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Abstract

A sequential injection analysis (SIA) system was developed to monitor the concentration ofl-cysteine in biological processes on-line. It is
based on the redox reaction ofl-cysteine with iron(III) in the presence of 1,10-phenanthroline (phen) and the detection of the red-iron(II)–phen
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complex with a spectrophotometry. The system was fully automated using software written in the LabVIEWTM development environment.
number of system variables such as the flow rate of the carrier buffer solution, the volume ratio of the sample to the reagents, and
coil length, etc., were evaluated to increase the sensitivity and performance of the SIA system. Under partially optimized operating
the performance of the SIA system was linear up to a concentration ofl-cysteine of 1 mM (R2 = 0.998) with a detection limit of 0.005 m
and a sample frequency of 15 hr−1. The SIA system was employed to monitor the concentration ofl-cysteine on-line in a continuously stirr
reactor and a fermentation process ofSaccharomyces cerevisiae. The on-line monitored data were in good agreement with the off-line
measured by a HPLC with a fluorescence detector (n= 15,R2 = 09899).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

l-Cysteine is an amino acid containing a thiol group,
which plays an important role in the metabolism of living
cells. It participates in many biochemical processes, e.g. in
the synthesis of tripeptides such as glutathione[1]. In several
studies[2–4], the production of glutathione by microorgan-
isms was reported to be influenced by the concentration of
l-cysteine. Therefore, it is important to monitor and con-
trol the concentration ofl-cysteine in fermentation processes
used for the production of glutathione.

Traditionally, the concentration ofl-cysteine has been
determined by colorimetric methods[5], a high performance
liquid chromatography (HPLC) using a photometric[6] and
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fluorometric[7] detector or electrochemical detection m
ods with mercury[8] or mercury amalgam electrodes[9].
However, the HPLC system is expensive and time con
ing for use in a biological process, where the concentra
of l-cysteine change with time. Therefore, a selective,
ple and rapid method is required for the on-line monito
of l-cysteine in bioprocesses.

The flow injection analysis (FIA) technique has sev
distinct advantages in terms of its simplicity, cost pe
mance, flexibility and rapidity.l-Cysteine has been det
mined using FIA systems with many different detec
systems, e.g. photometric[10], chemiluminescent[11] and
amperometric[12,13]. However, sequential injection an
ysis (SIA) system has several advantages over FIA, d
its versatility and reliability along with its low frequen
of maintenance, as described in several reports[14–18]
This technique also consumes very little of the sample
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reagent solution and has been used to on-line monitor the
concentrations of glucose, penicillin, ethanol and glycerol
in biological processes[19,20]. However, it has not previ-
ously been used to monitor the concentration ofl-cysteine
in a biological process. Therefore, the objective of this work
is to develop an SIA system for the on-line monitoring of
l-cysteine in biological processes, e.g. in a continuously
stirred tank reactor or in a fermentation process for the pro-
duction of glutathione bySaccharomyces cerevisiae. The
SIA system described in this study is based on the redox
reaction ofl-cysteine with iron(III) in the presence of 1,10-
phenanthroline, which produces a red-iron(II)–phen complex
[10].

2. Experimental

2.1. Reagents

All chemicals used in this study were of analytical reagent
grade and purchased from Sigma Co. (Seoul, Korea) or Fluka
Co. (Buchs, Switzerland). All solutions were prepared in
deionized water. A stock solution of iron(III) (50 mM) was
prepared by dissolving 2.703 g of ferric chloride hexahy-
drate in 200 ml of hydrochloric acid (10 mM). A stock solu-
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Fig. 1. Schematic diagram of a SIA system used to monitor the concentration
of l-cysteine.

2.2. The SIA system

Fig. 1 shows the SIA system used to monitor the con-
centration ofl-cysteine. It consists of a Minipuls peristaltic
pump (Gilson Co., Villiers-le-Bel, France), a 6 port electrical
selection valve (Knauer GmbH, Berlin, Germany) and a fiber
optic spectrophotometer (Model S2000; Ocean Optics Inc.,
Florida, USA) connected to a flow-through cell (with an inner
volume of 25�l and an optical path length of 10 mm, Hellma
GmbH, Muelheim, Germany) and a deuterium-tungsten lamp
(DH-2000, Ocean Optics Inc.) by two optic fibers (2 m in
length with a fiber diameter of 200�m, Ocean Optics Inc.).
The absorbance of the red-iron(II)–phen complex solution
was measured at 510 nm. The control of the system was
accomplished by means of a PC equipped with a model
PCI-6024E A/D interface board (National Instruments Co.).
The software used for the data acquisition and system con-
trol was written using the graphical programming language,
LabVIEWTM (version 6.1, National Instruments Co., Texas,
USA). The operating sequence of the SIA system is described
in Table 1.

2.3. Biological process

In this studyl-cysteine is used as one of the precursors
for the biosynthesis of glutathione during the fermentation
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2 2)
ion of copper(II) (50 mM) was prepared by dissolving 2
f copper(II) sulfate pentahydrate in 200 ml of hydroch
ic acid (10 mM). The solutions of copper(II) and iron(I
ere mixed in a volume ratio of 1:2 and used as rea
. A phenanthroline (phen) solution (50 mM) was prepa
y dissolving 1.0 g of 1,10-phenanthroline monohydrat
00 ml of hydrochloric acid (10 mM) and used as reag
. The stock solutions were stored in the dark at 4◦C. An l-
ysteine solution (10 mM) was freshly prepared by dissol
.2116 g ofl-cysteine in deionized water and diluting it
.0 l. Working solutions ofl-cysteine, copper(II), iron(III
nd phen were prepared by suitable dilution from the s
olutions with deionized water. An acetate buffer solu
100 mM) was prepared at pH 4.8 and used as the c
olution.

able 1
perating sequence of the SIA system for one cycle

ime (s) Pump 1 Valve

0 Off Reagent 2
1 Reverse
3 Off
4 Sample (l-
5 Reverse

13 Off
14 Reagent 1
15 Reverse
17 Off
18 Detector
19 Forward
99 Off
00 Home
Description

Select reagent 2 stream (valve position 2)
Draw up reagent 2 solution
Pump stop
Select sample stream (valve position 6)
Draw up sample solution
Pump stop

u) Select reagent 1 stream (valve position 1)
Draw up reagent 1 solution
Pump stop
Select detector line (valve position 3)
Pump stack of zones to detector
Pump stop
Return valve to starting position (valve position
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of S. cerevisiae [1]. In this work S. cerevisiae ATCC7754
(American Type Cell Collections, USA) was employed to
produce glutathione in a 7.5 l bioreactor (KoBiotech Co.,
Incheon, Korea) with a working volume of 5.0 l. The fer-
mentation medium consisted of 10.0 g l−1 glucose, 2.4 g l−1

KCl, 0.012 g l−1 NaCl, 6.0 g l−1 (NH4)2SO4, 3.0 g l−1

KH2PO4, 2.4 g l−1 MgSO4·7H2O, 1.0 v/v% trace elements
solution (0.12 g l−1 CaCl2·2H2O, 0.12 g l−1 ZnSO4·7H2O,
0.024 g l−1 MnSO4·5H2O. 0.006 g l−1 CuSO4·5H2O), and
0.3 v/v% vitamin stock solution (0.002 g l−1 folic acid,
0.2 g l−1 riboflavin, 0.4 g l−1 thiamine–HCl, 0.4 g l−1

nicotinic acid, 0.4 g l−1 pyridoxine–HCl, 2.0 g l−1

Ca–panthothenate, 0.02 g l−1 biotin, 10.0 g l−1 inositol
and 0.2 g l−1 p-aminobenzoic acid)[4]. Two precursors,
viz. 7 g l−1 glycine and 7 g l−1 glutamic acid were also
added to the medium for the biosynthesis of glutathione
in the cells. The pH value of the medium was adjusted to
4.5 by adding 1 M HCl or 14 wt.% NH4OH solution, as
necessary. A 0.2�m polypropylene microfiltration tubular
on-line sampling module (ABC Co., Puchheim, Germany)
was used to take samples of cell free medium[21]. Before
applying the SIA system to a real biological process, the
concentration ofl-cysteine in a continuously stirred reactor
was on-line monitored by the SIA system.
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Fig. 2. Effect of the buffer flow rate on the peak height.

the absorbance decreased with increasing flow rate, due to
the smaller zone penetration time between the sample and
reagents and the reduction of the reaction time. In the range
of 0.5–0.8 ml min−1 there was little difference in either the
peak heights or in the change of the slope of linear calibration
curves between 0.0 and 1.0 mM (R2 > 0.990). Therefore, as
a compromise between the sensitivity and sampling rate, a
flow rate of 0.6 ml min−1 with a sampling rate of 15 h−1 was
used in the remainder of this work.

While the total volume of the sample and reagents, i.e.
reagent 1 and reagent 2 was kept at 150�l, the volume
ratio of sample to reagents, i.e. ratio of sample volume
to reagents volume was varied between 1:5 (25�l (sam-
ple):125�l (62.5�l (reagent 1) + 62.5�l (reagent 2))) and
5:1 (125�l:25�l (12.5�l + 12.5�l)). In Fig. 3(a) the peak
height decreased as the volume ratio of sample to reagents
was increased from 1:1 to 1:5 in the linearl-cysteine con-
centration range of 0.0–1.0 mM (R2 > 0.990). InFig. 3(b) the
peak height increased with increasing volume ratio of the
sample to reagents (from 1:1 to 4:1), but the linear concentra-
tion ranges ofl-cysteine with the volume ratio of the sample

F eight.
. Results and discussion

.1. Optimization of the SIA system

The optimal conditions of the SIA system for the moni
ng of l-cysteine were investigated by studying the influe
f various parameters on its sensitivity and precision. Pri

he univariate optimization the following reference opera
onditions were used in the concentration range ofl-cysteine
f 0.0–2.0 mM: a buffer flow rate of 0.6 ml min−1, a reaction
oil length of 103 cm (i.d. 0.75 mm), concentrations of c
er(II), iron(III) and phen of 25 mM, an equal volume ratio
eagent 1 (Cu(II) and Fe(III)) and reagent 2 (phen), a vol
atio of the sample to the reagents (reagent 1 and reag
f 2:1, and a total volume of sample and reagents of 15�l.
number of parameters were optimized by measuring

elative peak heights, i.e. subtracting the absorbance o
amples from the absorbance measured for a blank so
deionized water). The measurement for each sample
epeated at least four times.

The formation of iron(II)–phen complex is mainly infl
nced by the zone penetration time and the reaction a
-cysteine, copper and iron(III) in the presence of phen.
one penetration time depends upon the flow rate of the b
olution. Therefore, the buffer flow rate was varied from 0
.0 ml min−1, while the total volume of sample and reage
nd the volume ratio of sample to reagents were kept con
y varying the draw-up time of each solution accordin
his resulted in a lower sampling rate for lower flow ra
nd a higher sampling rate for higher flow rates. InFig. 2,
 ig. 3. Effect of the volume ratio of sample to reagents on the peak h



190 S.-H. Lee et al. / Talanta 68 (2005) 187–192

Fig. 4. Effect of the total volume of sample and reagents on the peak height.

to reagents of 4:1 and 5:1 were only between 0.0 and 0.7 mM
(R2 > 0.990). FromFig. 3, a volume ratio of 2:1 was consid-
ered to provide high sensitivity and good performance and
was therefore used in all further experiments.

The total volume of the sample and reagents was optimized
in the range of 50–200�l, while the volume ratio of sample to
reagents, i.e. 2:1 was kept constant. InFig. 4, the peak height
increased with increasing total volume up to 180�l in the
concentration range ofl-cysteine of 0.1–2.0 mM. A linear
calibration graph was obtained in the concentration range of
l-cysteine of 0.5–2.0 mM (R2 > 0.990) with total volumes of
50 and 100�l, and in the concentration range ofl-cysteine of
0.0 to 1.0 mMl-cysteine (R2 > 0.990) with total volumes of
120, 150 and 180�l. When the total volume was greater than
120�l, the sensitivity (slope of the peak heights) no longer
increased significantly, and so the total volume of 120�l was
taken as the optimum value.

In this work, equal volumes of the two reagents were sep-
arately injected into the holding coil of the SIA system. The
optimal concentrations of Cu(II), Fe(III) and phen were inves-
tigated in the concentration ranges of 10–30 mM with steps of
5 mM. In the case where the concentrations of all three com-
ponents were varied between 10 and 30 mM, the peak heights
increased as the concentrations of reagents were increased
up to 25 mM and the highest sensitivity was obtained in
the linear concentration range ofl-cysteine of 0.0–1.0 mM.
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tration of one of the three components was varied and those
of the other two components were kept constant at 25 mM.
The concentrations of Cu(II) and Fe(III) did not significantly
affect the peak heights of the system, however the peak height
increased as the concentration of phen was increased up to
25 mM. Therefore, a concentration of 25 mM was used for
each of the three components in all further experiments.

The dimensions of the reaction coil length affect the degree
of zone penetration and the reaction. In this work, the effect
of varying the length of the reaction coil on the peak height
was studied with lengths of 15, 59, 103, and 147 cm, for a
constant i.d. of 0.75 mm. For each reaction coil length, the
peak height increased with increasing concentration ofl-
cysteine. That is, the reaction did not have sufficient time to
reach completion with the reaction coils used in this work.
It was also found that the peak height did not increase sig-
nificantly in the concentration range ofl-cysteine between
0.0 and 1.0 mM (R2 > 0.995), when the reaction coil length
was increased from 15 to 147 cm. Therefore, a reaction coil
length of 59 cm was chosen as the optimum value in our fur-
ther experiments.

From our prestudy, it was also found that the holding coil
length did not have a significant influence on the sensitivity
either, so that a value of 103 cm (i.d. 0.75 mm) was used in
this work.
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able 2shows the effect of varying the concentrations
u(II), Fe(III) and phen on the change in the peak heigh
concentration ofl-cysteine of 0.5 mM, when the conce

able 2
ffects of the concentrations of Cu(II), Fe(III) and phen on the peak he
t a concentration ofl-cysteine of 0.5 mM

u(II)
mM)

Absorbance Fe(III)
(mM)

Absorbance Phen
(mM)

Absorbance

0 0.525 10 0.515 10 0.444
5 0.531 15 0.518 15 0.505
0 0.589 20 0.512 20 0.571
5 0.602 25 0.602 25 0.602
0 0.543 30 0.531 30 0.603

he concentrations of the other two components were both kept at 25
ccuracy, precision, detection limit, linear range, etc. The
ar calibration graph was obtained in the concentration r
f l-cysteine from 0.0 to 1.0 mM (Peak height = 0.5596× [l-
ysteine]−0.00664;R2 = 0.998,n = 30), under optimum con
itions, i.e. a flow rate of 0.6 ml/min, a reaction coil len
f 103 cm, concentrations of copper(II), iron(III) and phe
5 mM, a volume ratio of sample to reagents (reagent 1
eagent 2) of 2:1 and a total volume of sample and reage
20�l. The detection limit gives an indication of the low
-cysteine concentration that can be distinguished from
ackground signal with 99% certainty[14]. The value of th
etection limit was found to be 0.005 mM, which indica

hat the SIA system functions well above the detection li
sampling rate of 15 samples per hour was obtained.

.2. On-line monitoring of l-cysteine in biological
rocesses

In the study of a biological process that consumel-
ysteine, various kinds of salts, metabolites and subs
ere included in the sample, and these reacted with

eagents in the SIA system. These components either
ate or inhibit the redox reaction. The effects of som
hese components (nutrient salts, substrates and metab
n the peak heights of the SIA system were investigate

he case of anl-cysteine concentration of 0.5 mM, and
esults are presented inTable 3. The kinds and concentratio
f the nutrient salts and substrates studied here were ba

he maximum amounts present in the culture medium of
ain fermentation processes byS. cerevisiae [4]. In Table 3,
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Table 3
Effects of various components (nutrient salts, substrates and metabolites) contained in the sample ofl-cysteine with a concentration of 0.5 mM on the peak
height

Components added to sample Relative peak height (%) Components added to sample Relative peak height (%)

None 100 6.0 g l−1 (NH4)2SO4 114.5± 3
0.012 g l−1 NaCl 100.5± 4 7.0 g l−1 glycine 59.9± 5
3.0 g l−1 KH2PO4 77.1± 3 7.0 g l−1 glutamic acid 126.5± 4
2.4 g l−1 MgSO4·7H2O 92.6± 5 3.0 g l−1 malt extract 102.7± 3
2.4 g l−1 KCl 93.3± 3 3.0 g l−1 yeast 100.7± 2
10.0 g l−1 glucose 96.6± 2 5.0 g l−1 tryptone 90.8± 3
1% (v/v) trace elements solution 116.4± 5 0.3 (v/v)% vitamin stock solution 99.5± 2
0.47 g l−1 succinic acid 103.5± 4 0.38 g l−1 acetaldehyde 46.3± 4
10.7 g l−1 glycerol 98.7± 2 1.8 g l−1 acetic acid 99.5± 2
1.95 g l−1 fructose 107.1± 4 10.7 g l−1 ethanol 94.3± 5

All compounds 102.05± 5

The peak height of 0.5 mMl-cysteine without the addition of any nutrient salts, substrates, or metabolites was set to 100% as the reference value. “All
compounds” refers to all of the nutrient salts, substrates, and metabolites listed in the table.

some of the components that were added to the sample,
e.g. 0.38 g l−1 acetaldehyde, 3.0 g l−1 KH2PO4 and 7.0 g l−1

glycine, caused a considerable decrease in the peak height of
more than 20% of the reference value. This large inhibitory
effect may result from the change in the pH of the sample
or the broadening of the peak. This effect can be overcome
by controlling the pH value in the sample and/or using the
peak area for the calibration of thel-cysteine concentration.
However, other components, such as the 1% trace element
solutions, 7.0 g l−1 glutamic acid and 6.0 g l−1 (NH4)2SO4
increased the peak height more than 10% of the reference
value. When all of the compounds, i.e. salts, substrates and
metabolites, listed inTable 3had been added to the sample
solution (0.5 mM,l-cysteine), there was little overall change
in the peak height, i.e. no significant activating or inhibitory
effect on the SIA system.

The inhibitory or activating effects of sample matrices
therefore have to be taken into consideration for the on-
line monitoring ofl-cysteine concentration in a biological
process. They can be overcome by mixing thel-cysteine
standard solution with some of the substances present in real
processes and using this for the calibration of the SIA system.

The on-line monitoring of thel-cysteine concentration in
a simulated process (continuously stirred tank reactor with
influent water and effluent rates of 10.0 ml min−1) was car-
ried out to test the performance of the SIA system. At the
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Fig. 5. On-line monitoring ofl-cysteine concentration in a simulated pro-
cess. The points correspond to the off-line analysis ofl-cysteine with HPLC.

ResolveTM C18 column (with a pore size of 90̊A, a parti-
cle diameter of 5�m at 60◦C). There were no significant
differences between the data measured on-line and off-line.

During the fermentation ofS. cerevisiae ATCC7754, the
concentration ofl-cysteine was monitored on-lines, and the
results are shown inFig. 6. Various compounds in the fer-

Fig. 6. On-line monitoring ofl-cysteine concentration during the fermen-
tation of S. cerevisiae. The points correspond to the off-line analysis of
l-cysteine with HPLC.
eginning, 5 ml of a 10.0 mMl-cysteine solution was quick
njected into the reactor with a working volume of 500
ontaining distilled water. The concentration ofl-cysteine in
he effluent from the reactor was on-line monitored using
IA system under the optimized operating conditions. A
h, the concentration ofl-cysteine in the reactor was 0 a
.5 ml of a 10.0 mMl-cysteine solution was reinjected in

he reactor.
Fig. 5 shows the results of the on-line monitoring an

omparison of these results with the off-line data meas
y HPLC with OPA precolumn derivatization (Shimadzu R
0AXL fluorescence detector at 370 nm(ex)/420 nm(em
ample injection volume of 10�l, gradient supply of tw
arrier solutions with a flow rate of 1.0 ml min−1 and a
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mentation medium either activated or inhibited the redox
reaction ofl-cysteine, as shown inTable 3. Consequently,
a standard solution was prepared by dissolvingl-cysteine in
the fermentation medium, and this was then used to calibrate
the peak heights of the SIA system. After 12 h of the fer-
mentation, the operation of the SIA system under optimum
conditions was started, in order to monitor the concentra-
tion of l-cysteine. After 2 h of the SIA operation, 50 ml of
concentratedl-cysteine solution (100 mM) was added to the
bioreactor and monitored continuously. After the injection of
the l-cysteine solution, the samples taken for the SIA sys-
tem were diluted 1:10 with deionized water. Between 13 and
20 h, the SIA system was washed and calibrated with stan-
dardl-cysteine solution. At 20 h, 500 ml of fermentation salts
medium was added to the reactor and the samples taken for the
SIA system were diluted 1:5 with deionized water and mon-
itored on-line. The on-line monitored SIA data were in good
agreement with the off-line data ofl-cysteine measured by
the HPLC system well (n= 15,R2 = 0.9899). The linear cali-
bration curve for the standard solution ofl-cysteine obtained
by the HPLC had a correlation coefficient ofR2 = 0.995 (7
data points) over the range ofl-cysteine concentration of
0–1.2 mM.

4. Conclusion
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the on-line monitoring data and off-line measurement data
showed the good reproducibility and sensitivity of the SIA
system.
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