalanine, l(-)-tyrosine (Merck, Germa-
ny), and l-asparagine (Riedel-de Haen, Germany) were
prepared in 0.1 M acetate buffer pH 3.0. The chemical
structures are presented in Table 1. Electrolyte solutions
were prepared from reagents obtained from Riedel-de
Haen, Germany: HCl, H2SO4, NaOH, and acetate buffer
(NaCH3COO and CH3COOH). CuSO4 was purchased
from Panreac, Spain. BSA was obtained from Sigma, Ger-
many. All solutions were prepared with Millipore Milli-Q
nanopure water (resistivity �18 MWcm).

2.3 Cu Deposition

Cu was electrochemically preplated on the working elec-
trodes. Prior to electrodeposition, they were pretreated
by application of a fixed potential of +1.8 V vs. SCE for
120 s followed by �1.8 V vs. during another 120 s in
0.1 M KCl. The electrodeposition of thick copper films
was performed from 3 mM CuSO4 in 2.2 M H2SO4 at
�0.4 V vs. SCE for 900 s.

2.4 Protein Hydrolysis

An amount of 1 mg mL�1 of BSA in 1 M HCl was placed
in a thermocontrolled incubator Multiplace (J. P. Selecta,
Spain) at a constant temperature of 100 8C for 4 h. Sam-
ples were taken after 0 min, 30 min, 1 h, 2, h, 3 h, and 4 h
of hydrolysis. They were cooled down to room tempera-
ture and analysed by injecting of 50 mL of sample into
0.1 M HCl or NaOH solution in the presence of 0.1 mM
Cu(II).

3 Results and Discussion

3.1 Carbon Film Electrodes for Amino Acid
Determination with Addition of Cu(II) to Solution

3.1.1 Acidic Medium

3.1.1.1 Optimisation of Supporting Electrolyte

Since amino acids can easily complex Cu(II), a thick Cu
film was deposited on the electrodes, using the procedure
described in section 2.3, necessary because of the loss of

Table 1. Chemical structure of the amino acids studied.

Amino acid Chemical structure

l-Tryptophan

dl-Alanine

dl-Lysine monohydrochlor-
ide

l-Arginine monohydro-
chloride

dl-Phenylalanine

l-Tyrosine

l-Asparagine
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copper from the electrode surface if and when soluble
complexes are formed.

Experiments with amino acids were carried out in
0.1 M acetate buffer solution pH 4.0. Tryptophan was
studied first, since it is an electrochemically active amino
acid. Cyclic voltammograms (not shown) demonstrate Cu
oxide formation and Cu-Trp complex formation, leading
to a decrease in response with the number of scans due to
insoluble products of Cu-Trp interaction on the electrode
surface, most probably insoluble CuTrp2 [18]. Other
amino acids were also tested but the signals were not
stable and decreased dramatically with cycling under
these conditions. It was thus decided to investigate amino
acid determination at lower pH.

Cu-coated carbon film electrodes were tested in HNO3

and H2SO4 solution; however, under these conditions the
Cu film is blocked by surface oxides and by complexes
[19]. Therefore, further experiments were performed in
0.1 M HCl in the presence of 0.1 mM Cu(II) instead of
preplating Cu film onto the electrodes.

CV and SWV measurements were carried out with the
amino acids arginine (Arg), asparagine (Asp), lysine
(Lys), Trp, and (Tyr) in 0.1 M HCl. No response was
found for Tyr, probably due to an electrochemically inac-
tive protonated form, since it can be determined in neu-
tral solutions and without any complexing cation [14,15].

Figure 1 shows CVs at a carbon film electrode in elec-
trolyte (curve a) and after addition of 0.1 mM Cu(II) with
different concentrations of Asp. After Asp addition, no
new peaks were observed but the Cu(II) oxidation peak
increased linearly in height with concentration up to
100 mM of Asp and then remained stable (Inset of
Figure 1). The same saturation behaviour was found with
all the other amino acids studied that responded under
these conditions. The sensitivity to various amino acids is
in the sequence Asp>Trp�Arg>Lys, see Table 2, al-
though this method is not specific for any particular
amino acid. The stability constants, b2, of these Cu(II)-
amino acid complexes are: 14.9 Asp, 14.9 Trp, 13.74 Arg
and 13.7 Lys in KCl or KH2PO4 solutions [19], suggesting
a dependence of the sensitivity on the Cu-amino-acid
complex stability. The reproducibility is sufficiently good,
with RSD 3.2 %. The detection limit can also depend on
the stability of the Cu(II) complex: a higher complex sta-
bility leads to a lower limit of detection [10].

Further measurements were performed with Trp in
order to clarify the nature of the electrochemical process.
The CV results obtained at different potential scan rates
showed a linear dependence of the oxidation current on
the square root of scan rate up to 25 mVs�1, indicating
a diffusion-controlled process, with a slope of
0.034 mAV�1/2 s1/2.

3.1.1.2 Optimisation of Square Wave Parameters

To enhance sensitivity, SWV measurements were made
starting at �1.0 V, where Cu(II) is deposited, (Figure 2A)
since, at more negative potentials, hydrogen evolution oc-
curred simultaneously. Preconcentration was done prior
to recording the voltammograms to increase sensitivity;
the effect of preconcentration potential on the SWV re-
sponse in Figure 2A shows that �1.0 V gives the best sen-
sitivity. Preconcentration has been used previously to de-
termine Cu(II) at a Cys-modified electrode at open cir-
cuit [20], at �0.5 to �1.0 V vs. Ag/AgCl for Cys determi-

Fig. 1. Determination of Asp at C film electrode in 0.1 M HCl
in the presence of 0.1 mM of Cu(II) by CV. Asp concentration:
(a) 0; (b) 10; (c) 20; (d) 30; (e) 50, (f) 100; and (g) 150 mM. Po-
tential scan rate 50 mVs�1. Inset: Calibration curve calculated
from CV data after Cu(II) signal subtraction.

Table 2. Analytical parameters for the determination of some amino acids in 0.1 M HCl in presence of 0.1 mM Cu(II).

Amino acid Method Ep (V vs.SCE) Linear range (mM) Sensitivity (mAmM�1) LOD (mM) RSD (%)[a]

Arg CV 10–160 0.013 9 6
SWASV �0.05 5–60 0.595 3 4

Asp CV 10–100 0.077 2 5
SWASV �0.05 5–40 2.272 1 3

Lys CV 30–200 0.011 21 8
SWASV �0.05 5–60 0.311 3 3

Trp CV 10–40 0.063 3 2
SWASV 0.98 5–200 0.137 2 2

[a] RSD for n=5 assays
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nation at Hg films in the presence of Cu(II) [11], or at
�0.2 V for albumin determination at electrodes modified
with carbon nanotubes and copper microparticles [13].
Figure 3A also shows the dependence of peak height on
preconcentration time. The peak current increases with
increase in deposition time, but after 60 s begins to satu-
rate, so 60 s was chosen for further measurements in this
medium.

3.1.1.3 Calibration Plots of Amino Acids

Typical SWVs for amino acid determination after addi-
tion to a solution of Cu(II) in 0.1 M HCl solution are pre-
sented in Figure 2B, with Asp as example. All amino
acids studied (except Trp) gave similar profiles under
these conditions with two peaks, PI and PII. The oxida-
tion peak of Cu, PI, is at �0.05 V vs. SCE, increases with

the concentration of amino acid in solution and depends
linearly on the concentration of amino acid added. This
can be attributed to formation of a Cu(II) complex near
the surface following preadsorption of the amino acid
causing the amount of Cu that is oxidised to Cu(II) to in-
crease [21–23]. This can easily disproportionate chemical-
ly and go back to a Cu(II)-Trp complex plus metallic Cu,
which is then oxidised at the electrode surface.

Peak PII at +0.22 V is much smaller and the depend-
ence on amino acid concentration is not that evident. A
similar behaviour in Cu(II) amino acid solution (when
the stoichiometric amount amino acid is kept constant)
was observed by differential pulse voltammetry in [21],
where the first peak is attributed to a stripping of deposit-
ed Cu and the second peak is oxidation of Cu-amino acid
complexes present in acidic solutions [21,22].

In the case of Lys or Arg, PI and PII also increase with
amino acid concentration, PI in a linear fashion. Adding
Trp to the Cu(II) solution an additional peak PIII appears
at 0.98 V which indicates oxidation of the Cu-Trp com-
plex (not shown).

Calibration data for the amino acids obtained from
SWV are presented in Table 2. The sensitivity towards the
amino acids from SWV is higher than that by CV for all
amino acids by at least a factor of two, and the highest is
to Asp, as in the case of CV.

A mixture of two amino acids was also tested under
the same conditions; Asp and Trp were injected into the
same 0.1 M HCl solution containing 0.1 mM Cu(II). The
additional peak, PII, did not appear at any concentration
studied and no linear increase in the peak current of PI
was obtained. Consequently, acidic media cannot be
easily used for the determination of amino acids in pro-

Fig. 2. (A) Dependence of the Cu-Trp oxidation peak height at
C film electrodes on (*) preconcentration potential and (*) pre-
concentration time. Solution composition 0.1 M HCl, 0.1 mM
Cu(II), 10 mM Trp. (B) SWVs of Asp in 0.1 M HCl in the pres-
ence of 0.1 mM of Cu(II). Asp concentration: (a) 0; (b) 30; (c)
100; (d) 150 and (e) 200 mM. Inset: calibration curve calculated
from peak PI (0.04 V) after Cu(II) signal subtraction.

Fig. 3. Determination of Trp at C film electrodes in 0.1 M
NaOH in the presence of 0.1 mM Cu(II) by CV. Asp concentra-
tions: (a) 0; (b) 10; (c) 30; (d) 50, (e) 100; and (f) 150 mM. Poten-
tial scan rate 50 mV s�1. Inset: Calibration curve calculated from
CV Cu oxidation peak (&) and Cu-Trp complex oxidation wave
(&) after Cu(II) signal subtraction.
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teins, but can be used for some amino acids in samples
where only one of these amino acids is present.

3.1.2 Alkaline Medium

The determination of amino acids at Cu electrodes in al-
kaline solution due to easy complex formation between
Cu, amino acids and OH� is well known [10–13]. Thus,
the electrochemical behaviour of the amino acids Ala,
Asp, PhAla, and Trp was tested in 0.1 M NaOH solution
in the presence of 0.1 mM Cu(II). As in strong acidic so-
lution, measurements were performed using CV and
SWV. An example of CVs under these conditions is given
in Figure 4 after addition of various aliquots of Trp. A re-
sponse to all amino acids was obtained but with varying
sensitivity. The Cu oxidation peak was at 0.50 V and re-
duction at 0.39 V in 0.1 M NaOH solution. Addition of
amino acids caused an increase in the Cu oxidation peak,
which was used for analytical quantification, as well as
the appearance of a new oxidation wave between 0.38
and 0.39 V vs. SCE for Trp, PhAla, and Ala, which shifts
to slightly more positive values with higher amounts of
amino acid. This additional oxidation wave is due to com-
plex formation between Cu(II), amino acid and hydroxyl
ions and was well-defined for Trp, but not for the other
amino acids, probably due to the Trp indole moiety.

The calibration curves in the Inset of Figure 3 were cal-
culated for the Cu oxidation peak (empty symbols) and
for the oxidation wave of the Cu-Trp complex. The cali-
bration parameters in 0.1 M NaOH are presented in
Table 3. The sensitivity in most cases is lower than that in
strongly acidic solution.

3.1.2.1 Optimisation of Square Wave Parameters and
Calibration Data

SWVs were recorded in 0.1 M NaOH for all amino acids,
after selection of preconcentration potential and time, see
Figure 4. The peak current increases with more negative
deposition potential, from �0.3 to �0.7 V, then remaining
almost constant down to �1.0 V; thus, �0.7 V vs. SCE
was selected for further experiments. The peak current
response to Trp rose dramatically on increasing the depo-
sition time up to 30 s, above which there were no signifi-
cant changes. The determination of the other amino acids
was thus performed by SWV using preconcentration at
�0.7 V for 30 s.

Unlike in acidic medium, an additional oxidation wave
due to the Cu-amino-acid complex appeared for all
amino acids studied, except PhAla; however, its shape
varied. The most clearly visible oxidation wave of the
complex, as well as the highest sensitivity, was in the case
of Trp (Table 3). PI and PII increased with addition of
amino acid, but PI (Cu oxidation) was more sensitive to
all amino acids, except Trp. In the case of Trp, the size of
the oxidation wave of the Cu-Trp complex, PII, increased
faster. The PII potential was similar in all cases. Alkaline

Fig. 4. (A) Dependence of the Cu-Trp oxidation peak height on
(*) preconcentration potential and (*) preconcentration time.
Solution composition 0.1 M NaOH, 0.1 mM Cu(II), 150 mM Trp.
(B) SWVs of Trp in 0.1 M NaOH in the presence of 0.1 mM
Cu(II). Trp concentration: (a) 0 (b) 10 (c) 30 (d) 50, (e) 100 (f)
150 mM. Inset: Calculated calibration curve after Cu(II) signal
subtraction of peak PII (0.35 V) (&) and PI (0.46 V) (&). (C)
SWVs of Asp and Trp in 0.1 M NaOH in the presence of 0.1 mM
Cu(II). Asp and Trp concentrations: (a) 0 (b) 10 (c) 30 (d) 50 (e)
100 (f) 150 and (g) 200 mM.
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solution is more selective for distinguishing different
amino acids than acidic medium.

Measurements were performed with a mixture of Asp
and Trp, in 0.1 M NaOH electrolyte solution, chosen be-
cause the positions of the wave due to the complex differ
significantly and their sensitivities also differ. Figure 5C
shows a voltammogram after addition of the mixture of
Asp and Trp, with an oxidation peak due to Asp at
0.30 V and a peak for Trp at 0.45 V, as a shoulder of the
Cu oxidation peak. This shoulder increases in height with
increase in Trp concentration while the main Cu oxida-
tion peak at 0.47 V decreases. The sensitivity to these
acids in mixtures was significantly less than when ana-
lysed separately and it was not possible to calculate the
response to Trp due to overlap its peak with the Cu oxi-
dation peak. Nevertheless, these data demonstrate that it
is possible to distinguish between two different amino
acids in alkaline solution but that the response in mix-
tures is different from that in separate solutions. Unfortu-
nately, voltammetry of mixtures of other amino acids
without Trp did not show any separate oxidation peaks.

The analytical parameters of this new methodology can
be compared with those in the literature. For example,
the sensitivity of the amperometric determination of
some amino acids at 0.0 V in 0.01 M NaOH solution at
a CNT-paste electrode modified with Cu nanoparticles
[13] was significantly lower than here: Ala 134 mAM�1,
Asp 270 mAM�1, Cys 2880 mAM�1, PhAla 166 mA M�1,
and Trp 91 mAM�1. The lowest sensitivity in [13] was to
Trp, in contrast to this work with Cu(II) in solution.

3.2 Electrochemical Impedance Spectroscopy of
Tryptophan in the Presence and Absence of Cu(II)

Electrochemical impedance spectra were recorded in
order to follow the changes at the electrode/solution in-
terface during Cu(II) and Trp interactions in both acidic
and alkaline media. Examples of the spectra obtained are
shown in Figure 5a in acidic medium and in Figure 5b in
alkaline medium.

The applied potentials were chosen according to the
cyclic voltammograms recorded in each medium: 1) in
0.1 M HCl at �0.40 V (Cu deposition), at �0.15 V (Cu

oxidation peak) and at 0.0 and 0.30 V (no redox process);
2) in 0.1 M NaOH at �0.40 V (Cu deposition), 0.0 V (no
redox process), +0.38 V (reduction of surface CuO), at
+0.40 V (oxidation of Cu(II)-Trp complex) and at
+0.50 V (oxidation of Cu). At each potential, impedance
spectra were recorded in blank electrolyte solution (0.1 M
HCl or 0.1 M NaOH), electrolyte +30 mM of Trp, electro-
lyte +100 mM of Cu(II), and electrolyte +30 mM of Trp
+100 mM of Cu(II). In order to investigate the influence
of amino acid concentration on the electrode/solution in-
terface, a further 30 mM of Trp was added to the last of
these solutions.

3.2.1 Acidic Medium

Figure 5a1 and a2 show complex plane spectra in 0.1 M
HCl solution at 0.0 V and at �0.40 V. The spectra were
fitted to the same equivalent electrical circuit at all poten-
tials, which consists of the cell resistance (RW) in series
with a parallel combination of charge transfer resistance,
Rct, and constant phase element (CPE) as non-ideal ca-
pacitance. Here CPE =�1/(Ciw)a, where the capacitance
C describes the charge separation at the double layer in-
terface, w is the angular frequency and the a exponent is
due to the heterogeneity of the surface.

In the absence of Cu(II), with or without Trp, the
shape of the spectra was similar at �0.15, 0.0 (Figure 5a)
and +0.30 V. Addition of Cu(II) decreases Rct, and fur-
ther addition of Trp increases the charge transfer resist-
ance due to complex formation between Cu(II) and Trp
on the electrode surface. A second addition of Trp hardly
changes the impedance spectrum. At �0.40 V a similar
tendency was found except that impedance values were
smaller due to easier charge transfer: when Trp is added
to electrolyte solution charge transfer is more difficult
but Cu(II) addition improves charge transfer by around
a factor of 6 (from 7.6 to 1.2 kWcm2). On the other hand,
addition of Trp to in electrolyte solution that already con-
tains Cu(II) increases Rct from 1.2 to 1.9 kWcm2 due to
complex formation. Thus, the order of addition of the two
components is important and in

The values obtained by fitting show that in all cases Rct

decreases significantly after addition of Cu(II) and in-

Table 3. Analytical parameters for the determination of some amino acids in 0.1 M NaOH in presence of 0.1 mM Cu(II).

Amino acid Method Ep (V vs. SCE) Linear range (mM) Sensitivity (mAmM�1) LOD (mM) RSD (%)[a]

Ala CV 0.51 10–150 0.015 8 6
SWV 0.48 5–60 0.035 3 4

Asp CV 0.52 10–200 0.020 6 5
SWV 0.49 5–60 0.020 3 4

PhAla CV 0.51 30–200 0.010 14 8
SWV 0.48 5–60 0.014 2 4

Trp CV 0.50 10–150 0.153 7 3
CV 0.38 10–100 0.121 4 3
SWV 0.46 5–150 0.016 2 4
SWV 0.35 10–60 0.041 9 4

[a] RSD for n =5 assays
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creases in the presence of Trp, probably due to adsorption
of protonated amino acid on the electrode surface. The
exponent a is almost in all cases around 0.89, except at
�0.4 V in the presence of Cu(II) with or without of Trp
when it is almost 1 showing that deposited Cu reduces
the electrode surface non-uniformity. RW was always
~4 Wcm2.

3.2.2 Alkaline Medium

Spectra of Cu(II) in the presence or absence of Trp re-
corded in 0.1 M NaOH electrolyte solution were different
to those in acid solution and three equivalent circuits
were needed to fit to the spectra at all the potentials stud-
ied. The spectra in blank and Cu(II) solutions at all po-
tentials, except 0.0 V and �0.40 V, were analysed using
the same equivalent circuit as in acidic medium. At 0.0 V
(except Trp in electrolyte) a simpler circuit comprising
RW and CPE as non-ideal capacitance in series were used
(reflecting the fact that there is no redox process), the
spectra being straight lines, showing just charge separa-

tion, independent of solution composition. At �0.40 V
the equivalent circuit was extended with a second R-CPE
parallel combination, suggesting formation of a surface
film or surface adsorption, the spectra being almost the
same for any solution composition. RW was around 6 W

cm2 at all potentials and the exponent a in all cases was
~0.9.

The dependence on solution composition at +0.38 and
+0.50 V is shown in Figure 5b1 and b2. The spectra at
+0.38 and +0.40 V were almost identical. Interestingly,
Trp addition decreased Rct significantly at the electrode
interface under these conditions: from 436 to 47 kWcm2

without Cu(II) and from 269 to 40 kWcm2 with Cu(II) in
solution. Trp is deprotonated at this pH and is more elec-
troactive than in acidic medium and so facilitates charge
transfer. Since Cu(II) forms oxides at these potentials, im-
pedance values decrease only slightly after its addition.
Addition of Trp after Cu(II) decreases the impedance
values significantly to values lower than in just Trp solu-
tion without Cu(II). Addition of another aliquot of Trp to
the same solution decreases the impedance values further.

Fig. 5. Complex plane electrochemical impedance spectra at carbon film electrode in (a) 0.1 M HCl and (b) 0.1 M NaOH electrolyte
solutions at different potentials. Solution compositions: (&) electrolyte; (*) electrolyte +30 mM Trp; (~) electrolyte +100 mM
Cu(II); (^) electrolyte +100 mM Cu(II) +30 mM Trp; (n) electrolyte +100 mM Cu(II) +60 mM Trp. Lines indicate equivalent electri-
cal circuit fitting.
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This shows that impedimetric measurements at constant
frequency (in the low frequency region) between +0.38
and +0.50 V can be used for Trp determination.

Additionally, EIS confirms that, in acidic and in alka-
line media, Cu(II)-Trp complexation and amino acid de-
termination occur by different mechanisms. In acidic
medium, as discussed above, a Cu(I)-Trp complex is
formed (more easily than in alkaline solution) and exists
as [CuTrp]+ [21–23]. This can easily disproportionate
chemically and go back to a Cu(II)-Trp complex, which is
further oxidised at the electrode surface:

2½CuTrp�þ ! Cuþ ½CuTrp2�ad
2þ ð1Þ

½CuTrp2�ad
2þ þ 2e� ! Cu0

ad þ 2Trp ð2Þ

However, in alkaline solution Cu0 obtained by reduc-
tion of the complex CuTrp2 [21,22,24], which exists in
neutral, and probably alkaline, form, facilitates Trp oxida-
tion:

CuTrp2 þ 2e� ! Cu0 þ 2Trp� ð3Þ

The data obtained clearly demonstrate that Cu(II) is
necessary to increase the sensitivity of the amino acid de-
termination.

3.3 Comparison Between Acidic and Alkaline Media

The main data for determination of Trp in acidic and al-
kaline media are summarised in Table 4, which sheds
light on choosing the best conditions for amino acid de-
termination by voltammetry. LODs are similar in both
media, but the sensitivity depends on the method used:
higher in acidic medium for SWV, and higher in alkaline
medium for CV. Trp might be determined in presence of
other amino acids and proteins only in alkaline medium.

There is some evidence that even the impedimetric
method might be used for such analysis.

3.4 Hydrolysis of BSA

To measure the protein hydrolysis rate, 1 mg mL�1 of
BSA was hydrolysed in 1 M HCl at 100 8C for several
hours and samples were taken after 0 min, 30 min, 1, 2, 3,
and 4 h. The samples were analysed in acidic and alkaline
media adding 50 mL of the sample to 10 mL of electrolyte
solution. Analysis of the samples was performed by CV
and by SWV using the standard addition method (adding
Trp).

Table 4. Summary of Trp determination in the presence of 0.1 mM Cu(II) in 0.1 M HCl and 0.1 M NaOH solutions.

Technique Parameter Acidic medium Alkaline medium

CV
Peak position �0.1 V +0.38 V, +0.50 V
Sensitivity 0.063 mAmM�1 0.153 mAmM�1

LOD 3 mM 4 mM
RSD 3% 3%
Determination in presence of other amino acids and proteins Not possible Possible

SWV
Peak position �0.07 V, +0.20 V +0.35 V, +0.46 V
Sensitivity 0.137 mAmM�1 0.041 mAmM�1

LOD 2 mM 2 mM
RSD 2% 4%
Determination in presence of other amino acids and proteins Not possible Possible

EIS
RW 4 W cm2 6 Wcm2

Influence of Trp on charge transfer Makes easier Makes more difficult
Influence of Cu(II) on charge transfer in absence of Trp Makes more difficult Makes easier
Change in Rct with increase in [Trp] in presence of Cu(II) Almost does not change Decreases

Fig. 6. Trp concentration dependence on BSA hydrolysis time
obtained by standard addition method in 0.1 M NaOH electro-
lyte solution in the presence of 0.1 mM Cu(II) by CV at potential
scan rate of 50 mV s�1.
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In acidic medium a large interference was obtained
from the complex sample matrix and it was not possible
to detect the amino acids formed during BSA hydrolysis.
On the other hand, a clear and well-defined response was
obtained in alkaline medium, better by CV than by SWV
because the latter was found to be more sensitive to
matrix effects in this case. The shape of the voltammo-
grams (not shown) after sample injection was the same as
in the case of Trp (Figure 3). The results, recalculated for
the original sample, are presented in Figure 6: BSA hy-
drolysis under the conditions described above takes ~3 h,
giving a response already after half an hour. This method
allows following the BSA hydrolysis rate without addi-
tional neutralisation of the hydrolysis solution. Although
it is not selective to a particular amino acid, as seen from
the results of analysis of the hydrolysis products, it can be
used for control of the hydrolysis rate.

4 Conclusions

Amino acids can be successfully determined separately at
carbon film electrodes in strongly acidic 0.1 M HCl solu-
tion in the presence of 0.1 mM Cu(II). The determination
of amino acids in acid solution in the presence of large
molecules such as proteins was not possible due to elec-
trode blocking or to irreversible Cu(II) complexation by
proteins. However, amino acid determination in alkaline
solution, 0.1 M NaOH, in the presence of 0.1 mM Cu(II)
was possible for individual amino acids and also in the
presence of proteins. The sensitivity to amino acids was
slightly higher in strongly acidic than in alkaline medium.
The RSD for amino acid determination is similar in both
media and it varies in the range of 2–8% depending on
the amino acid.

Impedance spectra in acidic solution showed that
Cu(II) facilitates charge transfer and Trp makes it more
difficult, whereas in alkaline medium the opposite effect
was observed. The best effect of Cu(II) and Trp on Rct is
visible from 0 to �0.4 V and from +0.38 to +0.5 V in
acidic and alkaline medium, respectively.

The hydrolysis rate of BSA can be followed by deter-
mining the amino acids formed, by adding the partially
hydrolysed samples to 0.1 M NaOH and 0.1 mM Cu(II)
solution and using cyclic voltammetry. In this way, after
appropriate fundamental studies, the decomposition of
protein-containing foods can also be examined.
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