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Abstract

Microsensors used in microbial ecology are reviewed with emphasis on new sensor developmentdNAL ,

NH4™, COp, Ho, HoS and CH microsensors as well as fiberoptical microsensors foté@nperature and pH). Ex-
amples of microsensor applications in biofilms and activated sludge flocs are presented, in which sulfate reduction
and denitrification were studied.

Introduction microbial mats, biofilms and aggregates, where high
metabolic rates of the dense microbial population and

Isolation and cultivation are classical microbiological Molecular diffusion cause steep chemical gradients

techniques to characterize microorganisms and their @1d narrow zones of microbial activity, microsensors
activities. These methods have, however, two major are powerful tools. Due to the small dimensions and

drawbacks: first, many microorganisms cannot be cul- @nalyte consumption of microsensors, microgradients
tivated, second, microorganisms in pure or defined €an be measured without significant disturbance of

cultures do not necessarily reflect their behavior in the sample and the gradients themselves. Furthermore,
natural environments. Especially growth conditions in SUch measurements allow studies of internal cycling

complex ecosystems, like biofilms or aggregates, are Processes, e.g. coupled sulfate reduction and sulfide
difficult to simulate in defined cultures. Therefore, ©Xidation measurements in biofilms and sediments

our knowledge about bacterial activity, community With aninternal sulfur cycle (Kuhl & Jgrgensen 1992;
structure and composition in such systems is limited. Kdhl et al. 1998). )
Molecular methods were developed during the last ~ Microsensors have been developed during the last
years to identify the bacteria present in environmen- Y&ars for measuring important metabolites like O
tal samples and to reveal their spatial distribution, (Klimant et al. 1995; Revsbech & Jgrgensen 1986),
i.e. by genetic fingerprinting arid situ hybridization ~ H2S (Jeroschewski et al. 1996, Revsbech & Jor-
techniques (Amann et al. 1995; Muyzer & Smalla 9€nsen 1986), pH (Hinke 1969; Kohls et al. 1997),
1998). Techniques based on nucleic acid analysis doH2 (Ebert & Brune 1997), N@~ (De Beer & Sweerts
not include cultivation and have therefore less bi- 1989; Larsen et al. 1997), NO (De Beer et al.
ases. However, most of these molecular tools do not 1997b), NO (Revsbech et al. 1988), NFi (De
provide information about thin situ activity of the Beer & Van den Heuvel 1988), GO(De Beer et

bacteria. Both thén situ bacterial activity and the mi- ~ &l- 1997a), and CH(Damgaard & Revsbech 1997).
croenvironmental conditions can be determined with 1he microsensors used in environmental studies can

MiCrosensors. be divided in two groups: electrochemical microsen-

Microsensors can measure chemical and physical SOrS and fiber-optical microsensors. Here, we give a
variables with high spatial resolutior:(50 xm) due brief review of these microsensors together with some
to their small tip-diameter (1-20m). Especially in examples of electrochemical microsensor applications
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in biofilms and activated sludge flocs. More detailed Signal
reviews of microsensors and their application in envi-
ronmental analysis can be found elsewhere (Kihl &
Revsbech 1998; Revsbech & Jagrgensen 1986). A re-

cent review of Amann and Kihl (1998) addresses the
combined use of molecular techniques and microsen-

sors in microbiology.

1M KCI

Electrochemical microsensors

Three types of electrochemical microsensors are most
often used in environmental applications: potentio-
metric microsensors, amperometric microsensors and
micro-biosensors, which are actually amperometric
microsensors including a biological reaction in the
sensor tip. The principles and some examples of each
type will be described below. Environmental applica-
tion of voltametric microelectrode methods have also
been reported recently (Brendel & Luther Il 1995),
but will not be discussed here.

LIX + PVC

BSA COATING

Potentiometric microsensors Figure 1. Schematic drawing of a LIX microsensor.

Potentiometric microsensors are based on charge sep-

aration of ions across a membrane. An electrical po- (1969) and Thomas (1978). This microelectrode is a
tential differe_nce is hereby generated according to the gmall version of the commercially available pH elec-
Nernst equation: trodes, in which the H selective membrane is made

of a special glass. The sensors have a long lifetime,
RT . a but have a sensing length of approximately 20,
—In(—)=E, +k-log(ai;) (1) which might be a disadvantage if high spatial resolu-
zF  ae L -

tion is demanded. In that case LIX pH microsensors
with R is the gas constant, T the absolute tempera- are recommended (see below).
ture, z the charge of the ion, F the Faraday constant,
g and a the ion activity, in the sample and in the
electrolyte solution, respectively. As the activity in the
electrolyte solution (9 may be considered constant,
the electrical potential difference across the membrane
becomes proportional to the logarithm of the ion activ-
ity in the sample. The formula can then be simplified
as shown above introducing a constant, k, and an off-
set potential, & The potential is measured with a
high-impedance (I8 Q) voltmeter.

There are three major types of potentiometric mi-

crosensors: (a) full glass, (b) Ag/Adhalf cell and (c)
liquid ion-exchange (LIX) based microsensors.

AE =

(b) Ag/Ag" half cell microsensor

The sulfide microsensor described by Revsbech et al.
(1983) and Kuhl & Jgrgensen (1992) works as an
Ag/Ag™ half cell. A platinum wire coated at the tip
with silver and a silver salt of the ion to be analyzed (in
this case AgS) functions as a sensor in combination
with an external reference electrode. TheAagtivity
determines the potential of the sensor and is depending
on the solubility of the silver salt and therefore on the
S~ activity in the analyzed medium. Dissolved™S

is in equilibrium with S, HS™ and H", according to

(a) Full glass microsensor the following equation:

The only full glass microsensor relevant for microbial X X
ecology is the pH glass electrode described by Hinke HoS <5 HY + HS™ <5 2HT + 5% (2)

biod519.tex; 25/11/1998; 8:32; p.2
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Figure 2. Scheme of a KIS microsensor from Kihl et al. (1998), with kind permission from Inter-Research Science Publisher. (A) View of the
sensor tip. (B) Chemical reactions at the counter electrode (upper part) and at the working electrode (lower part).

K1 and K are dissociation constants. Since the sensor (De Beer & Sweerts 1989), NO (De Beer et al.
measures only%, also the pH has to be measured for 1997b), NH+ (De Beer & Van den Heuvel 1988), and
determination of the total dissolved sulfide concentra- C&t (Ammann et al. 1987). The GOmicrosensor
tion. A disadvantage of the microsensor is the slow contains a pH-LIX sensor (De Beer et al. 1997a). The
response time, especially at low concentrations. Fur- LIX microsensors can be made very small (approx-
thermore, it can only be used under anoxic conditions, imately 1 um tip diameter) and allow, therefore, an

since the high potential of the microsensor can reduce extremely high spatial resolution(5 um). However,

oxygen.

(c) Liguid ion-exchange (LIX) based microsensor

The principle of the LIX microsensor is the same as
of the other potentiometric microsensors. The ion-
selective membrane is in this case a liquid ion ex-

changer (Figure 1). Liquid ion exchangers are com-

mercially available (e.g. from Fluka). To seal the
capillary tip of the microsensor with the hydropho-

the short lifetime of LIX microsensors (usually a few
days) is a disadvantage, as well as the low selectivity
of the NHy+ sensor for N& and K, and the N@Q~

and NQ~ sensors for Ci, which prohibits their use in
seawater. For measurements in marine environments
a recently developed N§ biosensor (Larsen et al.,
1997) can be recommended.

Amperometric microsensors

Amperometric microsensors forogRevsbech 1989;

bic membrane the glass has to be silanized (Ammann Revsbech & Jgrgensen 1986).% (Jeroschewski et

1986; Thomas 1978). The LIX membrane can be
solidified in the tip with PVC. A protein coating
(BSA) of the tip prevents interaction of hydrophobic
substances from the sample with the LIX (De Beer
et al. 1997b). The microsensor is shielded with an
outer casing containing 1 M KCI to reduce electrical
noise (Kihl & Revsbech 1998). The LIX microsensors
currently used in environmental applications aré H
(Ammann et al. 1981; Schulthess et al. 1981),3NO

al. 1996), B (Ebert & Brune 1997), MO (Revs-
bech et al. 1988) and HCIO (De Beer et al. 1994a),
measure the current caused by electrochemical reac-
tions of the analyte at the tip of the microsensor. The
current, measured by a sensitive pico-ampere meter,
is proportional to the concentration of the substrate.
The electrochemical reaction is driven by a poten-
tial difference between the working electrode and the
reference.
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Figure 3. A calibration curve of the KIS microsensor obtained in
buffered, anaerobic artificial wastewater at pH 7.5. The dashed line
indicates the linear regression of the data points.

Silver cathode
Silicone membrane

Immobilized bacteria
The oxygen microelectrode is a well known and

often described sensor, which has improved drasti-
cally over the years. From a simple cathode-type

oxygen microelectrode (Baumgartl & Libbers 1983; Membrane
Revsbech et al. 1983), it developed to a Clark-type -
microsensor (Revsbech & Ward 1983) with a cathode 100 pm

situated behind a silicone membrane and immersed in Figure 4. Scheme of a nitrate micro-biosensor. Redrawn from
an electrolyte solution. This sensor has a more stable Larsen et al. (1997).

signal, is insensitive for calcium and magnesium ions
and is pH independent. Later a guard cathode was
added to prevent diffusion of oxygen to the cathode
from behind and thus reduce the background signal
(Revsbech 1989).

The use of the combinedAN,O microsensor for
denitrification studies (Revsbech et al. 1988) is lim-
ited by its complex construction. Other microsensors
may be preferred (e.g. the NObiosensor or the LIX
sensors for N, NO3~ and NG ™).

The HS microelectrode is a new Clark-type sensor
(Jeroschewski et al. 1996; Kihl et al. 1998)SPen-
etrates through a silicone membrane and is oxidized
to sulfur by ferricyanide in the electrolyte solution
behind the membrane (Figure 2.). The formed fer-
rocyanide is then re-oxidized to ferricyanide at the
platinum working electrode. The sensor detects only
H>S, therefore, the local pH must be known to de-
termine the total dissolved sulfide concentration. In
acidic and moderate alkaline environments (gH9)
the following formula can then be used to calculate the
total dissolved sulfide concentration (Jeroschewski et
al. 1996):

K1 is the dissociation constant from equation 2 (K
can be neglected at this pH range). The microsensor
can be calibrated in dilution series of sulfide. The dilu-
tion series consist of the same medium as used for the
microsensor measurements, at constant pH (phosphate
buffered), flushed with nitrogen, to avoid chemical ox-
idation of the sulfide. The signal in the dilution series
is proportional to the total dissolved sulfide, deter-
mined by chemical analysis (Cline 1969). An example
of a calibration curve can be seen in Figure 3. The
detection limit of the sensor is 1+2M H2S. Contrary

to the (old) Ag/AgS sensor the p5 microsensor is
insensitive to oxygen, which is highly advantageous
for studies at oxic-anoxic interfaces, which are often
encountered in environmental applications. This, to-
gether with its fast response time: (0.5 s) and low
stirring sensitivity, makes it a much more preferable
tool than the Ag/AgS microsensor (Kuhl et al. 1998).

Micro-biosensors

A glucose microsensor, based on a glucose oxi-
dase reaction, was the first micro-biosensor developed

[Sfm} — [HzS} (1+ LJF) (3) (Qronenberg et al. 1991). Two new types _of micro-
[H307] biosensors, that are more relevant for environmental

biod519.tex; 4/11/1998; 8:57; p.4



163

ST-plug  connected to the measuring system

140 pm
<

Glass
casing

/

t— 450 nm

£
c
o
©

Dye matrix

N\

Optical isolation

Epoxy
glue

30 pm

Figure 5. Schematic drawing of an optical microsensor, a micro-optode (O. Kohls, unpublished).

studies, are based on the specific activity of bacteria ~ Micro-optodes have recently been developed as
in the tip of the sensor (Figure 4.); a nitrate (Larsen et an alternative to existing electrochemical microsen-
al. 1997; Larsen et al. 1996) and a methane biosen- sors. They have the advantage of easy manufacturing,
sor (Damgaard et al. 1995; Damgaard & Revsbech long term stability and mechanical strength. The opti-
1997). The nitrate biosensor converts nitrate /N  cal fiber microsensors are based on analyte dependent
by incomplete denitrification, which is measured by changes in luminescence or absorption of an indica-
an internal NO microsensor. The methane sensor tor chemistry fixed at the micro-fiber tip. A general
contains methane oxidizing bacteria, that oxidize the scheme of a micro-optode can be found in Figure 5.
methane diffusing into the tip with£from a reservoir Three types of optical microsensors have been devel-
in the microsensor. The LOconsumption is propor-  oped for environmental studies, the oxygen (Klimant
tional to the methane concentration and is measuredet al. 1995), the temperature (Klimant et al. 1997) and
by an internal oxygen microelectrode. The biosensors the pH micro-optode (Kohls et al. 1997). The fiber
have a tip diameter of 20-50m, a detection limit of optical sensors have tips of 20—a®n diameter and

ca. 0.1uM for nitrate and ca. 2—-1@M for methane have response times of a few seconds. As there is no
with lifetimes of a few days for the nitrate biosensor analyte consumption the micro-optodes are insensitive
and several months for the methane biosensor. to stirring.

Optical microsensors Applications

Fiber-optical microsensors (micro-optodes) are made Microsensors can be applied in many different envi-

of tapered fibers that collect and direct light from the ronmental studies. They have been used for instance in
sensor tip to the opto-electronic measuring equipment. microbial mats for photosynthesis studies (Jgrgensen
The measuring system is rather sophisticated, contain-& Des Marais 1988; Kihl et al. 1994), in sediments

ing bright light emitting diodes (LED) for fluorescence (marine and freshwater) to study the boundary layer
excitation, excitation — and emission — filters, a fiber and microbial conversions (Jgrgensen & Des Marais
coupler (beam splitter) and a photomultiplier as detec- 1990; Jgrgensen & Revsbech 1985), in biofilms and
tor (Klimant et al. 1997; Klimant et al. 1995; Kiihl & marine snow aggregates for structure and function
Revsbech 1998). analysis (De Beer et al. 1997b; De Beer et al. 1994b;
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Kihl & Jgrgensen 1992; Ploug et al. 1997), but
also in more exotic environments like the termite gut
(Ebert & Brune 1997; Brune et al. 1995). The use
of the @, H>S, NO;~, NO>~ and pH microsensors
will be illustrated here in two examples: microsen-
sor measurements in biofilms and in activated sludge
flocs.

Microsensor measurements in biofilms

The development of a biofilm in a wastewater treat-
ment plant in Bremen, Germany, was followed over
time by combining microsensor measurements with
molecular analysis (Santegoeds et al. 1998). The
biofilm grew on plastic foil in the activated sludge
basin. The biofilm was sampled weekly and analyzed
in a flow cell with circulating artificial wastewater. The
ambient oxygen concentration and temperature were
similar to the conditions in the activated sludge basin,
i.e. ca. 70uM Oz and 20°C. Oxygen and hydro-
gen sulfide were measured with amperometric@d
H>S microsensors, and pH was measured with poten-
tiometric glass microelectrodes. Within one week, a
patchy, 40Qum thick biofilm developed on the plastic
foil. During the following weeks, the thickness in-
creased to a final thickness of 1000-1200 from

the 8th week on. The oxygen measurements showed

a depletion of oxygen in the top 200-4@0m in all
stages of biofilm development. The pH in the biofilm
was constant (pH 7.% 0.1). Sulfide was not detected
in the first 6 weeks, although anaerobic zones were
present from the first week on. It was concluded, there-
fore, that sulfate reduction did not take place, which
is surprising considering the favorable conditions for
sulfate reduction and the presence of sulfate reduc-
ing bacteria (detected by molecular tools) from the
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Figure 6. Microsensor measurements o (Ml ) and total sulfide
(@) in an 11 week old biofilm from an activated sludge basin. The
biofilm surface is at depth = 0, and the substratum of the biofilm at
depth =1.25 mm.

fluxes, we find for the oxygen flux towards the biofilm
avalue of ca. 0.6emol m—2s~1 and for the sulfide flux
in the biofilm ca. 0.3:mol m~2s~1. Thus, if sulfide is

first week on. The KHS measurements showed that completely oxidized to sulfate, all oxygen would be
sulfate reduction took place only after the 6th week. needed for re-oxidation. This indicates that sulfate re-
Molecular analyses of the biofilm samples showed that duction in this biofilm can be more important than the
additional sulfate reducing bacteria appeared after the aerobic mineralization in the biofilm. In another StUdy
6th week, which m|ght be responsib|e for the sul- of a trickling-filter biofilm Kuhl & ergensen (1992)
fate reduction in the biofilm from that time on. The found that sulfate reduction accounted for 50% of the
question what the activity (if any) of the sulfate re- total mineralization of organic carbon.
ducing bacteria is during the first 6 weeks remains
unanswered and requires further investigation.

The oxygen and sulfide profiles from the 11 week
old biofilm are shown in Figure 6. It can be seen that
no sulfide is diffusing out of the biofilm, since all sul-

Microsensor measurements in activated sludge flocs

To measure the chemical gradients in flocs or aggre-
gates a vertical net-jet flow system was developed by
fide produced by sulfate reduction is oxidized in the Ploug et al. (1998; 1997). The flow cell is made from
oxic part of the biofilm. From the profiles, the oxygen two Plexiglas tubes with a nylon stocking in between.
and sulfide fluxes can be calculated. Comparing the An upward flow is applied, that keeps the flocs or
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Figure 7. Microsensor profiles of nitratdl), nitrite (o), oxygen @) and sulfide (x) in an activated sludge floc from a wastewater treatment
plant in Bremen (A) and from a pilot plant in Prague (B). The floc surface is at distance = 0. The diameter of the flocs is 1-1.5 mm.

aggregates floating just above the netting, also if a composition, structure and density of the flocs. No
microsensor is penetrating the particle. Here we show sulfide could be detected, even at anaerobic conditions
data of an activated sludge floc from a wastewater (data not shown). Molecular analysis showed that sul-
treatment plant in Bremen (Germany) and an oxic- fate reducers were present, in higher numbers for flocs
anoxic pilot plant in Prague (Czechia). The flocs had a from Bremen than for the flocs from Prague. Further
diameter of 1-1.5 mm. Artificial wastewater was used investigations will be made to find an explanation for
with 100 M nitrate. The oxygen concentration was the absence of sulfate reduction.

kept at 70uM O3, the same as in the activated sludge

basin. Oxygen and sulfide were measured with amper-

ometric microsensors, pH with a glass microelectrode, _

and nitrate and nitrite with LIX microsensors. Figure 7 Perspectives

shows the measured profiles. The pH remained con-

stant (pH 7.5), and is not plotted in the graph. Nitritte The combination of microsensor and molecular tech-
was presentin negligible amounts (cau/2). Oxygen  niques opens new possibilities in microbial ecology. It
was completely consumed in the floc from the pilot s now possible to study the microorganisms in their
plant in Prague and only partially in the floc from the natural habitat, to localize the organisms, to quan-
Bremen plant (uM Oy). The floc from Bremen had  tify them, determine their activity and study théir
only low denitrification activity as the concentration sty microenvironment (Amann & Kiihl 1998). The
of nitrate decreased from 1Q0M to 83 uM in the strength of this approach was shown by pioneering
floc center. The Prague floc had a higher denitrifica- studies from Ramsing et al. (1993) and Santegoeds
tion rate (a decrease from 10 to 11 M nitrate). et al. (1998) on the sulfate reducing population in
In air-saturated medium, oxygen penetrated the whole pjofilms and by Schramm et al. (1996) describing
floc and nitrate consumption was not detected (data the nitrifying population in a trickling-filter biofilm.
not shown). Thus, the higher denitrification rate in - Also in other microbial systems the combined use of
the Prague floc can be explained by the lower oxygen mjcrosensors and molecular techniques will improve
concentration in the floc. Differences in oxygen pen- oyr understanding of the functioning of the microbial
etration can be caused by differences in community communities.
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