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Abstract The genetically-engineered Escherichia coli strain, DPIN2540, which contains a
fabA. luxCIDABE fusion gene, gives a bioluminescent output when membrane fatty acid syn-
thesis is needed. For more practical application of this strain i the field as biosensor, freeze-
drying was adopted. A 12% sucrose solution with Luria-Bertani (LB} broth, as determuned by
the viability after freeze-drying, was found to be the most effective composition for lyophili-
zation solution among various compositions tested. Rapid freezing with liquid nitrogen also
gave the best viability after freeze-drying as compared to samples frozen at -70°C and -20°C,
The biosensing activities of the cells showed 4 greater sensitivity when the cells from the ex-
ponential phase were freeze-dried. Finally, the optimum temperature for use of the freeze-

dried cells in the biosensor field was determined.
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INTRODUCTION

Freeze-drying is a method cf preserving microorgan-
1sm for extended periods. With this process, water is
made unavailable to the cells, and the dehydrated cells
are protecied [rom water activity [1,2]. Many research-
ers have studied the parameters for optimum freeze-
drying conditions to increase the viability of [reeze-
dried cells [3-9].

Bicluminescent bacteria having a fusion of a stress
promoter and the JuxCDABE-genes have been devel-
oped as towicity biosensors [10,11]. Sotme previous
works include characterization of these biosensing cells
and fabrication of a miniature bicreactor for a continu-
ous monitoring system [12-14]. For more practical usage
of bioluminescent bacteria in field applications, the
freeze-drying method was adopted for possible ease in
storage and transportation of the bicluminescent cells.

The freeze-drying conditions that were previously
studied include the influence of various cryoprotectants,
including sucrose, trehalose, sorbitol and mannitol, the
drying time, and the effects of the cell concentration
[15]. The effects of the storage conditions and the in-
fluence of the rehydrating solution on the biosensing
activity of freeze-dned cells has been also investigated
18]

In this study, we have studied some parameters more
in depth, such as the concentration of sucrose, the
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freezing temperature, and the effect of the culture’s
growth stage. Various sucrose concentrations were in-
traduced to optimize the concentration effects to ob-
tain the best freeze-drymng efficiency, and the optimum
freezing temperature was examined to increase the vi-
ability during freeze-drying. The influences of the cell
growth stage on freeze-drying were also studied via tox-
wcity manitoring. In addition, the optumum experimen-
tal temperature for the use of the freeze-dried DPD2540
cells was also determined.

MATERIALS AND METHODS
Cell Culture and Sample Preparation

The recombinant bioluminescent E. coli strain
DPD2540, REM443 harboring the plasmid pFabAlLux6,
was used in thus study. Plasmid pFabALux6, constructed
at the DuFont Co, contains a transcriptional Fusion of
the E. coli stress promoter [or fabA te the Vibrio fisheri
luxCDABE genes and confers resistance to kanamycin
and ampicllin [10,11]. The fabA gene encodes for 3-
hydroxydecanoyl-ACP dehydrase, an enzyme responsi-
ble for the key reaction in the biosynthesis of mem-
brane fatty acids [16]. Therefore, this strain gives a bio-
luminescent output when membrane fatty acid synthe-
gis is needed, The medium used in this study was Luria-
Bertani (LB) broth, pHl7, supplemented with 25 mg/mL
kanamycin monosulfate to maintain the plasmid. LB
agar with kanamycin (Km} was used for plating and
CEU {(colony forming unit) enumeration. Seed cultures
(100 mL) were grown with agitation at 2530 rpm in a
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Table 1. The effect of the temperature used for freezing on
the viablity of freeze-dried DPD2540

CEFU(#/mL) after

Freezing temperature  Freezing time freeze-drying [x10°]

Liquid nutrogen 30 min 2370141

-70°C 2 days 965+0.21

-20°C 2 days 0.25+0.07

2050 lday >30min  0.054001
Lquid nitrogen

-20°C = -70°C Iday — lday 0.015+ 0,007

-20°C — -70°C 1day — 1 day — 0016 + 0.005
— liquid nmitrogen 30 mun

shaking incubator in 250 mL culture flasks at 30°C A
new flask, containing 100 ml LB with kanamycin, was
moculated with 2 mL of the seed culture. When the
optical density (OD,) reached 0.08 (the early exponen-
tial phase), the cells were then centrifuged at 4000 rpm
for 30 muin. A spectrcphotometer was used for off-line
optical density (600 nm) measurements. After centrifu-
gation, the pellet was resuspended 1 10 mL of fresh LB
medium and then mixed with 10 mL of a 24% sucrose
solution. One mL aliquots were then pipetted mnto ster-
ile 1.5 mL glass vials and freeze-dried.

Sucrose Concentration Effects and Growth Stage
Effects

1o determine the optimum composition for lyophili-
zation medium, varous concentrations of sucrose, with
final concentrations of between 2 and 12% after being
mixed with LB or LBG (LB medium+10% glucose), were
tested. For the growth stage experiments, four different
samples were prepared using cultures at different opti-
cal densities (ODg), the early exponential (QD,0.08),
late exponential (ODg, 0.37), eatly stationary (ODg, 0.8)
and late stationary (ODg,, 1.1) phases. After centrifuga-
tion, the cultures were diluted with fresh media to the
same cell concentration as the early exponential phase
sample before being mixed with the sucrese solution.

Freezing, Freeze-Drying and Viability

To measure the damage done to the cells dependent
on the temperature used for freezing, the prepared
samples were frozen using the six different conditions
described in Table 1. The optimum temperature for
freezing was determuined by comparing the viability of
the samples for each of the conditions, The frozen sam-
ples were dried at -50°C and under a pressure of less
than 20 milli-torrs for 2 days using a freeze-dryer sys-
tem/Freezone®.5 (Labconco Co., USA) After reconsti-
tution in 1 mL steride distilled water, the number of col-
ony forming units (CFU) for each sample was deter-
mined by serially diluting the sample and plating on 1B
agar
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Biosensing Activity and Bioluminescence

The biosensing activity was determined on the basis
of measuring the bioluminescent response ratio to 4-
chlorophencl [DPD2540's bioluminescent response to
the tested concentration of 4-chlorophencl (BLs)/DPD-
2540's uninduced bioluminescence {(BLc)], since 4-
chlorophenol is known to induce transcription from the
fabA promoter [12]. Emitted bioluminescence (arbitrary
units, AU} was monitored using a highly sensitive lu-
munometer (Maodel 20e, Turner Design, CA, USA). The
luminometer was adjusted so that a single-photon tnt-
wm light source would give a reading of 5 arbitrary
units (AU).

RESULTS AND DISCUSSION

A genetically-engineered E. coli strain, DPD2540, con-
taining a fabA::JuxCDABE fusion gene, gives a biclumi-
nescent cutput when membrane fatty acid synthests is
needed [10,11]. Based on this prninciple, this strain
should be able to detect many kinds of membrane fatty
acid damaging agents [17]. 4-chlorophenc! is known as
& membrane damaging agent and a good triggering
chemical of transcription from the fahA promoter of
DFD2540 [12]. In this study, 4-chloro-phenol was used
as a model toxicant to optimize the freeze-drying con-
ditions for DPD2540 by comparing the biosensing activ-
ity of the samples after freeze-drying. Viability after
freeze-drying was used to compare and optimize the
freeze-drying conditions.

Sucrose as a Cryoprotectant

Sucrose was previously found to protect membranes
and proteins of the cells during drying [5]. Various su-
crose cancentrations, mixed with either LB or LBG,
were compared to determune the best composition of
the lyophilization medium for freeze-drying, The six
different compositions showed very different viabilities.
When the ceils were freeze-dried with various sucrose
concentrations and LB medium, the viability of the cells
in 12% sucrose solution was the greatest (Fig. 1(a)).
However, when a sucrose and LBG (LB + glucase 10%)
solution was used, 6% suctose gave the highest viability
(Fig. 1(b)}. The cells may have been damaged duting
freeze-drymg if the sugar, ie the cryoprotectant, con-
centration was not high enough to protect them, while
an excess of sugar may cause osmotic damage. There-
fore, an optimal sugar concentration is needed to 1n-
crease the freeze-drying efficiency. Among the tested
concentrations, 12% sucrose with LB medium showed
the best efficiency, and this condition was selected for
further experiments. Experiments with sucrose concen-
trations of greater than 12% were not tested because
the primary concern was to test commonly used con-
centrations, which were generally below 12% for some
cells and proteins [18-20]. As well, tests with a glucase
and sucrose muixture showed that for higher final sugar
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Fig. 1. Effect of the sucrose concentration in the lyophiliza-
tion solution on the viability during freeze-drying; (a) Various
sucrose concentrations with 50% LB medium, (b} Various
sucrose concentrations with 50% LBG (LB + glucose 10%)
medium

concentrations, i.e. the sample having 12% sucrose plus
5% plucose, a loss 1n viability was seen (see fig. 1(b) -
the first bar). In both cases, sucrose alone (Fig. 1(a}) and
suctose and glucose (Fig. 1(b}), a [inal concentration of
about 11-12% gave the greatest viabilities while addi-
tion of glucose had no significant effect with the lower
sucrose concentrations.

Freezing Temperature Effects

T investigate the effect of the temperature used for
freezing on the wviability during freeze-drying, varcus
temperatures were tested. As shown in Table 1, it was
found that nearly all the cells were killed when frozen
at -20°C regardless if another freezing step was added
later. Cn the other hand, the freeze-dried cells frozen in
liquid nitrogen showed the greatest viability. The viabil-
ity depending on the freezing temperature seemed to
correlate well with the rate of freezing at the lower
temperatutres, and therefore, a faster rate of [reezing
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Fig. 2. Effect of the cell growth stage on the biosensing activ-
ity; {a) Fermentation profile of the cell growth, (&) Biolumi-
nescent response of freeze-dried DPD2540 with various 4-
chlerophenol concentrations depending on the cellular growth
stage. Bioluminescent response ratio at 60 min: DPD2540%s
bicluminescent response at 60 min after induction by adding
4-chlorophenol to a tested concentration (BLs)/DFD2540's
uninduced bioluminescent response at 60 min (BLc).

gives the highest viability.

[t is known that a slow and steady removal of water
by freezing increases the concentration of solutes in the
remaining aqueous phase, causing the solution to be-
come increasingly more concentrated [2]. For this rea-
son, the viability of freeze-dried cells frozen rapidly at
lower temperatures show a relatively higher value due
to the prevention of these concentrated pockets from
forming.

Cell Growth Stage Effect on the Toxicity Response

The status of the bacterial cell differs depending on
the growth stage. Thus, the same concentration of cells
at different growth stages were freeze-dried to measure
the growth stage effect on biosensing activity. Fig. 2(b)
shows the bioluminescent response ratio of the freeze-
dned cells with various concentrations of 4-chloro-
phenol according to the growth stage and optical den-
sity as shown in Fig. 2(a). The intial cell concentrations
were synchronized by diluting the centrifuged cells to
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Fig. 3. Effect of the experimental temperature on the biosens-
ing actwity Bioluminescent response ratio at €0 min: DPD-
240's bioluminescent response 60 min after induction by add-
ing 4-chlorophenol to a concentration of 50 ppm (BLs)/DPD2540s
uninduced bioluminescent response at 60 min (BLc)

the same optical density (ODg,) before mixing with
sucrose. When the early and the late exponential cells
were freeze-dried (see ODgy, 0.08 and ODy, 0.37 1n Fig.
2(b)}), the bicluminescent response ratins were very
similar for all the tested 4-chlorophenol concentrations.
Cn the other hand, the cells freeze-dried during the
early and the late stationary phase (see ODgy, 0.8 and
CDgyp 1.1 10 Fig. 2(b)} shewed a comparative decrease in
their biosensing sensitivity Therefore, the exponential
phase cells would appear better in terms of their bio-
sensing sensitivicy.

Temperatures for Toxicity Monitoring

To determine the optimum temperature and response
stability for biosensing, various temperatures were
tested to determune their effect on the bicluminescent
response when 50 ppm of 4-chlorophenol was added. As
can be seen in Fig. 8, DPD2540 had a very distinct op-
timal temperature of 30°C, whuch is due to the fact that
the Jux genes are from Vibrio fisheri [21]. Accordingly,
the optimal temperature for the best toxicity response
should be 30°C,
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