
A

a
H
c
b
r

r
o
©

K

1

b
E
t
b
a
p
s
e
a
i
b
t

B
T

0
d

Available online at www.sciencedirect.com

Talanta 75 (2008) 786–791

Direct detection of formaldehyde in air by a novel NAD+- and
glutathione-independent formaldehyde dehydrogenase-based biosensor

S. Achmann a,∗, M. Hermann b, F. Hilbrig b, V. Jérôme b, M. Hämmerle a,
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bstract

An amperometric enzyme-based sensor-system for the direct detection of formaldehyde in air is under investigation. The biosensor is based on
native bacterial NAD+- and glutathione-independent formaldehyde dehydrogenase as biorecognition element. The enzyme was isolated from
yphomicrobium zavarzinii strain ZV 580, grown on methylamine hydrochloride in a fed-batch process. The sensor depends on the enzymatic

onversion of the analyte to formic acid. Released electrons are detected in an amperometric measurement at 0.2 V vs. Ag/AgCl reference electrode
y means of a redox-mediator. To optimize the sensing device, Ca2+ and pyrroloquinoline quinone (PQQ) were added to the buffer solution as
econstitutional substances.
At this stage, the sensor shows linear response in the tested ppm-range with a sensitivity of 0.39 �A/ppm. The signal is highly reproducible with
espect to sensitivity and base line signal. Reproducibility of sensitivity is more than 90% within the same bacterial batch and even when enzyme
f different bacterial batches is used.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In spite of their high sensitivity and selectivity the use of
iosensors for industrial or medical analysis is still restricted.
nzyme-based sensor-systems still suffer from their low long-

ime stability often provoked by the low stability of their
iological components [1]. They are also often restricted to
nalytes in solvent or fluidic analysis-systems, because an appro-
riate medium (solvent or gel) adjusted to the used enzymatic
ystem [2] is needed, to gain optimum activity and stability of the
nzyme and other biological components. Thus, for gas phase
nalysis additional sampling and accumulation steps have to be

ncorporated prior to the real measurement, showing a few draw-
acks such as high cost for technical equipment, longer sampling
ime and sometimes reduction of measuring-range.
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nked formaldehyde dehydrogenase; Hyphomicrobium zavarzinii

The enzyme-based sensor-system investigated here is
esigned to avoid some of the difficulties mentioned above. In
ontrast to existing systems [3–5], the amperometric biosensor
etects the analyte formaldehyde directly from the gas phase
ithout prior accumulation or sampling steps. So, it can be
sed as an online detection system to monitor the formaldehyde
oncentration in ambient air.

Unlike other biosensors detecting formaldehyde, which often
se commercially available formaldehyde dehydrogenase from
. putida [6,7], or another NAD+- and/or glutathione-dependent
ormaldehyde dehydrogenase [8], the novel biosensor uses a
ye-linked formaldehyde dehydrogenase from H. zavarzinii
train ZV 580 as biorecognition element. This enzyme catal-
ses the conversion of the analyte without the need of NAD+,
cofactor which is very well known in the literature [9] for its

nstability in different buffers, its high over potential for direct

e-oxidation, and a proposed radical reaction mechanisms dur-
ng re-oxidation [10]. Therefore, a NAD-independent system is
xpected to show a better long-term stability than the available
ystems.

mailto:Sabine.Achmann@uni-bayreuth.de
dx.doi.org/10.1016/j.talanta.2007.12.015
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Table 1
Formaldehyde concentration in the aqueous phase and the corresponding equi-
librium gas phase concentrations at 20 ◦C according to the equation given by
Dong and Dasgupta [15]

Concentration of CH2O in the
aqueous phase (mM)

Concentration of CH2O
in the gas phase (vppm)

2.62 0.5
11.69 2
31.4 5

1

p
m

2

a
s
a
(
m
K
C

d
i
B
T
t
e
o
B

s
C
c
[

8
a
were conducted with varying formaldehyde concentrations as
stated in Table 1 at room temperature and the sensing device
was freshly prepared before each measurement.
S. Achmann et al. / Ta

A dye-linked formaldehyde dehydrogenase (DL-FDH) from
. zavarzinii strain ZV 580 was earlier described by Klein et al.

11] and further characterized by Schwartz et al. [12]. Also not
et verified, pyrroloquinoline quinone (PQQ) may be the bound
ofactor, and it is generally assumed that Ca2+ ions are required
or the stabilization of the tetrameric structure of DL-FDH and
or its optimal functionality [13].

In this study, the sensitivity of partially purified DL-FDH
rom H. zavarzinii strain ZV 580 on formaldehyde in an amper-
metric biosensor system, the cross-sensitivity and the effect of
dding Ca2+ ions and PQQ on the sensor signal are investigated.

. Materials and methods

.1. Chemicals

1,2-Naphthoquinone-4-sulfonic acid (sodium salt, approx.
7%, NQS) was purchased from Sigma, NAD+ (free acid,
pprox. 95%) from Merck. Formaldehyde sample solutions
ere prepared from a 36.5% stock solution (formalin solu-

ion, Riedel-de-Haen), containing 10% methanol as stabilizer,
y dilution. All other chemicals were of analytical grade.
istilled water was used to prepare standard and buffer

olutions.

.2. Organism and growth

The �-proteobacterium H. zavarzinii strain ZV 580 was cul-
ivated as described previously [14]. The strain H. zavarzinii
V 580 was from the collection of the “Institut für Allgemeine
ikrobiologie” (University of Kiel, Germany) and a generous

ift from Dr. Vorholt (INRA/CNRS, Castanet-Tolosan, France).
Briefly, bacteria were grown in a mineral medium in a

ully automated fed-batch process in a NLF22 bioreactor
rom Bioengineering (Wald, Switzerland) with 10 mM methy-
amine hydrochloride supplemented to the culture medium as
-source. The mineral medium contained 10 mM K2HPO4,
4 mM Na2HPO4, 10 mM MgSO4, 15 mM (NH4)2SO4, 4 �M
eSO4, 1 �M ZnSO4, 10 �M CaCl2, 1 �M CuSO4, 1 �M CoCl2,
86 �M (NH4)6Mo7O24, 5 �M MnCl2 and 4 �M EDTA and was
ept at a pH of 6.9 ± 0.1.

.3. Preparation of active DL-FDH

To receive active DL-FDH for application in the biosensor
evice, cell-free extract from the cultivated H. zavarzinii was
repared as described previously [14].

In short, the cell lysate was first saturated to 40% with
mmonium sulfate, stirred for 60 min at 4 ◦C and the resulting
recipitate was discarded. Subsequently the ammonium sulfate
oncentration was raised to 60% and the precipitate obtained
fter 60 min stirring at 4 ◦C (later called P60 or P60-fraction)
ontaining the DL-FDH was collected by centrifugation and

esuspended in a minimal volume of buffer (50 mM potassium
hosphate buffer pH 8.0). The P60 sample was desalted using a
ZebaTM desalt” spin column (Pierce, Bonn, Germany) and the
nal enzyme concentration was determined using a micro-BCA

F
c

66.4 10
03 15

rotein assay (Pierce, Bonn, Germany), both according to the
anufacturer’s instructions.

.4. Sensor set-up

The sensor is based on the enzymatic conversion of the
nalyte by DL-FDH from H. zavarzinii strain ZV 580 and sub-
equent electrochemical detection of released electrons with the
id of 1,2-naphtoquinone-4-sulfonic acid (NQS) as mediator
Fig. 1). The flux of electrons was recorded in an ampero-
etric measurement at +200 mV vs. Ag/AgCl reference (3 M
Cl, 210 mV vs. NHE) using a potentiostat (PGSTAT 12, Eco
hemie, The Netherlands).

The sensor device consists of a 3-electrode configuration with
isks of woven graphite gauze (Alfa Aesar, Ø = 15 mm) as work-
ng and counter electrode included in a plastic housing (Fig. 2).
oth electrodes were contacted with Pt-wire (Ø = 0.2 mm).
he gas diffuses into the liquid phase via a 15 mm diame-

er Teflon membrane (FALP02500, Millipore, France). Loss of
nzyme is restricted by a dialyses membrane with a MWCO
f 12,000–14,000 Da (Medicell International, London, Great
ritain).

Gaseous formaldehyde samples were collected from the head
pace above aqueous solutions of known concentration. The
H2O concentration in the gas phase above the solution was cal-
ulated according to the equation given by Dong and Dasgupta
15] as shown in Table 1.

The buffer within the sensor contained 0.1 M KCl with
0 mM phosphate at pH 8. The mediator NQS was added in
concentration of 5 mM to the phosphate buffer. Experiments
ig. 1. Mechanism of the measurement of released electrons in the enzyme
atalyzed conversion step of formaldehyde to formic acid.
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Fig. 2. Sensor set-up: plastic housing with different membranes and electrodes for the detection of the gaseous analyte formaldehyde.

Fig. 3. Sensitivity enhancement by quantitative increase of the enzyme load in use. (a) 300 �g protein included in P60-fraction in 200 �l buffer, (b) 600 �g protein
i l vapor above aqueous sample solutions. Potential applied: +200 mV vs. Ag/AgCl.
B ) = 0.5–15 vppm, c(CH3OH) = 30 mM (138 vppm in the gas phase [16,17]), both as
i
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n P60-fraction in 200 �l buffer. Sensor response to formaldehyde and methano
uffer composition: 0.1 M KCl, 80 mM KH2PO4, pH 8, 5 mM NQS. c(CH2O

ndicated.

. Results and discussion

.1. Sensor characteristics

In order to optimize the sensitivity of the sensor, two different
ossibilities were examined: first, the enzyme load was gradually
ncreased by enhancing the amount of P60-fraction in use. For
ensor tests a P60-fraction with a final enzyme concentration,
etermined from micro-BCA protein assay, of 18 mg/ml was
sed with a specific activity of 0.023 U/mg protein (one unit
s defined as the amount of enzyme required for reduction of
�mol of dichlorphenolindophenol (DCPIP) per minute). In
etail, the enzyme load was increased from 300 �g to 1200 �g
f protein included in the P60-fraction.

The sensitivity was enhanced by doubling the enzyme load in
se from 76 nA/ppm to 200 nA/ppm when 300 �g or 600 �g pro-
ein in P60-fraction were tested, respectively (Figs. 3a, b and 4).
bviously, enzyme saturation is not reached for the amount of
ormaldehyde that has to be converted and the reaction is quanti-
atively limited by the enzymatic conversion rate. So in a range,
urrent is also a function of the enzyme load not only of the
oncentration of the analyte.

Fig. 4. Characteristic response curve of a sensor with an enzyme load of (�)
300 �g protein included in P60-fraction and (�) 600 �g protein of P60-fraction
in 200 �l buffer. Potential applied: +200 mV vs. Ag/AgCl. Buffer composition:
0.1 M KCl, 80 mM KH2PO4, pH 8, 5 mM NQS.
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F formaldehyde and methanol when an enzyme load of 1200 �g protein in P60-fraction
i l. Buffer composition: 0.1 M KCl, 80 mM KH2PO4, pH 8, 5 mM NQS, 1 �M PQQ,
5 r. (b) Linear response curve of the sensor in the tested range of 0.5–15 vppm CH2O.
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Table 2
Methanol concentration in the gas phase above aqueous methanol sample solu-
tions calculated by an Henry’s law constant at standard conditions (298.15 K)
given by Sander [16] and Snider and Dawson [17]

Concentration of CH3OH in
the aqueous phase (mM)

Concentration of CH3OH
in the gas phase (vppm)

3 13.8
3
6

t
n
d
t

a
evaluated but it was found that water vapor did not affect the
base signal of the senor (results not shown).

Fig. 6. Selectivity data of the sensing device. Methanol was used as possi-
ble interfering substance in the range of 3–60 mM in solution. (�) Gaseous
ig. 5. (a) Response of the sensor to the vapor above aqueous sample solutions of
s used and PQQ and Ca2+ was added. Potential applied: +200 mV vs. Ag/AgC
0 �M CaCl2. Enzyme loading: 1200 �g protein in P60-fraction in 200 �l buffe

Another possibility to enhance the sensor sensitivity is to
mprove the activity of the enzyme itself by adding PQQ
1 �M) and Ca2+ ions by means of 50 �M CaCl2 to the buffer
olution as previously reported in Ref. [14]. This so called
econstitution of the active form of the enzyme increases the
ensor sensitivity from 200 nA/ppm to 270 nA/ppm in the case
f 600 �g un-reconstituted and reconstituted protein in P60-
raction, respectively, i.e. approximately 25% higher sensitivity
results not shown). That is again due to the fact that higher
nzyme activity leads to higher enzymatic conversion rates,
esulting in a higher sensor signal.

At present, highest sensitivity is realized by adding PQQ and
a2+ to 1200 �g protein in P60-fraction and implementing this

or biorecognition. A characteristic signal is shown in Fig. 5(a,
) with a sensitivity of 390 nA/ppm, a t90-time of about 15 min
nd a linear response curve in the tested range.

.2. Selectivity of the sensing device

To evaluate the selectivity of the sensing device, interference
rom methanol and the influence of water vapor were of special
nterest.

Methanol is used in a concentration of 10% as a stabilizing
gent in the formalin solution, from which gaseous formalde-
yde samples were prepared. Furthermore, methanol is also a
ossible C-source for H. zavarzinii growth, so that the enzyme
reparation may contain a methanol metabolizing enzyme, too.

Aqueous solutions of methanol in the range of 3–60 mM were
repared and tested, to rule out the possibility that methanol
nstead of formaldehyde is responsible for the sensor signal or
hat there are any interferences by methanol. For comparison, an
queous solution of 103 mM CH2O, corresponding to 15 vppm
H2O in the gas phase, contains about 19 mM methanol. So,

he range mentioned above exceeds the amount of methanol
ncluded in the formaldehyde samples by far.

Gaseous methanol for interference tests were again sampled

bove the head space of the mentioned aqueous solutions. Gas
hase concentrations as shown in Table 2 were calculated by
enry’s law with a Henry’s law constant given by Sander [16]

nd Snider and Dawson [17].

m
s
K
r
p

0 138
0 276

The sensor showed no sensitivity to gaseous methanol in the
ested range, at all (Fig. 6) so that it can be stated, that there is
o influence of methanol on the sensor signal and that the signal
oes not result from any conversion of methanol included in the
est samples

Due to the fact that all gaseous samples are derived from
queous solutions, interferences from water vapor were also
ethanol samples generated by aqueous solutions; ( ) gaseous formaldehyde
amples. Potential applied: +200 mV vs. Ag/AgCl. Buffer composition: 0.1 M
Cl, 80 mM KH2PO4, pH 8, 5 mM NQS, 1 �M PQQ, 50 �M CaCl2. Data

eceived from two freshly prepared sensors with an enzyme load of 1200 �g
rotein in P60-fraction in 200 �l buffer.
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Fig. 7. Reproducibility of the sensor. Different 1200 �g P60-fraction enzyme samples in 200 �l buffer are used. (a) Effect of deterioration during storage for 24 h
a ) enzy
z V vs.
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to the buffer solution without CaCl2.

The sensor response to formaldehyde is almost completely
lost when Ca2+ is complexed by EDTA (Fig. 9, time gaps result
from inconsistent measurement periods of the two experiments).

Fig. 8. Sensor signal for a PQQ mediated biosensor and a biosensor where
t 4 ◦C: ( ) freshly prepared enzyme samples as biorecognition element; (©
avarzinii batch cultures: ( ) culture 1; (©) culture 2. Potential applied: +200 m
�M PQQ, 50 �M CaCl2. c(CH2O) = 2–15 vppm.

.3. Reproducibility of the sensor signal

Reproducibility of the sensor signal was especially evaluated
ith regard to deterioration of the enzyme sample and influences
f microbial enzyme production.

Therefore, enzyme samples isolated from H. zavarzinii
rown in different bioreactor batches were examined. Deteri-
ration was reviewed after the enzyme sample was kept at 4 ◦C
or 24 h.

The signal was highly reproducible when enzyme of the same
acterial batch was used and the influence of deterioration during
torage was quite low. After 24 h at 4 ◦C the reproducibility
f the sensor signal is about 98.5% related to freshly prepared
nzyme (Fig. 7a, 350 nA/ppm and 360 nA/ppm, respectively).
ven when enzyme samples isolated from H. zavarzinii cells
rown in different bioreactor batches were used, the signal was
ery repeatable. As can be seen from Fig. 7b, the sensitivity of
he sensing device is altered from 350 nA/ppm to 390 nA/ppm
or two different cell cultures, meaning a reproducibility of about
2%. In this case the linear range of the sensor prepared with cell
ulture 1 from 0 vppm up to 10 vppm was taken into account.

Reproducibility data after storage are quite promising. After
ptimizing the storage procedure there will be hardly any dis-
dvantages of producing the enzyme samples in greater amount
n one bioreactor process and store them for later use.

.4. Cofactor mediated biosensor

In order to reduce the number of components involved in
he reaction chain, PQQ which is a possible mediator for dehy-
rogenase enzymes [18,19], was used as mediating cofactor
nd reconstitution element simultaneously. The cofactor was
sed in concentrations of 1 �M and 10 �M, added to the buffer
olution.

The sensor shows a formaldehyde concentration dependent
ignal, when 1 �M PQQ is used. The sensitivity of the sen-
or is 140 nA/ppm meaning about 35% of the sensitivity of a

econstituted sensor with an enzyme load of 1200 �g protein in
60-fraction (cp. Fig. 5, sensitivity 390 nA/ppm). Increasing the
QQ concentration to 10 �M does not lead to higher sensitivity
f the sensor (results not shown).

n
b
5
8
c

me stored at 4 ◦C for 24 h. (b) Enzyme samples of diverse Hyphomicrobium
Ag/AgCl. Buffer composition: 0.1 M KCl, 80 mM KH2PO4, pH 8, 5 mM NQS,

Without the addition of any mediator or of PQQ, a very low
lectron transfer rate to the electrode was detected (Fig. 8). A
ossible reason for this low current are not yet identified redox-
ctive substances in the protein fraction that can be converted at
he electrode producing an amperometric signal. It is also possi-
le, that the enzyme itself is directly re-oxidized at the electrode
urface. For this possibility the sensitivity decline or may be
oss at 10 vppm would indicate an electron transfer limitation
or higher analyte concentrations.

Further investigations have to be done to clarify this phe-
omenon.

.5. Complexation of Ca2+

A quasi-negative control was prepared by complexation of
he structurally important Ca2+ by the addition of 1 mM EDTA
o the buffer solution. In that case, only 1 �M PQQ was added
o mediator was added, enzyme load: 1200 �g protein in P60-fraction in 200 �l
uffer. ( ) 1 �M PQQ is added to a buffer solution (0.1 M KCl, 80 mM KH2PO4,
5 �M CaCl2, pH 8) (©) no mediator is added to the buffer solution (0.1 M KCl,
0 mM KH2PO4, 50 �M CaCl2, pH 8). Potential applied: +200 mV vs. Ag/AgCl.
(CH2O) = 0.5–15 vppm.
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Fig. 9. Complexation of Ca2+ by EDTA: comparison of a sensor signal charac-
teristic for a ( ) PQQ and CaCl2 reconstituted enzyme sample (buffer: 0.1 M
KCl, 80 mM KH2PO4, pH 8, 5 mM NQS, 1 �M PQQ, 50 �M CaCl2) and (©)
an enzyme sample where Ca2+ is complexed by the addition of 1 mM EDTA
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[17] J.R. Snider, G.A. Dawson, J. Geophys. Res. 90D (1985) 3797.
[18] I. Willner, R. Baron, B. Willner, Biosens. Bioelectron. 22 (9–10) (2007)

1841.
o the buffer solution (buffer: 0.1 M KCl, 80 mM KH2PO4, pH 8, 5 mM NQS,
�M PQQ). Potential applied: +200 mV vs. Ag/AgCl. Enzyme load: 1200 �g
rotein in P60-fraction in 200 �l buffer. c(CH2O) = 2–15 vppm.

As it was corroborated by the loss of sensitivity through com-
lexation, Ca2+ plays an important role in the active centre of
L-FDH and for the sensing purpose.
It is likely that Ca2+ already embedded in the enzyme struc-

ure cannot be complexed by the added EDTA in solution and
o a negligible amount of enzyme is still possible to convert
ormaldehyde causing the marginal signal shown in Fig. 9.

. Conclusion and perspectives

In the studies presented above, native DL-FDH isolated from
. zavarzinii strain ZV 580 was successfully implemented in
sensing device. Using the DL-FDH it was possible to detect

aseous formaldehyde with a dehydrogenase enzyme without
he addition of the unstable, unbound cofactor NAD+ directly
rom the gas phase. With the elimination of NAD+ it is much
ore promising to obtain a sensor device with higher long-term

tability.
Further on, it was demonstrated that the detection of gaseous

ormaldehyde by DL-FDH is selective against methanol and that
ater vapor does not influence the measurement result at the air

aturation point at room temperature.
Reproducibility of the measured signal was over 90% when

he sensitivities of deteriorated enzyme samples and even of
nzyme samples isolated from different H. zavarzinii cultures

ere compared to freshly prepared protein fractions.
Reconstitution with PQQ and Ca2+ improved the sensitivity

f the device and showed the importance of these substances for
he activity of the enzyme.

[
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First experiments with a cofactor mediated reaction chain
ere very promising. Using a PQQ-functionalized electrode,
uch more effective electrical contact between enzyme and

lectrode might be possible. Anyway, the elimination of another
dditional substance, in this case the additional mediator NQS,
ill again enhance the feasibility to get a more stable sensor
evice.

For this, further work is under investigation to determine the
ependence of the sensor stability from different factors and to
valuate the benefit of the formerly stated improvements.
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