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Abstract

Toxicity sensing by live microorganisms has attracted considerable attention during the last decade. These sensors exhibit a non-specific,
relatively fast response to changes in water quality or to physiological stress conditions and thus may provide an early warning against
intentional or unintentional contamination of water sources. However, maintenance of cell cultures is a demanding task, requiring specialists’
attention and careful control of storage conditions, which seriously limits the practical usefulness of such diagnostics for field analysis and
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istributed monitoring. Encapsulation in hydrogels is a viable way for the construction of user-friendly solid-state sensors. How
ncapsulated cells should still be kept in wet conditions as drying results in immediate and permanent loss of activity. Partic
uch-researched cellular silicates, biohybrids, lose activity upon drying. Here we introduce a freeze-drying compatible sol–gel p

he encapsulation ofE. coli reporter cells in silicates. We demonstrate that incorporation of optimized concentrations of trehalose and
n the sol–gel silicate precursors prevents the inactivation ofE. coli during freeze-drying.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Recent advances in the field of biotechnology have opened
he door to the use of genetically modified reporter microor-
anisms as whole-cell biosensors. Such biosensors were

ound to be sensitive and inexpensive analytical tools for
aboratory and field assessment of water quality[1,2]. They
rovide convenient early warning or environmental screen-

ng capabilities, which would otherwise require either a large
umber of different specific sensors or time consuming lab-
ratory analysis[1,2].

Immobilization of the sensing element, be it a molecule,
anoparticle or a whole microorganism solid matrix ful-
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fills several tasks: it makes the sensor more user frie
improves its metrological characteristics, prevents was
of the active reporting element or reagent by the test
tion, and may, at times, allow repeated and even contin
use.

Several matrices for encapsulation of live microorgan
have been described, including sol–gel, possibly the
facile and generic immobilization technology available to
[3–7]. The technology was optimized by Livage and o
research groups[4,8–10]with respect to the encapsulation
E. coli cells. In previous reports[11–13], we have demon
strated that sol–gel encapsulated recombinantE. coli cells
can be ‘wet stored’ for several months without signific
loss of activity[11,12]. However, dry storage complies b
ter with distributed sensing systems, shipment requirem
field analysis and handling by non-experienced personn

Straightforward attempts to dry sol–gel encapsulateE.
coli cells at room temperature were unsuccessful, lea
to complete inactivation of theE. coli reporters. Therefor
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and in light of the successful application of freeze-drying
of sol–gel enzyme biohybrids[14] we explored the possi-
bility of pursuing this technique for recombinantE. coli. As
far as we know, the only reports on freeze-drying of sol–gel
encapsulated microorganisms pertain toBacillus sphaericus
andSaccharomyces cerevisiae, which retained approximately
0.1% viability after the freeze-drying process[6,15].

The process of freeze-drying itself, even without the addi-
tional complications associated with encapsulation, imposes
stress on biological samples and produces undesirable side
effects that hamper viability. Consequently, to minimize the
perturbation in the native structure of microorganisms dur-
ing lyophylization, it is often vital that non-specific stabilizers
such as sugars be used as protective agents.

Glycerol [4,7], sugars and particularly trehalose[16–23]
have been shown to stabilize both isolated membrane vesi-
cles and enzymes, and the membranes and proteins of intact
cells during freezing and freeze-drying. Glycerol was par-
ticularly useful in preventing membrane damage inE. coli
during sol–gel encapsulation[4], and it was found to be a use-
ful additive for molding different sol–gel morphologies[7].
Trehalose is a non-reducing disaccharide that may be accu-
mulated at high concentrations by many organisms capable
of surviving complete dehydration[24]. It was shown to be
an excellent stabilizer of many biomolecules and live cells
in the dry state, and appeared to be superior to other sugars
[
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It was also suggested that the stabilization capacity of
trehalose may be related to its high glass transition (Tg)
temperature and its ability to vitrify upon drying under envi-
ronmental temperatures. The formation of a glassy matrix
may slow down or even halt all degradative chemical and
physical reactions, and the highTg may enhance stability of
the glassy state at ambient temperatures[24]. An additional
factor that might contribute to the high stability conferred by
trehalose is its ability to form di-hydrate crystals upon wet-
ting, hence isolating the remaining bulk sugar from contact
with water and providing increased stability to dried materials
that are imbedded in the trehalose matrix[30].

Unlike the extensive studies carried out on the freeze-
drying of proteins or of microorganisms in liquid culture, the
protective capabilities of trehalose and glycerin during the
freeze-drying of sol–gel cellular biohybrids have never been
explored. In this report we describe the activity of sol–gel
immobilized, genetically engineeredE. coli cells harboring a
recA::luxCDABE fusion gene following freeze-drying in the
presence of trehalose and/or glycerol.

2. Experimental

2.1. Preparation of bacterial cultures
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The stabilization effects of trehalose were attribute

everal mechanisms/interactions with critical biomolec
r cellular structures such as membranes and pro
he ability of trehalose to stabilize membranes u
rying was clearly demonstrated[24,25]. The stabilization
echanism of membranes, often referred to as the w

eplacement hypothesis[24], suggests that trehalose m
orm hydrogen bonds with membrane phospholipids
roteins and replace water molecules that are removed
rying. This, in turn, inhibits van der Waal’s interactio
etween adjacent lipids thus preventing the elevatio
embrane phase transition temperatures (Tm). Such aTm

hange could cause membranes to shift from their n
iquid-crystalline state to a gel state under environmen
elevant temperatures[26]. Maintaining membranes in
iquid-crystalline rather than gel state may prevent d

ental phenomena like membrane fusion, lipid, protein
uid–fluid separation[27,28]. Furthermore, transitions fro
el to liquid-crystalline states that may occur upon hydra
ould cause leakage of cytoplasmic constituents from th
26].

Trehalose was also found to stabilize proteins. It was
ested that under freezing or moderate drying condit
referential exclusion of solutes from protein surfaces
onserve their native conformational structure, and that u
igher dehydration states trehalose may interact by hydr
onding of its -OH groups to polar residues in proteins, h
reserving the conformational state that was present pr

he dehydration processes[29].
The bacterial strain used in this study was DPD2
2,11]. It contains a multicopy plasmid in which therecA pro-
oter was fused to theVibrio fischeri luxCDABE biolumines-

ence genes. The strain was grown at 37◦C in Luria–Bertan
LB) broth (NaCl 5 g L−1, yeast extract 5 g L−1, Tryptone
0 g L−1) [31] containing 100�g mL−1 kanamycin to ensur
lasmid maintenance. In all cases, luminescence was ind
y nalidixic acid (5 mg L−1), and was monitored for 4 h usi
microtiter plate luminometer (Victor 2, Wallac, Finla
ww.perkinelmer.com). Luminescence values are presen
s arbitrary relative light units (RLU).

Before freeze-drying, 1.0 mL of LB medium w
noculated at 0.01% with an overnight culture a
ncubated at 26◦C to O.D.600 nm= 0.15 (approximatel
.0× 107 cells mL−1), which corresponds to the early exp
ential growth phase. Cells were harvested by centrifug
4000 rpm, 10 min) and the volume was reduced so tha
nal concentration was 2.0× 107 cells mL−1.

.2. Preparation of biosilicate hybrids

The sol–gel mixtures were prepared by mix
.0 mL of tetramethylorthosilane (TMOS, Aldrich, W
ww.sigmaaldrich.com) with 1.5 mL of distilled water
.2 mL of 0.1 M HCl and 1.0 mL of phosphate buffer. T
ixture was sonicated for 10 min to ensure uniformity

eft to age at 4◦C for 1 day.
Each experiment was carried out by transferring 1.0

f strain DPD2794, harvested at an early exponential p
nto a 12 mL vial and adding various combinations of

http://www.perkinelmer.com/
http://www.sigmaaldrich.com/
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halose and glycerol solutions at different concentrations to a
final volume of 3.0 mL. For non-encapsulated assays, aliquots
of these mixes were transferred directly into a microtiter
plate. To prepare encapsulated samples 300�L of sol–gel
was added to each bacteria, trehalose and glycerol mix and
vortexed for 2 min. Then, 50�L aliquots of the bio-inorganic
hybrid were transferred into the wells of an opaque white
96 well microtiter plate and allowed to dry for 5 min before
the addition of the nalidixic acid inducer (5 mg L−1) for the
luminescence measurement of fresh encapsulated samples.
For freeze-drying, 50�L aliquots were pipetted into a num-
ber of glass vials and transferred to a freeze-drier (Advan-
tage, VirTis, USA,www.virtis.comUSA). The freeze-drying
operation lasted 40 h (2 h, freezing to−40◦C at 200 mTorr
followed by 38 h drying at−40◦C and 25 mTorr). The vials
were hermetically sealed under vacuum and stored at either
room temperature, 4 or−20◦C.

3. Results

Direct assessment of the viability of sol–gel encapsulated
bacteria is problematic, since it is impossible to free the cells
of their solid confinement and enumerate them by their colony
forming ability on a nutrient agar medium. One possible solu-
tion may lie in a physical disintegrateion of the silicate matrix
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Fig. 1. Luminescence values of non-encapsulated fresh DPD2974 cells at
various levels of trehalose and glycerol after induction with 5 ppm NA for
240 min.

Fig. 2 depicts the luminescence response to nalidixic
acid (as inFig. 1) of E. coli cells after freeze-drying and
storage for 24 h. Without any of the stabilizing agents, theE.
coli cells were very vulnerable to the freeze-drying/thawing
process and were totally inactivated. Maximal activity
was obtained for 0.5% trehalose, and a further increase in
trehalose concentration resulted in decreased viability and
activity of the reporting cells. The addition of trehalose to
glycerin free culture resulted in an increased activity peaking
at 15% trehalose and going down at higher concentration of
the disaccharide. We did not observe any synergistic effect
and the addition of glycerin to various levels of trehalose
spiked cultures always decreased the response level of
the reporting cells rather than enhancing it so, maximal
activity was obtained with 0.5% trehalose and glycerin free
solution.

Fig. 3depicts the response of the sol–gel biohybrids con-
taining approximately the same number of reporting cells as
in Figs. 1 and 2after exposure to 5 mg L−1 nalidixic acid for
4 h. The addition of trehalose and glycerol did not improve

F D2974
c L
N

4]. Here we have used the luminescence of the reporting
s an indication of both the viability and the activity of
ells, without the need of physically separating them f
he silicate.

Estimation of the activity of the encapsulated cells
onducted by exposure of the biogel or the hybrid mater
B medium containing 5 mg L−1 nalidixic acid for 4 h and
ecording the luminescence after a set time span. The
escence after the 4 h exposure, which in all cases was
igher than the residual luminescence before the expo
eflects a combined measure for the induced stress, ce
ility and cell proliferation during the test. From practi
s well as from sensing points of view this is the des
arameter since it reflects sensing sensitivity.

Fig. 1 depicts the effect of various levels of trehal
nd glycerol on the induction bioluminescence in a bact
ulture without immobilization and freeze-drying. Glyce
y itself, had no effect on the luminescence level after 4 h

he presence of glycerol lowered the induction level when
ercentage of trehalose exceeded 10 wt.%. This was c
ot a result of lower viability as confirmed by plate cou
e attribute this effect to stabilization of the bacteria

he disaccharide, lowering the physiological stress bro
bout by the nalidixic acid and consequently the induc
f bioluminescence. Interestingly, we observe a signifi
ynergistic stress reduction by the glycerol and the treha
he higher the concentration of trehalose the larger wa
ffect of glycerin. At 3.6% glycerin and 20% trehalose

uminescence was only 30% of the response in the abse
oth.
ig. 2. Luminescence values of non-encapsulated freeze-dried DP
ells at various levels of trehalose and glycerol after induction with 5 mg−1

A for 240 min.

http://www.virtis.com/
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Fig. 3. Luminescence response of encapsulated DPD2974 cells at vari-
ous levels of glycerol and trehalose after induction with 5 mg L−1 NA for
240 min.

significantly the response of the sensing elements. The mod-
erate decrease of activity, which is (arguably) obtained when
both trehalose and glycerin were added at high concentra-
tions may be attributed to the reduction of the physiological
stress induced by nalidixic acid rather than to the inactivation
of the cells by these additives.

Fig. 4depicts the luminescence response of the biohybrids
prepared under identical conditions toFig. 3but after freeze-
drying, 24 h storage and thawing. The favorable preserving
activity of the trehalose is clearly observed. The sensors that
contained less than 5% trehalose lost activity irrespective of
the concentration of glycerin. All sensors that were prepared
with more than 10% trehalose exhibited significant activity.
Maximal activity was observed for sensor with 15 or 20%
trehalose. The effect of glycerin is more complex. For low tre-
halose concentrations (i.e. 5–10%) the optimal activity was

F 4 cells
i
f

Fig. 5. Kinetics of bioluminescence development of various volumes (same
number of cells) of non-encapsulated (a) and encapsulated (b) freeze-dried
DPD2974 cell samples. The curves in frame ‘a’ correspond to (from top) 60,
50, 40, 70, 30, 80, 90, 100, 110, 120, 20 and 10�L sol–gel samples; curves
in frame ‘b’ correspond to 50, 60, 70, 40, 80, 90, 100, 110, 120, 10, 20 and
30�L.

obtained at the highest glycerin level. At the high trehalose
level maximal sensing sensitivity was obtained at 0.5% glyc-
erin. The maximal activity of the freeze-dried sensors was
approximately 25% of the observed response of sensors that
were not freeze-dried.

Fig. 5shows the kinetics of residual luminescence of vari-
ous volumes of immobilized and non-immobilized DPD2974
cells containing thelux-fused recA promoter after freeze-
drying. In all tests (for both free as well as the encapsulated
samples) we used the same amount of cells. All the samples
exhibited very similar dynamics irrespective of encapsulation
or volume of the freeze-dried material. In both encapsulated
and non-encapsulated samples the highest activities were
obtained for intermediate volumes between 40 and 80�L.
Activities of lower volumes might have been affected due
to excessive drying while higher volumes due to insufficient
drying.

Stability tests have been carried out by storing freeze-
dried samples at room temperature (approximately 20◦C),
4 and−20◦C for up to 42 days. Relative luminescence val-
ues and percent activity (compared to that measured right
after lyophylization, time 0) are given inTables 1 and 2. Val-
ues inTable 1reveal that sol–gel encapsulated samples are
stable for up to 6 weeks at−20◦C, fairly stable for about
3 weeks at 0◦C and are poorly stable at room temperature.
The relative residual activities normalized to the response of
n –gel
i e
3

ig. 4. Luminescence values of encapsulated freeze-dried DPD297
n various levels of trehalose and glycerol after induction with 5 mg L−1 NA
or 240 min.
on-immobilized freeze-dried samples was 83% for sol
mmobilized assay at the 6th week in−20◦C and 54% at th
rd week for 4◦C, stored samples.
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Table 1
Luminescence values (240 min exposure, 5 mg L−1 NA) of freeze-dried encapsulated DPD2794 cells stored for 42 days at different temperatures

Storage duration (day) Luminescence (RLU) and percent residual luminescence (parenthesis)

Room temperature (20◦C) 4◦C −20◦C

0 (80106)a – – –
10 24393 (30) 61118 (76) 79357 (99)
15 6245 (8) 45249 (56) 70161 (88)
21 937 (1) 28279 (35) 68582 (86)
28 48 (0) 7423 (9) 63961 (80)
35 – 3148 (4) 57028 (71)
42 – 2334 (3) 56332 (70)

a Luminescence right after freeze-drying.

Table 2
Luminescence values (240 min exposure, 5 mg L−1 NA) of freeze-dried non-immobilized DPD2794 cells stored for 42 days

Storage duration (days) Luminescence (RLU) and percent residual luminescence (in parenthesis)

25◦C 4◦C −20◦C

0 (RLU = 191133)a – – –
10 91018 (48) 167471 (88) 188802 (99)
15 67776 (35) 167471 (88) 187113 (98)
21 40333 (21) 124432 (65) 185594 (97)
28 29503 (15) 103896 (54) 171789 (89)
35 14213 (7) 80044 (42) 167937 (88)
42 6664 (3) 67643 (35) 161076 (84)

a Luminescence right after freeze-drying.

4. Conclusions

The paper addresses only one aspect of the long chain of
processes that are required in order to use delicate biological
entities for robust and user-friendly sensing elements. The
paper describes a way by which sol–gel composition can be
tailored in order to increase cellular viability after freeze-
drying. We show that incorporation of optimal concentrations
of trehalose and glycerin can dramatically increase the com-
patibility of the biohybrids with freeze-drying. For optimal
concentrations of trehalose and glycerin the fraction of lost
activity of the encapsulated cells is similar and even lower
than the fraction of lost activity of free bacteria undergoing
a similar treatment.
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