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Changes in the Surface Potential of Lactobacillus acidophilus
under Freeze–Thawing Stress

Marı́a Leonor Ferna´ndez Murga,*,† Graciela Font de Valdez,* and Anı´bal E. Disalvo†
*Centro de Referencia para Lactobacilos (CERELA), Chacabuco 145, San Miguel de Tucuma´n, Tucuma´n, Argentina;
and †Laboratorio de Fisicoquı´mica de Membranas Lipı´dicas, Cátedra de Quı´mica General e Inorga´nica, Facultad

de Farmacia y Bioquı´mica, Universidad de Buenos Aires, Junı´n 956, Buenos Aires, Argentina

The zeta potential ofLactobacillus acidophilusCRL 640, a measure of the net distribution of electrical
charges on the bacterial surface, is a function of the glucose concentration in the growing media. With
glucose, cells in the stationary phase showed a zeta potential of2456 2 mV. With these cells, the zeta potential
after freezing and thawing decreased to232 6 2 mV and there was a decrease in viability. The changes in the
surface potential correlated with damage to the cell surface as shown by electron microscopy. Freeze–tha
cells incubated in a rich medium recovered a zeta potential of238 6 2 mV without cell growth.L. acidophilus
CRL 640 showed the same value of surface potential as control cells when they were frozen and thawed in
glycerol. © 2000 Academic Press
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Lactobacillus acidophilusis a thermophilic
lactic acid bacterium used on a worldwide sc
for the elaboration of probiotic fermented mil
The beneficial effects ofL. acidophilusare re
lated to its ability to adhere to the small int
tines of humans and animals (9). These a
sion properties of the bacteria are related to t
surface properties, such as hydrophobicity
surface potential, to which specific structu
may contribute (1, 11). However, the high s
sitivity of this microorganism to very low tem
peratures, resulting in structural and physio
ical injury, makes it difficult to preserve (2, 7

In spite of this, freezing is commonly us
for the preservation and storage of lactic a
bacteria for the production of concentra
starter cultures for the food industry (4). T
thermal, dehydration, and osmotic stresses
volved in the freezing and thawing process
drastically alter the bacterial surface. For th
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reasons, it would be of interest to determine
state of the bacterial surface after cryoge
stress and the possibility of controlling su
changes by the addition of cryoprotectants.

Zeta potential is defined as the difference
electrical potential between the surface of
bacterium and the bulk surrounding medium
is a measure of the net distribution of electr
charge on the surface of the bacterium. In
paper we have measured the zeta potential
strain of L. acidophilus CRL 640 grown in
different concentrations of glucose and
changes that follow freeze–thaw treatmen
the presence or the absence of glycerol. To
this we have determined the electrophoretic
bility of L. acidophilus CRL 640 bacteri
throughout the growth curve and after
freeze–thaw stress. The changes in zeta p
tial were correlated with the number of surv
ing or damaged cells at each glycerol conc
tration.

MATERIALS AND METHODS

Microorganism, Media, and Growth
Conditions

L. acidophilusCRL 640 was obtained fro
the CERELA stock culture collection and w

.
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11FREEZE–THAW STRESS AND SURFACE POTENTIAL CHANGE INL. acidophilus
originally isolated from fermented milk. Th
cultures were kept at220°C in 10% nonfa
kim milk (NFSM) supplemented with 0.5
w/v) yeast extract and 0.5% (w/v) glycerol.

The growth medium was MRS broth (5) co
aining 0.1 or 2% glucose. The cultures w
ubcultured at least three times before use.
erial growth in MRS broth at 37°C for 24 h w
easured by turbidimetry at 560 nm (OD560)

with a Spectronic 20 spectrophotome
(Bausch & Lomb, Rochester, NY). Cells we
collected by centrifugation at 5000g for 20 min,
washed twice in Milli Q water, and finally r
suspended in 1 mM NaCl solution for the m
surement of electrophoretic mobility.

Freezing and Thawing Procedures

Cells grown in MRS (2% glucose) for 16 h
37°C were harvested by centrifugation at 50g
for 20 min at 10°C and resuspended in 0.8
(v/v) NaCl at a cell concentration of 23 109

colony-forming units per milliliter (CFU/ml)
Aliquots of this cell suspension were added t
0.5, 1.0, 1.5, and 2.0 M glycerol solutions
20°C and allowed to equilibrate for 10 min pr
to freezing. Five-milliliter aliquots of cell su
pensions were placed in glass borosilicate tu
(15 3 1.5 cm), frozen at220°C, and stored
the same temperature for 24 h. The sam
were thawed at 37°C for 5 min in a circulati
water bath. Unfrozen samples were used as
trols.

Determination of Dead and Damaged Cells

The viability of control and freeze–thaw
samples was determined by the plate dilu
method. Cell suspensions were serially dilu
and aliquots were pour-plated in MRS agar
in MRS containing 2% NaCl (MRSNa). Th
plates were incubated at 37°C for 72 h and
resulting colonies were counted. The differe
in colony counts in MRS agar (rich mediu
before and after freeze–thaw treatment was
to calculate the number of dead cells (14).
difference between the number of CFU/ml
MRS and the number in MRSNa (selective m
dium) after freeze–thaw treatment was assu
c-

r

-

,

s
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d
d

e
e

d
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-
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to measure the number of damaged cells am
the survivors (7). The results were expresse
percentages (%).

Nucleic Acid and Protein Determination

Samples were taken before and after
freeze/thaw procedure and filtered thro
0.22-mm Bedford Millipore membranes. Th
clarified supernatant fluid was measured
OD260 and OD280 to determine the presence
nucleic acid and proteins, respectively (3).

Electrophoretic Mobility and Zeta Potential

Electrophoretic mobilities of bacteria (m) re-
suspended in 1 mM NaCl were determined
capillary H-cell with Ag/AgCl electrodes. Th
electrodes were connected to a direct cur
source at 40 V. Measurements were obtaine
alternately changing the polarity of the el
trodes to avoid polarization. Cells were c
lected by centrifugation at 5000g for 20 min,
washed twice in Milli Q water and finally r
suspended in 1 mM NaCl solution for the m
surement of electrophoretic mobility. The b
terial concentration was around 23 107 cell/ml.
The electrophoretic mobility (m) was deter
mined by measuring the rate of migration of
bacteria in the stationary layer when a cons
electric field was applied. The effective elec
cal distance was calculated by using NaCl
lutions of known conductivity at 25°C. Cond
tions were standardized by determining the
potential (j) of phosphatidylserine liposome
which is2120 mV in 1mM NaCl at pH 7.4. Th
ate of migration was determined by mic
copic observation of the displacement of in
idual cells that showed rectilinear and unifo
ovement along a reticular lattice (length
m). The results reported here are the me
nd standard deviations of at least 10 dete
ations in each direction made with differ
ells. The temperature was maintained at 2
he zeta potential was calculated by the eq

ion of Smoluchowski (8),

j 5 hm/«. «o,
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12 FERNÁNDEZ MURGA, FONT DE VALDEZ, AND DISALVO
whereh is the viscosity,«o is the permittivity o
vacuum, and«. is the relative permittivit

dielectric constant) of the solution. The exp
mental reproducibility of all the zeta potent
alues reported is62 mV.

ransmission Electron Microscopy (TEM)

Cell suspensions in 0.85% NaCl before
fter freeze–thaw treatment were harveste
entrifugation at 5000g for 20 min, washe

once with 0.1 M sodium phosphate buffer,
7.4, and resuspended (1:1 by volume) in
same buffer containing 2.5% (v/v) glutarald
hyde and 1% (w/v) CaCl2. Samples were ke
overnight at 4°C and were then embedde
agar. Secondary fixation was with 1% OsO4 and

ranyl acetate (1:1 by volume) for 2 h atroom
temperature (20°C), followed by dehydration
an ethanol series and embedding in durcu
Staining was performed according to meth
described by Reynolds (13). Thin sections w
examined by transmission electron microsc
(EM 109 microscope, Zeiss, Koln, Germany

RESULTS AND DISCUSSION

Growth and Zeta Potential

The kinetics of growth and the time course
the zeta potential forL. acidophilusCRL 640 a
37°C in the presence of 2% glucose are sh
in Fig. 1A. In the lag phase the zeta potentia
around227 mV. After 6 h of growth, the zet
potential is249 mV and falls to245 mV when
cells enter in the stationary phase. The doub
time for cells grown in 2% glucose was 1.3
(Table 1). In 0.1% glucose (data not shown)
doubling time was 2.2 h and the zeta poten
changed from223 mV in the lag phase to235
mV in the stationary phase, i.e., when the d
bling time decreases by 50 min the surf
potential became 20% more negative (Table

Van der Meiet al. (16) studied thermophil
dairy streptococci and, working with differe
types of sugar, reported that the zeta pote
reached more negative values at higher rate
growth: the shorter the doubling time, the m
negative was the value of the zeta potentia
-

y
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n.
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the stationary phase, independent of the wa
which the growth rate varied.

Effects of Freezing and Thawing

After the freeze–thaw treatment, the bacte
population is composed of cells in three sta
uninjured or normal cells; irreversibly injur
or dead cells; and reversibly injured cells. A
cording to Johnsonet al. (7), the last group ca
be identified by means of selective agents s
as NaCl, bile salts, and others; it is assumed
these cells are potentially recoverable un
suitable conditions.

FIG. 1. Growth (F) and zeta potential (Œ) of l. acidophi-
uscrl 640 grown in mrs 2% glucose at 37°C (A) before
B) after freezing and thawing.
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13FREEZE–THAW STRESS AND SURFACE POTENTIAL CHANGE INL. acidophilus
The extent of dead and injured cells inL.
acidophilusCRL 640 during the freeze–tha

rocedure was studied by plating the sample
rich medium (MRS agar) to obtain total via

ounts, and selective medium (MRSNa) to
ermine the number of injured cells. No diffe
nces in colony counts between the plating
ia were observed before freezing, indica

hat unfrozen cells were not sensitive to Na
tationary phase cells grown in 2% glucose
oncentration of 4.13 109 CFU/ml showed

zeta potential of245 mV; when they wer
rozen and thawed the zeta potential decre
o 232 mV and the number of viable cells f
o 3.13 107 CFU/ml. TEM examination of th
cell wall of unfrozenL. acidophilusCRL 640
(Fig. 2A) showed a typical bilaminar structu
with a more electron-dense innermost la
(Fig. 2, II) probably containing peptidoglyc
as has been observed in other lactobacilli (
The other components of the cell wall would
formed by nonpeptidoglycan components s
as proteins, polysaccharides, and teichoic a
(10). There was a graded increase in elec
density from the inside to the outside, wh
gave the appearance of a second layer (Fi
I). The absence of stain adjacent to the inte
layer of the wall is ascribed to the presence
cytoplasmic membrane (Fig. 2, III).

As indicated in Fig. 2B, following freezin
and thawing, the cell wall showed an irregu
and nonuniform structure and a decrease of
potential to232 mV.

The number of colonies counted in selec
medium (MRSNa) after the freezing and tha
ing was much lower than that obtained in M

Correlation of the Zeta Potential ofL. ac

Duplication
time (h) Lag time (h

0.1% glucose 2.2 1
2% glucose 1.3 1
2% glucose after

freeze/thawing 1.56 2.15
n

-

-

.
a

d

r

).

h
s
n

2,
l

a

ta

agar. The calculation described under Mate
and Methods indicates that 98% of the c
were injured when the freeze–thaw process
done without glycerol (Fig. 3B). These ce
may be recovered under appropriate condit
and it is of interest to investigate the possibi
of following such recovery by observing var
tions in the zeta potential. To evaluate t
unfrozen samples were resuspended in rich
dium (MRS broth) at 37°C. The curves of F
ure 1B indicate that the zeta potential was232
mV immediately after thawing and increased
238 mV during the lag phase of cell grow
(the first 2 h).

The doubling time of the cells after freezi
and thawing was 1.56 h, reaching the station
phase after 8 h (Table 1). During the logarith
mic phase the zeta potential changed from238
to 249 mV; this value is comparable to th

bserved at the beginning of the station
hase in nonfrozen cultures (Fig. 1A).
In addition to the difference between t

eta potential in the stationary and the
hases, there were also differences during
rowth phase of control and frozen–thaw
ells. The unfrozen culture showed a smo
ncrease in the zeta potential with tim
hereas after freezing and thawing there
sharp increase from232 to –38 mV at

onstant optical density followed by chang
imilar to those seen in the unfrozen cultu
his denotes that, after freezing and thaw

he cells reach a critical potential of arou
38 mV before starting to grow as the unf

en cells. The evolution of the zeta poten
o more negative values under conditions

philusCRL 640 with Growth Parameters

Initial zeta potential
(mV) in the lag phase

Zeta potential (mV) in
the stationary phase

2236 2 2356 2
2276 2 2456 2

2326 2 2436 2
ido

)
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14 FERNÁNDEZ MURGA, FONT DE VALDEZ, AND DISALVO
which there is no cell growth could be rela
to the recovery of damaged cells during
first two hours. Ferna´ndez Murgaet al. (6)

FIG. 2. Transmission electron micrographs ofL. aci-
ophilusCRL 640 grown in MRS 2% glucose at 37°C (
efore and (B) after freezing and thawing. Bars, 10 nm

I) Bilaminar cell wall; (III) cytoplasmic membrane.
howed that the cells partially repair th
amage during this period. This might
elated to the presence of magnesium
hosphate in the repair medium, since th

ons are required for the stability of the c
nvelopes in cold-shocked bacteria (12)

or the synthesis of energy-rich compoun
15).

ryoprotectant Effects

It is known that glycerol is an effective cry
rotectant. This molecule permeates the
embrane rapidly, allowing equilibration
–3 min. L. acidophilusCRL 640 cells wer
esuspended in glycerol for 10 min to allow f
quilibration before freezing and thawin
hen cells were freeze–thawed in a physio

cal solution containing glycerol, fewer ce
ere killed than in controls without glycer

Fig. 3A). When the concentration of glyce
xceeded 1 M, the number of surviving ce
eached a constant value. However, to obta
eta potential comparable to that found in
rozen cells, the bacteria had to be frozen
hawed in 2 M glycerol. These results sugg
hat, although the number of surviving cells i

glycerol is as high as in 2 M glycerol, the
tate of the cell surface differs greatly. In ot
ords, the zeta potential reflects other pro

ies that are not revealed by the viability te
he zeta potential values correlate better w

he proportion of damaged cells. Figure
hows that the percentage of damaged
ecreases as the concentration of glycero
reases. The least damage was observed w

glycerol, with which a zeta potential equal
hat of unfrozen cells (245 mV) was obtained
he lack of effect on the zeta potential of ce

rozen and thawed in 2 M glycerol suggests th
he cell envelope is undamaged.

It is interesting to observe that over the ra
f glycerol concentrations in which the c
amage decreases, there is a constant lo
ucleic acid and that of protein showed onl
light change (Fig. 3C). This suggests
reezing and thawing does not involve a ma
hange in permeability. However, the chan

,
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15FREEZE–THAW STRESS AND SURFACE POTENTIAL CHANGE INL. acidophilus
in zeta potential do suggest that the cell wa
damaged and this might affect properties s
as adhesion.

We suggest that changes in the zeta pote
of bacteria suspended in liquid media co
provide markers of cell damage under con
tions in which the number of colony-formin
units and the leakage of cellular material
unaffected. The correlation of the changes in
zeta potential with the changes observed in
cell surface by electron microscopy sugg
that surface potential measurements could
used as a rapid method to detect surface cha
in bacteria after freezing and thawing. In ad
tion, zeta potential measurements and the de
opment of more negative values during
growth phase could be an indicator of the
covery of cells that had been damaged by fr
ing and thawing.
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