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A sensitive NO, biosensor that is based on bacterial reduction of NO; to N,O and subsequent detection of
the N,O by a built-in electrochemical N,O sensor was developed. Four different denitrifying organisms lacking
NOj reductase activity were assessed for use in the biosensor. The relevant physiological aspects examined
included denitrifying characteristics, growth rate, NO, tolerance, and temperature and salinity effects on the
growth rate. Two organisms were successfully used in the biosensor. The preferred organism was Stenotroph-
omonas nitritireducens, which is an organism with a denitrifying pathway deficient in both NO; and N,O
reductases. Alternatively Alcaligenes faecalis could be used when acetylene was added to inhibit its N,O
reductase. The macroscale biosensors constructed exhibited a linear NO; response at concentrations up to 1
to 2 mM. The detection limit was around 1 pM NO; , and the 90% response time was 0.5 to 3 min. The sensor
signal was specific for NO, and interference was observed only with NH,OH, NO, N,O, and H,S. The sensor
signal was affected by changes in temperature and salinity, and calibration had to be performed in a system
with a temperature and an ionic strength comparable to those of the medium analyzed. A broad range of water
bodies could be analyzed with the biosensor, including freshwater systems, marine systems, and oxic-anoxic
wastewaters. The NO; biosensor was successfully used for long-term online monitoring in wastewater. Mi-
croscale versions of the NO; biosensor were constructed and used to measure NO; profiles in marine

sediment.

Nitrite (NO, ) has a central position in the global nitrogen
(N) cycle and is involved in many important biological N trans-
formations. With an intermediate oxidation state, NO, acts as
an electron donor in nitrification and serves as an electron
acceptor in denitrification, dissimilative nitrite reduction to
ammonium, and anammox.

In natural ecosystems NO, is of interest because of its
toxicity for microorganisms and higher organisms (20, 37).
NO; concentrations in natural bulk water bodies are usually
very low, and in freshwater systems the average worldwide
NO; concentration has been estimated to be about 1 pg of N
liter—* (~0.07 uM NO53) (28). Recently, however, there have
been several reports of NO, accumulation to concentrations
of 5 to 140 uM in European eutrophic rivers and estuaries (3,
8, 15, 19, 44). Studies have indicated that NO, accumulations
can be related to imbalances in NO, production and consump-
tion rates for either aerobic sediment processes (nitrification)
or anaerobic sediment processes (denitrification and dissimi-
latory nitrate reduction to ammonia). In marine systems NO,
concentrations are normally negligible, but concentrations of
0.3 to 2.5 uM have been reported near the oxic-anoxic bound-
ary of stratified marine water bodies (5, 22). The distribution of
NO; in sediments is largely uncharacterized, except for a few
studies that have documented NO, accumulations in freshwa-
ter sediments (19, 38, 39, 40). The recent discovery of high
anammox rates in marine sediments (6) has caused increased
interest in NO; in sediments.

Generally, relatively little attention has been directed to-
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wards descriptions of NO5 concentrations in wastewaters; the
main emphasis has been on the status of ammonium (NH,')
and nitrate (NOj3). In wastewater treatment N removal is
traditionally performed by degradation of the organic com-
pounds, followed by oxidation (nitrification) of the liberated
NH to NO; and subsequent reduction (denitrification) of the
NO; produced to free nitrogen (N,). During this type of
oxic-anoxic cycling, transient NO, accumulations have been
found and were recognized to be a result of imbalanced nitri-
fication and denitrification processes (29). Inhibitory effects of
high NO, concentrations have been observed for different
reactor processes, like nitrification, denitrification, and biolog-
ical phosphate uptake (2, 13, 27, 43). Accumulation of NO; is
also presumed to promote release of the greenhouse gas ni-
trous oxide (N,O) from wastewaters (12, 16). Recently, the
research focus has been on development and control of partial
nitrification to NO, (14, 33, 42) instead of full nitrification to
NO; . Compared to full nitrification-denitrification processes,
the implementation of partial nitrification-anammox processes
is expected to significantly decrease energetic and economic
costs of N removal from high-ammonium wastewaters (17, 36).

Several different types of NO, sensors have been developed.
Examples include a liquid ion-exchange sensor (7) and a sensor
based on an immobilized enzyme (35). However, as tools for
online measurement of NO, in wastewater or microscale anal-
ysis of NO; in marine sediment, these types of sensors have
distinct limitations. A specific NO, biosensor for environmen-
tal analysis, including wastewater monitoring, has been de-
scribed previously (24, 26, 29); this biosensor is based on bac-
terial reduction of NO5; and NOj5 to N,O, followed by
electrochemical N,O detection. The strain used in the NO,
biosensor has a truncated denitrifying pathway with termina-
tion at N,O instead of N,. If we could identify a suitable
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FIG. 1. Macroscale NO, biosensor based on bacterial reduction of
NO; to N,O and subsequent detection by a built-in electrochemical
N,O sensor. The entire sensor is shown on the left. An enlargement of
the sensor tip region is shown on the right.

bacterium that also lacks a nitrate reductase, it should be
possible to make an NO, biosensor. Apparently, very few
bacterial strains have such a restricted denitrifying pathway,
and only three such isolates have been described (10). In this
paper we describe a new NO, biosensor based on one of these
strains and compare this sensor with a sensor based on Alcali-
genes faecalis, which may be used when acetylene is added to
block its N,O reductase (45).

MATERIALS AND METHODS

Macroscale biosensor construction. The macroscale NO, biosensor func-
tioned according to the same principles as those previously described for a
microscale NO biosensor (23) and was in most respects identical to the com-
mercially available NO; biosensor (Unisense, Aarhus, Denmark). The sensor
consisted of two major compartments (Fig. 1). A Clark-type N,O sensor
(Unisense) with a tip diameter of about 0.275 mm was positioned behind a
reaction chamber with an inner diameter of 0.3 mm. The bacterial chamber was
drilled in a 0.35-mm-thick polyester plate that was subsequently glued onto a
6-mm-inside-diameter glass tube. The two compartments were glued together so
that the N,O sensor partly protruded into the hole of the plate, creating a small,
0.15- to 0.3-mm deep (~0.01- to 0.02-mm?) reaction chamber in front of the
sensor tip. Bacterial biomass for the sensor was obtained by aerobic growth on a
tryptic soy broth (TSB) agar plate. The culture was collected from the plate with
a sterile glass rod and subsequently inoculated into the reaction chamber from
the front of the sensor through a very thin plastic tube (diameter, 0.1 to 0.2 mm)
made by heat drawing a plastic syringe (125-ul Distritip syringe; Gilson). To help
retain the culture in the reaction chamber, a 1.3% agarose solution was placed
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behind the bacterial biomass. To separate the bacterial biomass from the outside
environment, a 50-pm-thick ion-permeable membrane (Unisense) was attached
to the front plate by using double-adhesive tape. A large medium reservoir
(~1,000 mm?®) supplied the culture with all essential growth constituents except
the electron acceptor. The standard growth medium inside the sensor contained
4 g of sodium acetate liter ™!, 5 g of sodium citrate - 2H,0 liter ', 0.5 g of TSB
(Difco) liter ™!, 0.1 g of (NH,),SO, liter ™', and 3.3 g of Na,WO, liter ™' (~10
mM). The pH was adjusted to 6.9. Tetracycline (20 mg liter ') was added to the
growth medium when Stenotrophomonas nitritireducens was used. Acetylene-
saturated growth medium was used when the organism was A. faecalis. A ster-
ilization procedure in which propylene oxide was the sterilizing agent was used
to minimize the frequency of contamination with other bacteria, as follows: (i)
droplets of propylene oxide were added to the bacterial chamber and allowed to
evaporate; (ii) pieces of ion-permeable membrane were bathed in a solution of
10% propylene oxide in water for 24 h before use; and (iii) the glue surface of the
sensor tip was exposed to a 10% propylene oxide solution for 4 to 6 h while it was
coated with a 5-pm-thick polyethylene film. All work with the highly toxic and
volatile compound propylene oxide was performed in a fume hood.

Microscale biosensors. Microscale biosensors were constructed as described
by Larsen et al. (23) and were made with tips as large as 60 pm to enable analysis
of low NO; concentrations (<5 pM). They were operated with electrophoretic
sensitivity control (ESC) (21), which means that a positive tip potential of 0.5 V
versus a standard calomel reference electrode was applied to facilitate entry of
the negatively charged NO; ions into the sensor. The bacterial chambers of the
microscale biosensors were not sterilized, and the sensors usually functioned for
only a few days.

Sensor principle. The detection of NO, by the biosensor is based on bacterial
reduction of NO; to N,O and subsequent detection of this N,O by the built-in
electrochemical N,O sensor. NO; diffuses freely through the ion-permeable
membrane into the bacterial biomass of the reaction chamber, where it is deni-
trified to N,O and subsequently reduced to N, at the cathode of the N,O sensor.
There is a linear correlation between the amount of NO, reduced and the
magnitude of the sensor signal. The N,O sensor is sensitive to O,, but bacterial
respiration in the outer oxic parts of the chamber prevents O, from reaching the
cathode. Bacterial biomass in the deeper, anoxic parts of the chamber is respon-
sible for the reduction of NO5 to N,O, and the denitrifying capacity of the
biomass determines the linear range of the sensor.

Physiological characteristics of bacterial strains. Three organisms (S. nitritire-
ducens, Luteimonas mephitis, and Pseudoxanthomonas broegbernensis) that can be
obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen are
all characterized by a denitrifying pathway deficient in both NO; and N,O
reductases (10). These three organisms were tested for use in an NO; biosensor
together with the denitrifying organism A. faecalis, which is deficient in an NO3
reductase but has an active N,O reductase (31, 32). Batch cultures with complex
media containing 10 g of TSB liter ! plus 1 mM NOj and batch cultures with
10 g of TSB liter ! plus 1 mM NO; incubated under anoxic conditions were used
to test the capacity for NO5 and N,O reduction, respectively, in order to confirm
previously described denitrifying pathways. An N,O sensor (1) was used to
measure accumulations of N,O in the batch cultures. NO; tolerance was exam-
ined by anoxic incubation of batch cultures (10 g of TSB liter ') in the presence
of 0, 2, 5, and 10 mM NO,. The pH growth range was evaluated by oxic
incubation on agar plates at pH 5 to 9. Detailed physiological studies of growth-
temperature and growth-salinity relationships were performed with S. nitritire-
ducens and A. faecalis. The growth rate was examined at a temperature range of
15 to 42.5°C and at a salinity range of 0 to 90 g of NaCl liter ! (in addition to the
salts present in TSB). The growth rates of L. mephitis and P. broegbernensis were
determined only at 30°C and with no NaCl. For each growth condition three
replicates of 500-ml Erlenmeyer bottles containing 200 ml of complex medium
(10 g of TSB liter ') were used. After addition of a small inoculum, the bottles
were placed in an incubator shaker (Innova 4330 refrigerated incubator shaker;
New Brunswick Scientific) and kept at a constant temperature with continuous
stirring (120 rpm). The bacterial density (optical density at 600 nm) was mea-
sured regularly to determine the growth rate. Prior to salinity experiments the
cultures used for inocula were acclimatized to the experimental conditions to
prevent a long lag phase due to osmotic stress.

Sensor characteristics. Macrosensor characteristics and function were exam-
ined most extensively for biosensors with S. nitritireducens, but most character-
istics were also tested for sensors constructed with A. faecalis. An experimental
setup in which several biosensors could be tested simultaneously was used. The
setup consisted of a plastic container holding 2 liters of water with control of the
temperature, O, level, turbulence, and concentrations of various chemical spe-
cies. Calibrations were performed to determine the linearity, linear range, re-
sponse time, and sensitivity. The effects of various parameters on the sensor
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TABLE 1. Physiological characteristics of four bacterial strains that were tested for the NO, biosensor

Pseudoxanthomonas

Stenotrophomonas

Characteristic broegbernensis Luteimonas mephitis nitritireducens Alcaligenes faecalis
NO; — NO, - - - -
NO; — N,O + + + +
N,O — N, - - - +
Romax (R71H? 0.30 = 0.01 0.33 = 0.02 0.74 = 0.03 0.79 = 0.03
pH range 6-9 6-8.5 5-9 5.5-9
NO, tolerance (mM) 0-2 0-2 0-5 0-10

“ Wmax> growth rate. The values are means = standard deviations for three replicates.

signal were evaluated; these parameters included temperature, O, level, salinity,
turbulence, and pH. Interference with the NO, signal was tested for a range of
environmentally relevant compounds, including NO5 , NO, N,0, NH; , NH,OH,
and H,S. Except for a linearity check, no investigations of microsensor perfor-
mance were conducted as similar characteristics were expected.

Biosensor method versus standard analytical method. Activated sludge from
a municipal wastewater treatment plant was placed in a 2-liter laboratory-scale
reactor and exposed to oxic-anoxic cycles. Two NO, biosensors, one NO,
biosensor (Unisense), and one Clark-type O, minisensor (Unisense) supplied
online information about chemical species in the sludge. Sensor signals were
recorded continuously by using a data logger (ADC-16; Pico Technology) con-
nected to a laptop computer. Calibrations of NO, and NO, biosensors were
performed in 100 ml of reactor water that was previously separated from the
biomass fraction by centrifugation and filtration. NO, and NO; were added
from 100 mM stock solutions to final concentrations of 100 wM. During the
oxic-anoxic cycle, sludge samples were obtained from the reactor at 5-min inter-
vals, rapidly filtered through 0.22-pm-pore-size filters (CAMEO 25AS; Osmon-
ics), and immediately frozen. NO, concentrations in the samples were subse-
quently determined with a biosensor and also by spectrophotometry (30). Sensor
measurements of NO, levels were obtained at a controlled temperature in a
small glass container with constant stirring. To increase the small volumes of
filtrate obtained, 2-ml samples were mixed with 2 ml of a 1-g liter ' NaCl
solution. Sensor calibration was performed at a similar salinity by using 2 ml of
sterile filtered wastewater (without NO, ) and 2 ml of an NaCl solution.

Environmental monitoring. Macroscale NO, biosensors were used to monitor
NO, concentrations in a 1,000-liter pilot-scale wastewater treatment plant with
activated sludge during a 3-week period. The plant was operated with intermit-
tent oxic-anoxic cycles. Microscale versions of the NO, biosensor were used to
analyze the NO; distribution in sediment from the Wadden Sea (Germany) in a
laboratory setup.

RESULTS AND DISCUSSION

Our research goal was to develop a long-term stable mac-
roscale NO5 biosensor with a lifetime on the order of months
that is suitable for laboratory analysis and online monitoring of
wastewater. In addition, we also wanted to use the technology
for construction of an NO, microscale biosensor for profiling
biofilms and sediments. A successful outcome of our efforts
was expected due to the availability of a stable electrochemical
N,O sensor (1) that has previously been used in well-function-
ing NO, biosensors.

Physiological characteristics of bacterial strains. In a pre-
liminary evaluation of the four bacterial strains available for
the NO, biosensor, the two most important properties were
denitrification characteristics and growth rate. The objective
was to identify the most suitable strain, ideally a strain with a
very restricted denitrifying pathway limited to the reduction of
NO; to N,O. Alternatively, successful use of a strain with N,O
reductase activity should also have been possible when acety-
lene was added to the sensor interior to block N,O reductase
activity (45). Tests with batch cultures supplemented with NO,
or NO; confirmed previously described denitrification path-

ways (Table 1). A high respiration rate of the culture used was
equally important to ensure complete consumption of O, and
to give the sensor a wide linear range for NO; . S. nitritiredu-
cens and A. faecalis (Table 1), which were characterized by
growth rates that were significantly higher than those of the
other two organisms, were selected as the most promising
candidates for the biosensor. The linear range for similar NO,
biosensors does not exceed 2 mM at room temperature, so the
NO; tolerance of up to 5 mM observed for S. nitritireducens
was more than sufficient for any relevant measuring range. A.
faecalis exhibited even higher NO, tolerance.

Temperature and salinity effects on the growth rate were
critical aspects of the bacterial physiology, as these two key
parameters limit the range of environmental applications of a
biosensor. The growth constants that were obtained showed
that both S. nitritireducens and A. faecalis are typical mesophilic
organisms (Fig. 2A), with temperature optima around 33 and
37°C, respectively. The growth range was broader in the case of
A. faecalis, which had higher upper and lower temperature
limits for growth. The salinity-growth curves showed that both
organisms had the highest growth rate under no-salt condi-
tions, but there was a significantly higher salt inhibition factor
for S. nitritireducens than for A. faecalis. At a sea strength
concentration (34 g liter ') the growth rate of S. nitritireducens
was reduced to less than one-third the maximum rate when no
salts were added, and the upper limit for growth was about 45 g
liter ', A. faecalis showed only a 20% reduction in the growth
rate at a sea strength concentration, and the upper limit for
growth was about 80 g liter ™"

In summary, both of the organisms characterized could grow
under a broad range of conditions. However, the physiological
data obtained also indicated that under certain environmental
conditions, biosensor application would be suitable only when
A. faecalis was used. In particular, for S. nitritireducens a com-
paratively low growth rate (and respiration rate) at a low tem-
perature and high salinity might limit the applicability of sen-
sors made with this organism.

Sensor characteristics. The sensor characteristics described
below refer to macroscale biosensors containing S. nitritiredu-
cens, but most characteristics were also observed for sensors
with A. faecalis. The biosensor had a linear response to NO5
(Fig. 3), and depending on individual sensor characteristics the
linear range extended to between 0.5 and 2 mM NO; at 20°C.
A negative correlation between the linear range and the sensor
response time was found, with 90% response times ranging
from 0.5 to 3 min (20°C), indicating that the sensors with the
longest diffusion path between the tip membrane and the in-
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ternal electrochemical N,O sensor and thus the largest active
biovolume had the largest measuring range. The NO, re-
sponse was about 4 to 6 pA for 1 uM NO, and the sensor zero
signal ranged from 100 to 300 pA (20°C). The detection limit
was around 1 puM NO; and depended primarily on the stability
of the zero signal from the N,O sensor

The effects of temperature, salinity, turbulence, pH, and O,
level on the sensor characteristics were investigated. There was
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FIG. 3. Calibration curves for an NO; biosensor (S. nitritireducens)
at three temperatures, 10°C (A), 20°C (O), and 30°C (O).
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a substantial temperature effect as a result of the temperature
influence on diffusion coefficients and the bacterial respiration
rate (Fig. 3). Several sensor characteristics were affected, in-
cluding the linear range, the slope of the calibration curve, the
sensor zero signal, and the response time. In the temperature
range from 10 to 37°C the linear range of the sensor increased
with an increase in the temperature. At temperatures below 8
to 9°C several sensors ceased to work and became sensitive to
O, due to an insufficient respiration rate. This observation
correlated well with the temperature effect on the growth rate
found for S. nitritireducens in batch culture (Fig. 2A). A signif-
icant increase in the NO, response corresponding to an in-
crease in the slope of the calibration curve of ~2.5% per
degree Celsius corresponded well to the calculated increase in
diffusion coefficients (4, 25) at 20°C, which was 2.7% per de-
gree Celsius. Higher temperatures also increased the zero sig-
nal, presumably by increased hydrogen production at the cath-
ode surface by electrolysis of water. The response time
decreased with increasing temperature as a result of the in-
creased diffusion speed, and the 90% response time for a
typical sensor thus decreased from about 115 s at 15°C to about
80 s at 30°C. This is in agreement with the theoretical change
in response time calculated by the Einstein-Smulochowski
equation (18), which states that the diffusion time is inversely
proportional to the diffusion coefficient. According to this
equation there should be a 1.46-fold increase in the response
time when the temperature is lowered from 30 to 15°C.

The sensor signal was influenced by changes in the salinity
and turbulence of the medium analyzed (Fig. 4). An increased
NO; signal was observed with an increased salt concentration
(Fig. 4A). This effect was most pronounced at low salt concen-
trations, and at salinities above about 0.5 to 1.0 g liter ! the
relative signal change due to moderate variations in salinity
was small. However, the salinity effect was also affected by the
ionic composition of the internal sensor medium. Addition of
extra salt (NaCl) to the internal medium reduced the sensitivity
to variations in the external salinity, particularly in the lower-
salinity range (Fig. 4A). Both external salinity and internal
salinity also affected the sensitivity to turbulence in the exter-
nal medium. Generally, sensors exhibited the greatest sensitiv-
ity to turbulence at a low external salinity (Fig. 4B), and at an
NaCl concentration of 0.1 g liter ! the signal in stagnant me-
dium was up to 18% higher than the signal in vigorously stirred
medium. At salinities higher than 0.5 g liter ", the sensitivity to
stirring was negligible (=2%). The signal difference between
low turbulence and high turbulence was much less than the
difference between totally stagnant and vigorously stirred con-
ditions illustrated in Fig. 4B.

No marked effect of either pH or O, level on sensor char-
acteristics was observed. Variation in the external pH did not
affect the sensor signal in the range from pH 5 to 9. However,
a shift from oxic to anoxic conditions caused a small decrease
in the sensor zero signal that for the sensors tested corre-
sponded to an NO; concentration of 0.1 to 4 wM. This devi-
ation can be explained by the relatively higher CO, production
in the bacterial biomass during oxic conditions that affected the
N,O sensor signal. High CO, concentrations have previously
been shown to elevate the zero signals from N,O sensors (1).
Furthermore, a slight increase (~1%) in the relative NO,
response was observed under anoxic conditions. This effect
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relative difference between the sensor signals under stagnant and
stirred conditions.

may be explained as a change in the location of the denitrifying
zone inside the reaction chamber in the absence of O,. Unex-
pectedly, no effect of O, status on the linear range for NO5
was observed. A broader range was expected under anoxic
conditions due to a potentially larger NO; -respiring biomass,
and a wider range has previously been observed for NO.
biosensors (23).

Interference. Ideally, the biosensor developed should re-
spond only to NO,, and it was thus important to examine
interference with the NO, signal by relevant chemical species.
As expected, the sensor responded to any N,O present in the
system. Theoretically, equal concentrations of N,O and NO,
should result in a 2.5-fold-higher signal for N,O as it takes two
NO, molecules to produce one N,O molecule and the diffu-
sion coefficient for NO; is about 0.8 times that of N,O (4, 25).
However, variations in the tip potential of the sensor may
change this value, and for several sensors tested a factor of
about 3 was observed. For NO, which was reduced to N,O by
the bacteria inside the sensor, the equivalent factor was about
1.5. Low to moderate (100 wM) concentrations of hydrogen
sulfide (H,S) at pH 7.2 had no effect on the sensor zero signal,
but only 1 pM H,S caused a 15% decrease in the NO, sensi-
tivity, and at a concentration of 100 wM less than 5% of the
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signal remained. Fortunately, the decrease in sensitivity caused
by H,S is reversible (1)

Interference from NH; and NH,OH was expected for sen-
sors based on A. faecalis because this organism has been de-
scribed as a heterotrophic ammonium oxidizer and also is
known to oxidize NH,OH with production of N,O (31). How-
ever, NH} interference was not observed for sensors contain-
ing either of the two organisms. Interference from NH,OH
was observed when both organisms were used, and the inter-
fering signal was further enhanced by a high NH; concentra-
tion. The relative response to NH,OH was highly variable,
corresponding to 1 to 10% of the signal for an equivalent
concentration of NO; , and the response was much slower than
the responses to NO,, N,O, and NO. The effect was most
pronounced with biosensors containing S. nitritireducens. No
interference from NOj; was observed with freshly prepared
sensors, but during the first 1.5 years of our work with the NO5
biosensor NOj interference developed after periods varying
from hours to weeks. Analysis of biomass from NO; -sensitive
sensors confirmed the presence of NOj; -reducing contami-
nants. Addition of tungstate (Na,WO,) to the internal growth
medium at a final concentration of 10 mM alleviated the con-
tamination problem with sensors containing S. nitritireducens.
Sensors made with A. faecalis have not been tested with tung-
state. Tungstate is placed in the NO5 reductase of contami-
nants instead of molybdenum, resulting in a nonfunctional
enzyme (9). Not all bacterial NO5 reductases are completely
inhibited by even 10 mM tungstate (11), but for the present
application the inhibitory effect seemed to be sufficient.

The most relevant interfering agent is probably N,O. There
have been several reports which described release of significant
amounts of N,O from wastewaters, and the rate of N,O pro-
duction has been correlated with various parameters, like low
pH, high NO; levels, and low chemical oxygen demand/N
ratios (12, 16, 41). We have, however, never observed detect-
able N,O or NO (>0.5 pM) during normal operation with
nitrifying-denitrifying activated sludge, nor have we detected
the oxidized nitrogen gases (concentrations, >0.5 uM) in ma-
rine sediments. By use of microsensors it is very easy to check
for the presence of N,O plus NO, as a negative ESC potential
of 0.5 V prevents entry of NO, plus NO; into the sensor (21)
and a signal can then be assumed to be due to N,O plus NO.
We are currently trying to develop membranes that allow use
of ESC also with a macroscale sensor so that similar interfer-
ence tests (and zero control) can be performed. H,S may be a
problem in some systems, but the low concentrations present
in, for example, activated sludge have not affected the sensor
response. For most field applications, changes in sensitivity and
zero current caused by changes in temperature are a much
larger source of error than chemical interference.

Stability of NOS biosensor. Once bacterial biomass was
successfully introduced, the biosensor immediately responded
to NO, . The stability of the sensor signal was examined during
online monitoring in a pilot-scale wastewater treatment plant
and in different laboratory setups. Generally, the characteris-
tics of the biosensors constructed changed gradually, and there
was an observed increase in the sensor zero current (0 to
100%) and also a decrease in the relative NO, response (0 to
30%) during a 2-month period in a laboratory setup. For most
sensors the linear NO, range remained unchanged without a
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FIG. 5. Calibration curves for two NO, biosensors containing the
bacterium A. faecalis, showing examples of complete (O) and incom-
plete (O) inhibition of N,O reductase activity by acetylene.

loss of bacterial activity. It is likely that sensors may monitor
NO, for up to 3 months, as this is the case for the equivalent
NO, biosensors, but due to previous problems with contami-
nation of cultures within biosensors we have not tested NO5
biosensors in wastewater for more than 6 weeks. None of four
biosensors constructed with a tungstate-containing inner me-
dium that were used in wastewater for 3 weeks showed any sign
of deterioration of characteristics in this period.

Although addition of tungstate seems to be efficient in terms
of avoiding NO3 reduction to NO; within the sensor, contam-
ination should be kept at a low level to minimize the risk of
contamination with an N,O-reducing bacterium that would
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render the sensor insensitive to all nitrogen species. Three
routes of contamination were recognized: (i) proliferation of
bacteria already present on various sensor parts, (ii) introduc-
tion of contaminants during the inoculation procedure, and
(iif) contamination with bacteria from the external environ-
ment caused by insufficient sealing at the glue-membrane in-
terface. Sterilization of various sensor parts, including the in-
terior of the reaction chamber, the membrane, and the glue
surface, by using propylene oxide as the sterilization agent
proved to be very efficient. Addition of tetracycline at a con-
centration of 20 mg liter ' to the growth medium was used for
sensors containing S. nitritireducens to limit proliferation of
contaminants that might enter along the glue-membrane inter-
face. However, like S. nitritireducens, many other bacterial
strains are resistant to tetracycline (34). Analysis of biomass
from several contaminated sensors to which tetracycline was
added revealed resistance for all contaminants examined.
Biosensors containing A. faecalis. Functional biosensors
were successfully constructed by using A. faecalis, although this
organism has a denitrifying pathway with termination at N,
instead of N,O. It was possible to solve this problem through
saturation of the growth medium inside the sensor with acet-
ylene, which inhibited the activity of N,O reductase (45). How-
ever, in many cases the sensor response to low NO, concen-
trations was completely absent (Fig. 5), presumably due to
inadequate acetylene saturation in some anoxic parts of the
reaction chamber. Apparently, a relatively loose fit between
the sensor tip and the reaction chamber was critical to ensure
sufficient diffusive flux of acetylene from the medium reservoir

----- NO, - Online
sssusens 02 - Online

NO,- Online (1)
—— NO,- Online (2)

O NO,- Sample (biosensor)
O NO,- Sample (spectrophotometry)

200

400

NO.7 O, (uM)

1.0

Time (h)

FIG. 6. Calibrated online sensor outputs for an O, sensor, an NO, biosensor, and two NO, biosensors during one cycle consisting of 0.75 h
of oxic conditions and 1 h of anoxic conditions in a 2-liter laboratory-scale reactor with activated sludge. The graph includes comparable data for
NO; concentrations in filtered samples analyzed with a biosensor or by spectrophotometry.
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NO, signal (nA)

NO, signal (nA)

Time (h)

FIG. 7. Online sensor outputs for two NO; biosensors [NO; (1) NO; (2)] and one NO, biosensor (NO, ) during cycles consisting of 1.5 h
of oxic conditions and 1.5 h of anoxic conditions in a pilot-scale wastewater treatment plant with activated sludge. The shaded areas indicate
oxygenated periods. Calibrated sensor signals correspond to concentration peaks of about 65 pM NO, and 600 uM NOy . The sensor signals for
100 uM NO; and 100 pM NO, were as follows: biosensor NO, (1), 0.42 nA; biosensor NO, (2), 0.33 nA; and biosensor NO,, 0.79 nA.

to the reaction chamber. Acetylene inhibition was improved if
an N,O sensor with a smaller tip diameter was used and when
the usual 0.35-mm front plate was replaced with a 0.2-mm
plate. However, such sensors suffered from slower response
due to diffusion of N,O in the gap between the N,O sensor and
the front plate wall; when acetylene could be supplied to the
tip, N,O could also escape to the bulk medium reservoir. In
agreement with the growth-versus-temperature relationships
(Fig. 2A) biosensors constructed with A. faecalis functioned
well at temperatures lower than the temperatures at which
sensors containing S. nitritireducens functioned. At 5°C, the A.
faecalis-based sensors were still working and had a linear range
to about 0.5 mM NO; .

Biosensor versus standard analytical method. An experi-
ment was conducted to examine the performance of the NO5
biosensor during online monitoring of wastewater. Fast pro-
cess dynamics made it difficult to make an unbiased compari-
son of online biosensor readings for the sludge with a standard
analysis of NO, in filtered samples, and for comparison we
therefore also analyzed NO; in the samples with a biosensor.

A very good correlation was found between online signals
from the two NO, biosensors, which showed almost identical
NO; concentrations during the complete cycle (Fig. 6). Fur-
thermore, NO, analysis of a filtered sample showed that there
was good agreement between conventional analysis and sensor
analysis. There was, however, a marked difference between the
data from the online sensor analysis and the concentrations
analyzed in the filtered samples. This discrepancy could be
explained by either the 1- to 2-min response time of the sensors
or the nitrogen conversions that occurred during processing of
the filtered samples.

Environmental monitoring. Online monitoring of NO,
NO,, and O, in activated sludge exposed to oxic-anoxic cycles
(Fig. 7) demonstrated that NO, accumulated to concentra-
tions of about 65 uM during operation. NO5 accumulated in

the early part of the oxic phase due to higher rates of NO,
production (ammonia oxidation) than of NO5 consumption
(nitrite oxidation). A second NO, peak was observed during
the anoxic phase, which was caused by imbalanced denitrification
with higher rates of NO; reduction than of NO, reduction.
Microscale analysis of NO5, NO,, and O, in a marine
sediment (Fig. 8) showed that there was NO, accumulation to
concentrations of about 3 to 6 wM in the oxic part of the
sediment. The NO, peak was located at a depth of about 1.5
mm and was found at approximately the same depth as the
NO, peak (about 15 to 19 uM). The NO, accumulation was
most likely due to a high ammonia oxidation rate in the oxic

-1 1 —EB—NO, (1) —&—NO;H) 1
PD —w—NO, (2) —0—NO, (2)
W

Depth (mm)

10 15 20 25
Concentration (uM)

FIG. 8. Concentration profiles for NO, and NOj; in a marine
sediment (Wadden Sea) measured during incubation in the dark in a
laboratory setup. The shaded area indicates the location of the oxic
zone in the sediment.
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part of the sediment. The NO; concentration gradients indi-
cated that there was a flux down to the deeper anoxic layers
(~2.4 to 3.2 mm) and that there was also net release of NO,
to the overlying water phase.

Perspectives. The new biosensor may be used for sensitive
analysis of NO, at high spatial and temporal resolution. This
sensor can be used in basic research on processes, but it may
also be a valuable tool for online monitoring and feedback
control in wastewater treatment. The preferred organism for
the biosensor is S. nitritireducens. However, for some purposes
it maybe more suitable to use sensors containing A. faecalis,
due to this organism’s higher tolerance to extremes of temper-
ature and salinity. We are currently trying to isolate psychro-
trophic bacteria that enable NO, analysis at temperatures
down to those of freezing seawater, so that we can perform
analyses under most relevant environmental conditions.
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