
 

 

Bulgarian Journal of Veterinary Medicine, 2014, 17, No 4, 285292 
ISSN 1311-1477; online at http://tru.uni-sz.bg/bjvm/bjvm.htm

 

Original article 

 

SPECTROFLUORIMETRIC STUDY OF THE MEMBRANE 
PERMEABILITY DISTURBANCE IN LISTERIA MONOCYTO-

GENES AT HYPERTHERMIC TEMPERATURES 

B. PAARVANOVA1, T. STOYANCHEV2, I. ZLATANOV3,  
V. GEORGIEVA4 & I. IVANOV1 

1Department of Physics, Biophysics, Roentgenology and Radiology, Medical 
Faculty; 2Department of Hygiene, Technology and Control of Animal Food-
stuffs, Veterinary Legislation and Management, Faculty of Veterinary Medi-
cine, Trakia University, Stara Zagora, Bulgaria; 3Institute of Biophysics and 
Biomedical Engineering, BAS, Sofia, Bulgaria; 4Student, Medical Faculty, 

Trakia University, Stara Zagora; Bulgaria 

Summary 

Paarvanova, B., T. Stoyanchev, I. Zlatanov, V. Georgieva & I. Ivanov, 2014. Spectrofluori-
metric study of the membrane permeability disturbance in Listeria monocytogenes at hyper-
thermic temperatures. Bulg. J. Vet. Med., 17, No 4, 285292. 

 
Thermal resistance of pathogenic bacteria, determined by the colony forming ability after thermal 
stress, is important for the microbial inactivation by heat. It is related to the ion permeability barrier 
disturbance at a high temperature (Tg). The mechanism of this membrane disturbance is not clear. Our 
goal was to study this disturbance in the plasma membrane of L. monocytogenes. After cultivation the 
bacteria were washed in a low-salt medium and heated to Tg. Hyperthermia induced out leakage of 
cytosolic electrolytes with sigmoid temperature profile, centered at Tg, as detected by conductometry 
(10 kHz). The Tg temperature correlated the thermal resistance of bacteria, acclimated at various tem-
peratures of growth. To this end, we used fluorescent probes Pyrene and N-(3-Pyrenyl) maleimide 
(PyM). While Pyrene intercalates in the lipid region of plasma membranes PyM binds covalently the 
SH-groups of membrane proteins. The excimerisation of Pyrene reporting on the microfluidity of 
lipid bilayer did not change at Tg, while excimerisation of PyM raised indicating immobilisation and 
association of integral proteins. Overall, the ion permeability rise at Tg could be ascribed to changes 
in the tertiary and quaternary structure of integral proteins.  
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INTRODUCTION 

The intrinsic resistance against thermal 
inactivation of pathogenic bacteria is most 
frequently described in terms of the D 

value (decimal reduction time in minutes 
required for the heat destruction of one 
log of bacteria population through expo-
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sure to specified temperature) and in the Z 
value (the change in temperature neces-
sary to cause a tenfold change in the D va-
lue).  

Besides the intrinsic thermal resis-
tance, the thermotolerance and ability for 
temperature acclimatisation of pathogenic 
bacteria are also important factors which 
should be taken into account in modelling 
and quantifying microbial inactivation 
during thermal processing of foods. The-
refore, a more mechanistic approach is 
needed for more accurate modelling of 
thermal inactivation (Sergelidis & Abra-
him, 2009).  

The permeability barrier function of 
cells is a vital requisite and the ability to 
maintain it emphasises resistance to dele-
terious conditions including heat stress. 
Generally, the membranes of cells un-
dergo an ethanol facilitated permeabilisa-
tion at a specific high temperature, Tg, 
which in some cases has been related to 
the thermal resistance of cells (Wu & Wal-
ner, 1984; Ivanov & Boytcheva, 1994). 
The mechanism leading to disturbance of 
the permeability barrier at Tg, however, is 
not well understood. Based on above con-
siderations our goal was to study the per-
meability barrier disturbance at Tg in the 
plasma membrane of L. monocytogenes 
using proper fluorescent probes. 

L. monocytogenes bacteria strain is as-
sociated with illness in humans (Ward et 
al., 2004) and farm animals (Hitchins, 
1998). Cytoplasmic membrane of the cell 
envelope of L. monocytogenes (Volk, 
1992) contains a lipid bilayer with interca-
lated integral proteins.  

The thermal resistance of bacteria was 
determined by the classical colony form-
ing test of heat challenged bacteria. The 
thermal stability of plasma membranes 
was assessed by the temperature, Tg, for 
half leakage of ions, determined by con-

ductometry. The thermostability of inte-
gral proteins was expressed by the peak 
temperature of excimerisation of the fluo-
rescent dye Pyrene maleimide (PyM) 
which binds covalently to integral pro-
teins. 

MATERIALS AND METHODS 

Test microorganisms 

L. monocytogenes was obtained from the 
National Reference Center of Food Safety 
at the National Diagnostic and Research 
Veterinary Institute, Sofia, Bulgaria. Prior 
to growth, stock cultures of bacteria were 
maintained in liquid nutrient medium with 
glycerol, placed in criovials under liquid 
nitrogen (–196 °С). The bacteria were 
considered old when kept at – 196 °С for 
more than 5 years. The following strains 
were used: N4 – Listeria monocytogenes 
60 (an isolate of sausage); N5 – Listeria 
monocytogenes (MB IMCC 8632) – refe-
rence strain; N6 – Listeria innocua 27. 

Preparation of bacteria cells  

The stock suspension of indicated bacte-
rial strain was prepared inoculating bacte-
ria in Caso broth TSAYE (Merck, cat No. 
1.05459.500) at the optimal temperature 
of 30 °С. The maximal cell concentration 
was obtained after 18–20 h growth as de-
termined by spectrophotometry at 600 nm.  

Temperature acclimatisation of bacteria 

Fifty μL of the obtained stock bacterial 
suspension were inoculated into 5 mL of 
the same Caso broth TSAYE. The bacte-
ria were allowed to grow at the indicated 
growth temperature, controlled by a ther-
mostat (Dry thermostatic cell chamber 
TLSO 80, ETNA producer, Bulgaria). To 
determine the cellular resistance to heat, 
only cells harvested from cultures in the 
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early stationary phase were used. The sta-
tionary phase was attained after 14 days 
growth at 2.5 °С, 7 days growth at 6 °С, 
18–20 hours growth at 30 °С, and so on.  

Hyperthermic killing of cells and determi-
nation of survival fraction  

Thermal resistance of acclimated bacteria 
was determined against a stress tempera-
ture (54 °C), which was significantly 
higher than the maximum temperature of 
growth (43 °C) for these bacterial strains. 
Ten mL of cell culture were placed in wa-
ter bath at 54 °C. During the heating (the 
warm up time was excluded), aliquots of 1 
mL were taken at the indicated time inter-
vals and duplicate probes of 0.1 mL were 
plated on agar, supplemented with Caso 
broth TSAYE, to determine the fraction of 
cells (in CFU/mL) remaining intact. After 
48 h growth at 30 °C, the colonies formed 
were counted and the survival fraction 
determined (Konings et al., 1984). Survi-
vor curves were obtained by plotting mean 
counts (log N) from duplicate plate sam-
ples against treatment time at 54 °C. 

Test of the thermal stability of plasma 
membranes  

The thermal stability test was conducted 
as per Ivanov & Boytcheva (1994) and 
Ivanov et al. (2010). Test bacteria were 
harvested in Caso broth TSAYE at the 
indicated growth temperature, isolated and 
once washed in 0.5 mL medium of 3 mM 
NaCl and 70 mM sucrose. The washed 
cells were resuspended in 0.1 mL of the 
same medium to impose strong trans-
membrane gradient of ion concentration. 
The latter suspension, with cytocrit about 
0.05, was placed in a thin glass tube ( 3 
mm and L 100 mm) that contained two 
electrodes of thin platinum wire distanced 
at 10 mm under alternating voltage of 100 
mV, 10 kHz. The glass tube was tightly 

incorporated within an aluminum block 
whose temperature was measured by a 
thermocouple. The aluminum block and 
suspension were heated at a constant heat-
ing rate (3 °C/min) from 20 to 85 °C. The 
hyperthermia induced out leakage of cel-
lular electrolytes with sigmoid tempe-
rature profile with midpoint temperature, 
Tg. The ion leakage was detected by the 
increase in low frequency (10 kHz) 
conductivity, Ks, of suspension.  

During the heating, the suspension 
conductivity, Ks, was continuously meas-
ured by a Solarton 1260 impedance/gain-
phase Analyser (Farnborough, UK) and 
the output signal of the impedance meter 
was transmitted into a personal computer. 
Similar to the conductivity of each elec-
trolyte solution, Ks exhibits a Boltzmann 
type of dependence on temperature (t, °C). 
In a narrow temperature interval, t, this 
dependence is reduced to closely linear 
one: Ks = Kso (1 + αt), where Kso is the 
value of Ks at the initial temperature and α 
is the temperature coefficient of Ks. It was 
not informative to this study and was cir-
cumvented using the temperature-
derivative of Ks that could be expressed as 
dKs/dt = Kso.α. During the heating, only α 
is variable sensing, at this frequency (10 
kHz), the changes in the volume of cells 
and conductivity of outside medium. The 
volume of cells remains constant, hence, 
the extracellular concentration of ions 
appears as the major determinant of Ks 
and α, sensing the out leakage of ions. At 
a steady-rate heating, the temperature pro-
file (thermogram) of dKs/dt appeared as a 
horizontal line, unless α changed causing 
a sharp peak around the inducing tempera-
ture, Tg (Ivanov et al., 2010). The 
reproducibility of determining Tg in repea-
ted experiments was within ± 0.3 °C. 
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Fluorescence measurements 

For fluorescence monitoring of the mo-
lecular dynamics of bacterial plasma 
membrane during heating, we used two 
UV-excitable fluorescent probes, Pyrene 
and N-(3-Pyrenyl) maleimide (PyM), both 
forming excimers (short for exited dimer). 
The fluorescent dye PyM (Fluka, Switzer-
land) was freshly prepared as 0.9 mg/mL 
stock solution in DMSO (Merck, Ger-
many). Prior to the addition of bacteria 5 
µl of this solution was added to 3 mL 
deaerated (100 °C, 5 min) suspension me-
dium containing 20 mM Tris buffer, pH 
7.0. The final concentrations of DMSO 
and PyM were 0.17 % (v/v) and 5 µM, 
respectively. Fluorescence was excited at 
336 nm and the intensities, I, of the emis-
sion peaks at 376 nm and 416 nm were 
measured. The first peak of spectra with 
intensity Im, corresponds to the emission 
of monomer, while the second peak with 
intensity Ie, depicts the emission of exci-
mer. In a separate experiment Pyrene 
(Merck, Germany) was dissolved in etha-
nol to the stock concentration of 1.5 mM. 
Prior to the addition of bacteria 5 µL of 
the latter solution was added to the same 
suspension medium to a final concentra-
tion of 3 µM Pyrene. Fluorescence was 
excited at 323.5 nm and the intensities of 
the emission peaks at 373 nm, Im, for the 
monomer and 473 nm, Ie, for the excimer 
components of spectra, respectively, were 
measured. The excimerisation coefficient 
of each dye, i.e., the number of excimers 
to number of monomers ratio was 
estimated by the ratio of Ie/Im. 

The source bacterial suspensions were 
diluted 5 times in 20 mM Tris-HCl buffer, 
pH 7. Aliquots of 5 µL of this suspension 
were added to 3 mL of the dye containing 
buffer and the final concentration of 0.67 
mg protein/mL (about 0.02 mg/mL plasma 
membrane protein) was obtained as meas-

ured by spectrophotometry with Beckman 
DU-50 (Germany) UV-VIS spectrometer. 
Spectra of the dyes were scanned between 
300 and 500 nm at different temperatures 
increased by steps (3 ºC, 10 min) from 20 
to 95 ºC. Data for the obtained spectra 
were collected by DAQ USB-6008 device 
(National Instruments Corp., USA) and 
processed with Origin software (Origin 
Lab Corp. USA). 

The fluorescence measurements were 
carried out in a heated quartz fluorescence 
cuvette. The core instrument was a spec-
trofluorimeter Jobin Yvon, model JY3 D, 
equipped with magnetic stirrer and cuvette 
holder, heated by a U10 water-flow 
thermostat (Medingen, Germany). The 
temperature of the measuring cuvette was 
measured by Cu-constantan Thermocoup-
le Meter, Omega, Newport Electronics, 
Inc. Model IDT-1 (Deckenpfronn, Germa-
ny), resolution 0.1 oC. Fluorescence spect-
ra were corrected by the blank fluores-
cence in the absence of fluorescent label. 
Due to the strong temperature variations 
in the intensity of membrane fluorescence, 
different apparatus magnifications were 
used and calibrated to the reference 
fluorescence intensity of the PyM label, 
dissolved in DMSO and kept at room 
temperature. 

RESULTS  

Fig. 1 demonstrates that the survivor cur-
ves of L. monocytogenes submitted to heat 
stress (54 °C) depended on the tem-
perature of growth within the entire tem-
perature interval of growth. Cells grown at 
the temperature extremes (6 °C and 40 
°C) exhibited maximum resistance to con-
sequent heat stress while cells acclimated 
to moderate and optimum temperatures 
(30 °C) were far more sensitive to heat 
challenge.  
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Fig. 1. Survivor curves of L. monocytogenes 
depending on the growth temperature. The 
cells were acclimated at the indicated tempera-
tures, exposed to 54 °C for the specified time 
intervals and the survival fractions were 
counted. The cells of strain N4 were acclima-
ted at 30 °C (○) and 6 °C (■), and the cells of 
strain N 5 (●) and N 6 (□) were acclimated at 
40 °C. 

 
Fig. 2 shows the particular changes in 

the temperature derivative of suspension 
conductivity, dKs/dt, encountered in this 
study during the heating of L. monocyto-

genes, strain N4 suspension. Similar 
thermograms were obtained with the other 
strains, N5 and N6 (not shown). Two 
sharp, irreversible peaks within the inter-
val of hyperthermic temperatures indi-
cated thermally induced ion leakage remi-
niscent for specific disturbance of perme-
ability barrier and structural alteration in 
plasma membranes. The top temperature 
of these peaks, Tg1 and Tg2, are considered 
representative of the ability of plasma 
membranes to retain their cytosolic ions at 
hyperthermia, i.e., thermal stability of 
plasma membranes.  

Fig. 3 shows the temperature profile of 
the excimerisation of PyM bound to the 
plasma membranes of L. monocytogenes, 
strain N4. With increasing the temperature 
and thermal motion of molecules the ex-
cimerisation of PyM, covalently bound to 
the integral proteins of membranes, 
smoothly decreased as expected. The ex-
cimerisation of PyM sharply increased at 
the Tg1 and Tg2 temperatures indicating a 
fall in intramolecular mobility and con-
vergence of integral proteins. By contrast, 

 
Fig. 2. Temperature profile of the leakage of cytosolic ions from L. monocytogenes, strain N4, during 
heating. The bacteria were harvested at 30 °C, isolated, washed once in a low-salt medium of 3 mM 
NaCl/50 mM sucrose, and resuspended in the same medium, cytocrit 0.05. The suspension was 
heated at 3.0 °C/min and the rate of ion loss was detected by the changes in the temperature deriva-
tive of suspension conductivity, dKs/dt, assayed at 10 kHz. Tg1 and Tg2 are the peak temperatures for 
maximum ion loss.  
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the excimerisation of pyrene did not 
change about the Tg1 and Tg2 temperatures 
(not shown). These results indicate that 
not the lipids but the integral proteins sus-
tained change in their conformation lead-
ing to their association and immobilisation 
during the membrane disturbance and 
related ion leakage at the Tg temperature. 

DISCUSSION 

In this study the temperature acclimatisa-
tion of L. monocytogenes was ascertained 
testing the intrinsic thermal resistance of 
bacteria, cultivated in the whole tempera-
ture interval of growth. The same depen-
dence on the growth temperature was pre-
viously reported for the midpoint tempera-
ture of ion leakage, Tg, the so called ther-
mal stability parameter of plasma mem-
brane (Ivanov et al., 2010). The Tg had 
higher values with bacteria cultivated at 
the low and high temperature extremes of 
the growth temperature interval and con-
siderably (~8 °C) lower values with bacte-

ria grown at the center of this interval. 
Overall, recent and previous results alto-
gether indicate that the Tg temperature 
could be a reliable parameter in predicting 
the intrinsic thermal resistance of bacteria, 
as dependent on their growth temperature. 

The relevance of the Tg, i.e., the ion 
leakage peak, in predicting the intrinsic 
resistance of L. monocytogenes to heat 
was now supported by another finding. In 
recent experiments we frequently encoun-
tered the case when the temperature pro-
file of suspension conductivity derivative 
exhibited two Tg peaks (Fig. 2), instead of 
a single one as previously reported (Iva-
nov et al., 2010).  

According to this result two different 
populations of the same bacterial strain 
were present whose plasma membranes 
had different thermal stability. This adap-
tive response of L. monocytogenes to heat 
could be responsible for the frequent oc-
currence of deviations (tails and shoul-
ders) during heat treatments that were are 
observed in the exponential model of mi-

 
Fig. 3. Temperature dependence of the excimerisation (Ie/Im) of PyM, covalently bound to the inte-
gral proteins of L. monocytogenes, strain N4. The PyM excimerisation, i.e., the number of excimers 
to monomers ratio was calculated as ratio of the emission peak intensities at 416 nm and 376 nm, 
respectively.  
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crobial inactivation (Sergelidis & Abra-
him, 2009). These deviations from log-
linear kinetic are interpreted in terms that 
in addition to the D and Z values the pre-
diction of food safety needs another pa-
rameter (Sergelidis & Abrahim, 2009), for 
example the shape of the ion leakage, or 
Tg, peak(s).  

The thermally induced structural al-
teration in bacterial plasma membranes 
about the Tg temperature was further in-
vestigated with the excimer-forming, fluo-
rescence probes, Pyrene and PyM. Exci-
mers form and are apparent in the fluores-
cence spectrum of probes when two 
Pyrene moieties come in close proximity 
stack on each other. Due to their high hy-
drophobicity these probes intercalate into 
the plasma membranes. The first probe 
resides in the lipid bilayer reporting the 
changes in its viscosity. At the chosen pH 
7.0 the PyM probe binds covalently the 
SH-groups of integral proteins monitoring 
changes in the dynamics, tertiary and qua-
ternary structure of the latter. PyM exists 
as monomer when bound to a spatially 
isolated SH-group of a membrane protein. 
When two or more PyM-marked SH-
groups come within a 4-10 Å proximity 
distance to each other their PyM mono-
mers form an excimer, i.e., a combination 
of an excited singlet dye molecule with 
another unexcited one. Emission of the 
PyM excimers, bound to the integral 
proteins of bacterial plasma membranes 
was used to assess the intramolecular 
dynamics and spatial convergence of these 
proteins (Chiti, 2010).  

Similar convergence and immobilisa-
tion of integral proteins, without denatura-
tion of their secondary structure, have 
been recently established in the plasma 
membrane of human erythrocytes about 
their Tg temperature (Ivanov et al., 2011). 

In conclusion, the presented data pro-
vide structural information about the 
thermally induced alteration in the plasma 
membrane of L. monocytogenes about the 
Tg temperature, relevant for the heat kill-
ing of bacteria. The ion permeability rise 
at Tg accompanies and possibly could be 
ascribed to the thermally induced changes 
in the tertiary and quaternary structure of 
integral proteins. 
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