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a b s t r a c t

Trichosporon jirovecii yeast cells are used for the first time as a source of l-cysteine desulfhy-

drase enzyme (EC 4.4.1.1) and incorporated in a biosensor for determining l-cysteine. The

cells are grown under cadmium stress conditions to increase the expression level of the

enzyme. The intact cells are immobilized on the membrane of a solid-state Ag2S electrode

to provide a simple l-cysteine responsive biosensor. Upon immersion of the sensor in l-

cysteine containing solutions, l-cysteine undergoes enzymatic hydrolysis into pyruvate,

ammonia and sulfide ion. The rate of sulfide ion formation is potentiometrically measured

as a function of l-cysteine concentration. Under optimized conditions (phosphate buffer

pH 7, temperature 37 ± 1 ◦C and actual weight of immobilized yeast cells 100 mg), a lin-

ear relationship between l-cysteine concentration and the initial rate of sulfide liberation

(dE/dt) is obtained. The sensor response covers the concentration range of 0.2–150 mg L−1

(1.7–1250 �mol L−1) l-cysteine. Validation of the assay method according to the quality con-

trol/quality assurance standards (precision, accuracy, between-day variability, within-day

reproducibility, range of measurements and lower limit of detection) reveals remarkable
l-Cysteine desulfhydrase enzyme

Trichosporon jirovecii yeast cells

performance characteristics of the proposed biosensor. The sensor is satisfactorily utilized

for determination of l-cysteine in some pharmaceutical formulations. The lower limit of

detection is ∼1 �mol L−1 and the accuracy and precision of the method are 97.5% and ±1.1%,

respectively. Structurally similar sulfur containing compounds such as glutathione, cystine,

methionine, and d-cysteine do no interfere.

Parkinson’s diseases as well as autoimmune deficiency syn-
1. Introduction

l-Cysteine (2-amino-3-mercaptopropanoic acid) is an impor-

tant thio-containing amino acid involved in a variety of
important cellular functions, such as protein synthesis, detox-
ification and metabolism [1]. It has been also used as a
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radio-protective agent, cancer indicator, and implicated in a
number of pathological conditions, including Alzheimer’s and
drome [1–5]. On the other hand, deficiency of l-cysteine causes
many diseases such as slowed growth in children, depigmen-
tation of hair, edema, lethargy, liver damage, loss of muscle
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nd fat, skin lesion and weakness [6]. Therefore, sensitive and
elective assessment of cysteine in biological matrices and
harmaceutical preparations is highly demanded.

A number of spectrophotometric methods have been
ntroduced for the assay of l-cysteine. These involved chro-

ogenic reactions with 4-vinylpyridine or 2-vinylquinoline
7], ninhydrin [8] and p-benzoquinone [9]. l-Cysteine
uantitatively reduces iron(III) to iron(II) which reacts
ith 1,10-phenanthroline to form a measurable colored

ron(II)phenanthroline complex [10]. A spectrofluorimetric
ethod has been also suggested based on the use of 4-

aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole fluorogenic
eagent [11]. Chemiluminescence methods based on the
nhancing effect of l-cysteine on luminol–hydrogen perox-
de reaction in alkaline medium [12] or at a glassy carbon
lectrode [13] have been suggested. These methods require
trictly controlled reaction conditions, give low recoveries
60–70%) and suffer from lack of selectivity.

Electrochemical methods of l-cysteine assessment include
mperometry [14] and voltammetry [15–18]. A potentiometric
VC membrane sensor incorporating lead phthalocyanine as
lectroactive material has been developed for cysteine assay
n synthetic serum samples [6]. However, both the spectro-
hemical and electrochemical methods of analysis suffer from
evere interferences by almost all thiol containing compounds
11,12,19] or reducing substances [10] and cannot differentiate
etween l- and d-cysteine isomers.

A spectrophotometric enzymatic determination of l-
ysteine has been described by following the decrease in
he absorbance of NADH through two-enzymatic reactions;
-cysteine desulfhydrase from Streptococcus anginosus bacte-
ial cells to give pyruvate and lactate dehydogenase in the
resence of NADH to convert pyruvate into lactate [20]. Enzy-
atic colorimetric method for determining l-cysteine has

een also described based on the use of recombinant enzymes
ethionine �,�-lyase and adenosylhomocysteine hydrolase

loned from Pseudomonas putida and Trichomonas vaginalis,
espectively [21]. However, these methods involved two enzy-

atic reaction steps and suffer from severe interferences
rom methionine and homocysteine which need prior removal
20,21].

Conversion of cysteine into pyruvate, NH3 and H2S by �-
nd �-lyase enzymes followed by derivatization of the released

2S with N,N-dibutylphenylenediamine and measurement of
he resultant fluorescence has been suggested [22]. A poten-
iometric enzymatic method based on the use of H2S gas
ermeable membrane electrode for monitoring the hydro-
en sulfide gas released by the action of Proteus morganii
acterial cells has been described [23]. The method is not sen-
itive enough to measure l-cysteine at concentration levels
8 mg L−1 and the sensor needs to be incubated between mea-
urements in cultural broth medium to activate the bacterial
ells.

In this work, T. jirovecii yeast cells, previously isolated and
dentified [24], are used for the first time as a source of
-cysteine desulfhydrase (l-cysteine hydrogen sulfide lyase

eaminating enzyme, EC 4.4.1.1). The reason for using these
east cells is based on previous observation that these yeast
ells in presence of l-cysteine and cadmium ion form nano
rystals of CdS [25]. The cells were grown under cadmium
0 2 ( 2 0 0 7 ) 108–113 109

stress conditions to increase the expression level of l-cysteine
desulfhydrase enzyme. The intact cells were immobilized on
the membrane of a solid state Ag2S electrode to offer a simple
biosensor for quantification of l-cysteine by following the rate
of sulfide ion released. The advantages of the method are its
simplicity, specificity to l-cysteine isomer, selectivity in the
presence of other biologically active sulfur containing com-
pounds, sensitivity, accuracy and the use of non-pathogenic
rich source of sulfhydrolase enzyme.

2. Experimental

2.1. Reagents

T. jirovecii yeast cells were isolated as described previously [24].
The cells were grown in 100 mL Wickerham broth medium in
a 500 mL Erlenmeyer flask at 30 ◦C. The culture medium con-
sisted of 1% (w/v) glucose, 1% (w/v) peptone, 0.3% (w/v) yeast
extract and 0.3% (w/v) malt extract. The pH of the medium
was adjusted to 5.6 with HCl and sterilized by autoclaving
for 20 min at 121 ◦C. Cadmium chloride (final concentration
of 0.1 mmol L−1) was added to the culture medium prior to
inoculation and incubation on a rotary shaker (Lab Line,
USA) at 200 rpm. After 3 days, the yeast cells were collected
by centrifugation and washed several times with 0.1 mol L−1

phosphate buffer of pH 7. The cells were separated and dried
on filter paper under sterilized conditions using laminar air
flow and stored at 4 ◦C.

l-Cysteine was obtained from Calbiochem (La Jolla, CA), d-
cysteine, glutathione, cystine and methionine were purchased
from Fluka (Ronkonkoma, NY). Sodium sulfide, cadmium chlo-
ride, disodium hydrogen phosphate and phosphoric acid were
obtained from Aldrich Chemical Co. (Milwaukee, WI). MOPS,
HEPES, PIPES and HEPS buffers were obtained from Sigma (St.
Louis, MO). Sectra/Por 7, MWCO 2000 dialysis membranes were
obtained from Spectrum Labs (Rancho Domeniguez, CA, USA).
All other reagents were analytical grade. Solutions were pre-
pared using doubly distilled deionized water.

2.2. Apparatus

An Orion Ag2S membrane sensor (Model 94-16), in conjunction
with an Orion double-junction Ag/AgCl reference electrode
(Model 90-02) and an Orion double-channel pH/mV meter
(Model SA 720) were used. All pH measurements were made
with an Orion combination Ross glass pH electrode (Model 81-
02). Potentiometric signals were recorded using a home-made
high-impedance data acquisition 8-channel box connected to
a PC through the interface ADC 16 (Pico Tech., UK) and using
PicoLog for windows (Version 5.07) software.

All experiments were carried out in a thermostated 100-mL
double-wall glass cell connected to a water-circulating ther-
mostat (Lauda, Model M20) for controlling the temperature of
the working solutions.
2.3. Sulfide sensor calibration

The solid state Ag2S-membrane sensor (Orion model 94-16)
was calibrated using a series of standard sodium sul-
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fide solutions covering the calibration range 1.0 × 10−7 to
1.0 × 10−2 mol L−1. Aliquots (10 mL) of the standard sulfide
solutions were transferred into a 20-mL beaker, followed by
1.0 mL of sulfide antioxidation buffer [26]. The sulfide sensor,
in conjunction with the reference electrode, was immersed
into the solution and the potential readings were recorded and
plotted as a function of logarithm sulfide ion concentration.

2.4. Biosensor preparation and calibration

A 100 mg portion of dry T. jirovecii cells was mixed with 200 �L
phosphate buffer of pH 7 and the paste was applied to the
membrane of a solid state Ag2S electrode. The cells were held
in place with a dialysis membrane which was fixed to the elec-
trode body with a rubber “O” ring to provide a biosensor. The
biosensor was placed in doubly distilled water for 20 min at
37 ± 1 ◦C before use.

A 10 ml of 0.1 mol L−1 phosphate buffer of pH 7 was trans-
ferred to a double-jacketed glass cell thermostated at 37 ± 1 ◦C.
The biosensor in conjunction with an Ag/AgCl double junc-
tion reference electrode was immersed in the solution. After
a constant potential reading was obtained, an aliquot (10 �L
to 1.25 mL) of a standard 1.0 × 10−2 mol L−1 l-cysteine solu-
tion was added (the final concentrations = 1.2–150 �g mL−1).
For accurate measurement of concentrations less than
1.5 �g mL−1, the electrode system was immersed in the buffer
solution for 20 min incubation with a constant stirring before
addition of l-cysteine calibration solution (1–10 �L aliquot of a
standard 1.0 × 10−2 mol L−1). Potential readings were recorded
with time (E vs t) and rate curves were recorded. The max-
imum initial rate of potential change (�E/�t) expressed in
millivolts per minute was graphically determined by using the
rate portion of the curve [27–29]. The initial rate of sulfide for-
mation was plotted as a function of l-cysteine concentration
and the plot was used for subsequent measurements. A blank
experiment was carried out under similar conditions without
l-cysteine. The electrode was stored between measurements
in 0.1 mol L−1 phosphate buffer of pH 7.

2.5. Determination of l-cysteine in some
pharmaceutical formulations

Ten tablets of each hepatocure, reducdyn, hair and nail nutri-
ents, and pantogar and ten packets of N-acetyl-l-cysteine
(NAC) were grinded to fine powder and mixed well. Por-
tions equivalent to one tablet or one packet were accurately
weighed and transferred to 100 mL volumetric flask, dissolved
in 0.1 mol L−1 phosphate buffer of pH 7, completed to the mark
and shaken well. Mucosol sample solution and corn steep
liquor (CSL) were diluted 1:1 with the buffer. Portions (100 �L)
of the above test solutions were used for l-cysteine measure-
ment as described above.

3. Results and discussion
3.1. Nature of the reaction

l-Cysteine undergoes hydrolytic decomposition into pyruvate,
ammonia, and sulfide. The reaction is selectively catalyzed by
Fig. 1 – Enzymatic hydrolytic reaction of l-cysteine in
presence of l-cysteine-desulfhydrase enzyme.

l-cysteine desulfhydrase enzyme (Fig. 1). The rate of forma-
tion and overall concentration of the sulfide produced from
the above reaction were potentiometrically followed using
a solid state Ag2S membrane sensor. The response charac-
teristics of the sensor towards aqueous sulfide solutions at
various pH values were evaluated, because the sulfide sen-
sor is commonly used for sulfide measurements in alkaline
media and most enzymatic reactions, on the other hand, pro-
ceed at pH values around 7. A pH 7–7.5 was found to be a
compromise between reasonable sulfide sensor response and
enzyme activity. At pH 7–8, the response range of the sulfide
sensor was 1.0 × 10−6 to 3.0 × 10−3 mol L−1 sulfide with super-
Nernstian slope of 75 mV decade−1 and a detection limit of
5.0 × 10−7 mol L−1 sulfide.

Under the optimized conditions described below, the ini-
tial rate of sulfide liberation measured from the initial slope
of the potential-time graph (mV min−1) was linearly related
to l-cysteine concentration. This is in a good agreement with
the behavior of the sulfide electrode. Differentiation of Nernst
equation (Eq. (1)) with respect to time gives Eq. (2):

E = E0 + 0.0591 log [sulfide] (1)

dE

dt
= 0.0591 × 1

[sulfide]
d[sulfide]

dt
(2)

Since 1/[sulfide] is changed relatively more slowly with
time than the time differential of [sulfide] in the initial state of
reaction, the rate of potential change (dE/dt) is directly related
to the change in [sulfide] with time. The initial slope method
[27–31] was used in all subsequent measurements.

3.2. Enzyme producing yeast cells

l-Cysteine desulfhydrase enzyme is not commercially avail-
able but obtained, so far, from bacterial cells and some of
these sources are pathogenic. Enzyme producing yeast cells
were grown, tested and used for the first time as a source
of desulfhydrase enzyme. Several batches of T. jirovecii yeast
cells were grown in media containing CdCl2, l-cysteine and
different buffers (e.g., MOPS, HEPES, PIPES, HEPS). The con-
trol batch was grown on Wickerham medium. Yeast cells
grown in CdCl2 and MOPS background medium showed higher
enzymatic activity as indicated by the faster rate of sulfide
release.

It has been reported that one unit of desulfhydrase enzyme
is expressed as the weight which release 1 �mol L−1 of sulfide

[32]. The present results show that each 250 mg of dry yeast
cells produce ∼1000 unit of the enzyme activity. These results
are in a good agreement with a previous work reported that the
growth of a yeast strain namely Schizosaccharomyces pombe in
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Fig. 3 – Effect of temperature on the response of l-cysteine
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medium containing CdCl2 resulted in the synthesis of Cd-
-Glu peptide complex and enhanced production of sulfide
ons [33]. The proteomic response of Saccharomyces cervisiae
o cadmium ions and the strong induction of the cysteine
iosynthesis enzyme pathway have been also reported [34].
he intact T. jirovecii yeast cells were used in the present work
s a biocatalyst. The cells were immobilized onto the mem-
rane of a solid state Ag2S electrode and held in place with
dialysis membrane and rubber “O” ring to provide a sim-

le biosensor. The reaction and measurement conditions were
ptimized to obtained maximum response.

.3. Effect of pH

he effect of pH on the initial desulfurization rate of 75 mg L−1

-cysteine at 37 ± 1 ◦C in 0.1 mol L−1 phosphate buffers of pH
–9 by the action of a controlled weight of immobilized yeast
ells (100 mg dry weight) was tested. Maximum rate of sulfide
elease (approx. −0.6 mV s−1) was consistently obtained over
he pH range of 6.5–7.5 (Fig. 2). Other workers reported similar
H activity effect on the same enzyme from different sources

35]. A pH 7 was used throughout this study in order to take
dvantages of both fast response of Ag2S electrode system and
aximum activity of the enzyme.

.4. Effect of temperature and ageing time

he temperature dependence of the reaction rate, by measur-
ng the initial rate of S2− liberation from 75 mg L−1 l-cysteine
n 0.1 mol L−1 phosphate buffer of pH 7, at temperature range
f 20–40 ◦C using a 100 mg dry weight of immobilized yeast
ells was investigated. The results showed an optimum rate
f sulfide liberation at 36–38 ◦C (Fig. 3). At lower or higher tem-
eratures, the reaction rates were dramatically decreased. All
ubsequent measurements were made at 37 ± 1 ◦C to insure
aximum and consistent rate of sulfide release.

The life-span of the sensor was ∼15 days. During this period

he sensor was kept between measurements in 0.1 mol L−1

hosphate buffer and kept when it not in use in a refrigerator
t 4 ◦C. During this period the potential response of the sensor

ig. 2 – Effect of pH on the response of l-cysteine biosensor
or 75.0 mg L−1 of l-cysteine at 37 ◦C.
biosensor for 75.0 mg L of l-cysteine in 0.1 mol L
phosphate buffer of pH 7.

fluctuate within ±2 mV. After 15 days, the potential response
declined by 40% of its original values with noticeable decrease
in the calibration slope.

3.5. Effect of immobilized weight of yeast cells

The optimum enzyme activity required to catalyze the desul-
furization of l-cysteine was studied. Different dry weights of
yeast cells (50–250 mg) were immobilized on the membrane of
Ag2S electrode and the sensor was immersed into phosphate
buffer of pH 7 containing 75 mg L−1 l-cysteine at 37 ± 1 ◦C.
Dependence of the initial rate of sulfide liberation on the effec-
tive immobilized weight of the yeast cells revealed that as the
cell weight increased the rate of the reaction increased. How-
ever, a 100 mg dry yeast cells was sufficient at 37 ± 1 ◦C and pH
7 to effectively induce a significant fast desulfurization of up
to ∼150 mg L−1 (1.3 × 10−3 mol L−1) l-cysteine.

3.6. Effect of incubation

The effect of pre-incubation was investigated by following
the initial rate of sulfide liberation by two parallel series of
experiments using identical concentrations of the reactants
(75 mg L−1 l-cysteine, 100 mg immobilized dry yeast cells) in
0.1 mol L−1 phosphate buffer of pH 7 at 37 ± 1 ◦C. In the first
series, the sensor was incubated for 20 min in the buffer until
a steady potential reading was reached then the l-cysteine
substrate was added to initiate the reaction. The second set of
experiments were conducted by initially incubate l-cysteine
substrate with the buffer followed by immersion of the sen-
sor in the test solution and potential/time measurements.
The results showed that the initial rates obtained in the first
set of experiments (i.e., prior incubation of the yeast cells)
were 80–90 times more faster than that obtained in the sec-

ond series of experiments (i.e., incubation of the l-cysteine
substrate).

Prior incubation of the sensor/yeast cells system offered a
lower detection limit of 0.15 mg L−1 l-cysteine. Without yeast
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Table 1 – Performance characteristics of l-cysteine
biosensor

Performance characteristics Value

Calibration range (mg L−1) 0.2–150
Low detection limit (mg L−1) 0.15
Correlation coefficient, r 0.9984
Working phosphate buffer, pH 6.5–7.5

buffer of pH 7 and measured directly without any further treat-
ment. The results (Table 2) were compared with data obtained
Accuracy (%) 97.5
Within-day repeatability (%CVw) ±1.1
Between-day variation (%CVb) ±1.3

cell incubation, the linear calibration plot covered a con-
centration range of 1.7–150 mg L−1 l-cysteine. It seems that
incubation of yeast cells for 20 min at 37 ± 1 ◦C increased the
permeability of the yeast cell membrane, caused availability
of more enzyme and allowed diffusion of lower substrate con-
centration to the biocatalyst layer. An increase of incubation
time to up to 40 min gave almost the same initial reaction
rate.

3.7. Method validation

The performance characteristics of the assay method was val-
idated according to the quality control/quality assurance stan-
dards [36]. Accuracy (recovery), within-day-reproducibility
(CVw), between-day-variability (CVb), sensitivity (slope), lower
limit of detection, and linear response range were mea-
sured using six batches (six determination each) containing
10–100 mg L−1 l-cysteine solutions. The results (Table 1) show
a lower detection limit of 1.3 × 10−6 mol L−1 (0.16 mg L−1),
high precision (±1.1%), a wide linear range of measurement
(1.7 × 10−6 to 1.3 × 10−3 mol L−1, 0.2–150 mg L−1) and good

accuracy (97.5%). Fig. 4 shows typical rate curves of l-cysteine
enzymatic decomposition. A statistical evaluation of the
results indicated that the student’s t-test at 97.5% confidence
level showed no statistical difference between the calculated

Fig. 4 – Typical dynamic EMF response of l-cysteine
biosensor for: (�) 0 mg L−1, (�) 10 mg L−1, (�) 35 mg L−1, ( )
65 mg L−1, ( ) 100 mg L−1 and (�) 115 mg L−1 l-cysteine
solutions in 0.1 mol L−1 phosphate buffer of pH 7 at 37 ◦C.
6 0 2 ( 2 0 0 7 ) 108–113

and theoretical values. The proposed method covered a wider
concentration range and showed a lower detection limit com-
pared with some previously recommended electro-, spectro-
and enzymatic assay methods [2,4,9,13,20,22].

3.8. Method selectivity

The selectivity of the proposed method was demonstrated
by measuring the rate of sulfide liberation in the presence of
some other structurally similar sulfur containing compounds.
No interferences were noticed in the presence of 100-fold
excess of d-cysteine, l-cystine, glutathione and methionine.
Fig. 5 demonstrates the rate curves of both l- and d-cysteine
isomers which indicate a remarkable specificity and selec-
tivity towards L-isomer. All sulfur compounds tested in this
study and displayed no effect, are known to interfere signifi-
cantly with the previously described standard iodimetric [37],
spectrochemical [10–12], electrochemical [14,19] and enzy-
matic [21] methods. Drug excipients and diluents (e.g., talc
powder, caboxymethylcellulose, tween-80, maltose) at con-
centration levels of 1000-fold excess over l-cysteine do not
interfere.

3.9. Determination of l-cysteine in pharmaceuticals

l-Cysteine in seven different pharmaceutical samples (drugs
for liver and mucus membrane diseases, nutrients for hair
and nails) and raw materials used in fermentation industry
(corn steep liquor) were determined by the proposed biosen-
sor. The samples were dissolved in 0.1 mol L−1 phosphate
by the standard European Pharmacopoeia iodimetric method
[37]. Slight deviations between the two sets of results were

Fig. 5 – Typical rate curves of l-cysteine biosensor for
65.0 mg L−1 l-cysteine (�), and 6.5 g L−1 of d-cysteine (�) in
0.1 mol L−1 phosphate buffer of pH 7 at 37 ◦C.
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Table 2 – Determination of l-cysteine in some pharmaceutical preparations using l-cysteine biosensor

Sample Labeled concentration Recovery, % (±R.S.D.)

Standard methoda [34] Biosensor methoda

Hepatocure (October Pharma, Egypt) 108 mg tablet−1 106 ± 1 108 ± 1
Reducdyn (Alex. Co., Egypt- Knoll-Germany) 180 mg tablet−1 177 ± 2 178 ± 1
Nutrition for hair and nail (October Pharma, Egypt) 35 mg tablet−1 34 ± 2 35.5 ± 0.4
Pantogar (Global Napi, Marcyrl-Germany) 0.7 mg tablet−1 0.7 ± 0.1 0.7 ± 0.1
Mucosol (Medical Union Pharm. Egypt) 16 mg L−1 15.8 ± 0.8 15.9 ± 0.1
Corn steep liquor (CSL) (El-Nasr Pharm. Chem. Egypt) 13 mg L−1 13 ± 0.4 13.0 ± 0.1
N-Acetyl-l-cysteine (NAC) (Sedico Pharm. Egypt) 5 mg packet−1 5.2 ± 0.3 5.0 ± 0.1
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a Average of six measurements.

btained. An F-test showed no significant statistical differ-
nce at 97.5% confidence level between means and variances
f the iodimetric and enzymatic sets of results. The standard

odimetric method, however, is not selective because many
xygen, sulfur and nitrogen compounds react with iodine
nder the same conditions.

. Conclusions

new, fast, simple, and highly selective potentiometric
ethod for the determination of l-cysteine in some phar-
aceutical preparations is described. The method depends

n the use of T. jirovecii yeast cells as a source of l-cysteine
esulfhydrase enzyme, and immobilizing the intact cells on
he membrane of a solid state sulfide electrode to provide a
imple biosensor. Upon immersion of the sensor in l-cysteine
est solutions under optimized reaction conditions, l-cysteine
ecomposes to give sulfide ions which is sensed by sulfide ion
elective electrode. The rate of sulfide ion liberation (dE/dt)
s directly proportional to l-cysteine over the concentration
ange of 0.2–150 mg L−1. Advantage offered by the proposed

ethod is the remarkable selectivity for l-cysteine over its
ptically active isomer d-cysteine and its oxidized form l-
ystine, as well as over some sulfur containing biologically
ctive compounds such as glutathione and methionine. The
ccuracy and precision of the method are 97.5% and ±1.1%,
espectively.
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