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Electrochemical Investigations of Protein Denaturating Agents Dithiobutylamine and
Dithiothreitol and of the Antineoplastic Alemtuzumab at Glassy Carbon Electrode
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A study to establish redox and thermodynamic properties of the protein denaturing
agents dithiobutylamine (DTBA) and dithiothreitol (DTT) and of the monoclonal antibody
alemtuzumab (ATZ), in aqueous electrolytes, with different pH values, under different experimental
conditions, was carried out on a glassy carbon electrode (GCE), using cyclic voltammetry (CV),
differential pulse voltammetry (DPV) and square wave voltammetry (SWV). The voltammetric
study demonstrated that DTBA, as well as DTT, were both susceptible to direct electro-oxidation
on the electrode surface. The study established that the oxidation of DTBA and DTT took place
in three subsequent steps, the first two occurring in the thiol groups forming a cyclic intermediate.
The oxidation mechanisms of DTBA and DTT were postulated and proposed. The results using
DPV and SWV clearly demonstrated the spontaneous adsorption of ATZ on the hydrophobic GCE
surface and that it undergoes electro-oxidation in amino acid residues of tyrosine and tryptophan,
exposed superficially on the three-dimensional structure of the protein and on the electrode. An
oxidation mechanism of ATZ was also proposed.
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Introduction

About 20% of proteins have disulfide bonds between
cysteine residues (Cys),'* Scheme 1. The oxidation state
of thiol groups (RSH) is determinant in the structure
and consequently in the activity of physiological
processes, since the reaction exchange rate RSH/RSSR
is important in protein folding, enzymatic catalysis and
even deoxyribonucleic acid (DNA) cleavage.' Small
molecules that have thiol groups, Scheme 1, are widely
used as reducing agents in biochemical methodologies
for characterization, detection and quantification of
biomolecules, with the main aim of reducing disulfide
bonds, for example, by facilitating the denaturation of
proteins.'

Beta-mercaptoethanol (-ME) used to be the most
common agent to reduce disulfides of biomolecules.** With
the thiol group of pK, = 9.61, in neutral medium, however,
it had a very slow reaction kinetics and was trapped in the

*e-mail: s.carlosb.oliveira@gmail.com; severino.oliveira@ufrpe.br
Editor handled this article: Rodrigo A. A. Mufioz (Associate)

NH, H

o

N e HS\/\E/\SH
SH
B-ME DTBA DTT
o o o
HSY‘\OH /Q/YJ\OH le/\ru\OH
NH, o NH, AN , NH,
Cys Tyr Trp

Scheme 1. Chemical structures of the reducing agents, beta-
mercaptoethanol, dithiobutylamine and dithiothreitol and of the amino
acids cysteine, tyrosine and tryptophan.

reduced species.** Dunaway-Mariano et al.* comprehended
that a dithiol would solve these problems and proposed
the racemic (25,35)-1,4-dimercaptobutane-2,3-diol
(dithiothreitol or DTT), Scheme 1, with two thiol groups
with pK, values of 9.2 and 10.1.* The reaction kinetics
of DTT were faster compared to B-ME and the reaction
product was cyclic and easily separated.’* However, DTT
as a reductant still had reaction kinetics at neutral pH
considered slow, since its reactivity is driven by thiolate
anions.'” Aiming at faster reaction kinetics, Lukesh ef al.!
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synthesized dithiobutylamine (DTBA), Scheme 1, a
no racemic dithiol with pK, values of 8.2 and 9.3. At a
neutral pH, DTBA reduces disulfides faster than DTT.!¢
In addition, it is more efficient in restoring the enzymatic
function of proteins'® and has also been used as a ligand for
various metal ions forming mono and dinuclear complexes.®

Advances in biotechnology have enabled the design
and production of antibodies that target specific antigens,
such as those found in cancer cells.” These antibodies are
called monoclonal antibodies (mAbs).” The mAbs are
formed by four polypeptide chains, two heavy and two
light, connected mainly by disulfide bonds.®® The mAbs
have been increasingly used in the treatment of cancer,
since they have a specific target, preserving normal cells
and minimizing the side effects caused by traditional
chemotherapy.®?

Alemtuzumab (ATZ) is a mAb that has two identical
heavy chains, with 451 amino acids each, and two identical
light chains, with 211 amino acids each, with a molecular
mass of 146 kDa.'” In addition, they are used in the
treatment of various types of autoimmune diseases such

1314 and scleroderma.’

as rheumatoid arthritis, "2 vasculitis
ATZ has been widely used in cases of B-cell chronic
lymphocytic leukemia, in patients who have not obtained
a satisfactory response to chemotherapy with alkylating
agents and therapy with fludarabine,®®!¢ and also for
the treatment of patients with active relapsing-remitting
multiple sclerosis.!*!"-1°

Electrochemical studies with carbon electrodes
have been decisive in the investigation of redox and
thermodynamic properties of different chemical species,?**
of immobilization of macromolecules on surfaces,?2°
as well as, on the development of sensors for different
applications®’?° and of analytical and bioanalytical
methods.?>?*?":2 Furthermore, the electrochemical behavior
of electroactive amino acid residues, tyrosine (Tyr),?>?*%
tryptophan (Trp),*"'3 cysteine (Cys),** Scheme 1,
histidine (His)** and methionine (Met)* and proteins®*>%
have already been explored. These studies can be
useful to clarify mechanisms related to redox stability,
physiological and pharmacological activity.?**> However,
to our knowledge, to date, no studies to establish the
electrochemical properties of ATZ, as well as of the
denaturing agent DTBA, have been reported in the
literature. DTT anodic oxidation mechanism was
investigated at glassy carbon electrode, but only under
specific conditions and using differential pulse voltammetry
(from 1.0 to 1.4 V vs. an Ag/AgCl reference electrode).?
However, only one DTT oxidation peak was detected, and
additional work needs to be done to fully characterize the
electrochemical redox behavior of DTT.
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The present work aimed to investigate, for the first
time, the anodic behavior of DTBA, DTT and ATZ in
aqueous supporting electrolytes, with different pH values,
with a glassy carbon electrode (GCE), using voltammetric
techniques, cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and square wave voltammetry (SWV).
Furthermore, the voltammetric results of ATZ were
compared with the electro-oxidation of the amino acids
Trp and Tyr.

Experimental
Chemicals and reagents

Monoclonal anti-CDS52 antibody 1 mg mL! ATZ in an
aqueous phosphate buffer solution, pH = 7.4, was obtained
from Sigma-Aldrich (St. Louis, USA) and stored at 4 °C.

DTBA, DTT, Trp, Tyr and Cys reagents were obtained
from Sigma-Aldrich (St. Louis, USA) and used without
further purification. Fresh stock solutions of 2 mmol L-!
DTBA and 2 mmol L' DTT were prepared in deionized
water. Stock solutions of Tyr, Trp and Cys amino acids were
prepared by weighing the solids, after they were dissolved
with a few drops of 0.2 mol L' NaOH and diluted with the
buffer solution to the desired volume. The concentrations
used in the voltammetric tests were prepared by diluting
the respective stock solutions in the aqueous supporting
electrolyte solution, directly in the electrochemical cell.
Aqueous supporting electrolyte solutions with different
pH values were prepared using analytical grade reagents
and deionized water.”? To prepare the solutions, ultrapure
water (conductivity < 0.1 uS cm™) from Millipore Milli-Q
(Bedford, USA) was used.

The pH measurements were performed with a Metrohm
Herisau pH-meter (Switzerland) using a Scott Gerate
combination glass electrode. All experiments were carried
out at room temperature, T = 25 °C.

Voltammetric parameters and electrochemical cells

Electrochemical experiments were performed using
a three-electrode potentiostat (PGSTAT 302N model,
Metrohm, Netherlands) with NOVA 2.0 software
(Metrohm/Autolab, Netherlands). The tests were based on
a GCE with a diameter of 1.6 mm (ALS, Japan) or 3.0 mm
(Metrohm, Brazil), a Pt wire auxiliary electrode and an
Ag/AgCl (3 mol L' KCl) reference electrode, in a 10 mL
electrochemical cell. The operating parameters for DPV
were pulse amplitude of 50 mV, pulse width of 70 ms and
sweep speed of 5 mV s™'. For SWV, these parameters were
pulse amplitude of 50 mV, frequency of 10 Hz and potential
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increment of 5 mV, corresponding to an effective sweep
speed of 50 mV s™'. For the electrochemical impedance
spectroscopy (EIS), the following parameters were used:
root mean square disturbance (rms) of 5 mV, 10 frequency
values per decade, with a frequency range from 65.000 to
0.01 Hz. All studies were carried out in triplicate.

Before starting each electrochemical test, the GCE
was always polished with filter paper with diamond spray
(particle size 1 pm, Kement, UK) and subsequently cleaned
with deionized water. After this mechanical treatment, the
GCE was placed in the electrochemical cell with adequate
supporting electrolyte and an anodic pre-treatment was
performed, where several successive voltammograms were
repeatably recorded in a positive potential window, until the
electrochemical response remained unchanged (baselines
stable). This pre-test conditioning of the GCE surface
ensured reproducible experimental results.

A thin film of ATZ on the GCE was prepared via
spontaneous adsorption from a drop of 5 pL of the
1 mg mL"' ATZ solution placed on the GCE surface and
dried at room temperature for 10 min. Subsequently, the
electrode was carefully washed with deionized water and
placed in the electrochemical cell containing only the
supporting electrolyte.

Queiroz et al.

All DPVs presented in this work were submitted to
the moving average mathematical method for baseline
correction, using a potential step of 2 mV.

Results and Discussion

Electrochemical study of the reducing agents dithiobutylamine
and dithiothreitol

The anodic behavior of DTBA on GCE, using
voltammetric techniques, was investigated and compared
with the electro-oxidation of DTT.

Consecutive cyclic voltammograms of 1.0 mmol L™
DTBA in acid medium, pH = 4.5, detected three subsequent
irreversible reactions: peak la at E;, = +0.23 V, peak 2a
atE,, =+0.75V and peak 3a atE ;, = +1.37 V, Figure 1A
and Table 1. As in the case of 1 mmol L' DTT, the
voltammograms, under the same experimental conditions,
detected four consecutive and irreversible anodic peaks:
peak laatE,,=+0.23V, peak 2a at E,, = +0.70'V, peak 2a’
atE,, =+0.92V and peak 3a at E ;, = +1.32 V, Figure 1C
and Table 1.

The above experiments were repeated in a physiological
medium, at pH = 7.0. The cyclic voltammograms of
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Figure 1. Consecutive cyclic voltammograms on GCE (1.6 mm) of 1 mmol L' DTBA (A and B) and of 1 mmol L'! DTT (C and D); in acetate buffer at
pH =4.5 (A and C) and phosphate buffer at pH = 7.0 (B and D). First scan (==) and the supporting electrolyte (=), v =100 mV s
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Table 1. Peak potentials of DTBA and DTT in CV on GCE

Electrochemical Investigations of Protein Denaturating Agents Dithiobutylamine and Dithiothreitol

CV peak potentials (E/V vs. Ag/AgCl)

Species pH=45 pH=7.0
Peak 1a/V Peak 2a/V Peak 2a’ /V Peak 3a/V Peak la/V Peak 2a/V Peak 2a’ /' V Peak 3a/V
DTBA +0.23 +0.75 - +0.15 +0.58 - +1.28
DTT +0.23 +0.70 +0.92 +0.17 +0.53 - +1.29
DTBA: dithiobutylamine; DTT: dithiothreitol; CV: cyclic voltammetry.
1 mmol L' DTBA showed three anodic peaks, all 197 =
irreversible, at E,, = +0.15, E 5, = +0.58 and E5, = +1.28 V, ™
Figure 1B and Table 1. However, all processes when <2
compared to the results at pH = 4.5, occurred at lower 604 s >
positive potential values, clearly demonstrating that these < 10
electro-oxidations were pH-dependent on the medium = 404 o I
and occurred more easily, as expected, at neutral pH. The a5, P ey M
consecutive cyclic voltammograms of 1 mmol L' DTT
showed an electrochemical behavior very similar to DTBA, 0-
with three subsequent irreversible anodic processes: —_—

E,,=+0.17, E,,, = +0.53 and E ;, = +1.29 V, Figure 1D
and Table 1.

The results show, for both the acid and physiological
media, that after the second cyclic voltammogram, Figure 1,
there was a disappearance of the first oxidation process.
There was also a very significant decrease in the currents
of the subsequent peaks, 2a and 2a’, due to the products
of these electro-oxidations that strongly adsorb on the
GCE surface.

To establish the mass transport of DTBA to the GCE
surface, cyclic voltammograms with different scanning
speeds, between 5 and 300 mV s, were recorded in an
aqueous solution of 1 mmol L' DTBA at pH = 7.0, Figure 2.
After each scan, the electrode surface was always cleaned,
to avoid problems resulting from the adsorption of DTBA
oxidation products. The results showed that peak 2a currents
had a linear relationship with the square root of the sweep
speed, with correlation coefficient of 0.994, indicating
that the DTBA mass transport to the electrode surface was
predominantly diffusion controlled,*3 in agreement with
the Randles-Sevcik equation for an irreversible system,
equation 1.2233

I;=2.99 x 10°n (ot + n")"?AC,D,">v'? (1

where I is the peak current associated with the forward
scan in Ampere, n is the number of electrons transferred
during the oxidation of DTBA, a, is the charge transfer
coefficient, n’ is the number of electrons in the rate-
determining step, A is the GCE electroactive area in cm?,
D, is the diffusion coefficient in cm? s!, C, is the DTBA
concentration in mol cm™ and v is the scan rate in V s'.
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Figure 2. Cyclic voltammograms on GCE (3.0 mm) in solution of
1 mmol L' DTBA in phosphate buffer, pH = 7.0, under different scan
rates, (==) 5, (=) 10, (==) 25, (=) 50, (==) 100 and () 300 mV s
Inset: plot of I, vs. v'2.

The Tafel plot and its corresponding slope were used
for elucidating the oxidation mechanism of DTBA. The
slope of the Tafel plot was equal to:

Slope = nF(1-0.)/2.3RT )

where F is the Faraday constant in C, R is the universal
gas constant in J K', T is the temperature in K and n is
the number of electrons involved in the redox process.?*
As the Tafel inclination was 4.29 V dec! with correlation
coefficient (r) of = 0.998 and 3.46 V dec! with r = 0.999,
for the anodic peaks 1a and 3a respectively, Figure 3, both
processes occur therefore with a removal of one electron.

Cyclic voltammograms of Cys 1.0 mmol L' in neutral
pH were recorded and compared to those of DTBA and
DTT, Figure 4. Cys is an amino acid whose structure
resembles the structure of DTBA and DTT; however, it
has only a single thiol group in the side chain, Scheme 1.

In an acid medium, pH = 4.5, the Cys voltammograms,
recorded in the potential window from E = -0.2 V to
+1.45V, detected two anodic peaks, at E,, = +0.93 and at
E,, = +1.48,” Figure 4A. In the physiological medium, at
pH = 7.0, the voltammograms recorded from E = —0.2 to
+1.25V, detected peaks at E, =+0.67 and at E,, = 0.96 V,**
Figure 4B.

Comparing the anodic behavior of Cys with that of

J. Braz. Chem. Soc. 2024, 35, 6, e-20230191



Electrochemical Investigations of Protein Denaturating Agents Dithiobutylamine and Dithiothreitol

Queiroz et al.

Peak 1a
y =4.2901x - 5.78783
r=0998

20+
" 3a
15+
g. 10+ 001 000 001 002 003 004
- E/V (vs. Ag/AgCl)
p Peak 3a
-4.84 y = 3.46079x - 8.86559
r=0.999
54
1a 2a
o-
e v 9 v 9 v 9 ¥ § v 9 e v
-0.2 00 0.2 04 06 08 1.0 1.2
E/V (vs. Ag/AgCl)
-5.3 T T T T 1
104 108 112 116 120

E/V (vs. Ag/AgCl)

Figure 3. Cyclic voltammograms on GCE (3.0 mm) in solution of 1 mmol L' DTBA in phosphate buffer at pH = 7.0, v =5 mV s and the Tafel plot of

the peaks la and 3a.
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Figure 4. Cyclic voltammograms on GCE (1.6 mm) of 1.0 mmol L' Cys (==), DTBA (==) and DTT (=). (A) In acetate buffer, pH = 4.5 and (B) in

phosphate buffer, pH = 7.0.

DTBA and DTT, Cys was not observed to be present in
the first oxidation step, Figure 4. This is explained by
the presence of only a single thiol group in its structure.
Thus, the first and second anodic processes of DTBA and
DTT were related to oxidations of existing thiol groups,
Scheme 1.

The anodic behavior of DTBA and DTT were also
investigated using SWYV, in different aqueous electrolytes,
Figure 5. Important advantages of SWV include high
sensitivity, high peak resolution, minimization of
problems with adsorption of products from subsequent
steps on the electrode surface, high analytical frequency
and electrochemical reversibility analysis of the electron
transfer reaction requiring only a single potential scan.3*

J. Braz. Chem. Soc. 2024, 35, 6, e-20230191

SWVs recorded in 1 mmol L' DTBA solutions
prepared in acetate buffer, pH = 4.5 and in phosphate
buffer, pH = 7.0, indicated data similar to those obtained
by CV, showing three anodic peaks in the acid medium
(Bp1a = 0.12, E5, = 0.65 and E;, = 1.32 V), Figure 5A,
and in the physiological medium (E,, = 0.02, E,, = 0.50
and E;, = 1.17 V), Figure 5B. SWVs of DTT 1 mmol L'
were performed under the same experimental conditions.
In the acid medium, it was not possible to observe the first
peak, peak la; only three oxidation peaks were detected
(Bppa = 0.58, E 5, = 0.88 and E,;, = 1.26 V), Figure 5C.
In the physiological medium, three oxidation peaks were
also detected (E,;, = 0.02, E,, = 0.50 and E ;, = 1.17 V),
Figure 5D.
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Figure 5. SWVs on GCE (1.6 mm) of 1 mmol L' DTBA (A and B) and of 1 mmol L' DTT (C and D) in (A and C) acetate buffer, at pH = 4.5 and
(B and D) phosphate buffer, at pH = 7.0. I;: forward, I: backward and I;: total current voltammograms.

The SWV results indicated small differences in the
anodic behavior of these agents, for example, for DTBA
the peak la was identified in each investigated aqueous
media, acidic and neutral, while for DTT this process
was only detected in the physiological media. Yet, the
anodic peak 2a’ of DTT was only observed in acid media,
Figure 5.

DPVs were also recorded in 1.0 mmol L' DTBA
solutions prepared in aqueous supporting electrolytes with

(A)

different pH values, Figure 6A. On the plot of peak potential
as a function of pH, Figure 6B, a slope of =53 mV per pH
unit shows that the mechanism associated with peak la
involves an equivalent number of electrons and protons.3**
As from the DPV to the width of the peak at half height
(W) (mV) =90/n,33 it can be concluded that this step
of the reaction occurred with the removal of one electron
and one proton. For peaks 2a and 3a, the inclinations were
respectively —69 and —49 mV pH!; the DPV data indicates

(B) 144
1.24 1\.\\
3a

-
=4
i

(vs. Ag/AgCl)
e ©
.2

E,IV
p'Q
N

Figure 6. 3D plot of DPVs of (A) 1 mmol L' DTBA as a function of pH (3.5-8.0). (B) Plot of peak potential (m) la, (®) 2a and (A) 3a as a function

of pH.
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that both processes occurred with the withdrawal of one
electron/proton pair.3**

The voltammetric results presented here are converging
and indicate that DTBA, as well as DTT, undergo electro-
oxidation on GCE in three subsequent steps and that they
were associated with oxidation of the thiol groups of these
molecules. The oxidation mechanisms of DTBA and DTT
were postulated and proposed, Scheme 2, based on the
voltammetric data, Figures 1-6, together with previous
results from the literature.’>-%

Scheme 2 proposes that the first two steps of dithiolic
compounds, peaks 1a and 2a, refer to the electro-oxidations
of the sulfydryl groups (—SH), for the formation of radicals
that will react to form an intermediate cyclic product with a
disulfide bond. The intermediate, referring to the first anodic
process, is also adsorbed on the GCE and electro-oxidized
in an aqueous medium at high potential values (peak 3a).**
The electrochemical results presented here also indicated
that DTBA and DTT were both oxidized at low potential
values, therefore were indeed good reducing agents, unlike
Cys. These electrochemical results are also complementary
to the biochemical data,' further demonstrating the potential
of DTBA as a protein reducing/denaturing agent.

s
e, -H* S
> —_— |
Peak 2a
SH s° .
S
-e’, -H*
Peak 1a
H
SH -, -H*
[ HO, Products

Peak 3a
Scheme 2. Proposed oxidation mechanism of DTBA and DTT.

Electroanalytical determination of DTBA

DPV can be used for sensitive quantification of
DTBA in phosphate buffer, pH = 7.0. Under optimized

Queiroz et al.

experimental conditions (pulse amplitude of 50 mV, pulse
width of 70 ms and v = 5 mV s™), voltammograms were
recorded in solutions with different concentrations of
DTBA and the variation in the current of the anodic peak 3a,
referring to the oxidation of DTBA on the pre-treated GCE,
was used as the analytical signal, Figure 7A.

The corresponding analytical curve, Figure 7B, proves
that there is an excellent linear relationship, with the equation
of the straight line I, (A) = 0.008(DTBA / (umol L)) —
1.33 x 108, with a coefficient of correlation 0.999, in
the concentration range from 3.98-15.56 pumol L. For
each concentration, the electrode was always anodically
pre-treated, and thoroughly rinsed with deionized water,
in order to ensure a clean surface. The limit of detection
(LOD) was 0.61 umol L' (36/S, where o is the standard
deviation of the blank and S is the slope of the analytical
curve) and the limit of quantification (LOQ) was
2.05 umol L' (10 o/S).

The repeatability of the proposed method (n =4) was also
investigated using a 6 umol L' DTBA solution, Figure 7C.
A relative standard deviation (RSD) of 6.7% was found,
which demonstrated good measurement performance.

Electrochemical study of the anodic behavior of the
monoclonal antibody alemtuzumab

The ATZ was immobilized on GCE by spontaneous
adsorption (10 min). Its anodic behavior was then
investigated in aqueous supporting electrolytes, Figure 8.
Consecutive cyclic voltammograms of the ATZ thin film,
recorded in the potential window from E = +0.40 to
+1.30 V, showed two subsequent irreversible anodic peaks
(E,;,=0.88V,E,,, = 1.18 V), in the first scan, Figure 8A.
However, from the second potential scan, no redox process
was identified, which is justifiable, since the ATZ amino
acid residues exposed on the GCE were electro-oxidized.
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Figure 7. (A) DPVs on GCE (3.0 mm) obtained in DTBA solution at increasing concentrations. (B) Analytical curve I, (A) = 0.008(DTBA / (umol L)) —
1.33 x 10%. [Phosphate buffer] = 0.1 mol L', pH = 7.0; (a) 3.98, (b) 5.95, (c) 7.91, (d) 9.84, (e) 13.67 umol L. Error bars represent the standard deviation
for three independent measurements. (C) Repeatability study (n = 4) using a 6 pmol L' DTBA solution.
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Figure 8. ATZ thin film on GCE (1.6 mm): (A) Consecutive cyclic voltammograms in acetate buffer (pH =4.5), (B) DPVs in acetate buffer (pH = 4.5) (=)
and in phosphate buffer (pH = 7.0) (===) and (C) successive SWVs in acetate buffer (pH = 4.5). (=) First scan.

The CV experiments were repeated using DPV. DPVs of
the ATZ thin film on the GCE, in acetate buffer, at pH = 4.5,
showed two subsequent anodic peaks at E,;, = 0.77 V and
E,,, = 1.09 V. In the physiological neutral medium, their
potentials were shifted, as expected, for lower positive
values, at E,;, = 0.65 and E,, = 1.00 V, Figure 3B,
indicating the deprotonation of the electroactive amino
acids involved.?36-38

Thus, in a more extended potential window, successive
SWVs of the ATZ monolayer thin film were recorded in
acetate buffer, pH = 4.5, Figure 8C. In the first SWV scan
of the ATZ, Figure 8C, two oxidation peaks (E,,, = 0.84,

E,,,=1.15V) were observed in agreement with DPV and
CV, Figures 8A and 8B. In the second scan, recorded under
the same experimental conditions without cleaning the
GCE surface, two new anodic processes were identified,
peak 3a (E,;, = 0.33 V) and peak 4a (E,, = 0.48 V),
and were associated with electroactive ATZ oxidation
products.

The electrochemical response of proteins on solid
electrode surfaces was initially associated only with the
primary structure and consequently with electroactive
amino acid residues.?*?:3-3% Recent studies,?*2336-38

p2a

indicate that only outwardly oriented amino acids will
be on the electrode surface available for electrochemical
reactions, 253638

The electro-oxidation of Trp and Tyr in neutral
medium, phosphate buffer, on GCE were revisited by
voltammetric and EIS techniques, Figures 9 and 10 and
Table 2, and compared with data from ATZ, Figure 8 and
Table 2.

Consecutive cyclic and DPVs were recorded in the
1.0 mmol L' Trp aqueous solution (pH = 7.0), Figures 9A
and 9B. The cyclic voltammograms of Trp, Figure 9A and
Table 2, detected two subsequent irreversible anodic peaks,
peak laatE , =+0.81V and peak 2a at E,, = +1.12 V.3
From the consecutive scans, the CV data also identified a very
significant decrease in peak la current and the disappearance
of process 2a, Figure 9A. New CV experiments were carried
out, confirming strong adsorption of Trp oxidation products
on the GCE, since, as shown in Figure 9A, the initial Trp
voltammetric response was not recovered by rinsing the
electrode surface. On the other hand, in the first potential scan,
the DPVs detected peak 1a atE,, = +0.68 V; I, = 3.14 uA
and peak 2aatE,, =+1.08 V; Ip2a =0.16 pA,* Figure 9B and
Table 2. From the second potential scan, two new processes

however, have associated a strong influence of the tertiary were easily observed, peak 3a at E;, =+0.07 V and peak 4a
and quaternary structures of these species. These studies atE,, =+0.35V.?
1 04
J® A | 0] (®) I “1©
s 5 . 154
2.0+ 5
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¢ < 1.54 Z 1.04
= — N
" 1.04 g 830
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Figure 9. Consecutive scans on GCE (1.6 mm) in 1.0 mmol L' Trp in phosphate buffer (pH = 7.0). First scan (==), consecutive scans after washing the
GCE (=) and the supporting electrolyte (=). (A) CV, (B) DPV and (C) EIS atE,, =+ 0.80 V.
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Table 2. Peak potentials of Trp, Tyr and Cys in phosphate buffer (pH = 7.0) in CV and DPV on GCE

Peak potentials (E /V vs. Ag/AgCl)

Species CvV DPV

Peak 1a/V Peak 2a/V Peak 3a/V Peak 4a/V Peak la/V Peak 2a/V Peak 3a/V Peak 4a/V
Trp +0.81 +1.12 - - +0.68 +1.08 +0.07 +0.35
Tyr +0.74 - - - +0.64 - - -
ATZ - - - - +0.65 +1.00 - -

CV: cyclic voltammetry; DPV: differential pulse voltammetry; Trp: tryptophan; Tyr: tyrosine; ATZ: alemtuzumab.

EIS experiments offer an excellent way to further
investigate the phenomenon of adsorption.*** Given this,
consecutive EI spectra were recorded, at E,, = +0.80 V,
in a 1.0 mmol L' Trp solution (pH = 7.0). The first EI
spectrum of Trp, Figure 9C, detected a semicircle, at high
frequencies, due to the charge-transfer reaction, as well as
a straight line at a low frequency range, associated with a
diffusion-limited oxidation process.’**> From the second
El spectra, a significant increase in the semicircle portion
is clearly observed, Figure 9C, as well as the fact that the
response of the GCE has not recovered after its surface
was rinsed with water, Figure 9C.

All EI spectra, Figure 9C, were fitted adequately by
the Randles circuit,* that includes the ohmic resistance of
the electrolyte solution (R,), the constant phase element
(CPE), the charge transfer resistance (R.,) and the Warburg
impedance (ZW) resulting from the diffusion of Trp from
the bulk solution to the GCE surface.’** The diameter of
the semicircle is a measure of the R, and was observed

that R, increases by the successive EI spectra, confirming
the adsorption of Trp oxidation products on GCE surface,
Table 3.

For the Tyr study, a 1.0 mmol L' Tyr solution prepared
in phosphate buffer was used. Consecutive cyclic
voltammograms were recorded, Figure 10A, and identified
a single irreversible peak la at E,,, = +0.74 V.>* The
results from these consecutive scans also demonstrated a
significant decrease in peak la current, both before and
after washing the electrode surface with ultrapure water,
Figure 10A. The DPVs of Tyr, Figure 10B and Table 2,
also identified only a single anodic peak, 1la, in the first
scan, atE,;,=+0.64 V and I ,,=7.52 uA.** In the second
scan, however, peak la was detected at E;, =+0.73 V and
with I, = 2.06 uA. These voltammetric results indicate
that Tyr oxidation product(s) adsorb on GCE, passivating
its surface and hindering subsequent redox processes.?>*

Six consecutive EIS readings were then recorded in
a 1.0 mmol L' Tyr solution at pH = 7.0, applying a fixed

Table 3. Fitting parameters of the impedance data for 1.0 mmol L' Trp and Tyr in phosphate buffer (pH = 7.0), on GCE surface

Values of R,/ (MQ cm?)

Species

1%scan 2Mgcan 3dgcan 4t gcan 5" scan 6" scan 7" scan
Trp (at 0.80 V) 0.37 1.03 1.36 1.58 1.78 1.67¢ -
Tyr (at 0.65 V) 0.14 0.24 0.28 0.32 0.37 0.42 0.39*

*Consecutive scans after washing the GCE; Trp: tryptophan; Tyr: tyrosine; R : charge transfer resistance.

w] A) B) 084 (C)
84 0.54
«_ 0.44
<" :
= S 034
- 44 =
N 024
24
0.14
o — ;
f_.’” = 0.04
00 02 04 06 08 10 12 14 00 02 04 06 08 1.0 12 1.4 00 01 02 03 04 05 06

E/V (vs. Ag/AgCl) E/V (vs. Ag/AgCl)

Z' IMQ em’

Figure 10. Consecutive scans on GCE (1.6 mm) in 1.0 mmol L' Tyr in phosphate buffer (pH = 7.0). First scan (=), consecutive scans after washing the
GCE (=) and the supporting electrolyte (—). (A) CV, (B) DPV and (C) EIS atE,; = + 0.65 V.

J. Braz. Chem. Soc. 2024, 35, 6, e-20230191 9of 11



Queiroz et al.

potential of E,, = + 0.65 V, Figure 10. An increase in
the radius of the semicircle of the Tyr spectra shown in
Figure 10C was observed, indicating a greater resistance
of the GCE arising from the redox reactions that occur
on its surface, Table 3. Before the seventh reading, the
electrode was washed and the solution was homogenized.
The recorded spectrum also showed a high resistance in
relation to the first scan, Figure 10C and Table 3. These
data from EIS, Figure 10C, confirm the voltammetric
results, Figures 10A and 10B, and indicate that the electro-
oxidation products of Tyr are able to form a resistive
film that is strongly adsorbed on the electrode, requiring
mechanical cleaning for its removal.

From the ATZ voltammetric data, Figure 8, Trp,
Figure 9, and Tyr, Figure 10, Table 2 and previous
data, 33 it was possible to conclude that the oxidation
of ATZ on GCE occurs in two subsequent irreversible
and pH-dependent steps. The first step was related to the
electro-oxidation of outward-oriented Trp and Tyr residues
that were in direct contact with the electrode surface. The
second step occurred due to the second step of oxidation
of Trp residues, with the formation of two electroactive
products (quinone derivatives).

These voltammetric results were important and
demonstrated potential, mainly of pulse techniques
(DPV and SWYV) for the detection and quantification of
electroactive protein residues, as well as their oxidation
products with high selectivity and sensitivity on the GCE
surface. A future proposal, considering the results here and
data from previous reports in the literature,?*3¢3* would
be to further investigate the electro-oxidation of ATZ
after the action of a reducing/denaturing agent, DTBA
and/or DTT.

Conclusions

The voltammetric study demonstrated that DTBA
protein denaturing agents as well as DTT are both
susceptible to direct electro-oxidation on GCE. The
oxidation of DTBA is controlled predominantly by
diffusional mass transport and occurs in three subsequent
irreversible pH-dependent steps. The first two steps are
electro-oxidations of the thiol groups, with the removal
of two electrons and two protons, forming a cyclic
intermediate by the disulfide bond. The electrochemical
results presented here also indicated differences in relation
to the anodic behavior between the denaturants, since
the first anodic process was always observed for DTBA,
but not for DTT, and the peak 2a’ was detectable only in
DTT. The DTBA and DTT oxidation mechanisms are thus
postulated and proposed.
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An electroanalytical method for DTBA has been
established using DPV at GCE in physiological medium
with a LOD of 0.61 pmol L' and LOQ of 2.05 umol L.

The anodic behavior of the monoclonal antibody ATZ
on GCE was also characterized and established using
voltammetric techniques. The results using DPV and SWV
pulse techniques clearly demonstrated the spontaneous
adsorption of ATZ on the hydrophobic surface of the GCE
and that ATZ undergoes electro-oxidation in two subsequent
irreversible steps, both pH-dependent, with formation of
two electroactive products. The oxidation processes of ATZ
were related to its superficially exposed Trp and Tyr amino
acid residues on the three-dimensional structure of the
protein and on the GCE surface. An oxidation mechanism
of ATZ is then proposed.

Knowing the redox mechanism of DTBA, DTT and the
antineoplastic agent ATZ on a GCE will possibly be useful in
the field of molecular biochemistry. These studies may also
clarify mechanisms related to redox stability, physiological
and pharmacological activity of these investigated species.
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