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Genetically constructed microbial biosensors for measuring organic peliutants are mostly applied in ague-
ous samples. Unfortunately, the detection limit of most biosensors is insufficient to detect pollutants at low but
environmentally relevant concentrativns. However, organic pollutants with low levels of water solubility often
have significant gas-water partitioning coefficients, which in principie makes it possible to measure such
compounds in the gas rather than the aqueous phase. Here we describe the first use of a microbial biosensor
for measuring organic pollutants directly in the gas phase. For this purpose, we reconstructed a bioluminescent
Pseudomonas putida naphthalene biosensor strain to carry the NAH7 plasmid and a chromosomally inserted
pene fusion between the sal promoter and the luxAB genes. Specific calibration studies were performed with
suspended and filter-immobilized biosensor cells, in aqueons solution and in the gas phase. Gas phase
measurements with filter-immobilized biosensor cells in closed flasks, with a naphthalene-contaminated
agueous phase, showed that the biosensor cells can measure naphthalene effectively. The biosensor cells on the
filter responded with increasing light output proportional to the naphthalene concentration added to the water
phase, even though only a small proportion of the naphthalene was present in the gas phase. In fact, the
biosensor cells could concentrate a larger proportion of naphthalene through the gas phase than in the
aquieens suspension, probably due to faster transport of naphthalene to the cells in the gas phase. This led to
a 10-fold lower detectable agueous naphthalene concentration (50 nM instead of 0.5 wM). Thus, the use of
bacterial biosensors for measuring erganic pollutants in the gas phase is a valid methed for increasing the

sensitivity of these valuable biological devices.

Increasingly, genetically modified bacteria are being devel-
oped and tested for use as measuring devices for pollutants in
the environment (reviewed recently in references 5, 8, and 19}
Such bacterial biosensors either constitutively express a signal,
such as bioluminescence, with any signal decrease related to
exposurs of the celis to pollutants (28), or induce expression of
an analytically useful signal specifically and only in the pres-
ence of one or a limited set of structurally related compounds
{1, 14, 20, 26, 32). For a number of reasons, it is useful to have
microorganisms themselves monitor the immediate environ-
ment rather than using analytical chemistry. First, bacterial
biosensors can be used for quick screening purposes, either for
detecting the presence of toxic compounds in aqueous samples
or for detecting a predefined set of target compounds for which
the biosensors had been developed. Second, having microor-
ganisms themselves “measure” the concentrations of poliut-
ants is thought to be more representative for estimation of the
bioavailable fraction and could solve some of the difficulties of
extrapolating bioavailable concentrations from differential
chemical extraction techniques. Hence, microorganisms which
are able 1o sense and “report” poliutant concentrations (or
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fluxes) can also be vsed to study the factors governing pollutant
bioavailability to microorganisms in the environment.
Biosensor bacteria {or whole-cell lving bioreporters, as they
are sometimes called) (2} are usually construcied by meaps of
genetic techniques by coupling the DNA for a promoterless
reporter gene which codes for an easily measurable protein to
the operator or promoter DNA from a regulatory circuit. In
addition, the sensor cell should contain the cognate sensor
component (e.g., transcriptional activator or repressor} capa-
ble of mediating expression from the same regulatory circuit.
In this way, the sensor component wil regulate transcription of
the reporter gene from the target promoter whenever the tar-
get chemical effector molecule is present inside the cell. The
level of reporter gene expression is reflected in the activity of
the reporter protein, which can be measured continuously or
after a previously determined calibration period. Target com-
pound concentrations or fluxes in unknown samples can then
be determined from the activity of the reporter protein and
interpolated on the calibration curve (32). Since other chermi-
cals present in the sample may inhibit the physiological re-
sponse of the bioreporter organisms {12), it is often useful to
assess any inhibition in unknown samples by spiking them with
known concentrations of chemicals (32) or by using a second,
constitutively expressed reporter protein (34). Because biolu-
minescence is a rare brait, it 13 often applied as a reporter signal
in bucteria} biosensors. Bioluminescence is mediated by lucif-
erase enzymes, which can bave a prokaryotic or cukaryotic
origin {reviewed in reference 33}, Prokaryotic luciferases, such
as those encoded by the fuxdB gones, require reduced flavia
mononucleotide, oxygen, and 2 substrate aldehyde for the bi-
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oluminescence reaction. Through regeneration of the aldehyde
and of the flavin mononucleotide, the light reaction is coupled
to general energy metabolic reactions in the cell (12, 33).
Firefly luciferase, on the other hand, directly requires ATP for
the light-generating reaction (33). Bioluminescence can be
quantified very sensitively by using photographic films, lumi-
nometers, or liquid scintillation counters (2). Light can be
measured noninvasively and sensitively without disrupting the
bacterial cell and therefore enables in situ and on-line moni-
toring (4). The sensitivity even allows the detection of single
biojuminescent bacterial cells by using a charge-coupled device
or photon-counting (PC) video camera connected to a micro-
scope (29, 31). For remote sampling of light, bioluminescent
biosensors have also been immobilized on the tips of fiber-
optic cables connected to a photomultiplier (13, 17). Biolumi-
nescent biosensors have even been coupled to a chip that was
designed to detect, process, and report low levels of biolumi-
nescence (30). Unfortunately, luciferase activity is energeti-
cally costly for the cell, and physiological differences or com-
pounds inhibitory to cells’ energy metabolism can reduce light
output (7, 12}. Compounds interfering with fatty acid metab-
olism or cell membrane synthesis may even increase nonspe-
cific light output from some biosensors, probably by providing
a larger pool of substrates for the light reaction {12).

In most applications, bacterial biosensor cells have been
used in aqueous solutions or slurries of soil-water (reviewed in
reference 18). This has some obvious advantages, such as am-
ple supply of nutrients to the cells and ease or tradition of
sampling. However, it is usvally not considered that the target
analyte has to be transported from the bulk solute to the cell
and that the process of transport in aqueous solutions is not
necessarily fast. The consequence of this is that bacterial bio-
sensors for organic compounds usually do not deliver an ana-
lytically useful signal at target compound concentrations below
0.5 to 1 pM (18). Here we describe additional possibilities for
measuring with biosensor bacteria, using the gas phase rather
than the aquepus phase. As a matter of fact, most organic
compounds targeted by bacterial biosensors have significant
gas phase partitioning (¢.g., BTEX, alkanes, naphthalene, tri-
chloroethylene, and chlorophenol) (1, 11, 27, 32}. For owr
model system, we ¢chose a bacterial bicsensor for the detection
of naphthalene, which is relatively poorly water soluble and
hence a good model for the behavior «f a farge class of hydro-
phobic compounds with moderatc gus phase partition con-
stants (Henry constant, 0.02) (25). kacterial biosensors for
naphthalene have been described and used before (3,7, 13, 14,
207, but they have not been systematically tested for accurate
measurement of naphthalene through the gas phase, aithough
the principle has been applied previousiy (23). Here we shaw
that bacterial biosensors can be optimally maintained in con-
trofled chemostat cultivation, react very reliably to naphtha-
lene exposure with a proportional biviuminescence signal, and
can be applied in gas phase measurements to increasc the
bicavailable amount of nsphthzlene to the celis, thereby
effectively lowering the detectable naphthalene coacentration
TEIgE,

MATERIALE AND BOWTHODS

Bacteris! stesios and plesmids, Eschericiia coli DH s wa vsed as a genersl
fost for plasmid doning. B catl COT18Rpir woz veed for the propegalion of
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FIG. 1. Genetic construct for naphtialene detection in P putida
(A) and schemes for the different assay types (B to E). (A) Relevant
restriction sites are shown on the genetic map; those removed by
cloning are placed within brackets. The black vertical bars indicate the
1 and O ends of the mini-Tn3 system. Note that the reading frame of
nahR was interrupted by removal of the internal Sall site {within
brackets}. The direction of transcription and the sal promoter are
indicated by arrows. {B) Simplest biosensor assay form in a 2-mi glass
vial with Teflon-lined cap. Cells were applied either as a suspension in
the agueous phase {a} or immmeobilized on a filter (b}, Filters weze
placed in solution or in the inside of the cap. (C) Static gas phase
detection. Naphthalene evaporates from the agqueous sample and is
transported through the gas phase to the filter-immobilized cells (b},
which are placed on Lop of an agar layer in & glass vial. (D) Continuous
gas loop device, in which air is recirculated through the system and
bubbled through the aqueous sample and along the filter-immobilized
cells (b). (E) Syringe advective flow system. Cells are immobilized on
a filter which is contained in a metal filter holder (c). The holder is
attached to the syringe and a syringe pump slowly pushes the aqueous
sample through the filter,

plasmids with an REK origin of replication, and E. coif HB1O1(pRK2013) was
used as a helper strain, providing transfer functions duriag conjugation. Pseuudo-
menas putidas pPGT (NAH) was the source for the #ahR and neh( genes and is
capable of using naphifialene as # sole source of carbon and energy. F. purida
pPG7-JAMAZ1 is a derivative of strain pPG7, containing the rahf-rah G iluxAR
mini-Tns construct, and was vsed for naphthalene binsensor assays (Fig. 1). This
strain stiil contains the NAH plasmid and is therefore capable of using naph-
thalene as a sole carbon and energy source.

The plasmids used during this study included plUCTS (35), for general sub-
clonings; pGEM-T-Easy (Promega Corp.}, for cloning of DNA fragmenis gen-
crated it PCRs; pUCIBNot {18), for providing Netl symmetrical restriction sites;
and PCK21# (213, serving as the mini-Tn$ vehicle to deliver the nakR-nahG':
lueA B construct to the chromesome of P, putide pPGT.

Constraction of the paphthalene-responsive luciferasce expression cassette. A
1.1-kk fragment containing the nehR gens and the sal promoter was recovered
from plaswaid pONBd-JecZ (6] by digestion with sl and trestment with T4 DNA
aolymerase and, subseguently, digestion with EceRR1 and treatment with Kleaow
DNA polymerase. This fragment was ligated with the linearized uedB-contam-
ing vector, pl AMAR (32), which was prepared by digestion with Spki and treat-
ment with T4 DINA pelymersse and, subsequenily, digestion with ABal and
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treatment with Klenow DNA polymerase. Transformants in £, coli were checked
for their plasmid content, and plasmids with the propes oriesitation of the saf
promoter with respect to the kxdB genes were designated pJAMAIR, The
reading frame of the nehR gene in pJAMA18 was interrupted by digestion of the
unique Sall site, filling of both ends with Kienow polymerase, and religation
{yielding pIAMAIS). The nahR-P,,luxAB fregments of both pJAMAILB and
PIAMA19 were recovered as 3.5-kb Notl fragments and ligaled with the vectar
part of PCK218 (yielding pJAMA20 and pJAMAZ1, respectively) (Fig. 1). By
triparenial mating and transposon insertion, the fragments were inserted in a
single copy into the chromosome of P, putide pPGT {NAIH), as previously de-
scribed (16). Four independent transconjugants of each mating (i.e., with E. coli
containing pTAMA20 or p AN A21} were purified and checked for the intactness
of the naiR-¥, luxAR fragments by PCR and Southern blotting. All transcon-
jugants were subsequently tested for the induction of the luciferase by incubation
with naphthatene and were all more oy 1ess similar in the capacity to be induced.
One of them, the strais P. putida pPGT:pJAMAZ1, which dispiayed the highest
inducible uciferase expression, was used for the experiments in this work.

Media and growth conditions. All E. coli strains were cultivated in Luria-
Bertani medium (24} {both liquid and solid), supplemented with ampicillin or
kanamysin {both at 30 pg'mi) wherever necessary, at 37°C. P putida strains were
grown al 30°C in Luria-Bertani broth, nutrient broth (NB) (Biolife, Milan, ltaly},
or type 23C mineral medium {MM) (9) plus 29 (vol/vol} Iuiners trace element
solution, {1.2% (vol/vol) vitamin solution (%), with succinate or glucese (both at 10
mM} as carbon sources. £, putida was grown on naphthalene on agar pistes which
were incubated in a gas-tight jar with an open petri dish contzining naphthalene
crystals. Media for P. putida pPGT-FAMAZI ineluded 50 pg of kanamycin per mi.

Chemostat coltivation. P. putida pPGT-JAMAZ] was continuously cuitivated
inn chemostats for most naphthalene biosensor assays. Chemostats consisted of
504-ml Schott flasks, with special metal lids, which were filled with 100 ml of
medium and were operated st a dilution rate of 0.65 h™t at 30°C, with constant
stirring at 200 rpm. Pressurized air was used to serate the vessel medium con-
stanily. The medium consisied of MM s the base, with 10 mM succinaie as a
carbon source. The pH of the medium was buffered at 6.8, as no pH control was
used in the chemostat fask itself. The strain was inoculated from » —80°C
glycerot stock for each new chemostat experiment in NB with 50 g of kanamycin
per mt. During continuous cuitivation, no kanamyein was added to the medium.
A small sampling port was installed in the metal lid, through which 2.ml portions
of the bacterial suspension in the chemostat could be retrieved by suction with «
syringe. P. putida cells could generally be kept for approximately 2 weeks under
continuous cultivation. The culture was sampled every day to determine ifs
optical density at 600 nm and to check its puzity on NB plates without kenamycin.
Steady-state vajues of the aptical density at 600 om fluctuated slightly around 0.9,
with an average aumber of viable celis of 1.3 X 107 per ml. The culture was kept
for seven volume changes before nephthalene biosensor assays were performed.

Naphthalene biosensor assays. Generally, naphthalene biosensor solution as-
suys were performed in 2-ml vials with Teflon-lined screw caps (type 27134
Supeleo, Bellatonte, Pa.). For calibrztion series, the vials were filled with .97 m)
of MM, to which 17 jel of chemostaz cell suspension and 10 ul of a naphthalene
stock solution (prepared in dimethy! sutfoxide) were sdded. Final naphthalene
concentrations in the aqueous phase (without taking phase equilibria into ac-
count) canged from (.01 to 10 M. The vials were incubated at 30°C during the
assay, with shaking at 200 rpm. Alter the assay incubation period {between 30
min and 6 h), samples of 0.2 m! were withdrawn in triplicate from cach vial and
transferred to a G6-well plate (Microlite TM1; Dynatech Industries, Inc. McLeun,
Va.). Twenty-five microfiters of n-decanal solution was added (to a final concen-
sration of 2 mM) and mixed manually with the celt suspension. and biolumines-
cence was measured in a Microlumat TB960 tuminometer {Berthold AG, Re-
gensdorf, Switzertand) by integrating for 1 s after a 3omin preincubation, as
described previeusly (32).

The eflects of gincose or succinate present in the biosensor assay on the
performance of P putida pPGI-JAMAZ] for detection of naphthalene were
determined by including them at final concentrations of between 710 pM and 10
mM, The following compounds were tested for cross-reactivity with the
nahRnghG' tluxAB sensor toluene (at 1 and 3 pM), 1- and 2-methylnaphtha-
lene, 1,3-. 1,4-, 1.5+ 2,3~ and 2 fi-dimethyvinaphthaiene {all af & final concentrs-
tion of 1 uM), and cctane {(xt 0.1, G.2, and (1.5 kM. All of those compounds were
added separately or in combination with 3 pM naphthaiene.

To compare naphtiraiens biosensor assays in solution and 5u air, we slightly
modified the procedure cutlined above. A sampie of 85 pl of shemestat cell
suspension was retrieved, mixed with 5 mi of MM, and immediately filtered
through 8 25-mm-dlamater, GAS-pnepore-size aylen membnne disk (Frotas
1ARS; Schileicher and Schucll} by suction 1o silow for collection of the cells on
the Blter. Filters were ket moigt by placing thom with bacieris (acing up an an
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MM agar plate. Three 6-mm-diameter disks were cut out from the main filter
with a puncheon. For bioassays in air {Fig. 1C}, one disk was either placed on tup
of a small glass (ube with the same diameter which was filled completely with
MM agar (celis facing up, to prevent drying of the celis on the filter disk) or
directly placed in the lid of the glass tube {cells tacing down) (Fig. 1B). For
comparison of the biosenser response between the gus and aquecus phases, disks
were also placed in aqueous solution. After the required incubation lime, the
disks were retrieved and placed in a well of a microtiter plate to which 0.2 ml of
MM was added, and bioluminescence was measured as described above,

Various settings with bicsensor cells were developed in order o test whethey
the cells could concentrate more naphthalene from solution through advective
flow, For a gas advective flow assay, celis were filtered as described above, affer
which the 6-mm-dismeter filter disks were installed in a ciosed gas loop device.
This device consisted of u gas wash flask (ca. 350 ml, with a #)0)-ml| sample
volume) through which air was bubbled through a glass frit by a tube pump (type
MOCP; Esmatee, Glattbrugg, Switzesland) and Tygon R3607 tubing (Ismatec),
with small glass filter holders to expose the celis to the passing air (Fig. 1D).
After a 2-h exposition time of the cells to the passing air, the filters were
recovered and bioluminescence was measurced as before. The total gas volume of
the device wes approximated 250 ml. For a solution advective fow assay, a 50-ml
glass syringe was filled with 30 mt of aquecus sample and connected to a stainless
steel metal filter holder (25-mm diameter) in which the filter {cellulose acetate;
D.4-wm pore size) {Sartorius) with the eells was placed (Fig. 1E). The sumple was
then pushed through the fiter by means of a syringe pump operating at a speed
of 25 or 50 mlfh. After the exposition time, the filter was taken cut of the filter
holder and pizced on the surface of minimal medivm agar for the remaining
induction period (3 h}. Three 6-mm-diameter disks were then punched from the
filter, and bioluminescence was measured as deseribed above.

Chemicals, Naphthalene, purissima, was obtained from Fluka. Substituted
naphthalenes were a gift from Matthias Schivepp, BMG Engineering, Schlieren,
Switzerland, end were of the highest commercially avsilable grade.

Modeling. Airovater-biota equilibrism partitioning coefficients were caleu-
lated based on a simple moel describing the fractions of naphthaiene in each of
these compartments, using Henry's Iaw to calcalate the naphthalene concentra-
tion in the pas phase (with the dimensionless Henry constant, H, for naphthalene
being 0.01) (25) and the octanol water partilioning coefficient K, (2.290 for
naphthatene) (25) to cateulate the naphthalene concentration in the lipid phase
of the cells,

RESULTS

General calibration and effect of incubation time. We
reconstructed a bicleminescent naphthalene biosensor of
P. putida pPG7 by fusing a DNA fragment containing a dys-
functional nehR gene and the P, promoter from the NAH7?
plasmid to a set of promoteriess x4B genes (Fig. 1) to avoid
problems associated with intracellular substrate generation for
the luciferase encountered with previously constructed
luxCDABE fusions (12). This gene fusion was placed at ran-
dom in the P. puside pPG7 genome by mini-Tni delivery.
Several different transconjugants of P, pufida were tested for
luciferase expression and were all more or less similar in the
capacity to be induced by naphthalene {not shown). In these
transconjugants, a funciional nehR gene was provided in trans
from the NAHT plasmid. Attempts to obtain a functioning
naphthalenc biosensor by fusing only the P_,; promoter to the
luxAB genes without the nahR gene in cis were not successful.
Although initially a protocot was developed for a naphthalene
biosensor assay with the P. putida pPGT-JAMAZL cells grown
in batch cultures, similar to a procedure described in the Lit-
eraturc {15), we soon began growing the biosensor cells in
continuous culture for better reproducibility, ease of measure-
ment, and a faster response time, o its simplest form, the assay
consisted of biosensor celis taken from the continuous culture,
suspended in 1 mi of samiple solution with different paphiha-
lene concentrations, and incubated in ciosed Z-ml viais.

With cells taken dirccily from the chemostat, the increase in
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FIG. 2. Calibration of light emission from 2-mi closed vials with
biosensor celis suspended in 1 ml of aquenus phase at different (nom-
inal) naphthalene concentrations. The nominal naphthalene concen-
tration indicates the amount added per volume of agueous phase,
without taking partitioning into account. (A) Effect of incubation time
on fight emission. (B) Calibration curve after 3 h of incubation at 30°C.
Bars indicate the average standard deviations calculated for triplicate
samples. Light emission iz presented as relative light upits (RLU), &
value produced by the instrument.

luciferase activity as a function of incubation time and naph-
thalene concentration showed an interesting pattern (Fig. 2A).
Luciferase activity measured after 30 min of incubation time
reached a plateau at any naphthzlene concenfration higher
than 0.5 pM. This plateau gradually shifted to higher concen-
trations af longer incubation times until, at incubation times
between 2.5 and 3 h, a nearly complete linear response curve
was obtained (Fig. 2B). The probable explanation for this time-
dependent behavior lies in the nature of the induction from the
P,.; promoter. The output from the P,,, promoter is dependent
on the formation of the inducer salicylate, an intermediate in
the metabolism of naphthalene, but not on naphthalene itself.
Therefore, the observed platean may reflect the time needed
for the celis to metabolize naphthalene to salicylate. We con-
clude from this that cells produced the same quantity of salic-
vlate after 30 min of incubsation wrrespective of the starting
concentration, resulting in approximately the same amounis of
lociferase enzyme and fHhus luciferase activity,. With longer
incubation times, the cuiput from the P, promoter ssemed to
continue at higher naphthalene concentrations and luciferase
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FIG. 3. Effects of differcnt succinate {A} or glucose (B} concentra-
tions on naphthalene-dependent light emission. The system used was
suspended cells in a 2-ml vial with 1 ml of agueous phase. Open circles,
no addition; open triangles, 1 pM naphthalene; closed triangles, 10
pM naphthatene; open squares, 100 pM naphthaleng; closed squares,
1 mM naphthalene; closed dizmonds, 10 mM naphthalene. Solid lines
connect the data points for the case without succinate or glucose
addition. Dotted Yines follow inhibited or stimulated light responses
(not drawn for every concentration). Nominal naphthalene concentra-
tions and relative light emission are as described for Fig. 2.

accumulated. It might well be that the output from the P,
promoter stopped at the lower concentrations due to depletion
of naphthalene, but because of the stability of the luciferase,
the same activily was stifll measurable after 3 h. In fact, lucif-
erasc measurements ofien showed a slight decrease in hight
emission between 30 min and 3 h for the concentration range
0f 0.5 to 1.0 pM (not shown). The lowest naphthalene concen-
tration that was significantly different (P < 0.003; {wo-tailed
paired Student’s ¢ test) from the background signal in this gype
of assay was 0.5 M (64 pg/liter). This was slightly higher than
the 0.35 pM concentration described by Heitzer et al. (15).
Effects of other carbon sources and specificity range of
NahR. The udvantage of using chemostat-grown cells for the
bicsensor assay is clearly a very fast metabolic response time,
since at any moment the carbon concentration in the calture
vessel is very low. Therefore, the performance of the biosensor
cells is not cxpected o be inhibited by catabolite-repressive
effects exerted by traces of leftover growth substrates. To dem-
onstrate ihe sirong effect of cutzbolite repression on the bic-
sensor response, we included cither succinaie or glucose m the
assay atf different concentrations. Succinate had a very strong
effect an the response of the naphthalene biosensor {Fig. 3A).
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FIG. 4. Relative response of different methylated naphthalenes on
luciferase expression from P putida pPGT-JAMAZI in a 2-mi closed
vial assay with 1 ml of aqueous phase. All compounds were added in 10
pl of dimethyl sulfoxide (DMSO) to a final nominal concentration of
1 pM in the agueous phase. The induction time was 2.5 h. Light
emnission with naphthalene was set at 100%. Error bais indicate aver-
age standard deviations from the average light emission for triplicate
incubations.

At 10 upM succinate, a 209% inhibition of the signal already
occurred, irrespective of the paphthalene concentration,
whereas at higher succinate concentrations (100 pM, 1 mM, 10
mM), almost no naphthalene-specific luciferase induction oc-
curred. Only at 1 pM succinate was no inhibition detected.
With glucose in the assay, a somewhat opposite effect took
place. Glucose at 100 pM stimulated luciferase activity almost
twofold, and at 10 wM a 20% increase was still detectable with
5 pM naphthalene, Only with 1 mM glucose in the assay
medium was the luciferase activity diminished (Fig. 3B). The
stimulating effect of glucose might be due to its providing extra
energy for the light-generating reaction, whereas succinate of-
ten acts as a catabolite repressor in pseudomonads (22, 36).

The speciticity of the naphthalene sensor was actually quite
narrow (Fig. 4). Of various methylated naphthalenes tested,
only 2-methyl- and 2,3-dimethylnaphthalene caused an induc-
tion of luciferase activity (at 40% of the induction obtained
with naphthalene at the same concentration). Toluene (0.1 to
5 uM), octane (0.1 to 1 pM), and phenanthrene (0.5 to 10 pM)
did not induce luciferase expression. For salicylate, the light
emission was proportional to the salicvlate concentration be-
tween 1 and 50 pM, although the cells reacted with fivefold
lower light emission than naphthalene to the same concentra-
tion of salicylate, Nitrate (up to (.5 mM) and sulfate (up to 0.5
mM) had no effect on naphthalene-inducible huciferase expres-
sio1.

Measuring in the gas versus agueous phase. We next con-
sidered two other questions that are interesiing for biosensor
applications: (i} would the biosensor be capable of measuring
naphthaiene through the gas phase and (if) would it be passible
to use the cells o concentrate naphihalene from a larger sam-
pie volume in order to tower the detection limit? To test these
questions, (he experimentai setup for esposing the celis o
naphthalene was slightly changed. When the volume of the
aqueous phase was reduced from I mito 6.2 or 5.3 &l but the
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FIG. 5. Biosensor assays in aqueous solution and in air. {A) Effects
of different refative volumes of aqueocus phase (1.0, 0.2, and 0.1 mi) on
light emission per cell. The total amount of cells used for the assay was
22 x 10°. Light emission per cefl was calculated as the luciferase
activity, measured in relative light units {(RLL}, divided by the number
of celis used for the luciferase measurement: for 1.0 ml of aqueous
phase, 4.4 % 107 cells; for 0.2 and 0.1 ml of aqueocus phase, 2.2 % 107
cells. The amount of naphthalene added Lo the agueous phase is shown
in nanomales. (B} Effect of measuring with filter-immobilized cells in
2-mt! vials with 1 ml of aqueous phase, either in gas phase alone (a), in
aqueous phase alone (b), or with two filters simultancously in gas
phase (c) and aqueous phase (d). Error bars represent the average
standard deviations for the averages for triplicate filters.

added amount of biosensor celis was kept the same, essentially
the same light emission per cell was measured with any naph-
thalene amount added to the assay (Fig. 5A). As discussed
beiow, this suggests that al] naphthalene was depleted from the
assay and that no increase of light emission could be expected
from changing the agueous volume/cell number ratio. Next,
instcad of keeping the biosensor cells in suspension, we filtered
them onto a membrane filter which was then incubated with
cither naphthalene in solution or in the gas phase (Fig. 1B}.
Three replics filters were cut from each membrane in order to
ensure good reproducibility. Nevertheless, measurement fuce
tuations were higher for biosensor celis on membranes than in
suspension. Whern celis were incubated in 2-mi vials with 1 mi
of aqueous solution and different naphthalenc concentrations,
either on & membrane placed in solution or on & membrane
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attached to the lid of the vial {gas phasc measurement), it was
found that membranes exposed to the gas phase exhibited
higher luciferase activity than those exposed in solution (Fig.
3BR), although the induction ratio (i.c., the ratio between the
response with naphthalene and that without it) was signifi-
cantly higher only at 5 pM naphthalene, not at 0.5 uM. When
vials were incubated with cells on a membrane both in solution
and in the gas phase, the response was slightly lower than with
one membrane only, but still cells exposed in the gas phase
displayed higher luciferase activity (and a higher induction
ratio with 5 pM naphthalene [11.3, compared to 4.6 in solution}).

To investigate whether the biosensor cells on filters could
also concentrate a larger absolute quantity of naphthalene
from a larger sample volume (thereby effectively detecting
lower naphthalene concentrations), assays were set up with
filter-immobilized biosensor cells exposed to the gas phase of a
larger sample volume or attached to a 530-mli syringe, whereby
the solution was passed over the filter. Compared to a twofold
higher amount of cells incubated in a 1-mi suspension ina 2-ml
vial with the same agueous paphthalene concentrations, the
biosensor cells on the membrane in a closed 100-m] flask with
10 ml of aqueous solution outperformed those in solution
completely (Fig. 6). In fact, a very nice linear calibration curve
was obtained in the range of 0.05 to 0.5 pM naphthalene, with
induction factors of 1.5 to 6.5, compared to twofold higher
induction at 0.5 M in the 2-ml vial. Assays in the same flask
volume but with twice as much sample volume (20 ml) or assays
in a 10-fold larger fiask with twice the sample size (20 ml) did
not bring any further improvements io either the absolute
signai or the induction ratio (Fig. 6B). This showed that cells
exposed to the gas phase can take up naphthalene from the gas
phase and profit from the larger absolute amount of naphtha-
lene in a larger sample volume (10 ml compared to 1 mi).

We tried to improve the amount of naphthalene transported
to the filter-immobilized biosensor cells by constructing an
air-loop device through which air was purged through a sample
containing naphthalene and recirculated along the filter, much
like a chemical “purge-and-trap” system. Although it could be
seen that biosensor cells reacted to naphthalene purged from
sotution along the filter, the response was far lower than ex-
pected for the amount of naphthalene added (Fig. 7B). The
response of the cells could be improved by circulating the air at
a faster rate (Fig. 7C). Also, when a syringe with 30 ml of
sample solution was connected to a metal filter holder with the
filter-immobilized sensor bacteria, no improvement of the de-
tection limit was seen compared to that in a regalar 2-mf assay
with suspended sensor cells {Fig. 7A). Only a slight improve-
ment was visible in the lower concentration range, hut there
was a clearly higher standard error for replicated measure-
menis (Fig. 7A and B). This indicated that the seasor cells
could not concentrate naphthalene from a solution in advec-
tive flow.

MSCUSSION

For the cxperimental conditions of 2.2 » 107 cells in a Z-ml
essay with 1 mi of agucous phase, the equilibrium mass frac.
fions belween the gas, water, and lipid phases (calouizied ac-
cording to the partitioning model) will equal 0.0195, (.976, and
(.0049, respectively {Table 1). According to equilibrivm parti-
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FIG. 6. Effects of measuring with filter-immobilized biosensor celis
in the gas phase. {A} Assays in 100-ml closed flasks with 10 ml of
aqueous sample and filter-immobilized cells exposed to the gas phase
{open circles). For comparison, light emission with suspended cells in
a 2-mi closed vial with 1 ml of aqueous phase at the saume nominal
naphthalene concentration is shown {closed cireles). The induction
time was 2.5 h. (B) Assays with fiter-immobilized biosensor ceils
exposed to the gas phase in 100-mi flasks with 20 ml of agueous phase
{open circles) or in 1,000-ml flasks with 20 mi of agueous phase (closed
squares). Naphthalene concentration is the nominal eoncentration
added to the aqueous phase. RLU, relative light units.

tioning, therefore, only a small fraction of naphthalene (ie.,
that present in the lipid phase of the cell membrane) would
actuaily be available for the cells. When changing the parti-
tioning equilibrium by reducing the volume of the agueous
phase, one would expect a stronger reaction of the cells, since
with 0.2 and 0.1 ml of aqueous phase, the fractions in the lipid
phase would increase to (.021 and 0.033, respectively. How-
ever, when calculating the light output per ceil under the con-
ditions of 1, 0.2, and 0.1 mi of aqueous phase, we did not detect
any increase {Fig. 5A). We therefore have to assume that
equilibriom is not reached in the biosensor assays. The most
likely reason for this is that the biosensor bacteria act as a sink
for naphthalene, since they are capable of metabolizing it
Furihermore, since ceils with the same amount of naphthalene
in & larger voluome {1 il compared to 0.2 or 0.1 mi} reacied
with the same light cmission per cell in the same time frame,
we conclude that all of the cells must have detecled the same
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FIG. 7. {A) Comparative light cmission between a 2-ml closed-vial assay with 1 ml of aqueous phase and suspended biosensar cells (circles),
filter-immobilized cells attached to a syringe with 30 ml of aqueous phase flowing through (diamonds), or fiiter-immobilized cells exposed to the
gas phase in the gas-loop device {triangles). See Fig. 1D and E for the schematic setup. (B) Expansion of the same data set for higher naphthalene
concentrations. All naphthalene concentrations are given as nominal concentrations in the aqueous phase. (C) Effect of air circulation rate on the
biosensor tesponse in the gas-loop device. Light gray, 5 pM nominal naphthalene concentration; black, 0.5 pM nominal naphthalene concentra-
tion. Ersor bars represent the average standard deviations for the average light emission of triplicate filters ov vials. RLU, relative light units.

amount of naphthalene, despite the higher dilution and larger
diffusion distances in the 1-ml aqueous phase, It seems reason-
able to assume that all naphthalenc was depleted under those
conditions.

According to the same equilibrium partitioning calculations,
only 2% of the naphthalene would be present in the gas phase
at a 1;1 volumetric ratio of gas to aqucous phase (Table 1).
From the relatively small tendency of naphthalene to partition
into the gas phase, onc would thus tend to conclude that
measurements of naphthalene in the gas phase would be less
effective than those in the aqueous phase (which contained
98% of the total amount of naphthalene). Interestingly, how-
ever, the cells reacted very efficiently when exposed to naph-
thalene in the gas phase, which suggesis again that no static
partitioning equilibrium is formed but that the flux of naph-
thalene is direcied towards the cells, Two effects must play a
role here. First, as argued above, since the cells will metabolize
naphthalene, they must act as a sink, in which case no parti-
tioning equilibrium exists between naphthalene dissolved in
agueous solution and that in the gas phase (as the lipid phase
is constantly depleted). Secondly, since the diffusive transport
rate of naphthalene in the gas phase is approximately a factor
of 1,000 higher in the gas than in the agueous phase, naphtha-
lene depleted by the cells will be replenished relatively fast
from the gas phase. The two combined effects will result in 2
net flux of naphthalene from the agueous phase to the filter-
attached cells. The consequence of all these nonequilibrium

TABLE 1. Phase partilioning at different gas phase volumes

Vy {miy £ g L
1.98 0.613 G677 0.31
1.9 0266 0.035 0.699
1.8 0149 0021 (.83
1.6 074 0.011 0.615
i4 0.044 SAEALS {1948
1.2 0028 £.006 3,905
14 2019 G005 (.87

“ Total volume, 2 mi cajeulated lipid volume, 238 % W0 mlb
* for Frig and £, fraction In the gas, Upld, and water phases, seRpectively.

phenomena is that a larger flux of naphthalene can be main-
tained toward the cells in the gas phase. Hence, an apparent
concentration effect can take place with a larger sample vol-
ume and a lower naphthalene concentration, still leading to
significant light emission.

Surprisingly, wien the efficiency of light production per
nanomole of naphthalenc and per cell was calculated for the
different assays, the suspended cells in the 2-ml assay stll
reacted with two- to eightfold higher light emission per cell
than those immohilized on filters (Table 2}, This calculation
was performed under the assumption that the total amount of
naphthalene added to the system had been transported to the
cells. One reason for this apparent contradiction (filter-immo-
bilized cells react more poorly on a per cell basis but can
concentrate naphthalene from the gas phase, thereby allowing
measurements of lower naphthalene concentrations than in the
aqueous phase) might be a geometric effect. Cells immobilized
on the surface can only be supplied with naphthalene through
one-half of the ceil surface. Another reason might have been a
technical drawback of exposing cells to the gas phase, unavoid-
ahly leading to drying out of the cells, despite our attempts to
keep them moist on the surface of an agar layer. If all or a part
of the cells were to dry out, this would certainly lead 1o a
physiological loss of cell energy or of activation potential.

Contrary to the filter-immobilized cells exposed to the gas
phase, filtered celis attached to a syringe did not accumulate
naphthalene from solution. Apparently, flowing a solution with
naphthalene through a layer of cells under the conditions of
this sensor assay (25 ml/h) does not increasc the effective
uptake of naphthalene. The reason for this might be that the
finai step in naphthalene {ransport to the cell cccurrs via dif-
fusion through a stagnant water layer, Actively forcing the flow
to the surface by advection would in this case lead to naphtha-
{ene passing by the cells.

The usc of genctically modified bacteria to detect and mea-
sure orgenic poilutants in the environment was proven &g a
cancept more than 10 years ago and has been followed up by
the consiruction of quite a number of diffcrent biosensor or-
ganisms with different specificities {reviowed in references 5, &
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TABLE 2. Caleulated efiiciencies for light production of the different biosensor settings

. Concg of Nah® Amt of Nak . . Amt of light Amt of light/nmol of
System orf assay (M) (nmol) Amt of Mahicelt prr)du*:ed,’%:eﬂ Naﬁ/celi
2-ml assay” 0.05 .05 22x107¢ 1.5 %1077 9.7 s Wy
5 5 22107 2.1 %1072 8.6 > 10
Cells on filter in 100-m! flask 0.05 0.5 5% 1078 1.6 % 1077 1.1 10¢
0.5 5 5x 1077 6.7 = 1073 1.1 x 10t
2-ml assay” 0.1 01 4.6 107% 14 % 1073 6.8 % 10°
5 3 22% 1077 1.2 x 1077 4.6 x 10¢
Filter in 2-m] flask and air 8.5 0.5 5x 1078 2.5 %1073 25 %10°
5 5 51677 1.6 x 1073 2.9 x 10¢
Syringes, 30 ml 0.01 0.3 27 x107° 1.9 x 1073 1% 10°
1 3 27x107® 24 %1073 2.9 x 10¢
2-ml assay” 0.5 0.5 23x 1077 13> 1077 4.1 x 10°
2.5 2.5 1.1 x 1077 38x 1077 31108
(Gas loop 0.5 25 23x 1077 38 x10* L7 x 10
3 250 23 % 178 13 %1070 3.2 %107

“ Correspoading assay with suspended cells carried out with the same chemostat.

® Nah, naphthalene.

and 19, Unfortunately, most biosensor applications have re-
mained in research laboratories for several different reasons,
some of which relate to a lack of standardization, to difficulties
in maintaining living microorganisms, and also to poor analyt-
ical quality of the assays, poor specificities of detection, and
unrealistically high detection limits. In many cases, pollutants
will be present in concentrations in the micromolar range or
below and cannot be reliably detected with biosensors, Here
we have described at least one possible solution for lowering
biosensor detection limits, making use of the principle that the
cells do not measure compound concentrations per se, but
rather compound fluxes. In fact, target compound detection
and signal production by bicsensor cells are {he result of both
the specificities of the biological detection system and physi-
cachemical transport phenomena (10). Although in most in-
stances biosensor responses will be calibrated with concentra-
tions of the target compound, it is actually the compound’s flux
multiplied by the total incubation time period, and therefore
the total amount of target compound per cell, which governs
the final response. Strategies which can increase the total
amount of target compound per cell can thus lead to a lower
detection Hmit, Hence, when viewed from another perspective,
the biosensor response mot only gives an analytically useful
signal for the contamination fevel in a particular environment,
but it also reports the poliutant bioavailability, since those
bacteria carrying out in situ biodegradation reactions face the
same physicochemical transport phenomena (19). One could
therefore eavision that the effectiveness of bioremediation
strategies to increuse pollutant fluxes to the cells can be mon-
itored directly by the sensor bacteria.

We attempled to increase the total amount of naphthalene
by transporting it from a larger sample volume to the same
number of cells, As it turned cut, exposing filtered biosensor
cells to the gas phase in a closed system consisting of an
aqueous sample and a gas phase led to the required concen-
trating effect. This partial suceess in gas phase measurements
tempted us 1o develop a prowstype bacterial nose (Fig. 113}
The idea behind this was thar in many cases it might actually be
interesting t¢ sample the gas phase of a contaminaied site,
which is usually move accessible than the agueous or solid

phase. For instance, a groundwater contamination with a vol-
atile organic salvent may still be detectable in the gas phase in
the unsaturated zone of the scil above (23). Gasoline spills
near gasoline stations may casily be detectable in the gas
phase. If whole-cell living biosensors are to become a viable
future strategy for quick and easy measurements, we should
not focus just on aqueous phase detection, but should involve
other creative assay types.
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