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A novel and simple method for the determination of penicillamine (PEN), tiopronin (mercaptopropionyl glycine,
MPG) and glutathione (GSH) in pharmaceutical formulations by kinetic spectrophotometry has been developed
and validated. It is based on the redox reaction where the
thiol compound (RSH) reduces CuII-neocuproine complex
to CuI-neocuproine complex. The non-steady state signal of
the formed CuI- neocuproine complex is measured at 458
nm. The initial rate and fixed time (at 1 min) methods were
validated. The calibration graph was linear in the concentration range from 8.0 × 10 ‒7 to 8.0 × 10 ‒5 mol L–1 for the initial rate method and from 6.0 × 10 ‒7 to 6.0 × 10 ‒5 mol L–1 for
the fixed time method, with the detection limits of 2.4 × 10 ‒7
and 1.4 × 10 ‒7 mol L–1, resp. Levels of PEN, MPG and GSH in
pharmaceutical formulations were successfully assayed by
both methods. The advantages of the presented methods
include sensitivity, short analysis time, ease of application
and low cost.
Keywords: penicillamine, tiopronin, glutathione, kinetic
spectrophotometry, pharmaceutical formulations

Penicillamine (PEN) is a synthetic amino acid that contains an additional SH group and
is capable of forming non-toxic, water-soluble chelates with heavy metals, which are then
excreted in the urine. PEN was the first chelator used for Wilson’s disease and it can be also
used for lead, mercury and arsenic poisoning (1, 2). Tiopronin (mercaptopropionyl glycine,
MPG) is a synthetic aminothiol with reducing and complexation properties used primarily
for the treatment of cystinuria, as it increases cystine solubility (3, 4). Glutathione (γ-Lglutamyl-L-cysteinyl-glycine, GSH) is the most important hydrophilic intracellular antioxidant that protects cells against reactive oxygen (ROS) and nitrogen (RNS) species. Supplementation with GSH showed antiaging and hepatoprotective effects in humans (5–7).
Official methods (from the British Pharmacopoeia) for determination of these thiol
compounds (RSH) are acid-base titration in a non-aqueous medium for PEN and redox
titration for MPG and GSH (8). Other reported methods for determination of these RSH
compounds in pure form and pharmaceutical formulations include spectrophotometry
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(9–15), fluorimetry (16–19) chemiluminescence (20–22), electroanalytical techniques (23–27),
chromatography (28–30) and flow techniques (31–35).
Nevertheless, these methods are insufficiently sensitive and selective, or overly expen
sive due to expensive instrumentation. In fact, the spectrophotometric technique is the one
routinely used in the pharmaceutical analysis for quality control, due to its simplicity,
availability, and low price. Kinetic methods allow sensitive and selective determination of
many analytes within a few minutes, usually with no sample pretreatment. The application of kinetic spectrophotometric methods offers an advantage over classical spectro
photometry, such as improved selectivity, and shorter time per analysis.
The literature of kinetic spectrophotometric methods for the determination of the
PEN, MPG and GSH in pharmaceutical formulations is relatively limited. At the best of our
knowledge, there are only four published kinetic spectrophotometric methods for determination of PEN (36–39), and none for MPG or GSH; besides, the methods for determination of PEN (40) and MPG (41) were developed by our team.
Here we describe a new method for the determination of PEN, MPG and GSH by kinetic spectrophotometry.
EXPERIMENTAL

Reagents and chemicals
All reagents and chemicals used in the present study were of analytical grade and
were used without further purification. Milli-Q (Millipore) double deionized water was
used as an appropriate diluent.
Stock solutions of thiol compounds RSH (c(RSH) = 1.0 × 10 –2 mol L−1) were prepared by
dissolving the appropriate amount of thiol compound: 0.1492 g of PEN (Fluka Chemika,
Switzerland), 0.1632 g of MPG (Sigma-Aldrich, USA), 0.3073 g of GSH (Sigma-Aldrich) in
Britton-Robinson buffer solution (pH = 2) and diluted to a nominal volume of 100.0 mL in
the volumetric flask. The stock solutions were stored at 4 °C in a dark bottle and were
stable for at least 30 days. Working standards of lower concentrations were prepared daily
by diluting the stock solutions with Britton-Robinson buffer solution (pH = 3).
The oxidizing solution of copper(II)-neocuproine reagent was prepared by dissolving
25.0 mg of copper(II) sulfate pentahydrate (Kemika, Croatia) and 50.0 mg of neocuproine
hydrate (Nc, Sigma-Aldrich) (1.0 mmol L–1 Cu(II) + 2.4 mmol L–1 Nc) in 100.0 mL Britton-Robinson buffer solution (pH = 3). Neocuproine (2,9-dimethyl-1,10-phenantroline) is slightly
soluble in water, thus its solubility is improved when complex copper(II)-neocuproine,
Cu(Nc)22+, is formed. Copper(II)-neocuproine reagent was stable for at least 30 days when
stored at 4 °C.
Three commercially available pharmaceutical preparations were analyzed in this
work: Metalcaptase tablets, 300 mg of PEN (HEYL Chemisch-Pharmazeutische Fabrik
GmbH & Co. KG, Germany), Captimer tablets, 100 mg of MPG (MIT Gesundheit GmbH,
Germany) and L-glutathione capsules, 50 mg of GSH (Solaray, USA). Ten PEN-containing
tablets, or ten MPG-containing tablets, were weighed and pulverized. A powder quantity
equivalent to 300 mg of PEN, or 100 mg of MPG, was dissolved in 300 mL of water, filtered
through filter paper, and the filtrate collected in a 500-mL volumetric flask and diluted
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with water. The content of ten GSH-containing capsules was weighed and mixed. A
powder quantity equivalent to 50 mg of GSH was dissolved in 500 mL of water. These solutions are not stable and should be analysed within 24 hours.
Iodine, sodium thiosulfate and perchlorate acid solutions were prepared and standard
ized according to the literature (8).

Apparatus and procedure
Spectrophotometric kinetic measurements were carried out by the instrumentation
consisting of the peristaltic pump (IPC Ismatec, Switzerland) with the appropriate PTFE
tubing of 0.8 mm i.d. that allows a continuous flow of reagent solution, magnetic stirrer
that provides equal mixing of the total volume of reagent solution and a double beam
Shimadzu UV-1601 UV/Vis spectrophotometer (Shimadzu, Japan) as a detector, equipped
with a 160-µL inner volume quartz flow cell. Six mL of Britton Robinson buffer (pH = 3.0),
2.5 mL of copper(II) neocuproine complex and 15.5 mL of deionized water were added in
a thermostated double-wall vessel placed on the magnetic stirrer. Constant temperature
was maintained by a thermostated water pump (Julabo, Germany) with an external flow.
The reaction was started by adding 1.0 mL of analyte 1 minute after the beginning of the
experiment yielding the final volume of the reaction mixture of 25.0 mL. The absorbance
of the formed complex Cu(Nc)2+ was continuously measured at a wavelength of 458 nm
using a UV-Vis spectrophotometer with a flow cell during the reaction. The kinetic manifold and other instrumentation have been previously described in more detail (42).
The recorded kinetic data, with the frequency of 1 s–1, were transferred to a software
package, GraphPad Prism Ver. 4.03 for Windows (GraphPad Software, San Diego, CA,
USA) for curve fitting, regression analysis and statistics. Details of data processing have
been previously described (42).

Analytical performances
The precision and accuracy of the method were estimated from recovery studies. Precision was expressed as RSD (%) from three replicates. For recovery (%) calculation known
amounts of RSH standards were added to pharmaceutical formulation pre-analysed by the
proposed methods. Limit of detection, LOD, was calculated as three standard deviations
of a blank divided by the slope of the calibration curve. The influence of possible interfering substances was tested by measuring RSH concentration in synthetic solutions containing RSH (c = 4.0 × 10 –5 mol L–1) and different concentrations of foreign substances or ions.
The tolerable tolerance limit was defined as the concentration of interfering substances that
would cause an error of less than ± 5 %.
RESULTS AND DISCUSSION

The proposed methods for the determination of RSH are based on the redox reaction (Eq.
1) in which RSH reduces copper(II)-neocuproine complex (Cu(Nc)22+) to a yellow-orange
copper(I)-neocuproine complex (Cu(Nc)2+), having an absorption maximum at λ = 458 nm (15):
2 RSH + 2 Cu(Nc)22+  RSSR + 2 Cu(Nc)2+ + 2 H+

(1)
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Absorption spectra of the analyte (RSH), reagent (copper(II)-neocuproine) and reaction products (coloured copper(I)-neocuproine) are shown in Supplemental Fig. S1.
As we have previously reported, this redox reaction is very fast and the product Cu(Nc)2+
is relatively unstable, which underlines the need for kinetic measurement under dynamic
conditions (changes in the concentrations of reactants and products per time) (43).

Methods optimization
The optimal pH was tested over the range from 2.0 to 6.0 using the Britton-Robinson
buffer solution. Although all RSHs are more stable at lower pH, there was a significant
difference between kinetic signals for the three analytes at the observed pH values. The
PEN and GSH signals are stable in the pH range 2–3, but at pH 3 the reaction rate is signi
ficantly higher. At higher pH values, the signals are unstable. On the other hand, the
signals for MPG were unstable at pH = 2 and pH = 6, whereas at pH = 3 the signal was
stable (Fig. 1). Therefore, the reaction medium of Britton-Robinson buffer pH 3.0 was
selected for further measurements. Our results regarding the optimum pH for this r eaction
are in accordance with our previous study (43), but do somehow differ from the article that
introduced the copper(II)-neocuproine as a colour reagent (15).
a)

b)

c)

Fig. 1. Absorbance (l = 458 nm) vs. time dependence at different pH values: pH = 2.0, 3.0, 6.0. Experimental conditions: c(RSH) = 4.0 × 10−5 mol L−1; c(Cu2+) = 8.0 × 10−5 mol L−1; c(Nc) = 1.9 × 10−4 mol L−1;
temperature 25 °C. The analyte was added 1 minute after the beginning of the experiment. Panels
a), b) and c) show the kinetic signal for PEN, MPG and GSH, resp.
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The optimum molar ratio of neocuproine and copper(II) in the reaction mixture was
tested over the range from 1.0 to 3.5, by maintaining the concentration of copper(II) constant, (c(Cu2+) = 8.0 × 10 –5 mol L–1). Both the reaction rate and absorbance increased with an
increase of the molar ratio, by reaching a constant value at molar ratio 2.4. Therefore, the
optimum molar ratio of neocuproine and copper(II) is 2.4 for all analyzed thiol compounds.
The effect of temperature on the reaction kinetics was tested over the range from 5 to
60 °C, by changing the temperature in the reaction vessel. The reaction rate and signal
stability remained unaffected over a wide range of temperatures. The laboratory temperature of 25 °C was selected as optimum, so the experiment can be carried out without
thermostating the kinetic system during the measurement.

Kinetics of the reactions
The absorbance-time curves for the reaction at varying RSH concentrations (6.0 × 10 –7
to 8.0 × 10 –5 mol L–1) with fixed analytical concentrations of Cu2+ (1.0 × 10 –4 mol L–1) and
neocuproine (2.4 × 10 –4 mol L–1) were generated (Fig. 2), following the optimum conditions
described above.
a)

b)

c)

Fig. 2. Absorbance (l = 458 nm) vs. time dependence for the considered RSH at optimized experimental
conditions: c(RSH) = 6.0 × 10 −7, 8.0 × 10 −7, 1.0 × 10 −6, 2.0 × 10 −6, 4.0 × 10 −6, 6.0 × 10 −6, 8.0 × 10 −6, 1.0 × 10 −5,
2.0 × 10 −5, 4.0 × 10 −5, 6.0 × 10 −5, 8.0 × 10 −5 mol L−1; c(Cu2+) = 1.0 × 10 −4 mol L−1; c(Nc) = 2.4 × 10 −4 mol L−1;
pH = 3.0; temperature 25 °C. Analyte was added 1 minute after the beginning of the experiment.
Panels a), b) and c) show the kinetic signal for PEN, MPG and GSH, resp.
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Quantitation methods
Initial rate method. – The initial reaction rates (K) were calculated from the slopes of
absorbance-time curves. Regression analysis using a method of least squares was performed to obtain slope, intercept and coefficient of determination (R 2) values, by fitting the
data in the following equation:
log K = log

DA
= log k’ + n log c
Dt

(2)

where K is the reaction rate, A is absorbance, t is the reaction time, k´ is the pseudo-first
order rate constant, c is the molar concentration of RSH, and n is the order of the reaction.
The calculated values are presented in Table I. The calculated values of every regression
line slopes were very close to 1.0 (1.033, 1.077 and 1.076 for PEN, MPG and GSH determination, resp.), confirming that the proposed reactions of all these analytes are first-order in
respect to analytes concentrations.
Fixed time method. – The absorbance of the solution containing different RSH concentrations were recorded at a fixed time. Throughout the optimization part of the fixed time
method, various time intervals (30, 60, 120 and 180 s) were observed for the absorbance
recording. Calibration plots were created for the tested time periods, for each analyte.
Regarding to sensitivity and concentration range, no significant differences were observed
for the tested time periods, Therefore, the fixed time of 60 s after addition of analyte was
Table I. Analytical parameters for the kinetic determination of RSH using the initial rate method

Analyte

Linear range (mol L–1)

log K = n log c + log k’
Slope (n) a

R2

Intercept (log k’) a

LOD (mol L–1)

PEN

8.0 × 10 ‒7 – 8.0 × 10 ‒5

1.033 ± 0.011

3.080 ± 0.035

0.9981

2.4 × 10 ‒7

MPG

8.0 × 10 ‒7 – 8.0 × 10 ‒5

1.077 ± 0.013

3.300 ± 0.038

0.9996

2.4 × 10 ‒7

GSH

6.0 × 10 ‒7 – 8.0 × 10 ‒5

1.076 ± 0.014

3.322 ± 0.040

0.9976

1.8 × 10 ‒7

Experimental conditions: c(Cu2+) = 1.0 × 10 −4 mol L−1; c(Nc) = 2.4 × 10 −4 mol L−1; pH = 3.0; temperature 25 °C.
a
Average of three determinations ± SD.

Table II. Analytical parameters for the kinetic determination of RSH using the fixed time method

Analyte

Linear range (mol L–1)

PEN

y = ax + b
Slope (a) a

Intercept (b) a

6.0 × 10 ‒7 – 8.0 × 10 ‒5

7186 ± 79

0.0009 ± 1×10 ‒5

MPG

6.0 × 10 – 6.0 × 10

‒5

7470 ± 95

GSH

6.0 × 10 – 6.0 × 10

‒5

7426 ± 89

‒7
‒7

R2

LOD (mol L–1)

0.9997

1.4 × 10 ‒7

–0.0006 ± 9×10

‒6

0.9999

1.4 × 10 ‒7

–0.0034 ± 4×10

‒5

0.9999

1.1 × 10 ‒7

Experimental conditions: c(Cu2+) = 1.0 × 10 −4 mol L−1; c(Nc) = 2.4 × 10 −4 mol L−1; pH = 3.0; temperature 25 °C.
Sampling time was 60 s after adding the analyte and signal sampling, and 120 s after the beginning of the measurement.
a
Average of three determinations ± SD.
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selected for all of the proposed methods. The determination coefficients, regression
equations, linear range and LOD for each analyte in pre-selected fixed time (120 s of the
measurement) are given in Table II.

Analytical performances
Accuracy and precision. – The results showed that the recovery of the developed kinetic
methods processed by both calculational methods were in the range from 98.6 to 102.8 %
with RSD < 2 % (Table III). The results supported the accuracy and precision of developed
kinetic methods as well as the absence of interference from the excipients in the used
samples.
Selectivity. – With regard to the calculated tolerance limit, even 500 times higher
amount (2.0 × 10 –2 mol L–1) of the tested ionic species (Na+, K+, NO3 –, SO42–) and organic
acids (boric, tartaric and citric acid) did not cause interference with the absorbance signal.
Furthermore, 100 times higher concentration of sugar (glucose, fructose, sucrose and lactose) did not interfere as well.
Table III. Testing the accuracy of the new methods for the determination of RSH
Initial rate method
Sample
Metalcaptase

b

Captimerc

L-glutathioned

Added
(µg mL–1)

Found
(µg mL–1)a

Fixed time method

Recovery
(%)

Added
(µg mL–1)

Found
(µg mL–1)a

Recovery
(%)

0.0

100.7 ± 0.3

–

0.0

99.8 ± 0.4

–

50.0

151.4 ± 1.0

101.4

50.0

150.9 ± 0.9

102.2

100.0

202.6 ± 1.2

101.9

100.0

201.7 ± 1.3

101.9

150.0

252.7 ± 1.9

101.3

150.0

252.6 ± 2.0

101.9

200.0

303.8 ± 2.1

101.6

200.0

302.8 ± 2.4

101.5

0.0

101.0 ± 0.6

–

0.0

100.3 ± 0.3

–

50.0

151.4 ± 1.3

100.8

50.0

149.6 ± 0.9

98.6

100.0

202.6 ± 1.9

101.6

100.0

199.5 ± 1.4

99.2

150.0

253.5 ± 2.0

101.7

150.0

254.7 ± 2.3

102.9

200.0

304.7 ± 2.2

101.9

200.0

305.8 ± 2.6

102.8

0.0

100.6 ± 0.2

–

0.0

100.8 ± 0.3

–

50.0

151.3 ± 0.9

101.4

50.0

152.0 ± 1.1

102.4

100.0

201.7 ± 1.6

101.1

100.0

202.3 ± 1.3

101.5

150.0

254.2 ± 1.9

102.4

150.0

254.1 ± 2.0

102.2

200.0

304.4 ± 2.1

101.9

200.0

305.0 ± 2.3

102.1

Average of three determinations ± SD.
Tablets containing PEN 300 mg.
c
Tablets containing MPG 100 mg.
d
Capsules containing GSH 50 mg.
a

b

625

L. Kukoc-Modun et al.: Determination of penicillamine, tiopronin and glutathione in pharmaceutical formulations by kinetic spectrophotometry, Acta Pharm. 71 (2021) 619–630.

It should be noted that the occurrence of interference is expected in the presence of
substances that are strong reducing agents, such as ascorbic acid and other RSHs. However, such reducing agents are not normally included in pharmaceutical formulations
containing PEN, MPG and GSH. The reported standard potential of CuII/CuI couple in the
solution of neocuproine (0.603 V) (44) specify that only the reducing substances with
standard (formal) potential lower than 0.6 V would have the thermodynamic predisposition to interfere with the proposed methods.

Method application
To test the potential of the new methods for the analysis of real samples, both m
 ethods
were applied to the determination of RSH in commercially available pharmaceutical
formulations. Official methods from the British Pharmacopoeia were used for compa
rison (8). As MPG is an orphan drug and there is no specific assay for MPG described in
the British Pharmacopoeia, we used the method described for measurement of acetylcysteine, a thiol compound with the same molecular mass as MPG, for comparison of the
methods. There were no statistically significant differences between the values obtained
by the official methods and those obtained by the two new approaches (Table IV). This
indicates that the new method is not inferior to the official method, in terms of accuracy
and precision.
Performance characteristics of the published kinetic spectrophotometric methods
for the determination of PEN (36–40) and MPG (41) in pharmaceuticals, and the novel
methods, are compared in Table V. As we have previously remarked, we could not find
in the literature any kinetic spectrophotometric methods for determination of GSH in
pharmaceuticals. Therefore, the presented method would be the first published kinetic
spectrophotometric method for the determination of glutathione in pharmaceuticals.
The new methods (initial rate and fixed time) have quite a few advantages over previously reported methods: wide linear dynamic concentration range (two decades), higher
sensitivity, speed (1 min for fixed time method) and measurement performed in the visible
region (λ = 458 nm) – away from the UV-absorbance of the UV-absorbing interfering
excipient materials.
Table IV. Content of RSH in pharmaceutical formulations determined by the new method and
the official methods

Sample

Initial rate
methoda
m (mg)

tcalch

Fcalch

Fixed time
methoda
m (mg)

tcalch

Fcalch

Official
method (8)a
m (mg)

Metalcaptaseb

301.9 ± 2.5

0.1846

1.254

302.2 ± 2.6

0.3173

1.160

301.5 ± 2.8c

Captimer

101.5 ± 1.2

0.3757

1.361

100.9 ± 1.1

0.1946

1.620

101.1 ± 1.4e

51.1 ± 0.8

1.1410

1.306

50.7 ± 0.9

1.6710

1.653

51.8 ± 0.7g

d

L-glutathione

f

Average of three determinations ± SD.
Calculated per tablet containing PEN 300 mg. c Acid-base titration in non-aqueous medium.
d
Calculated per tablet containing MPG 100 mg. e Redox titration.
f
Calculated per capsule containing GSH 50 mg. g Redox titration.
h
Tabulated values, p = 0.05: t(4) = 2.776, F(2,2) = 19.0 (degrees of freedom in parentheses).
a

b
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Fe(III)-phenanthroline and Cu(II)

Sodium azide and iodine

Potassium permanganate

Na3[Fe(CN)5(H2O)]

Hg(II) and [Ru(CN)5NRS]3–

Cu(II) and neocuproine

Fe(III) and 2,4,6,-tripiridil-s-triazine

Cu(II) and neocuproine

Cu(II) and neocuproine

PEN

PEN

PEN

PEN

PEN

MPG

MPG

GSH

Reagent(s)

PEN

Analyte

458

458

593

458

525

421

610

348

510

λ (nm)

1.4 × 10

1.3 × 10

4.0 × 10 – 1.0 × 10

1.1 × 10 ‒7
1.8 × 10

6.0 × 10 ‒7 – 6.0 × 10 ‒5
6.0 × 10 – 8.0 × 10
‒7

‒7

2.4 × 10 ‒7

8.0 × 10 – 8.0 × 10
‒5

1.4 × 10 ‒7

‒5

‒7

6.0 × 10 ‒7 – 6.0 × 10 ‒5

‒7

7.5 × 10 ‒8

‒4

1.0 × 10 ‒6 – 1.0 × 10 ‒4
‒6

2.4 × 10 ‒7

‒7

8.0 × 10 ‒7 – 8.0 × 10 ‒5

‒5

6.0 × 10 – 8.0 × 10
‒7

3.0 × 10 –7

2.1 × 10 ‒5

2.9 × 10 –6 –2.7 × 10 –5

1.0 × 10 ‒4 – 1.0 × 10 ‒3

‒6

1.4 × 10

‒5

1.3 × 10 – 6.7 × 10
‒5

6.3 × 10 ‒9

2.5 × 10 ‒6

LOD (mol L‒1)

6.7 × 10 ‒8 – 6.7 × 10 ‒7

8.0 × 10 ‒6 – 8.0 × 10 ‒5

Linear range (mol L‒1)

Initial rate

Fixed time (1 min)

Initial rate

Fixed time (1 min)

Initial rate

Fixed time (3 min)

Initial rate

Fixed time (1 min)

Fixed time (20 min)

Fixed time (5 min)

Fixed time (20 min)

Fixed time (5 min)

Fixed time (5 min)

Kinetic method(s)

Present work

Present work

(41)

Present work

(36)

(37)

(38)

(39)

(40)

Reference

Table V. Comparison between published kinetic spectrophotometric methods for the determination of RSH in pharmaceuticals and the proposed methods
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CONCLUSIONS

The present study demonstrates the potential application of simple kinetic spectrophotometric methods for assaying of penicillamine, tiopronin and glutathione in pharmaceutical formulations. The new method is based on a redox reaction where the RSH r educes
CuII-neocuproine complex to CuI-neocuproine complex. It is adequately sensitive and
accurate to be used for routine quantification of RSH without expensive reagents and
i nstruments. The advantages of the proposed method over the previously published
kinetic spectrophotometric methods include a wide linearity range, higher sensitivity and
speed.
Supplementary material available upon request.

REFERENCES
1.	G. Bjørklund, P. Oliinyk, R. Lysiuk, M. S. Rahaman, H. Antonyak, I. Lozynska, L. Lenchyk and M.
Peana, Arsenic intoxication: general aspects and chelating agents, Arch. Toxicol. 94 (2020) 1879–1897;
https://doi.org/10.1007/s00204-020-02739-w
2.	M. K. Lawson, M. Valko, M. T. D. Cronin and K. Jomová, Chelators in iron and copper toxicity, Curr.
Pharmacol. Rep. 2 (2016) 271–280; https://doi.org/10.1007/s40495-016-0068-8
3.	M. Abou Chakra, A. E. Dellis, A. G. Papatsoris and M. Moussa, Established and recent developments
in the pharmacological management of urolithiasis: an overview of the current treatment armamentarium, Expert Opin. Pharmacother. 21 (2020) 85–96; https://doi.org/10.1080/14656566.2019.1685979
4.	M. S. C. Morgan and M. S. Pearle, Medical management of renal stones, BMJ 352 (2016) Article ID
i52; https://doi.org/10.1136/bmj.i52
5.	K. Aquilano, S. Baldelli and M. R. Ciriolo, Glutathione: New roles in redox signaling for an old antioxidant, Front. Pharmacol. 5 (2014) Article ID 196; https://doi.org/10.3389/fphar.2014.00196
6.	Y. Honda, T. Kessoku, Y. Sumida, T. Kobayashi, T. Kato, Y. Ogawa, W. Tomeno, K. Imajo, K. Fujita,
M. Yoneda, K. Kataoka, M. Taguri, T. Yamanaka, Y. Seko, S. Tanaka, S. Saito, M. Ono, S. Oeda, Y.
Eguchi, W. Aoi, K. Sato, Y. Itoh and A. Nakajima, Efficacy of glutathione for the treatment of nonalcoholic fatty liver disease: An open-label, single-arm, multicenter, pilot study, BMC Gastroenterol. 17
(2017) Article ID 96 (8 pages); https://doi.org/10.1186/s12876-017-0652-3
7.	S. Weschawalit, S. Thongthip, P. Phutrakool and P. Asawanonda, Glutathione and its antiaging and
antimelanogenic effects, Clin. Cosmet. Investig. Dermatol. 10 (2017) 147–153; https://doi.org/10.2147/
ccid.s128339
8.	British Pharmacopoeia, The Stationery Office, London 2009.
9.	L. Litao, L. Jing, and L. Quanmin, A novel method for the determination of tiopronin by using potassium ferricyanide as spectroscopic probe reagent in pharmaceutical and urine samples, J. Anal.
Chem. 67 (2012) 41–46; https://doi.org/10.1134/s1061934812010091
10.	M. Skowron and W. Ciesielski, Spectrophotometric determination of methimazole, d-penicillamine, captopril, and disulfiram in pure form and drug formulations, J. Anal. Chem. 66 (2011) 714–719;
https://doi.org/10.1134/s1061934811080132
11.	L. Kukoc-Modun and N. Radic, Spectrophotometric determination of N-acetyl-l-cysteine and N-(2mercaptopropionyl)-glycine in pharmaceutical preparations, Int. J. Anal. Chem. 2011 (2011) Article
ID 140756; https://doi.org/10.1155/2011/140756
12.	Q. Li and L. Gao, Spectrophotometric determination of tiopronin using its catalytic reaction between sodium 1,2-naphthoquinone-4-sulfonate and hydroxyl ion, Anal. Sci. 25 (2009) 89–93; https://
doi.org/10.2116/analsci.25.89
628

L. Kukoc-Modun et al.: Determination of penicillamine, tiopronin and glutathione in pharmaceutical formulations by kinetic spectrophotometry, Acta Pharm. 71 (2021) 619–630.

13.	A. A. Al-Majed, Spectrophotometric estimation of D-penicillamine in bulk and dosage forms using
2,6-dichloroquinone-4-chlorimide (DCQ), J. Pharm. Biomed. Anal. 21 (1999) 827–833; https://doi.
org/10.1016/s0731-7085(99)00215-0
14.	M. A. Raggi, L. Nobile and A. G. Giovannini, Spectrophotometric determination of glutathione and
of its oxidation product in pharmaceutical dosage forms, J. Pharm. Biomed. Anal. 9 (1991) 1037–1040;
https://doi.org/10.1016/0731-7085(91)80041-7
15.	A. Besada, N. B. Tadros and Y. A. Gawargious, Copper(II)-neocuproine as colour reagent for some
biologically active thiols: Spectrophotometric determination of cysteine, penicillamine, glutathione, and 6-mercaptopurine, Mikrochim. Acta 99 (1989) 143–146; https://doi.org/10.1007/bf01242800
16.	Y. H. Chen, F. S. Tian and G. F. Zhang, High-sensitivity spectrofluorimetric determination of tiopronin based on inhibition of hemoglobin, Luminescence 26 (2011) 477–480; https://doi.org/10.1002/
bio.1255
17.	J. Xu, R. Cai, J. Wang, Z. Liu and X. Wu, Fluorometric assay of tiopronin based on inhibition of
multienzyme redox system, J. Pharm. Biomed. Anal. 39 (2005) 334–338; https://doi.org/10.1016/j.
jpba.2005.03.004
18.	S. M. Al-Ghannam, A. M. El-Brashy and B. S. Al-Farhan, Fluorimetric determination of some thiol
compounds in their dosage forms, Farmaco 57 (2002) 625–629; https://doi.org/10.1016/s0014827x(02)01223-5
19.	A. A. Al-Majed, Specific spectrofluorometric quantification of D-penicillamine in bulk and dosage
forms after derivatization with 4-fluoro-7-nitrobenzo-2-oxa-1,3-diazole, Anal. Chim. Acta 408 (2000)
169–175; https://doi.org/10.1016/s0003-2670(99)00869-7
20.	J. A. Murillo Pulgarín, J. M. Lemus Gallego and M. N. Sánchez García, Determination of tiopronin
in pharmaceutical preparations by time resolved chemiluminescence using the stopped-flow technique, Anal. Lett. 46 (2013) 1836–1848; https://doi.org/10.1080/00032719.2012.735305
21.	F. E. O. Suliman, M. M. Al-Hinai, S. M. Z. Al-Kindy and S. B. Salama, Enhancement of the chemiluminescence of penicillamine and ephedrine after derivatization with aldehydes using tris(bipyridyl)
ruthenium(II) peroxydisulfate system and its analytical application, Talanta 74 (2008) 1256–1264;
https://doi.org/10.1016/j.talanta.2007.08.040
22.	J. Lu, C. Lau, S. Yagisawa, K. Ohta and M. Kai, A simple and sensitive chemiluminescence method
for the determination of tiopronin for a pharmaceutical formulation, J. Pharm. Biomed. Anal. 33
(2003) 1033–1038; https://doi.org/10.1016/s0731-7085(03)00413-8
23.	J. B. Raoof, R. Ojani, M. Majidian and F. Chekin, Homogeneous electrocatalytic oxidation of Dpenicillamine with ferrocyanide at a carbon paste electrode: Application to voltammetric determination, J. Appl. Electrochem. 39 (2009) 799–805; https://doi.org/10.1007/s10800-008-9724-y
24.	J. B. Raoof, R. Ojani and F. Chekin, Electrochemical oxidation of 4-chlorocatechol in the presence of
some sulphydryl compounds: Applications to voltammetric detection of d-penicillamine, glutat
hione and l-cysteine, Anal. Bioanal. Electrochem. 1 (2009) 200–215; https://www.researchgate.net/
publication/279705715
25.	A. A. J. Torriero, H. D. Piola, N. A. Martínez, N. V. Panini, J. Raba and J. J. Silber, Enzymatic oxidation
of tert-butylcatechol in the presence of sulfhydryl compounds: Application to the amperometric
detection of penicillamine, Talanta 71 (2007) 1198–1204; https://doi.org/10.1016/j.talanta.2006.06.027
26.	A. Martinović and N. Radić, Kinetic potentiometric determination of some thiols with iodide ionsensitive electrode, Anal. Lett. 40 (2007) 2851–2859; https://doi.org/10.1080/00032710701603884
27.	L. Kukoc-Modun and N. Radić, Potentiometric determination of N-(2-Mercaptopropionyl)-glycine
using an electrode with AgI-based membrane, Croat. Chem. Acta 79 (2006) 533–539.
28.	R. M. Soliman, G. M. Hadad, R. A. Abdel Salam and M. K. Mesbah, Quantitative determination of
glutathione in presence of its degradant in a pharmaceutical preparation using HPLC-DAD and
identification by LC-ESI-MS, J. Liq. Chromatogr. Relat. Technol. 37 (2014) 548–559; https://doi.org/10.10
80/10826076.2012.749497
629

L. Kukoc-Modun et al.: Determination of penicillamine, tiopronin and glutathione in pharmaceutical formulations by kinetic spectrophotometry, Acta Pharm. 71 (2021) 619–630.

29.	V. Sutariya, D. Wehrung and W. J. Geldenhuys, Development and validation of a novel RP-HPLC
method for the analysis of reduced glutathione, J. Chromatogr. Sci. 50 (2012) 271–276; https://doi.
org/10.1093/chromsci/bmr055
30.	L. Manna, L. Valvo and P. Betto, Determination of oxidized and reduced glutathione in pharmaceuticals by reversed-phase high-performance liquid chromatography with dual electrochemical detection, J. Chromatogr. A 846 (1999) 59–64; https://doi.org/10.1016/s0021-9673(99)00427-6
31.	A. Martinović-Bevanda and N. Radić, Spectrophotometric sequential injection determination of
D-penicillamine based on a complexation reaction with nickel ion, Anal. Sci. 29 (2013) 669–671;
https://doi.org/10.2116/analsci.29.669
32.	T. D. Karakosta and P. D. Tzanavaras, Automated derivatization of pharmaceutically active thiols
under flow conditions using an o-phthalaldehyde/glycine fluorogenic system and sequential injection analysis, Anal. Lett. 44 (2011) 2530–2542; https://doi.org/10.1080/00032719.2011.551862
33.	L. Kukoc-Modun and N. Radić, Flow-injection spectrophotometric determination of tiopronin
based on coupled redox-complexation reaction, Chem. Anal. (Warsaw) 54 (2009) 871–882; https://
www.bib.irb.hr/395955
34.	F. E. O. Suliman, Z. H. Al-Lawati and S. M. Z. Al-Kindy, A spectrofluorimetric sequential injection
method for the determination of penicillamine using fluorescamine in the presence of
β-cyclodextrins, J. Fluoresc. 18 (2008) 1131–1138; https://doi.org/10.1007/s10895-008-0363-9
35.	B. G. T. Corominas, J. Pferzschner, M. C. Icardo, L. L. Zamora and J. M. Calatayud, In situ generation
of Co(II) by use of a solid-phase reactor in an FIA assembly for the spectrophotometric determination of penicillamine, J. Pharm. Biomed. Anal. 39 (2005) 281–284; https://doi.org/10.1016/j.
jpba.2005.02.044
36.	A. Agarwal, S. Prasad and R. M. Naik, Inhibitory kinetic spectrophotometric method for the quantitative estimation of D-penicillamine at micro levels, Microchem. J. 128 (2016) 181–186; https://doi.
org/10.1016/j.microc.2016.04.005
37.	R. M. Naik, S. Prasad, B. Kumar and V. Chand, Kinetic assay of D-penicillamine in pure and pharmaceutical formulations based on ligand substitution reaction, Microchem. J. 111 (2013) 97–102;
https://doi.org/10.1016/j.microc.2012.07.015
38.	M. I. Walash, A. M. El-Brashy, M. S. Metwally and A. A. Abdelal, Spectrophotometric and kinetic
determination of some sulphur containing drugs in bulk and drug formulations, Bull. Korean Chem.
Soc. 25 (2004) 517–524; https://doi.org/10.5012/bkcs.2004.25.4.517
39.	M. I. Walash, M. E. S. Metwally, A. M. El-Brashy and A. A. Abdelal, Kinetic spectrophotometric
determination of some sulfur containing compounds in pharmaceutical preparations and human
serum, Farmaco 58 (2003) 1325–1332; https://doi.org/10.1016/s0014-827x(03)00167-8
40.	A. Martinović, L. Kukoc-Modun and N. Radić, Kinetic spectrophotometric determination of thiols
and ascorbic acid, Anal. Lett. 40 (2007) 805–815; https://doi.org/10.1080/00032710601017938
41.	L. Kukoc-Modun and N. Radić, Novel kinetic spectrophotometric method for determination of
tiopronin [N-(2-mercaptopropionyl)-glycine], Croat. Chem. Acta 83 (2010) 189–195.
42.	L. Kukoc-Modun and N. Radic, Kinetic spectrophotometric determination of N-acetyl-l-cysteine
based on a coupled redox-complexation reaction, Anal. Sci. 26 (2010) 491–495; https://doi.org/10.2116/
analsci.26.491
43.	N. Radić, L. Kukoc-Modun and M. Biocic, Kinetic spectrophotometric determination of N-acetyl-l-cysteine based on the reduction of copper(II)-neocuproine reagent, Croat. Chem. Acta 86 (2013)
65–71; https://doi.org/10.5562/cca2161
44.	C. J. Hawkins and D. D. Perrin, Oxidation–reduction potentials of metal complexes in water. Part II.
Copper complexes with 2,9-dimethyl- and 2-chloro-1,10-phenanthroline, J. Chem. Soc. (1963) 2996–
3002; https://doi.org/10.1039/jr9630002996
630

