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A single-use luciferase-based mercury biosensor using
Escherichia coli HB101 immobilized in a latex copolymer film
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A single-use Hg(ll) patch biosensor has been developed consisting of 1.25-cm diameter patches of two acrylic vinyl
acetate copolymer layers coated on polyester. The top layer copolymer was 47 pm thick whereas the bottom layer
of copolymer plus E. coli cells was 30 pm thick. The immobilized E. coli HB101 cells harbored a mer-lux plasmid
construct and produced a detectable light signal when exposed to Hg(ll). The immobilized-cell Hg(ll) biosensor had

a sensitivity similar to that of suspended cells but a significantly larger detection range. The levels of mercury
detected by the patches ranged from 0.1 nM to 10 000 nM HgCIl , in pyruvate buffer, and luciferase induction as a
function of Hg(ll) concentration was sigmoidal. Luciferase activity was detected in immobilized cells for more than

78 h after exposure of the cells to HgCl ,. Addition of 1 mM D-cysteine to the pyruvate buffer increased luciferase
induction more than 100-fold in the immobilized cell patches and 3.5-fold in a comparable suspension culture. The
copolymer patches with immobilized cells were stable at —20°C for at least 3 months, and the Hg(ll)-induced lucifer-
ase activity after storage was similar to that of samples assayed immediately after coating. Patches stored desic-
cated at room temperature for 2 weeks showed lower mercury-induced luciferase activity when compared to freshly
prepared patches, but they still had a considerable detection range of 1 to 10 000 nM HgCl 2
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Introduction upon rehydration, can measure the bioavailability of a num-

Mercury contamination continues to be a public health an(gg\r/elcg i:\]eal;/i)(/) semnest(‘)arlz &[é’g]e's Q%eﬁltiﬁrtnhie :peprroigﬁﬂe tL(J)SG
environmental problem. Microbial biosensors aimed at ping ! Paper,

. ; S of viable bacteria immobilized in latex copolymer films.
measuring the bioavailability of Hg(ll) have been.WhiIe alginate-immobilizedAeromonas hydrophilehave

developed to complement chemical or physical analysi . 2
. : . , een reported to reduce Fgo Hg? in a fluidized bed reac-
[20]. Conventional chemical detection techniques such a%or [21], there are no reports of using film-immobilized

flubrescence apestroscopy (CVAFS) are.highy. sensiivellICIOOTGaNISIs as a Hg(l indicator o biosensor.
' For any viable cell biosensor to be effective, it must con-

can measure the total concentration of heavy metal Co%lain a sensitive and specific receptor linked to a reporter
h

:?;;? r:?nat'(;rr']’db: rteacrg meﬁgirlilveerlfnortﬁ]rm,\ii C?Lgﬂlgﬁir:ﬁg tﬁgt at is easily measurable. These requirements have been
g P P ' 9 met by a number ofmer-luxHg(ll) biosensor plasmid con-

quantitatively detect toxins in the environment offer a less L .
expensive alternative to chemical methods [15,35] and havg" ucts [35,44]. The dimeric MerR/promoter complex is a

: . : . very sensitive receptoiK(, = 1 x 108 to 5x 108 M) [30]
the added advantage of detecting the biologically availabl e . . i
fraction of the heavy metal [10]. ?/et very specific for Hg(ll) (for reviews of bacterial mer

cury resistance, see [11,24,36lh vitro interference by

Several types of mlcrobla! biosensors have beert}d(”), Zn(ll), Ag(ll), Au(l), Au(ill) required 1x 1% to
report_ed. A suspended-cell luciferase-based biosensor fci>< 10%fold higher concentrations than the inducing con-
detection of Hg" was developed and patented recently [32]’centration of Hg(ll) [30]. Then vivo interference by Cd(ll)

but it requires extensive handling and preparation of the . X
: . urred at X 10-fold higher concentration than the
bacterial suspension for each measurement. For suspend ucing concentration of Hg(ll), with nan vivo inter-

cell assays to be reproducible, cells have to be cultivate
and harvgsted identi([:)ally each time, making these measur erence observed for Zn(ll), Cu(ll), Mn(ll) and Co(ll) [44].

ments difficult to perform outside a microbiology labora- he bioluminescence geneliy) are easily detectable in

tory. The disadvantages of using fresh bacterial suspensim%ther a scintillation counter, a luminometer, a photon coun-

. e g imaging device, or on photographic film [38]. The
have been addressed by preparing freeze-dried cells thetgz:nes have been used as a reporter in numerous suspendec

cell systems because of the ease of non-destructive quanti-
fication, and include a naphthalene monitor [5], bacterial
Correspondence: Dr MC Flickinger, Biological Process Technology Insti-detection using a bacteriophage [43], and detectors for anti-
tute, Suite 240, 1479 Gortner AVe, UniVerSity of Minnesota, St PaUI, MN mony [40] arsenate [6 40] Cadmlum [6] Chromate [26]
55108, USA . ’ PR M ' '
“Current address: Division of Science and Mathematics, University ofZInC [9]’ and waste Wa‘ter t(_),X'C'ty [12]'

Minnesota-Morris, Morris, MN 56267, USA In this work, latex-immobilizedE. coli HB101 cells con-
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induction by low levels of inorganic Hg(ll) and compared [32,35,41,44], the constructs made by Selifonova and ®

to induction of suspended cell cultures. The results demoncoworkers are especially useful in that each construct has
strate that immobilization preserves the activity and sensibeen tested extensively for Hg(ll) sensitivity in suspended
tivity of E. coli HB101, and increases the range of Hg(ll) cultures under different conditions [31,34,35]. Three plas-
detection possible by viable whole cells. mids, pRB28, pOS14 and pOS15, code for luciferase
activity (luxCDBE but differ in the subset ofmer genes
fused to thelux genes. pRB28 containmerR (the mer
repressor/activator gene) and a truncatezt T (one of the
Bacterial strains, chemicals, media, and growth mer transporter genes) (Figure 1). A second construct,
conditions pOS14, containmerRand the complete set of Hg(ll) trans-
E. coli strain HB101 [FhsdR52Q(r,, mg), recAl13 ara-14,  port genes roerT, merP and merQ. The third construct,
proA2 lacYl, galK2, rpsL20 (Sn), xyl-5 mtl-1, supE44  pOS15, containgnerRTPC the reductase genenérA and
was used as the host strain for all experiments. Plasmida second regulatory genenérD). Induction of themer
containing cells were grown in Antibiotic Medium 2 operon by inorganic Hg(ll) results in the production of
(Difco, Detroit, MI, USA) or in Luria-Bertani (LB) medium luciferase which can be assayed by the ATP-dependent
(10 g L tryptone [Difco], 5g L* yeast extract [Difco], emission of photons [8].
5 g L' NaCl [analytical grade], pH 7.2) containing 3@
ml~* kanamycin (Sigma Chemical Company, St Louis, MO, Latex cell immobilization
USA) at 30C. HgCl, was purchased from JT Baker Chemi- Immobilization of viableE. coli cells using patch coating
cal Company (Phillipsburg, NJ, USA). All other chemicals was described elsewhere [2&. coli HB101 containing
were of the highest analytic quality available. pRB28, pOS14, or pOS15 were grown in 300 ml of LB
Plasmids used are shown in Figure 1. Even though sevmedium supplemented with 38y mlI™* kanamycin at 30C
eral mer-lux plasmid constructs have been developedovernight in a 2-L Erlenmeyer flask at approximately

Materials and methods
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Figure 1 Plasmids pRB28, pOS14 and pOS15 derived from pUCD615. Arrows indicate the direction of transcription. Transcriptiomerfahd
lux genes initiates from thener operator/promoter region (o/p) [35].
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150 rpm in a Labline shaker (model 3525CC). Cells wereminute of ATP-dependent photon emission in a liquid scin-
harvested by centrifugation for 15 min at 280@, and the tillation counter (Beckman, LS 7000, Columbia, MD,
cell pellet was washed in phosphate-buffered saline (PBSYSA).

pH 7.4 [1] or pyruvate buffer (5 mM pyruvate, NaK-phos-

phate buffer pH 6.8 [34 mM sodium phosphate, 33 mM/nduction of suspended cultures

potassium phosphate] and 0.091 mM (N3O, [1]. The  E. coli strain HB101 harboring pRB28 was grown over-
cell pellet was suspended in glycerol and SF091 acrylimight in 50 ml LB (30C, 250 rpm) containing 3@.g mi™
vinyl acetate copolymer latex (Rohm and Haas, Philadelkanamycin in 250-ml baffled flasks. The overnight cell sus-
phia, PA, USA) in the ratio 1.2 g cell paste: 0.3 ml 50% pension was pelleted by centrifugation, and the pellet was
(w/w) glycerol: 1 ml latex. The cell-coat mixture was resuspended in pyruvate buffer to an QPof 0.4 which
coated onto a ¥ 9-cm polyester template using a 26-mil- is approximately 2.% 10° viable cells mf. For the assay,
wire wound rod (Mayer bar, Paul N Gardner Company,cells were diluted to final cell densities of 220" and
Pompano Beach, FL, USA) ar@. After the coated layer 1 x 1 cells mf?tin a total volume of 10 ml in glass scintil-
had dried, the template was removed, and a second lay&tion vials. HgC} concentrations for this assay ranged
of latex (topcoat) was coated as a sealant. The topcoat lay&ilom 0.1 nM to 10 000 nM. Luciferase activity was meas-
was dried at 4C, and the assembly was cured at@7#or  ured as described for latex-immobilized cells.

30 min producing patches with a dry thickness of 30

immobilized cell layer and 44m topcoat layer (Figure 2). Induction of E. coli HB101(pRBZ28) in pyruvate buffer
Individual patches were excised and rehydrated in buffercontaining o-cysteine

Each patch contained approximatelyx80® viable E. coli  The effect of sulfur groups on induction of luciferase

HB101 cells [23]. activity by HgCL in immobilized and suspended. coli
strain HB101(pRB28) was studied by adding cysteine

Induction of immobilized E. coli HB101 cells with (Sigma Chemical Company) to the pyruvate buffer contain-

Hg(ll) and detection of luciferase activity ing Hyg(ll). In this assay, various concentrations of HgCl

Latex-immobilized cells were exposed to HgBl soaking  were preincubated with 0.1 or 1 mM cysteine for 1 h. After

the patches in 10 ml of LB or pyruvate buffer containing preincubation, an immobilized cell patch or a sample of

HgCl, concentrations ranging from 0.1 to 10 000 nM in suspended cells was added to the solution in a glass scintil-

sterile glass scintillation vials. Hg(ll) concentrations of the lation vial, and the luciferase activity was measured.

controls and low-concentration standards were confirmed

by CVAFS (Brooks Rand Model lll, Seattle, WA, USA). Effects of cold storage or dry storage on induction of

Immobilized cell samples were incubated in triplicate atimmobilized E. coli HB101(pRBZ28)

25°C, and luciferase activity was detected as counts pekatex-immobilized cells were analyzed for storage stability
at—20°C. Patches containing. coli strain HB101 (pRB28)

] were placed in a 2-ml solution of 50% glycerol (w/w) in
TOleeW PBS (pH 7.4) for 3 months at20°C. The patches were
thawed and equilibrated for 6 h in PBS at ambient tempera-
ture prior to exposure to Hgg€lin pyruvate buffer. To
assess dry storage stability, patches were dried at room tem-
perature with a topcoat of latex containing 25% sucrose and
kept in a desiccator at room temperature for 14 days. The
patches were rehydrated in PBS for 24 h prior to induction
with HgCl, in pyruvate buffer. Samples not exposed to
HgCl, were used as controls.

\ Results

POly?Ster Induction of luciferase in film-immobilized E. coli
backing HB101 harboring mer-lux constructs in pyruvate
buffer
Patches oE. coli HB101 harboring thener-lux constructs
. . were analyzed individually for luciferase activity after
Sideview [ Cell-coat Top-coat exposure to HgGl at concentrations from 0.1nM to
10 000 nM. The plasmid pRB28 contains the repressor gene
merR and a truncated form ofmerT (designatedmerT)
e “ } 47 pm [35]. Without a completemerT, Hg(ll) enters these cells
r— = —j 30 um by passive transport across the cell membrane. Transcrip-
48 Lm tion of the luxCDABEgenes, which are fused toerT, is
1 induced by the presence of inorganic Hg(ll). Induction of
12.7 mm luciferase activity inE. coli HB101 (pRB28) by 0.1, 1 or

Figure 2 Immobilized mercury biosensor. Schematic of an immobilized 10 NM HgCL was not apparent during the first 5 h of incu-
cell patch is shown from the top view and a side view. bation but increased substantially during the next 15 h after
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which time the activity continued to increase or remainedreductase genmerA (Figure 1). Thereforek. coli HB101
constant until 37 h (Figure 3a). Cells exposed to higher lev{pOS14) can actively transport Hg(ll), but is unable to
els of Hg(ll) had significantly different kinetics of lucifer- reduce Hg" to H¢P. E. coli HB101(pOS14) in pyruvate

ase induction. At 100, 1000 or 10 000 nM HgClthe

buffer containing 0.1 nM HgGl showed no significant

luciferase activity reached maximum detection levelsluciferase activity compared to the control (Figure 3b).

(limited by the scintillation counter to 64 10° cpm)
within the first 5 h of induction.

Hg(ll) concentrations at 1 nM and 10 nM induced lucifer-
ase activity after a 4-5h lag, and luciferase activity

The plasmid pOS14 includes the complete set of transincreased during the next 10 h of the assay. At 100 and

port genesmerT, merP and merC in addition to the
repressor genamerR and thelux genes, but lacks the
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Figure 3 Luciferase activity of latex film-immobilizedE. coli HB101
containingmer-luxconstructs after induction by HgOh pyruvate buffer.
(a) pRB28; (b) pOS14; (c) pOS15. Symbolgi)(10 000 nM HgCJ; (O)
1000 nM HgC}; (A) 100 nM HgCl; (V) 10 nM HgCL; () 1 nM HgClL;

1000 nM HgCl}, luciferase activity was evident after 2 h of
incubation and reached the maximum detectable level after
5-8h.

Plasmid pOS15 differs from pOS14 in that it includes
the reductase genenerA and another regulatory gene,
merD, and cells harboring pOS15 are therefore capable not
only of transporting Hg but also of reducing it to Hy
(Figure 1). The only concentration of Hg(ll) that showed
significant luciferase induction above background levels
with pOS15 was 1000 nM HgglFigure 3c). At this con-
centration, the induction of luciferase from theer operon
occurred within the first 2 h of exposure to HgChnd
activity reached a maximum of 210° cpm after 7 h. The
response profile of pOS15 is different from the one
observed for pRB28 and pOS14 in that the induced lucifer-
ase signal was lower and decreased within 5 h after reach-
ing its maximum. The detoxification of Kby reduction
to Ho is a likely cause for the decrease, which is undesir-
able for a biosensor application. These results indicate that
the lux construct in pRB28 or pOS15 is induced to the
maximum detectable levels by HgClbut induction of
pRB28 displays the broadest sensitivity range.

Similar experiments were carried out with induction of
the immobilized cells in LB (data not shown). The induc-
tion profiles for the three plasmids were similar to that seen
with incubation in pyruvate buffer, except the lag periods
before induction at lower Hg concentrations (0.1—
100 nM) were prolonged.

Induction of suspended E. coli HB101 (pRB28) in
pyruvate buffer

Previous reports of Hg(ll) sensitivity faner-luxconstructs

in suspended cells have involved assays of exponentially
growing cells harvested shortly before induction [31,34,35].
However, for immobilized cells, the rehydration procedure
requires that the cells be kept in a stationary or non-grow-
ing state for at least 4 h prior to induction. These differ-
ences prevented direct comparison of Hg(ll) sensitivity
between the previously reported suspended cell assays and
the immobilized cell assays. Therefore suspended cells that
were in stationary phase in LB medium at least 4 h prior
to induction were used for the Hg(ll) induction assays. Two
different cell concentrations were used (.20 and
1.0x 10° cells mI?) which yielded the best induction levels

in the suspension cell assays [31]. When 10-1000 nM
HgCl, was added to 2.8 107 cells mit of HB101(pRB28),
luciferase activity was detected within the first 30 min after
induction (Figure 4a). At 1 nM HgGJ induction of lucifer-

ase was somewhat slower with a lag of 1 h, and maximum
levels were 1000-fold lower than seen with higher HgCI
concentrations. At 10 000 and 0.1 nM Hg@Qho significant

(+) 0.1 nM HgCh; and &) 0nM HgCh. Each data point represents the luciferase activity was detected.

average of three determinations.

Suspended cultures at x110° cells mr?* of HB101
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luciferase induction as a function of mercury concentration
a may reflect differences in mercury diffusion rates into sus-
pended and immobilized cells as well as differences in tol-
erance to toxic levels of mercury.

Induction of latex-immobilized and suspended E. coli
HB101(pRB28) with HgCl, and p-cysteine

Rasmussen and coworkers [31] reported that non-specific
binding of HF* to cells was a likely reason for the low
Hg(ll) sensitivity observed in high cell density experiments.
Addition of a small molecule capable of binding mercury
competitively and diffusing through the cell membrane may
increase the availability of mercury to interact with MerR
and promote gene expression. Cysteine is one candidate
molecule for mercury binding and uptake. Since MerR
binds mercury via three cysteine residues [14,28], mol-
ecules that bind mercury with a higher affinity than cysteine
may actually deplete MerR of Hgand effectively reduce
induced gene expression. Therefodegysteine was used

to determine whether a carrier for Hgwould enhance
induction.

ImmobilizedE. coli HB101 cells harboring pRB28 were
incubated with 1 or 10 nM HgGlin pyruvate buffer with
and without 1 mMd-cysteine (Figure 5a). The maximum
activity detected was 8 10° and 1x 10° cpm (counts per
min) for 10 and 1 nM HgCJ, respectively, in the presence
30 of 1 mMd-cysteine. In both cases, this maximum luciferase

activity represented a 100-fold increase above the cells
Time (h) without addedd-cysteine. Control samples lackimcyst-
Figure 4 Luciferase activity of suspenddg. coli HB101(pRB28) after eine and Hg(ll -had aCtiVit-ies below 180 cpm,_ v_v_hereas con-
HgCl, induction in pyruvate buffer. (a) 22107 cells m; (b) 1.0x 10° gg' Samplles VﬁFFd'gyStel'I”e alone Zad 3Ct"’.'ttr'1eso gg'o",\‘;l
cells mr. Symbols: (J) 10000 nM HgC}; (O) 1000 nM HgC}; (A) cpm. Immobiiized cells were induced with 9.8 n
100 nM HgC}; (V) 10 nM HgCl; (¢) 1 nM HgCl; (+) 0.1 nm HgC}; HgCl, and 1 mMd-cysteine to determine if the use df
and &) 0nM HgCl,. Each data point represents the average of threecysteine would increase the Hg(ll) sensitivity in the assay
determinations. (Figure 5a). At 0.05nM HgG) the maximum induction
was 92 cpm, well above two standard deviations of the con-
(pRB28) showed a similar pattern of luciferase inductiontrol containing d-cysteine without Hg(ll) (625 cpm).
when compared to the more dense culture (Figure 4b). WitiTherefore, the use af-cysteine increased the Hg(ll) detec-
10-1000 nM Hgd], luciferase activity was detected within tion sensitivity of the assay.
the first 30 min after induction, although the levels of The dramatic increase in luciferase induction in the pres-
luciferase activity attained were about 100-fold lower thanence of cysteine indicates that Hg(ll) as a bound thiol is
the levels seen in cultures with 210" cells mit. At  taken up into the cell more efficiently compared to non-
1 nM HgCl, the induced luciferase activity was similar in thiol bound Hg(ll). To demonstrate that this effect was not
the two cultures. Again, there was no significant luciferasespecific to immobilized cells, the cysteine addition experi-
activity at 10 000 and 0.1 nM Hggl ments were repeated for a suspension culture. Cells contain-

These results are in agreement with previous reporttng the pRB28 plasmid were harvested at least 4 h after
which showed that maximum luciferase activity for a parti- reaching stationary phase, diluted te 10° cells mf?, and
cular culture density can be induced with lower Hg(ll) con-then induced with 10 nM HgGlwith or without 0.1 and
centrations as the cell concentration is lowered [31]. How-1 mM d-cysteine. In the presence of 10 nM HgGind
ever, these results differ from mercury induction of 0.1 mMd-cysteine, the induction level was not significantly
luciferase activity in immobilized cells (Figure 3a). While different from that withoud-cysteine. With 1 mMd-cyst-
the maximum levels of luciferase activity achieved wereeine, the maximum level of induction increased about 3.5-
similar between latex-immobilized HB101 (pRB28) and thefold from 1.3x 10° to 4.4x 10° cpm when compared to the
suspension cells (2210° cells mf?), the response time response withoud-cysteine (Figure 5b).
was much slower (5 lvs 30 min) and required a different Cysteine has been reported to induce transient amino
range of mercury concentrations (100-10 000 mM10—  acid starvation and the stringent responsE.icoli by thre-
1000 nM). No luciferase was induced in the suspensioronine deaminase inhibition [13,37], and therefore additions
cells with 0.1 or 10 000 nM mercury. In contrast, 0.1 nM of threonine and isoleucine together with cysteine and
mercury induced significant amounts of luciferase andHg(ll) were also studied. Induction of luciferase with
10 000 nM mercury induced maximum levels of luciferasel0 nM HgCL and 1 mM d-cysteine was not affected by
in the immobilized cells. Differences in response times andaddition of either threonine or isoleucine to the samples

Luciferase activity (cpm)
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Figure 5 Effect of d-cysteine on mercury-induced luciferase activity of latex film-immobilized and suspéhdzali HB101 (pRB28). (a) Immobilized
cells. Symbols: ¢) 10 nM HgCl, and 1 mMd-cysteine; &) 1 nM HgCL and 1 mMd-cysteine; J) 10 nM HgCl, and 0 mMd-cysteine; ©) 1 nM
HgCl, and 0 mMd-cysteine; ¢) 0 nM HgCL, and 1 mMd-cysteine; ) 0.05 nM HgC} and 1 mMd-cysteine; ) 0 nM HgCl, and 0 mMd-cysteine.
(b) Suspended cells. Symbol&lY 10 nM HgCl, and 1 mMd-cysteine; ) 10 nM HgCl, and 0.1 mMd-cysteine; @) 10 nM HgCL; (<) 10 nM HgCl
and 0.1 mM serine hydroxymatet)(10 nM HgClL and 1 mM serine hydroxymatex) 10 nM HgClL and 10 mM serine hydroxymate®j 0 nM HgCl;
(A) 0nM HgClL and 1 mMd-cysteine. Each data point represents the average of three determinations.

(data not shown). To determine if the stringent response

affects luciferase induction, the stringent response was 10" F
induced by the addition of serine hydroxymate in the pres-

ence of Hg(ll) [45]. Cells were incubated with 0.1, 1, or 10°

10 mM serine hydroxymate and 10 nM HgCAt 0.1 or

1 mM serine hydroxymate, there was no effect on luciferase__ 10>

induction with 10 mM HgCJ. Addition of 10 mM serine
hydroxymate decreased induction levels by about ten-fold&.  10*
but were still significantly higher than the uninduced con- o

trols (Figure 5b). These results indicate that enhancemen_zu 10°
of luciferase induction by cysteine is not due to amino acid’'S >
starvation or induction of the stringent response. 10%4— L

The cystelne analog s-ethyl-cysteine was substituted forCU a

d-cysteine in an attempt to demonstrate that the mcrease(gg 101 /l-rn'rrrl—l-rrn'rp—l-rmrp—l-rmrp—l—rrrrrrr
activities observed were nal-cysteine specific and to ® o° y 5 3
determine whether a different sulfhydryl compound would g O 10 10 10

be more effective in enhancing luciferase induction. S-*= 107
ethyl-cysteine (0.1 and 1 mM) was added to suspended ceII(:';
samples identical to the ones described above (data noé 10°
shown). The luciferase induction observed was virtually 5

identical to the induction seen with the same concentratlonsE 10°®
of d-cysteine, indicating that the increased induction levels's¢ ><

due to cysteine were nal-cysteine specific. E 10%

Effects of freezing and dry storage on Hg(ll) 10°

induction of immobilized E.coli HB101(pRBZ28)

A major disadvantage of viable cell biosensors is their short 102 /z/

shelf-life. Maintaining the immobilized cells in a dormant b
but viable state by freezing or storing as a dried patch 101 i

would significantly increase the usefulness of the patch

biosensor. Patches containifig coli HB101(pRB28) cells : 10" 10° 10" 10° 10° 10*

that were identical to those used for Hg@hduction of ;

luciferase activity in pyruvate buffer were stored-@0°C Mercury concentration (nM)

for 3 months, then thawed and equilibrated in PBS beforerigure 6 The effect of freezing and dry storage on latex-immobilifed

induction in pyruvate buffer with HgGl The induced coli HB101(pRB28). Maximum luciferase activity was plotted as a

luciferase activity was compared to freshly prepared immofunction of mercury concentration. () Effect of freezing on luciferase
duction: @) freshly made immobilized cells;&) immobilized cells

bilized cell patches (Figure 6a). Freezing patches did nogored at—-20°C for 3 months in glycerol: PBS buffer (50:50 w/w). (b)

significantly affect luciferase induction. However, thawedEgsfect of dry storage on luciferase inductionm)( freshly made

patches not rehydrated before exposure to Hg(ll) showethmobilized cells; ¥) immobilized cells stored dry for 14 days.

673
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no significant induction of luciferase activity (data not Several types of biosensors have been developed includ-
shown). The similarity of the induction curves indicates thating fresh suspended cells, freeze-dried cells, and immobil-
the biosensor patches can be effectively stored2atC. ized cells. Suspended cell methods require significant skill

Patches were also stored in a dehydrated state to deteand equipment for the preparation of cell suspensions. Once
mine the effect of dry storage on Hg(ll) induction of the culture is made there is only minimal additional prep-
luciferase activity. After 14 days of storage in a desiccatoraration needed. However, the need for constant culture
the patches were rehydrated in PBS and induced in pyruyreparation and the lower sensitivity have prevented the
ate buffer with HgCJ. The maximum luciferase activity commercialization of suspended cell systems for biological
achieved with the different Hgg€koncentrations was gen- detection of Hg(ll). One biological detection method using
erally lower than observed with freshly prepared patchessuspended cells has been reported with very high Hg(ll)
and the range of Hg(ll) sensitivity was somewhat differentsensitivity [44] which may surpass current analytical
(Figure 6b). With fresh patches, mercury concentrationsnethods. Determinations of mercury reductase activity in
between 0.1 and 100 nM could be distinguished by thebacteria from low mercury environments indicate that the
luciferase induction levels, whereas with patches that hadher operon may be active at sub-picomolar mercury con-
been stored dry, the sensitivity range was 1-10 000 nMentrations [25]. More recently, the use of freeze-dried cells
HgCl,. These results indicate that the biocatalytic coatingg2,7] or immobilized cells (this paper) have avoided many
can be stored as dry patches for at least 14 days and retaifi the difficulties with suspended cells such as constant and
their Hg(ll) biosensor activity. consistent cell sample preparations.

Apart from the advantages of an immobilized-cell
biosensor compared to suspension-culture biosensing, the
method of latex immobilization has several additional
The importance of mercury pollution and its effect on pub-advantages compared to other immobilization procedures.
lic health and the environment have led to the developmenthe immobilized biosensor consists of a multi-layer patch
of many highly sensitive and reproducible methods ofof immobilized cells and copolymer coated onto a polyester
detection (Table 1). Chemical or physical methods ofsubstrate (Figure 2) [23]. The latex forms a non-toxic
Hg(ll) detection are generally more sensitive than biologi-microporous matrix that effectively traps the cells but does
cal detection systems and can quantify the total concemot adhere to them [42]. Once dried and cured, these
tration of heavy metals in a sample [3,4,17—-19]. Biologicalpatches form a strong yet flexible matrix. Cells immobilized
detection of heavy metals has been developed to compn this manner maintain 80% of the original culturability,
lement the more sensitive chemical and physical measurend culturability over 15 days is similar to or higher than
ments. In spite of the lower sensitivity of biological that of suspended cells [23]. Our previous studies indicated
methods compared to chemical methods for Hg(ll) detecthat there was generally very low cell release from these
tion, biological detection offers low cost per sample andpatches, and that latex was non-toxicBocoli [23]. Cryo-
the ability to handle large numbers of samples simul-genic scanning electron microscopy revealed that the cells
taneously. The major advantage to the use of microand the latex form a micro-porous network in which the
organisms to detect heavy metals is to assess the bioavadells are physically trapped but not bound to the polymer
ability of the metal [7]. The biosensor will detect the phase [16,42]. Also, immobilization of cells in latex allows
fraction of the total heavy metal concentration that is avail-creation of very thin films, reducing the diffusion distance
able to interact with the microorganism, which is critical between the medium and the cells and permitting a rela-
to evaluating the potential biological impact of the contami-tively fast response of the immobilized patches to Hg(ll).
nation. In contrast to other immobilized cell biosensors [22,27,33],

Discussion

Table1 Comparison of Hg(ll) sensitivity and sample size for biological and chemical detection methods

Detection methods Detection limit Sample size Reference
(nM) (ml)

Biological methods

Latex immobilized cells (bacterial luciferase) 5x107? 10.0 This study

Suspended cells (bacterial luciferase) 5x107? 2.0 [31,32,34,35]

Suspended cells (firefly luciferage) 1x10° 0.1 [44]

ELISA® 25 0.1 [46]

Chemical or physical methods

CVAF&! 1x10* 100 [3,4]

AES® 1x10° 50 [17,18]

RNAAf 15x107? 3 [18,19]

aMer-lux plasmids inE. coli.

®Mer-lucFF plasmids inE. coli.

°Enzyme-linked immunosorbent assay.

9CVAFS, cold vapor atomic fluorescence spectroscopy.
°AES, atomic emission spectroscopy.

RNAA, radiochemical neutron activation.
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the mercury biosensor is easy to handle, cells remain viabland thaw prior to use for Hg(ll) detection assays. In o7

and luminous for more than 78 h, and it was developedaddition to freezing, patches were stored dry in a desiccator
solely for single use. This eliminates the problems associaat room temperature for 14 days. This method would be
ted with immobilized-cell stability, cell outgrowth, and analogous to using freeze-dried cell samples [2,7]. After
slow biosensor response times [29,39]. rehydration of the patches, the levels of luciferase induction
The maximum induced luciferase activity froomeer-lux  as a function of Hg(ll) concentration decreased, and the
fusion construct has been used as a measure of the Hg(lpwest detectable Hg(ll) concentration was 1 nM when
concentration present in the cells [31,34,35]. Consistentompared to the 0.1 nM Hgg&hkensitivity limit of freshly
with these findings, the maximum luciferase activity prepared patches. However, the range of Hg(ll) concen-
detected in the latex-immobilized cells increased as a functrations that could be distinguished in the assay increased
tion of mercury concentration (Figure 6). Therefore, to(1-10 000 nM) compared to freshly prepared patches (0.1—
quantify the amount of mercury in an environmental sam-100 nM). The freshly prepared patches and dried patches

ple, latex-immobilized cells would also be incubated withcould therefore have potentially different applications
a set of mercury solutions of known concentration to servalepending on whether the lowest sensitivity limit or the
as the standard for comparison to luciferase levels inducebdroadest range of Hg(ll) detection was desired.

by the environmental sample. Because of the sigmoidal nat- We predict that additionaE. coli plasmids containing
ure of the response, samples containing higher concemromotertux constructs for detecting other heavy metals
trations of mercury should be tested at different dilutionsand toxic molecules [5,6,9,12,26,40,43] could be used in
to avoid saturation of the detection system. Increasing théhe latex film-immobilized cell system that has been
sensitivity of the assay to detect lower mercury levelsdeveloped for mercury detection. In addition, constructs
would require increased luciferase induction at lower Hg(ll)harbored by microorganisms other tHancoli may also be
concentrations. LB medium supported higher induction lev-used as biosensors depending on the ability of the host to
els of luciferase than the pyruvate buffer at the lower HgCl withstand the latex immobilization procedure and the
concentrations, but LB medium contains about 0.1 nM totakfficiency of induced gene expression.

mercury contamination (unpublished data), which defines
the lower detection limit of the assay. Assay buffers that
support high luciferase induction at lower Hg(ll) concen-
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prevent the binding of Hg to cell surfaces [31], thereby
decreasing mercury toxicity [10], and increase*Hgptake
into cells for more efficient interaction with the MerR regu-
latory protein. There was a remarkable difference in cyst-
eine-enhanced induction of luciferase between suspended
(3.5-fold) and immobilized cells (100-fold). The increased 2
response of immobilized cells towards cystyl-Hg(ll) for
luciferase induction could be explained by the immobiliz-
ation of the cells. In the suspension culture, cystyl-Hg(ll)
is evenly distributed among the cells, whereas in the immo-
bilized biosensor, the mercury may have some binding
affinity for the latex in addition to the cell surfaces, which
is alleviated by formation of the cystyl-Hg(ll) complex.
Also, the uppermost layers of cells in the biosensor are
potentially exposed to a greater number of cystyl-Hg(ll)
molecules per cell which may result in a higher level of ©
induction.

The ability to store the immobilized cells beyond a few 7
days after immobilization was an important factor in
increasing the usefulness of the Hg(ll) detection method.
By freezing the patches immediately after immobilization 8
in a solution of PBS and glycerol, the immobilized cells 4
could be stored for at least 3 months before being thawed
and used for Hg(ll) detection. The induced luciferase
activity observed after the freeze storage was very similat®
to the activity induced in newly immobilized cell patches.

It should therefore be feasible to produce hundreds of;
immobilized cell patches at a time, freeze them for storage,
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