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Abstract

d-Penicillamine (d-Pen) is a thiol drug used in the treatment of Wilson’s disease, rheumatoid arthritis, metal intoxication and cystinuria.
We have recently described a new capillary electrophoresis (CE) method to measure physiological thiols, in which separation of total plasma
homocysteine, cysteine, cysteinylglycine, glutathione is achieved using the organic baseN-methyl-d-glucamine in the run buffer. In this paper,
we present an improvement of our method that allows a baseline separation of total plasmad-Pen from the physiological thiols. Moreover,
reduced, free and protein-bound forms of drug are measured by varying the order of disulfide reduction with tributylphosphine and proteins
precipitation with 5-sulphosalicylic acid (SSA). After derivatization with 5-iodoacetamidofluorescein (5-IAF), samples are separated and
measured by capillary electrophoresis with laser-induced fluorescence in an uncoated fused-silica capillary (57 cm× 75�m i.d.) using a
phosphate/borate run buffer pH 11.4. In these conditions, the migration time ofd-Pen is about 7 min and the time required for each analysis
is roughly 10 min. The proposed method has been utilized to measure the various forms of the drug in ad-Pen administered Wilson’s disease
patient.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Penicillamine (2-amino-3-mercapto-3-methylbutanoic
acid) is an unphysiological sulfur-containing amino acid that
belongs to the aminothiols family. This compound is derived
from hydrolytic degradation of penicillin[1–3] but it does
not have antibiotic activity. It differs from the cysteine only
for the presence of two methyl groups on the ß-carbon and
it exists ind- andl-enantiomeric forms that show different
biological and toxicological properties.d-Pen (S-isomer)
is a highly potent therapeutic agent used for many years
in the treatment of various illnesses. It is the drug of first
choice for patients with Wilson’s disease[4], an autosomal
recessive disorder of copper transport[5]. It is able to en-
hance the urinary excretion of others heavy metals such as

Abbreviations: CE-LIF, laser-induced fluorescence capillary elec-
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lead, arsenic, mercury and zinc and therefore, is used as
an oral chelating agent to treat conventional heavy metals
intoxication[6]. It is also used as antifibrotic agent to treat
scleroderma[7] and as antirheumatic drug to treat patients
with active rheumatoid arthritis[8]. d-Pen reduces excess of
cystine excretion in cystinuria, another rare inherited disease
affecting the active transport of the di-amino acids cystine,
ornithine, lysine and arginine across the renal tubule and the
small intestine[9]. Mechanisms of action ofd-Pen in men-
tioned diseases are various. It is a reductive chelating agent
[10], it appears to inhibit collagen deposition by interfering
with the intramolecular cross-linking of mature collagen
[11], it has immunomodulatory-anti-inflammatory proper-
ties [12–14]and it is able to make dimers through disulfide
interchange or direct reaction with other physiological thiols
[15,16]. For example, in cystinuria,d-Pen-cysteine disul-
fide formation, which is a dimer more soluble than cystine,
prevents the clinical manifestation of the pathology[16].
This suggests that it may also represent a potential drug for
the hyperhomocyst(e)inemia and hypercyst(e)inemia treat-
ment, two independent risk factors for atherosclerosis and
cardiovascular disease[17,18]. According to us, it is not
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sufficient to measure only one form or another ofd-Pen
(i.e., total or free) in order to evaluate the extent of disul-
phide interchange reactions and its therapeutic effectiveness
and to accomplish more accurate pharmacokinetic studies.
Exhaustive information may be obtained only by discrimi-
nating all the forms ofd-Pen. However it is complicated by
the presence of physiological thiols such as cysteine, cys-
teinylglycine, homocysteine and glutathione, that interfere
when conventional methods with SH-specific reagents were
used. Measurement ofd-Pen in plasma can be done by
colorimetric method[19–21], radioimmunoassay[22,23],
anion-exchange chromatography amino acids auto-analyzer
[24], high-performance liquid chromatography with UV
[25], fluorescence[26,27] and electrochemical detection
[28–30], gas chromatography[31] and high-performance
capillary electrophoresis (CE)[32]. None of them are sen-
sitive and selective enough to provide a suitable assay for
the discrimination of different drug forms. We have re-
cently described a new capillary electrophoresis method
with laser-induced fluorescence detection to quantify total
plasma thiols[33]. In the present paper, we report a mod-
ification of this assay that allows, for the first time, the
measurement of reduced, free, oxidized, protein bound and
total d-Pen by laser-induced fluorescence capillary elec-
trophoresis. The performance of the analytical method was
assessed by measuring the various forms of the drug in the
plasma sample taken from a subject affected by Wilson’s
disease and administered withd-Penicillamine.

2. Experimental

2.1. Chemicals

Pharmaceutical preparation ofd-penicillamine (Pemine®)
from Ely Lilly Italia (Sesto Fiorentino (FI), Italia) was
obtained. Reducedd-penicillamine, homocystine, homocys-
teine, cystine, cysteine, oxidized cysteinylglycine, reduced
cysteinylglycine, oxidized glutathione, reduced glutathione,
glutamylcysteine, Na3PO4, H3BO3, N-methyl-d-glucamine,
N,N-dymethilphormamide (DMF), tri-n-butylphosphine
(TBP), NaOH, 5-iodoacetamidofluorescein (5-IAF), and
5-sulphosalicylic acid (SSA) were obtained from Sigma
(St. Louis, USA). Membrane filters (0.45�m), obtained
from Millipore (Bedford, USA), were used to filter all
buffer solution before CE analysis. The water used for the
experiments was Milli-Q grade.

2.2. Sample collection and preparation

Blood from a Wilson’s disease patient treated with an oral
dose of 1.2 g/day of Pemine® was collected by venipunc-
ture into evacuated tubes containing EDTA, and immedi-
ately centrifuged at 3000× g at 4◦C for 2 min. Plasma was
aliquoted and then stored at−80◦C, analyses were per-
formed within 1 week.

2.3. Total plasma thiols determination (procedure 1)

Two hundred microlitres of plasma sample were mixed
with 20�l of 10% (v/v) TBP in DMF for 10 min to reduce
disulfide bounds. Plasma proteins were then precipitated by
adding 200�l of 5-sulphosalicylic acid (6%) and removed
by centrifugation (2000× g at 4◦C for 5 min). Supernatant
(100�l) was derivatized by adding 100�l of 300 mmol/l
sodium phosphate buffer pH 12.5 and 25�l of 4 mmol/l of
5-IAF. After 15 min at room temperature, derivatized sam-
ples were diluted 100-fold in water and analyzed by capil-
lary electrophoresis.

2.4. Protein-bound thiols determination (procedure 2)

Two hundred microlitres of plasma sample were depro-
teinized by adding 50�l of SSA (15%) and centrifuged at
2000× g at 4◦C for 5 min. Following protein precipitation,
the supernatant was discarded and protein pellet was dis-
solved in 200�l of Tris buffer (0.5 mol/l pH 8.5). Twenty
microlitres of 10% (v/v) TBP in DMF were added for 10 min
to release protein-bound thiols. Plasma proteins were then
precipitated by adding 200�l of SSA (6%) and removed
by centrifugation (2000× g at 4◦C for 5 min). One hun-
dred microlitres of supernatant were mixed with 100�l of
300 mmol/l sodium phosphate buffer pH 12.5 and 25�l of
4 mmol/l of 5-IAF. After 15 min at room temperature, deriva-
tized samples were diluted 100-fold in water and analyzed
by capillary electrophoresis.

2.5. Free plasma thiols determination (procedure 3)

Two hundred microlitres of plasma sample were depro-
teinized by adding 50�l of SSA (15%) and centrifuged at
2000× g at 4◦C for 5 min. To 100�l of supernatant were
added 100�l of 0.5 mmol/l of NaOH and 20�l of 10% (v/v)
TBP in DMF for 10 min. Afterwards, 50�l of sample were
mixed with 100�l of 150 mmol/l sodium phosphate buffer
pH 12.5 and 15�l of 0.8 mmol/l of 5-IAF. After 15 min at
room temperature, derivatized samples were diluted 100-fold
in water and analyzed by capillary electrophoresis.

2.6. Reduced plasma thiols determination (procedure 4)

Two hundred microlitres of plasma sample were depro-
teinized by adding 50�l of SSA (15%) and centrifuged
at 2000× g at 4◦C for 5 min. To 150�l of supernatant
were added 30�l of 1 mmol/l of NaOH. Afterwards, 50�l
of sample were mixed with 100�l of sodium phosphate
buffer (100 mmol/l) pH 12.5 and 15�l of 0.8 mmol/l of
5-IAF. After 15 min at room temperature, derivatized sam-
ples were diluted 100-fold in water and analyzed by capillary
electrophoresis.

Oxidized penicillamine (disulfide) were calculated by dif-
ference (free minus reduced form).
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2.7. Capillary electrophoresis

The P/ACE 5510 capillary electrophoresis system
equipped with laser-induced fluorescence was used (Beck-
man instruments, CA, USA). The P/ACE 5510 system was
fitted with a 30 kV power supply with a current limit of
250�A. The dimension of the uncoated fused-silica capil-
lary was 75�m i.d. and 57 cm length (50 cm to the detection
window). Analysis was performed applying 14 nl of sample
under nitrogen pressure (0.5 psi) for 2 s using a 18 mmol/l
sodium phosphate, 14.5 mmol/l boric acid as electrolyte
solution with 75 mmol/lN-methyl-d-glucamine, pH 11.4.
The separating conditions (22 kV, 150�A at normal polar-
ity) were reached in 20 s and held at a constant voltage for
9 min. All separations were carried out at 40◦C. After each
run, no rinse was necessary; capillary was equilibrated with
1 min of run buffer.

3. Results and discussion

3.1. Capillary electrophoresis optimization

We have recently described a new rapid CE-LIF method
for the measurement of total plasma thiols in which 5-IAF
was used as thiol specific fluorogenic reagent[33]. We
utilized the same fluorophore to derivatize also thed-Pen
thiol drug. 5-IAF form a fluorescent derivative withd-Pen
according to the reaction described inFig. 1. To evaluate
the times of derivatization 100 mmol/l ofd-Pen were mixed
with 4 mmol/l of 5-IAF in a 300 mmol/l sodium phos-
phate buffer, pH 12.5 and incubated for 120 min at room
temperature. In these conditions the reaction reached the
plateau in 10 min (data not shown), similarly to derivatiza-
tion times of physiological thiols described in our previous
paper. The measurement of the reduced, oxidized, free,
protein-bound and total forms ofd-Pen was obtained by
modifying the derivatization reaction and the run buffer

Fig. 1. Hypothetical conjugation reaction between 5-IAF andd-Pen.

conditions described in our previous method used for total
plasma thiols analysis[33]. Particularly, reduced and free
d-Pen forms were measured by varying the order of TBP
disulfide reduction and SSA proteins precipitation, while
derivatization reaction was carried out using 0.8 mmol/l of
5-IAF concentration instead of 4 mmol/l, employed for total
and protein-bound forms. The 5-IAF concentration decrease
reduces some interfering reagent peaks to acceptable levels.
In the previous work we used a 5 mmol/l sodium phosphate,
4 mmol/l boric acid, 75 mmol/lN-methyl-d-glucamine, at
pH 11 as run buffer to obtain a baseline separation of phys-
iological thiols. However, in these conditions,d-Pen and
homocysteine peaks were unresolved, as seen inFig. 2a,
so that it was necessary to extend the run time separation
to obtain a satisfactory resolution. Since the property of
N-methyl-d-glucamine is to mask the silanol groups on
the uncoated capillary surface causing a decrease of EOF,
longer separation times could be obtained by incrementing
its concentration on the run buffer. But as described in
our previous paper, a concentration of this compound over
75 mmol/l results in a peak broadening and in a loss of

Fig. 2. Standard thiols analyzed in a 5 mmol/l sodium phosphate, 4 mmol/l
boric acid, 75 mmol/lN-methyl-d-glucamine, at pH 11 run buffer (a) and
in a 18 mmol/l sodium phosphate, 14.5 mmol/l boric acid with 75 mmol/l
N-methyl-d-glucamine, at pH 11.4 (b). Electrophoretic conditions: 22 kV,
150�A, 40◦C at normal polarity. Peak 1, cysteinylglycine (40�mol/l);
peak 2,d-Pen (10�mol/l); peak 3, homocysteine (6�mol/l); peak 4, cys-
teine (200�mol/l); peak 5, glutathione (6�mol/l); and peak 6, glutamyl-
cysteine (6�mol/l).
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resolution. Therefore, we chose to extend the run time by
incrementing the electrolyte run buffer concentration. As
shown inFig. 2b, a baseline resolution between all peaks was
achieved when a 18 mmol/l sodium phosphate, 14.5 mmol/l
boric acid with 75 mmol/lN-methyl-d-glucamine, at pH
11.4 run buffer were used, with a run time shorter than
9 min. N-Methyl-d-glucamine was nevertheless necessary,
in fact by decreasing its concentration in the run buffer a
loss of resolution between peaks was observed (data not
shown).

3.2. Reproducibility, linearity, analytical recovery
and sensitivity

Injection reproducibility was calculated by injecting the
same sample 10 times consecutively. Within-run preci-
sion (intrassay) of the method was evaluated by injecting
the same plasma sample 10 times consecutively, whereas
between-run (interassay) precision was determined by in-
jecting the same plasma sample for 10 consecutive days.
Precision tests indicate a good repeatability of our method
both for total d-Pen (migration times CV< 0.6%, peak
areas CV < 2.8%, intrassay CV < 3.5%, interassay
CV < 5.2%), for protein-boundd-Pen (migration times
CV < 0.8%, peak areas CV< 3.9%, intrassay CV< 4.9%,
interassay CV< 5.8%), for reducedd-Pen (migration times
CV < 0.6%, peak areas CV< 3.7%, intrassay CV< 4.4%,
interassay CV< 5.5%), for freed-Pen (migration times
CV < 0.6%, peak areas CV< 3.2% intrassay CV< 4.0%,
interassay CV< 5.4%). As seen inTable 1, calibration
curves for different forms of penicillamine, by five repli-
cate determinations, show good correlation coefficients,
ensuring a linear response over the concentrations tested.
d-Pen recovery was determined by adding authentic stan-
dards to plasma samples. In particular, we employed the
plasma sample of ad-Pen administered Wilson’s subject
and analytical recovery of total and oxidized forms have
been evaluated by adding oxidized thiols standards, while
for the reduced form we supplemented the sample with
reduced standard thiols. Sample was not incubated but im-
mediately processed for thiols quantification. The analytical
recoveries, evaluated at four different concentrations for
each drug form, were 98.8–101.3 for total form, 98.6–100.8
for free form and 98.2–99.1 for reduced form (Table 2).
The minimum detectable concentration, calculated by 14 nl

Table 1
Calibration curves of standardd-penicillamine obtained with the different
procedures

Calibration range
(�mol/l)

Procedure Slope (CV%) Intercept r2

2–48 1 1.763 (2.15) 0.5823 0.9994
2–24 2 1.448 (2.98) 0.3982 0.9991
0.4–8 3 0.583 (5.43) 0.0923 0.9981
0.1–2 4 0.969 (4.92) 0.0391 0.9959

Table 2
Recovery of the assay measured in a human plasma sample as mean of
three replicate

d-Penicillamine
form

Sample
(�mol/l)

Added
(�mol/l)

Measured
(�mol/l)

Recovered
(%)

Total 15.688 40 56.412 101.3
20 35.402 99.2
10 25.611 99.7
5 20.440 98.8

Mean (CV%) 99.8 (1.09)

Free 0.660 1.6 2.244 99.3
0.8 1.438 98.5
0.4 1.068 100.8
0.2 0.848 98.6

Mean (CV%) 99.3 (1.06)

Reduced 0.128 0.4 0.524 99.1
0.2 0.323 98.9
0.1 0.230 98.2
0.05 0.176 99.0

Mean (CV%) 98.8 (0.41)

injections of a known solution of standards (after 100-fold
water dilution), was 200 pmol/l, corresponding to an in-
jected quantity of 2.5 amol, for total, protein-bound and free
penicillamine and 100 pmol/l, corresponding to an injected
quantity of 1.5 amol, for reduced penicillamine, with a
signal-to-noise ratio of 3. The limit of quantification (LOQ)
measured in plasma was about 30 nmol/l for all thiols
forms.

3.3. Plasma penicillamine concentrations

The new capillary electrophoresis method was applied
to the determination of the redox status of plasmad-Pen
from a Wilson’s disease patient treated with an oral dose
of 1.2 g/day of drug and the electropherograms obtained
are shown inFig. 3. Concentration of totald-Pen was
15.69�mol/l and, as previously reported[34], the pre-
dominant form of d-Pen was bound to plasma protein
(14.98�mol/l) while concentrations of free oxidized and
reduced forms were very low (0.532 and 0.128�mol/l)
probably because reduced penicillamine was extremely
reactive and free disulphides are rapidly excreted in the
urine, causing a rapid loss of this fractions[30]. More-
over, as reported by other authors[17,18,35], we ob-
serve that Wilson’s disease patient treated withd-Pen has
lower levels of total homocysteine and cysteine (3.8 and
145�mol/l, respectively) when compared with normal sub-
jects (10.6 and 247�mol/l) and lower concentration of
protein-bound form of homocysteine and cysteine (2.64
and 57�mol/l) versus 8.4 and 142�mol/l of healthy sub-
jects (data not shown). These finding suggest thatd-Pen
treatment removes a considerable quantity of homocysteine
and cysteine principally from the protein-bound fraction.
After prolonged administration,d-Pen induces undesirable
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Fig. 3. Plasmad-Pen redox status in a Wilson’s disease subject treated with an oral dose of 1.2 g/day of drug: procedure 1 (a): cysteinylglycine (20.9�mol/l),
d-Pen (15.69�mol/l), homocysteine (3.84�mol/l), cysteine (145.3�mol/l), glutathione (7.27�mol/l), glutamylcysteine (3.74�mol/l); procedure 2 (b):
cysteinylglycine (8.85�mol/l), d-Pen (14.98�mol/l), homocysteine (2.63�mol/l), cysteine (57.1�mol/l), glutathione (2.06�mol/l), glutamylcysteine
(1.44�mol/l); procedure 3 (c): cysteinylglycine (12.13�mol/l), d-Pen (0.66�mol/l), homocysteine (1.20�mol/l), cysteine (88.3�mol/l), glutathione
(5.20�mol/l), glutamylcysteine (2.30�mol/l); procedure 4 (d): cysteinylglycine (7.14�mol/l), d-Pen (0.13�mol/l), homocysteine (0.33�mol/l), cysteine
(17.5�mol/l), glutathione (2.87�mol/l), and glutamylcysteine (0.70�mol/l).

side effects such as hypersensitivity, nephrotic syndrome,
myasthenia gravis and increased elimination of essential
elements although several case of prolonged administra-
tion without important toxic effects have been reported
[1]. To evaluate the therapeutic effectiveness and the de-
gree of possible toxicity research, calls for new methods
able to measure the level ofd-Pen in plasma and par-
ticularly to discriminate between oxidized (protein-bound
and free oxidized) and reducedd-Pen that is the active
form of drug. Many methods have been proposed in lit-
erature to measure total plasmad-Pen but none of these
are able to measure different forms ofd-Pen. By mod-
ifying our previous method, we developed the first cap-
illary electrophoresis method to quantify reduced, free,
protein-bound and totald-Pen in human plasma. Evi-
dence for method applicability was obtained by assessing
the different forms of the drug in ad-Pen administered
Wilson’s disease subject. Moreover, this method allows
to quantify simultaneously the physiological thiols such
as homocysteine, cysteine, glutathione, glutamylcysteine
and cysteinylglycine so that relationships between drug ad-
ministration and plasma thiols concentration could be also
evaluated.
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