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Abstract: Sulfasalazine (SSZ) is a pharmaceutical com-
pound used for the treatment of rheumatoid arthritis. The
electrochemical oxidation of SSZ at a glassy carbon elec-
trode was studied by cyclic, differential pulse and square
wave voltammetry in a wide pH range. For electrolytes
with pH <11.0, the oxidation is an irreversible, diffusion-
control, pH-dependent process that involves the transfer
of one electron and one proton from the hydroxyl group
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1 Introduction

Rheumatoid arthritis (RA) is an autoimmune disease
which provokes disordered and systemic inflammation of
the synovial joints, affecting many other tissues and
organs, especially the lungs, pericardium and sclera [1-3].
The painful and disabling effects of the disease can lead
to a loss of mobility and functioning. If not properly
treated RA has a significant direct impact on economic
activities [4].

The usual treatment of RA involves the use of non-ste-
roid analgesics and disease modifying anti-rheumatic
drugs which are capable of slowing the progression of the
disease and allow the maintenance of personal economic
activities. Methotrexate [1-5] is the first line of treatment
when RA is first diagnosed but other drugs are adminis-
trated in later stages [6].

Sulfasalazine, 5-[4-(2-pyridylsulfamoyl) phenylazo] sali-
cylic acid (SSZ), Scheme 1, is a pharmaceutical product
that belongs to the anti-inflammatory class of azo-salicylic
acid derivatives used for the treatment of RA [1-6]. SSZ
is also recommended for the other types of inflammatory
arthritis, such as psoriatic arthritis, and is used for treat-
ment of Crohn’s disease and ulcerative colitis. SSZ is
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Scheme 1. Chemical structure of sulfasalazine.
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of the salicylic moiety. For pH >11.0 the oxidation is pH-
independent, and a pK,~11 was determined. The forma-
tion of a quinone-like oxidation product that undergoes
two electrons and two protons reversible redox reaction
was observed. Also, UV-vis spectra of SSZ were recorded
as a function of supporting electrolytes pH. An electro-
chemical oxidation mechanism was proposed.

Differential pulse voltammetry - UV-vis

poorly absorbed into the blood stream and serum levels
below 50 pgL™! are considered safe to avoid side effects.

SSZ is only soluble in alkaline media, and its absorp-
tion in vivo occurs only after the duodene in the small in-
testine, where the pH is 8.0 and 9.0. However, at this pHs
the amount of SSZ solubilized is still low, which explains
the reduced biodisponibility of the drug (around 15%)
and the necessity of an increased SSZ daily dose (about
2-3 g/day) [2]. The drug is metabolized into 5-ASA and
sulfapyridine which are immediately absorbed in vivo [5].

Monitoring SSZ levels is usually carried out every
three months, but more frequently at the outset of the
drug.

Analytical techniques for SSZ detection and quantifica-
tion in the presence of other sulfonamides involve immu-
nochemical methods [7], CE-MS detection [8], HPLC-
MS [9] and micro-extraction-MS [10]. Electroanalytical
techniques were used for the SSZ determinations at bis-
muth [11] and antimony [12] film modified glassy carbon
electrodes with LOD of 1.2 uyM and 0.58 pM, respectively.
A molecular imprinted polymer modified carbon paste
electrode allowed SSZ detection in down to 10~ M [13].

Concerning the SSZ redox mechanism less information
is available in the literature. Azo-salicylic compounds un-
dergo electrochemical reduction at the azo nitrogen atom
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followed by the cleavage of the azo bond and releasing
the 5-ASA [14-17]. On the other hand, salicylic deriva-
tives undergo oxidation at the aromatic ring followed by
nucleophilic addition of water producing benzoquinone
derivatives in accordance to the degree and position of
substituents in the aromatic ring [18-21].

The electrochemical behavior of pharmacological com-
pounds can provide valuable information into their mech-
anism of action [22].

The aim of the present study is the investigation of
SSZ anodic oxidation behavior, using cyclic, square wave
and differential pulse voltammetry, at a glassy carbon
electrode, in order to clarify the in vivo SSZ redox mech-
anism.

2 Experimental

2.1 Materials and Reagents

Sulfasalazine (SSZ) was obtained from Sigma Aldrich. A
stock solution of 1 mM of SSZ was prepared in 1 mM
NaOH and stored at 5°C. Solutions of different concen-
trations of SSZ were prepared by dilution of the appro-
priate quantity in support electrolyte.

The 0.1 M ionic strength electrolyte solutions: pH 2.0
KCI/HCI, pH 3.4-5.4 acetate buffer, pH 6.1-8.0 phosphate
buffer, pH 9.2-10.5 H;BO,/NaOH, and pH 12.0 NaOH/
KCI were prepared [23] using analytical grade reagents
and purified water from a Millipore Milli-Q system (con-
ductivity <10 pS/cm).

The pH measurements were carried out using a Crison
micropH 2001 pH-meter with Ingold combined glass elec-
trode. All experiments were done at room temperature
(25+£1°C) and microvolumes were measured using EP-10
and EP-100 Plus Motorized Microliter Pippettes (Raining
Instrument Co. Inc., Woburn, USA).

2.2 Instrumental
2.2.1 Voltammetric Parameters and Electrochemical Cells

Voltammetric experiments were carried out using an Au-
tolab PGstat 10 with FRA module and USB interface
running GPES 4.9 software, Eco-Chemie, Utrecht, The
Netherlands. Measurements were carried out using
a three-electrode system in a 3 mL one compartment
electrochemical cell (eDAQ, Poland). A glassy carbon
electrode (GCE, d=1.0 mm) was the working electrode,
a Pt wire the counter electrode and an Ag/AgCl (3M
KCl) reference electrode.

The experimental conditions for differential pulse (DP)
voltammetry were: pulse amplitude 50 mV, pulse width
70 ms, step potential of 2mV and scan rate 5mVs~'. For
square wave (SW) voltammetry were used: amplitude
pulse of 50 mV, frequency of 25 Hz and a potential incre-
ment of 2mV corresponding to an effective scan rate of
50 ms™'. The experimental conditions for CV were scan

rate 100 ms~..
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The GCE was polished using diamond spray (particle
size 1 um) (Kemet, UK), before each electrochemical ex-
periment. After polishing, it was rinsed thoroughly with
Milli-Q water. Following the mechanical treatment, the
GCE was placed in supporting electrolyte and voltammo-
grams were recorded until a steady state baseline voltam-
mogram was obtained. This procedure ensured very re-
producible experimental results.

2.2.2 Spectrophotometric Parameters

Absorption spectra were recorded using the UV-vis spec-
trophotometer SPECORD S100 from Carl Zeiss Technol-
ogy with Win-Aspect software. The experimental condi-
tions for absorption spectra were: integration time 25 ms
and accumulation 1000 points. A quartz cuvette of
1.0 mm of optical path was used in the measurements.

2.3 Acquisition and Presentation of Data

All the voltammograms presented were baseline correct-
ed using the moving average application with a step
window of 2 mV included in GPES version 4.9 software.
The mathematical treatment of the original voltammo-
grams was used in the presentation of all experimental
data for a better and clearer identification of the peaks.
The values for peak current presented in all plots were
determined from the original untreated voltammograms.
All spectra presented were shown without any further
mathematical treatment and all values for A,,, and ab-
sorbance were obtained from the original spectra.

3 Results and Discussion
3.1 Voltammetry

3.1.1 Cyclic Voltammetry

Cyclic voltammograms were recorded in 50 uM SSZ in
buffer solutions with pH between 2.0 and 12.0 at a scan
rate of 100 ms™. One irreversible anodic peak 1, was ob-
served in all electrolytes, and for 0.1 M phosphate buffer
pH7.4 at E,,= +0.79 V (Figure 1A).

The peak current decreased in subsequent scans due to
adsorption of the oxidation products at the electrode sur-
face. For electrolytes with pH<2.0 and pH>12, no
charge transfer reaction occurred.

The effect of scan rate on the oxidation peak 1, was
studied in solutions of 50 uM SSZ in 0.1 M phosphate
buffer pH 8.0. CVs were recorded at different scan rates
between 10 ms~' and 400 ms~'. Peak 1, current increased
with increasing scan rate following a linear relationship
with v, in agreement with a diffusion controlled process.

3.1.2 Differential Pulse Voltammetry

The pH effect on the electrochemical oxidation of SSZ
was studied by DP voltammetry in 50 uM SSZ in buffer
supporting electrolyte 2.0 < pH < 12.0 (Figure 2A).
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Fig.1. CVs in 50 uM SSZ: (A) pH7.4 (—) first and (- - -)
second scans at v=100ms™' and (B) pH 8.0 at different scan
rates.

For pH < 11.0, the oxidation of SSZ was pH-dependent
and peak 1, was shifted to a less positive potential with
increasing pH following a linear relationship: E,;, (V)=
1.26—0.059 pH (Figure 2B).

The slope of the dotted line, for E;, vs. pH (Figure 2B)
indicated an equal number of protons and electrons in-
volved in the electrochemical oxidation mechanism. The
width at half-height of peak 1,, W;,=98 mV, is close to
the theoretical value for the transfer of one electron. For
electrolytes with pH >11.0, the oxidation of SSZ was pH-
independent (Figure 2B), in agreement with the chemical
deprotonation of the molecule, and a pK,~11 was deter-
mined [30].

The peak 1, current varied with pH (Figures 2A and
B). In acid media a smaller peak was observed, in agree-
ment with the acid-base equilibrium of the carboxyl
group (pK,=2.98) in the SSZ molecule salicylic moiety
which became negatively charged for pH>3.0 [24]. For
3<pH<10.0 peak 1, current was constant and for elec-
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Fig.2. (A) 3D plot of DP voltammograms baseline corrected in
50 uM SSZ; (B) Plot of peak 1, (W) E,;, and ([J) 1, vs. pH.

trolytes with pH > 10.0, the deprotonation of the hydroxyl
group was responsible for the decrease of peak 1, current.

Successive DP voltammograms were recorded in the
same solution without cleaning the GCE surface. The
first voltammogram recorded in 50 M SSZ at pHS8.0
showed peak 1, and in the second voltammogram, a new
small peak 2,, at E,,= 40.10 V, corresponding to the oxi-
dation of a SSZ oxidation product appeared (Figure 3).
Peak 1, current decreased and shifted to more positive
potentials with increasing number of scans.

Peak 2, was pH-dependent (Figure 4A), and E,, shift-
ed to a less positive potential with increasing pH (Fig-
ure 4B). The variation of E,, with pH, E,,=
0.624—0.059 pH, indicates that the oxidation process in-
volves the same number of protons and electrons.

The width at half-height of the peak 2,, W,,~61 mV, is
close to the theoretical value for the transfer of two elec-
trons [25]. Thus, the oxidation of SSZ redox product in-
volved two electrons and two protons.
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Fig. 3. DP voltammograms baseline corrected in 50 uM SSZ in
pH 8.0; (- - -) first, (++) second and (—) third scan.
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Fig.4. A) 3D plot of DP voltammograms baseline corrected in
50 uM SSZ; B) Plot of peak 2, (M) E,, and ((J) /2, vs. pH.

The SSZ oxidation product, peak 2, oxidation current,
did not change when DP voltammograms were registered
in low (25 puM) or high (100 uM) SSZ concentrations. This
indicates the formation of an adsorbed monolayer of the
SSZ oxidation product on the glassy carbon surface.
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3.1.3 Square Wave Voltammetry

SW voltammograms were recorded in 50 pM SSZ in elec-
trolytes with different pH and the anodic peak 1, oc-
curred on the first scan.

In pH8.0, peak1,, at E,,=+0.75V, was observed
(Figure 5A).

On the second SW voltammogram without cleaning the
GCE surface, reversible peak 2,/2,, at E,,= +0.10 V, ap-
peared (Figure 5B).

Plotting the forward and the backward components of
the total current of peak 2,/2, they occur at similar poten-
tials and with similar currents, in agreement with the SSZ
oxidation product, peak 2,/2,, reversible charge transfer
reaction.

3.2 UV-Vis Spectrophotometry

The UV-vis spectra of SSZ and salicylic acid (SA) were
recorded at pH 7.4 (Figure 6A).

0:3 0.6
E/V (vs. Ag/AgCl)

0:2 0:4 0:6
E !V (vs. Ag/AgCl)

Fig.5. SW voltammograms in 50 pM SSZ in pH 8.0: (A) first
and (B) second scan; [, - total, I; - forward and [, - backward cur-
rent.
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Fig. 6. UV-vis spectra of 50 pM: (A) (—) SSZ and (- - -) salicyl-
ic acid in pH 7.4 and (B) SSZ in pH (red line) 3.4, (—) 7.0, (+)
10.0, (- - -) 13.0.

The SA spectrum presented two absorption bands at
Aisa=230 nm and at Ao =297 nm, which are due to the
n—* transition in the carboxyl and aromatic ring, re-
spectively.

The SSZ spectrum showed four absorption bands all
due to the m—m* transitions. The adsorption bands at
A =239 nm and 4,=360 nm correspond to primary and
secondary transitions in the benzene ring of the salicylic
moiety. The adsorption band at 4 ;=320 nm was due to
a transition in the p-substituted sulfonamide benzene
ring. The adsorption band 1,=270 nm corresponds to the
secondary band transition in the pyridine moiety and is
shifted due to the presence of nitrogen as heteroatom
and the electron releasing substituent N from sulfona-
mide [26].

The azo group and the phenolic group are responsible
for the major batochromic effect observed on SSZ salicyl-
ic moiety bands (Figure 6A).

When SSZ is excited, both groups have n (non-bond-
ing) electrons which can be transferred to the m system in
the aromatic ring resulting in a charge transfer excited
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state. This effect is magnified due to the para positioning
of the substituents [26].

The pH effect on SSZ UV-vis spectra was also investi-
gated, Figure 6B. The adsorption band A;=320 nm de-
creased with increasing pH and disappeared for pH > 8.0.
In strong alkaline solutions, pH>12.0, the SSZ spectra
changes drastically and the adsorption band at A,=
360 nm shifts to 460 nm due to degradation and the for-
mation of the phenoxide group, in agreement with the
voltammetric results. The presence of more electrons pro-
motes delocalization due to charge transfer excited state
effect and allows the mw—m* transition to occur more fre-
quently requiring less energy [26]. At the same time, the
change of the solution color, from brilliant yellow to deep
orange, was visually observed.

3.3 Electroanalytical Determination

The SSZ electroanalytical determination was performed
in 0.1 M phosphate buffer pH7.0, in a concentration
range from 10 to 50 uM (Figure 7), following the equation
I, (nA)=0.94840.966 [SSZ]. The detection limit LOD =
343 uM and quantification limit LOQ=11.39 uM were
calculated from the calibration curve using the criteria of
3 m/s and 10 m/s respectively. These values are compara-
ble to the bismuth film modified glassy carbon electrode
[11], but are less sensitive than using the antimony film
[12] and molecular imprinted polymer modified carbon
electrodes [13].

The GCE can be applied to determine SSZ as a fast
and routine analysis in pharmacological compositions, in
which the drug is usually available in 500 mg tablets. The
electrode needs to be polished after each measurement to
remove the oxidation products adsorbed at the GCE sur-
face.

Most sensors developed for SSZ quantification are
based in the reduction reaction of the azo group and it is
necessary to purge the solution with N,.
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Fig. 7. DP voltammograms baseline corrected in pH 7.0, for 10,
20, 25, 30, 40 and 50 pM SSZ. Inset: Calibration curve.
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Scheme 2. Proposed oxidation mechanism of sulfasalazine.

The advantage of the GCE is enabling the SSZ electro-
analytical determination to be based on the oxidation re-
action with no need for N, purging.

3.4 Oxidation Mechanism

The SSZ oxidation at peak 1, is an irreversible, pH-de-
pendent process for pH<11.0, and involves the transfer
of one electron and one proton leading to the formation
of an oxidation product that undergoes a two electrons
and two protons reversible redox reaction (Scheme 2).

The SSZ oxidation occurs at the hydroxyl group of the
salicylic moiety producing a thermodynamically unstable
phenoxyl radical [27] in different isomeric states. The sta-
bilisation of the radical occurs through nucleophilic addi-
tion of water to the ortho- position of the aromatic ring
since the para- and meta-positions are either occupied or
unfavourable for any kind of chemical reaction. This re-
sults in a catechol derivative which at the peak 1, poten-
tial is immediately oxidised and is reduced after reversing
potential [27] (Figure 5B and Scheme 2).

The catechol derivative undergoes a reversible two
electrons and two protons oxidation, peak 2,/2., in a mech-
anism similarly to phenol, p-substituted phenols oxida-
tion, and salicylic acid [27-29].

For pH >11.0, SSZ undergoes chemical deprotonation
with pK,~11.0 [30]. SSZ is only soluble in alkaline media
[30], and its absorption in vivo occurs where the pH is 8.0
and 9.0 [31].

4 Conclusions

The electrochemical oxidation of sulfasalazine, a pharma-
ceutical compound used for the treatment of rheumatoid
arthritis was studied at a glassy carbon electrode by
cyclic, differential pulse and square wave voltammetry in
a wide pH range.

In acid, neutral and mild alkaline electrolytes, the oxi-
dation of sulfasalazine is an irreversible, diffusion-control
and pH-dependent process. It involves the transfer of one
electron and one proton from the hydroxyl group of the
salicylic moiety followed by nucleophilic addition of
water. The formation of a quinone-like oxidation product
that undergoes two electrons and two protons reversible
redox reaction was observed. For strong alkaline electro-
lytes, the oxidation is pH-independent and pK,~11 of
SSZ was determined.
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Also, sulfasalazine UV-vis spectrophotometric behavior
was studied as function of pH and compared to salicylic
acid. The spectra of SSZ showed a major batochromic
effect on all maximum absorptions which is characteristic
to the formation of charge transfer excited state promot-
ed by the azo group and phenolic group in para-position-
ing. An electrochemical oxidation mechanism was pro-
posed.

The SSZ electroanalytical determination in 0.1 M phos-
phate buffer pH 7.0, in a range from 10 to 50 uM, was
performed. The detection limit LOD =3.43 uM and the
quantification limit LOQ =11.39 uM were obtained.
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