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a b s t r a c t

A ferricyanide mediated amperometric biosensor system implementing d-sorbitol dehydrogenase
together with diaphorase for sensitive detection ofd-sorbitol was used. The biosensor system was success-
fully integrated into an off-line FIA system with a throughput of detection of 10 h−1. The device exhibited
limit of detection of 20 �M with an average relative standard deviation of analysis of samples of 2.2%. The
signal of the biosensor was linear up to 1.1 mM for d-sorbitol with sensitivity of (72 ± 2) nA mM−1, while
a dynamic range was much wider up to 18 mM. The sorbitol biosensor gave reliable results even in the
presence of a high molar excess of l-sorbose, a product of the biotransformation process, as judged from
an excellent agreement with HPLC and GC.
d-Sorbitol dehydrogenase
Gluconobacter oxydans
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. Introduction

Biotechnology has enormous potential to produce a wide vari-
ty of natural products with high efficiency. Vast majority of
atural products are so complex that it is almost impossible to pro-
uce them by a conventional chemical synthesis [1]. Production
f vitamin C requires one biotransformation step (oxidation of d-
orbitol into l-sorbose) making the overall production process more
fficient [2]. The annual production of 60,000 tons of l-sorbose
s performed by cells of Gluconobacter oxydans with particular
nvolvement of a membrane bound d-sorbitol dehydrogenase. G.
xydans is unsurpassed among microorganisms in the ability to
roduce wide range of natural products quickly and with high yield
uring fermentation/biotransformation processes [2–8].

Progress in the fermentation/biotransformation technology has
o be accompanied with a tight control and regulation of the process
n real time due to a complex and dynamic nature of the system.

low injection analysis (FIA) system is frequently used for a real
ime bioprocess monitoring because of a short response time, high
exibility and inexpensive components [9,10]. Recently an off-line
ow system was successfully used for monitoring of d-sorbitol dur-
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ing Pichia pastoris recombinant fermentation [11]. The detection
method is based on a non-selective oxidation of polyols including
d-sorbitol by periodate and l-sorbose can be chemically oxidized
almost as efficiently as d-sorbitol [12]. Thus, the analytical pro-
cedure implementing a chemical oxidation step for detection of
d-sorbitol will be compromised in the presence of equal concen-
tration of l-sorbose. Therefore for robust monitoring of d-sorbitol
in the presence of polyols (e.g. l-sorbose) an alternative and more
selective analytical procedure has to be used.

Enzymatic biosensors offer high selectivity of detection in a
complex matrix with flexibility to be implemented into a flow
system for bioprocess monitoring [13,14]. These devices can be
effectively used for on-line monitoring of the bioprocess and for
feedback control of the substrate feeding strategy, as well [15,16].
Moreover, a highly sensitive biosensor device can be used for a
simplified bioprocess monitoring without a need for a dialysis
or a filtration probe [17]. Although, a sorbitol dehydrogenase of
mammalian origin was used for development of sophisticated bio-
electronic interfaces and for electroenzymatic synthesis [18–20],
there are only two reports showing preparation of a biosensor

device [21,22]. Only one such device was used for analysis of real
samples (food) [21]. Here, a new application of using a biosensor
device for monitoring of d-sorbitol during a biotransformation pro-
cess is shown with extensive validation of the device by HPLC and
GC.

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
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Fig. 1. A typical set-up of a flow-through biosensor system used. (1) Sample reser-
J. Šefčovičová et al. / Analytic

. Experimental

.1. Consumables

d-Sorbitol dehydrogenase (SDH, from sheep liver, 50 U mg−1)
as purchased from Sigma–Aldrich. Diaphorase (DP, from Clostrid-

um sp., 59 U mg−1) and �-nicotinamide adenine dinucleotide
NAD+) were supplied from Sorachim (Paris, France). Both enzymes
ere used without further purification. d-Sorbitol and l-sorbose
ere obtained from Fluka (Steinheim, Germany). Agar and yeast

xtract used to maintain and cultivate G. oxydans were purchased
rom Oxoid (Basingstoke, UK). Potassium ferricyanide was supplied
rom Centralchem (Bratislava, Slovakia). Phosphate buffer (PB) was
repared from KH2PO4 and K2HPO4 (Mikrochem, Pezinok, Slo-
akia). Dialysis membrane Servapor® 44144 was supplied by Serva
Heidelberg, Germany).

.2. Electrodes and biosensor preparation

All experiments were performed using a cylindrical glassy
arbon electrode (d = 3 mm) with integrated Ag/AgCl reference elec-
rode (d = 2 mm) in a Teflon casing (outer d = 9 mm) supplied from
lektrochemické detektory (ED, Turnov, Czech Republic). An elec-
rode was polished with alumina suspension (0.05 �m, Struers A/S,
allerup, Denmark) for 2 min and rinsed with distilled water (DW).
oth enzymes were pipetted (5 �L each from 4% solution in 0.1 M
B pH 8) and mixed on the electrode, left to dry and covered by
dialysis membrane fixed by an O-ring. Finally, the enzyme mod-

fied electrode was integrated into the flow cell (dead volume of
150 �L) of the FIA system. The cascade of reactions used for detec-

ion of d-sorbitol by the biosensor is summarized as follows:

-sorbitol + NAD+ SDH−→d-fructose + NADH + H+ (1)

ADH + Mox
DP−→NAD+ + Mred + H+ (2)

red
+300 mV−→ Mox + e− (3)

here Mox is oxidized mediator (ferricyanide) and Mred is reduced
ediator (ferrocyanide). d-sorbitol is oxidised by the SDH with

roduction of a reduced cofactor (NADH + H+) (Eq. (1)), which is
nzymatically converted back into an oxidized form (NAD+) by DP in
he presence of ferricyanide (Eq. (2)). The latter one is converted into
errocyanide as a result of action of DP (Eq. (2)) and the last step is an
lectrochemical recovery of the oxidized mediator from a reduced
ne on the electrode surface by an applied working potential of
300 mV (Eq. (3)) using a potentiostat PST-3 (FEI STU, Bratislava,
lovakia).

.3. Instrumentation and FIA measurements

The FIA system supplied from FIAlab Instruments Inc. (Bellevue,
SA) consists of peristaltic pumps (Watson-Marlow, Houston, USA)
nd sampling/injection valves (Vici, Houston, USA). Two streams
onsisting of 0.1 M PB pH 8 with 4 mM NAD+; and 0.1 M PB pH 8 with
mM ferricyanide were mixed just before reaching the flow cell
sing T-shaped connector with the final flow rate of 0.38 mL min−1

Fig. 1). An injection loop of 20 �L was used for sample/standard
njections and an utility designed in Labview (National Instruments,
ustin, USA) was used for control and data acquisition.
.4. Batch mode of measurements

The batch mode of operation with the biosensor device was per-
ormed in a glass vessel in a 0.1 M PB pH 8 buffer containing 2 mM of
AD+ and 2 mM of ferricyanide. A typical measurement was done in
voir, (2)d-sorbitol standard, (3) 0.1 M PB pH 8 + 4 mM NAD+, (4) 0.1 M PB pH 8 + 4 mM
ferricyanide, (5) switch valve, (6) injection valve, (7) peristaltic pump, (8) sample
loop, (9) waste, (10) T-shaped connector, (11) biosensor integrated in the FIA cell
and (12) connection to PC.

an initial volume of 10 mL by addition of 10 �L of 55 mM d-sorbitol
stock solution and the solution was mixed using a stirrer (250 rpm).

2.5. High-performance liquid chromatography (HPLC)

d-Sorbitol and l-sorbose were determined by a Preparative
Chromatography System WATERS Delta Prep 3000 (Milford, USA)
using a Polymer IEX Pb2+ column (300 mm × 8 mm, Watrex, Prague,
Czech Republic) and elution with DW (1 mL min−1 at 80 ◦C) was
monitored by an RI detector (Philips PU 4026, Eindhoven, The
Netherlands). Samples/standards were injected onto the column
via the 100 �L loop with retention times of 22.4 min (d-sorbitol)
and 9.6 min (l-sorbose), respectively.

2.6. Gas chromatography (GC)

Trifluoroacetic derivatives of samples [23] were analyzed by
a Hewlett-Packard Model 5890 A chromatograph (Mount Holly,
USA) using flame ionization detection and separated by a DB-1
column (60 m × 0.25 mm; Fison, UK). The following thermal cycle
was used: 180 ◦C for 2 min, followed by an increase in temperature
(6 ◦C min−1) to 250 ◦C with retention time of 12.7 min ford-sorbitol.
5 �L of sucrose (300 g L−1) was added to all samples as an internal
standard.

2.7. Optical rotation (OR)

Optical rotation of l-sorbose measured using a Perkin-Elmer
polarimeter Model 141 (Boston, USA) at 20 ◦C in a 0.5 mL cell was
validated by a set of standards.

2.8. G. oxydans cultivation

G. oxydans BIODIOL 621 (Czech Collection of Microorganisms,
Brno, Czech Republic) was maintained on an agar medium con-
taining (g L−1): d-sorbitol 100; yeast extract 10; calcium carbonate
20; agar 20; and transferred monthly. The cell biomass was pre-
pared by aerobic cultivation at 30 ◦C on a rotary shaker (Shel Lab,
Cornelius, USA) at 250 rpm in 250 mL Erlenmeyer flasks filled with

−1
50 mL of medium. The growth medium contained (g L ):d-sorbitol
50; yeast extract 10; succinic acid 3; with the pH adjusted to 5.5–5.8
by 1 M HCl. Cells of G. oxydans grown in a growth medium for 24 h
(A600 = 1.2, wet biomass of 8 g L−1 after centrifugation at 10,000 rpm
for 3 min) were used for inoculation of the bioconversion medium.
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reported for the enzyme in the solution ranging from 1.1 to 9.8 mM
[29–31].

Operational stability of the biosensor was investigated by
repeated injections of 7 mMd-sorbitol over 46 h period of time with
exponential decrease (I = −190 + 947 e(−t/33.8), R2 = 0.998) of the ini-
0 J. Šefčovičová et al. / Analytic

.9. l-Sorbose conversion reaction

Bioconversion of d-sorbitol into l-sorbose was done in the
edium containing (g L−1): d-sorbitol 70; sodium pyruvate 0.55;

2HPO4 0.13 g; NaH2PO4 0.35 and the pH was adjusted to 5.5–5.8
ith 1 M HCl. 250 mL flasks containing 50 mL of sterilized medium
ere inoculated with 5% of seed culture broth. The conversion was
erformed at 30 ◦C on a rotary shaker at 200 rpm and samples
1.2 mL) for analytical determination were aseptically withdrawn
very six hours during the biotransformation (48 h).

. Results and discussion

Based on our previous work with dehydrogenase built biosensor
ystems a co-immobilisation of DP together with SDH to achieve a
igh sensitivity of measurements was chosen for this work [17,24].
he combination of dehydrogenase and diaphorase is a popular
hoice for sensitive amperometric detection of various substrates
25–27]. The concentration of both ferricyanide and NAD+ in the
unning buffer was 2 mM what was optimal for efficient perfor-
ance of the biosensor (data not shown). Two different modes of

he assays by the biosensor were implemented e.g. batch and FIA
ode and basic characteristics were evaluated.

.1. Characteristics of a biosensor device in a batch mode

The biosensor response towards d-sorbitol was linear in the
ange 0.006–0.55 mM with a sensitivity of 950 ± 20 nA mM−1. A
etection limit of the device in the batch mode was 3 �M, a calcu-

ation based on S/N = 3, comparable to previously published values
2 �M or 40 �M) obtained in a batch system [21,22]. Response
ime of the biosensor (a time needed to attain 95% of steady-state
esponse) was 65 s, comparable to published values of 60 s [21] or
00–300 s [22].

.2. Characteristics of a biosensor device in a FIA mode

Fig. 2 shows a calibration curve for d-sorbitol with a narrow lin-
−1
ar range up to 1.1 mM and the slope of 72 ± 2 nA mM , while a

ynamic range of the biosensor is much wider up to 18 mM, what
s typical for dehydrogenase based biosensor systems [28]. Detec-
ion limit of the biosensor working in a FIA mode was 20 �M and a
ypical response time of 340 s translates into a throughput rate of

ig. 2. A calibration curve of the biosensor with a linear range up to 1.1 mM and
ynamic range up to 18 mM is shown. There is a real sensorgram for various d-
orbitol concentrations (1.1, 2.2, 4.4 and 5.5 mM) shown in the inset of the figure.
easurements were done under the flow rate of 0.38 mL min−1 with a sample loop

f 20 �L.
ica Acta 644 (2009) 68–71

∼10 h−1, a value sufficient for a comfortable monitoring of substrate
consumption during biotransformation processes [15–17]. Higher
throughput can be achieved by an increased flow rate and/or by a
smaller sample loop used for injection, but this can come on the
expense of precision and sensitivity of the measurement. Alterna-
tively an improvement of the sample throughput by integration of
a flow cell with a smaller cell volume can be performed.

Kinetic constants were calculated using two models
(Lineweaver–Burke and Eadie–Hofstee model) with the for-
mer one providing more reliable results e.g. Imax of (917 ± 16) nA
and Kapp

m of (11.6 ± 0.2) mM. Kapp
m is only slightly higher than values
Fig. 3. d-Sorbitol concentration during biotransformation process as determined
by three different analytical methods. (A) Correlation between biosensor and HPLC
assays with the intercept of 0.4 ± 0.2 and the slope of 1.01 ± 0.01, R2 = 0.9998 and (B)
correlation between biosensor and GC assays with the intercept of 1.5 ± 0.3 and the
slope of 0.97 ± 0.01, R2 = 0.9994. Error bars shown for all three analytical methods are
derived from determination of each sample at least in triplicate. Confidence intervals
(95%) for both linear fits are included, as well.
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ial current output in 46 h to 8%. This insufficient stability of the
iosensor cannot be used for robust on-line monitoring of the bio-
onversion process. Thus, an off-line FIA system was used instead.
mprovement of rather poor operational stability using polyelec-
rolytes [24] and hydrogel-like matrix of biopolymers (e.g. chitosan)
32,33] is under investigation.

.3. Off-line monitoring of bioconversion

Samples were diluted (200× in the initial phase) prior use to
concentration falling into the linear range of the biosensor per-

ormance and measured with alternate injections of samples and
tandards, at least in triplicate. The concentration of d-sorbitol in
he sample was calculated by linear interpolation of responses to d-
orbitol standards before and after sample injection. The d-sorbitol
iosensor exhibited a very low average relative standard deviation
RSD) of 2.2% (RSD varied from 0.5% to 3.8%), when the RSD of 14.8%
or the measurement of the last sample (2 mM) was not considered.

Biosensor provided reliable data as suggested from comparison
ith two reference analytical methods (HPLC and GC) (Fig. 3). Direct

omparison biosensor vs. HPLC showed the slope of 1.01 (Fig. 3A),
hile biosensor vs. GC revealed the slope of 0.97 (Fig. 3B), both val-
es close to the theoretical value of 1.00. Thus, the sorbitol biosensor
erformance was not affected by the presence of high amount of
-sorbose e.g. molar ratio of 60 or 180 in the last two samples.

The time needed for analysis of d-sorbitol by the biosensor was
pproximately 5.5 min, while 22 min was needed for HPLC mea-
urement and 13 min required for GC analysis. The biosensor device
as a clear advantage–a short time of analysis and possibility to be

mplemented in an on-line monitoring system. The initiald-sorbitol
oncentration in the medium before inoculation was 384 mM and
he final concentration of l-sorbose produced was 348 mM (on aver-
ge as determined by HPLC and OR analysis, data not shown), what
ives an overall efficiency of the bioconversion of 91%. The biocon-
ersion efficiency is really remarkable taking into account duration
f the bioconversion of 48 h, when only 9% of the substrate was lost
or bacterial growth and maintenance of physiological functions.

. Conclusions

A ferricyanide mediated amperometric biosensor based on co-
mmobilisation of d-sorbitol dehydrogenase and diaphorase was
sed in a FIA mode for d-sorbitol detection with limit of detec-
ion of 20 �M with an average RSD of 2.2%. The FIA allowed sample
hroughput of 10 h−1, what is sufficient for comfortable monitoring

f d-sorbitol during its bioconversion into l-sorbose by G. oxydans.
perational stability was quite poor and only an off-line bioprocess
onitoring was possible. Direct comparison of results obtained by

he biosensor device to the results obtained by standard analytical
echniques (HPLC and GC) is in an excellent agreement, suggest-

[
[
[
[
[
[

ica Acta 644 (2009) 68–71 71

ing selectivity of d-sorbitol detection in the presence of excessive
l-sorbose concentration.
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