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Influence of a medium pH and ionic strength  
on the adhesion of Streptococcus thermophilus 
microorganisms to human erythrocytes

Abstract

Background and Purpose: Diseases caused by bacterial pathogens are 
the result of the host-pathogen interaction, therefore the contact of bacteria 
with erythrocytes is highly possible. The aim of this work was to study Strep-
tococcus thermophilus adhesion on human erythrocytes depending on the 
various pH and ionic strength of the medium.

Materials and Methods: Streptococcus thermophilus bacterial cells 
and human red blood cells have been selected. Erythrocytes were washed 
with buffer saline and precipitated by centrifugation. Dried bacterial cells 
were suspended, incubated, washed in buffer saline and precipitated. The 
precipitate of both types of cells was resuspended in 1:2 ratio in a buffer 
solution with different physicochemical characteristics. The number of  bac-
teria adhered to each erythrocyte has been counted under light microscope 
in each field of view and adhesion coefficient has been calculated.

Results: Adhesion coefficient is strongly dependent on pH of the medium 
and reaches maximum at physiological pH for red blood cells. Data for the 
other examined pH values probabilistically differ at the same confidence 
level. Adhesion index was the highest in physiological saline (2.21 ± 0.87). 
Both increase or decrease in the ionic strength (0.2 M salt) resulted in the 
drop of adhesion rate, it becomes minimal (0.95 ± 0.63) in the medium 
with the lowest investigated ionic strength (0.25 M sucrose, 0.025 M salt).

Conclusions: The results of our experiments indicate that adhesion pro-
ceeds through initial nonspecific stage which plays an important role in the 
adhesion process and affects the possibility of the second irreversible stage of 
adhesion.

INTRODUCTION

Bacterial pathogens interact with host cells resulting in infectious 
deseases. Infection proceeds through colonization or penetration 

into deep host tissues where bacteria synthesize specialized protein fac-
tors, allowing them to bind to host cells. Adhesin receptors usually 
represent hydrocarbons of surface exposed glycoproteins or glycolipids, 
often covalently attached to membrane proteins of epithelial cells in the 
target tissue or organ. These hydrocarbons are often found in the same 
glycocompounds, proteins or sialoglycoproteins of cell membranes in 
other places except the target tissue or organ. For instance, red blood 
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cells exhibit a huge variety of complex glycoproteins, gly-
cosphingolipids and gangliosides which are identical or 
similar to adhesin receptors on epithelial cells. Thus, red 
blood cells are a convenient source of mammalian cells, 
which have a large number of exposed complex carbohy-
drates, which are potentially related carbohydrate se-
quences for bacterial adhesins. For example, adhesion of 
hemagglutinin of Helicobacter pilori to the blood cell 
membrane has characteristics similar to those observed 
when bacteria attach to epithelial cells (1).

On the other hand, germs of bacterial nature that get 
into the bloodstream interact with various components of 
plasma and blood cells. The most likely is a contact of 
bacteria with erythrocytes. However, there is almost no 
information on the role of germ adhesion to erythrocytes, 
which largely determines the development of the immune 
response and infectious processes. Mechanisms of bacte-
rial adhesion to the surface of red blood cells had been 
poorly studied. That is why a more detailed study of the 
influence of the temperature and environmental param-
eters on bacterium fixing activity to erythrocytes is of 
importance.

In this work we investigated the dependence of Strep-
tococcus thermophilus adhesion to human red blood cells 
on pH and ionic strength of the medium.

mATERIALS AND mETHODS

The ability of lactobacilli chain adhesion to human 
erythrocytes has been monitored. We used Streptococcus 
thermophilus bacterial cells as a model.

Red blood cells were washed twice with physiological 
0.1 M phosphate buffer saline at pH 7.4 and precipitated 
by centrifugation at 2,000 rpm for 5 minutes. The dried 
bacterial cells were suspended in saline supplemented 
with 5% glucose and incubated at 37 °C for 30 minutes. 
Then, they were washed in saline and collected by cen-
trifugation at 6,000 rpm once more. The precipitates of 
both types of cells were resuspended in 1:2 ratio in buffer 
solution (specify which solution) with appropriate physi-
cochemical characteristics.

Cell suspension has been mixed with an experimental 
solution in 1:1 ratio and incubated at 37ºC for 30 minutes, 
shaking every 5 minutes. Adhesion of bacterial cells to hu-
man erythrocytes was examined by means of Axio Ob-
server Z1 microscope (oil-immersion lens ´63). To calcu-
late the number of adhered bacteria, five different fields of 
view (before and after each mechanical shake of the sam-
ple) have been recorded. Within each field of view the num-
ber of adhered bacteria to each erythrocyte has been count-
ed and the average number of adhered bacteria to a single 
erythrocyte - adhesion coefficient - has been calculated.

To examine the influence of the medium pH the pre-
cipitates of both cell types were resuspended in 1:2 ratio 
in buffered saline, pH 5.8, 6.6, 7.4 and 8.0.

Figure 1. The dependence of adhesion coefficient K of bacteria cells 
Streptococcus thermophilus to human erythrocytes on medium H.
Note: * – data differ significantly from data for pH 7.4; + – data likely 
differ from data for pH 6.6 and 8.0; p < 0.001.

Figure 2. The dependence of adhesion coefficient K of bacterial cells 
Streptococcus thermophilus to human erythrocytes on the ionic 
strength of the medium.
Note: * – data differ significantly from data for blank test; p < 0.001; + 
– data differ significantly from data for any other examined media.

In experiments assessing the influence of ionic strength 
of the medium on the adhesion coefficient of bacterial 
cells to erythrocytes the medium ionic strength has been 
reduced by replacing electrolytes with sucrose to maintain 
the solution osmolality at a physiological level. The fol-
lowing solutions have been used in the experiment: N1: 
0.1 M sucrose + 0.1 M salts; N2: 0.2 M sucrose + 0.05 M 
salts; N3: 0.25 M sucrose + 0.025 M salts; N4: 0.2 M 
saline; blank test: a physiological buffered solution. All 
the solutions were at pH 7.4.

RESULTS

The influence of the medium pH on the process of 
Streptococcus thermophilus adhesion has been examined. 
Figure 1 shows the adhesion coefficients obtained for dif-
ferent pH values and the adhesion coefficients obtained 
for solutions of different ionic strength at pH 7.4 are pre-
sented in Figure 2.
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Results show, that the adhesion coefficient is strongly 
dependent on the pH of the medium and has maximum 
at physiological values for red blood cells. Adhesion coef-
ficients for pH 5.8 (281 erythrocytes were counted), 6.6 
(166 erythrocytes were counted), and 8.0 (91 erythrocytes 
were counted) differ significantly (p< 0.001) from those 
for pH 7.4 (283 erythrocytes were counted). Data for pH 
5.8 and other examined pH values probabilistically differ 
at the same confidence level. However adhesion coeffi-
cients for pH 6.6 and 8.0 do not probabilistically differ.

At physiological pH values the adhesion coefficient is 
the largest in physiological saline. Increasing the salt con-
centration from to 0.2 M resulted in the adhesion coef-
ficient decrease by 20 % (however the difference is not 
probabilistic). Lowering the ionic strength of the medium 
leads to a decrease in adhesion. The adhesion coefficient 
was shown to be the lowest in the medium of the minimal 
ionic strength (solution N3). The value of adhesion coef-
ficient in this medium probabilistically differs from those 
for all other investigated media. The following number of 
erythrocytes were counted in the examined solution: 
0.1 M sucrose + 0.1 M salts - 124 erythrocytes, 0.2 M 
sucrose + 0.05 M salts - 122 erythrocytes, 0.25 M sucrose 
+ 0.025 M salts - 199 erythrocytes, 0.2 M saline - 134 
erythrocytes,  blank test - 283 erythrocytes.

DISCUSSION

Adhesion is a complex process controlled by many spe-
cial systems. The process of bacterial adhesion is usually 
discussed in terms of the two-stage sorption model which 
has been proposed by Marshall and others (2). According 
to this model, at the first stage bacteria quickly attach to 
the surface by weak physical interactions, forming most-
ly reversible attachment, while at the second irreversible 
stage molecular and cellular adhesion processes take 
place, and the aggregates resistant to any washing process-
ing are formed (3). Therefore, after some time, the adhe-
sive bond between the bacteria and the substrate surface 
becomes stronger, transforming the process into irrevers-
ible state. Microbial desorption has been studied in situ 
in the device with controlled flow as a function of reten-
tion time of organisms on the surface. We have found that 
S. thermophilus desorption significantly reduces within 
about 50 seconds after the initial adhesion due to strength-
ening of the bonds. Previously atomic-force microscopy 
(AFM) was used to confirm the strengthening of the 
bonds between the cell surface of S.thermophilus and sili-
con nitride tips. These data were consistent with the mac-
roscopic data obtained for microorganisms desorption 
under the action of flow, depending on the exposure time. 
AFM has shown the strengthening of bonds between the 
tip and the cell surface within 100 seconds of exposure, 
i.e. within the time interval of the same order as the time 
necessary for the strengthening of the bonds depending 
on the exposure time during desorption. The authors be-
lieve that the comparison of the interaction energy ob-

served by means of AFM and macroscopic desorption 
method indicates that the bond’s strength increases as a 
result of multi-attachments of extracellular polymeric 
substances to the substrate surface (4). However, strength-
ening of the bonds with time has been also found in ex-
periments with quartz fibers (5). Effect of the slow de-
struction of boundary layers, which were losing their 
stability due to mutual overlap, was observed. As a result, 
adhesion strength increases with increasing contact time. 

In our experiments, bacteria have been incubated with 
erythrocytes for 30 minutes. Thus, the data obtained re-
flect the result of the final (irreversible) stage. However, 
the impact of the first stage of attachment certainly affects 
the final result. From physico-chemical point of view, the 
initial instantaneous phase of microbial adhesion is medi-
ated by nonspecific interactions with the characteristics 
of long-range action, including Lifshitz – van der Waals 
forces, electrostatic forces, acid-base and hydrophobic in-
teractions and the forces of Brownian motion. Depending 
on the relatively limited number of physical and chemical 
properties, it is usually considered within Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (5-7). Bacte-
rial adhesion to many materials has been successfully 
described in terms of colloidal interaction forces due to 
physico-chemical properties of bacteria and surfaces (6). 
Bacteria can have multiple adhesins for different sub-
strates, usually lectins or lectin like proteins or carbohy-
drates, parts of the surface polymeric structures that in-
clude capsules, villi or piles. However, many studies have 
claimed that these structural features are less important 
in the initial stages of binding than thermodynamic fac-
tors (8, 9), and a number of detailed studies have been 
undertaken to support this assertion (10, 11). Extended 
DLVO theory, proposed in (5, 12), uses components of 
both models and includes acid-alkali interactions (hydro-
phobic/hydration effects) in addition to the classical van 
der Waals and electrostatic interactions. In some cases, 
the extended DLVO theory qualitatively predicts the ex-
perimental adhesive results better than the classical 
DLVO theory and thermodynamical approach separately. 

Therefore, adhesion of eukaryotic cells as well as mi-
croorganisms is a complicated process, which is influ-
enced by many factors, including some properties of the 
cells themselves (hydrophobicity, surface charge, specific 
adhesins, virulence factors, etc.), material surface of the 
object (chemical composition, inequality, wettability, etc.) 
and external factors (temperature, exposure time, number 
of cells, the presence of antibiotics, chemicals, etc.). pH 
of the medium can affect adhesion in several aspects. The 
total surface charge is determined by the components of 
the cell wall. Because of different pH values, the surface 
chemical groups, such as carboxyl, hydroxyl, and phos-
phate groups undergo protonation at different levels, 
which affects the surface charge (13, 14). Most of lacto-
bacilli lines usually have isoelectric point between 3 and 
4.5 (13, 15), and in some cases even below 2 (14, 16). 
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In the case of two different cell surfaces studied here 
the situation is further complicated as the changes on 
both surfaces will affect the resulting adhesion. It was 
shown that the initial desorption rate coefficients for 
S. thermophilus binding to the glass surface, were higher 
at pH 2 than that at pH 7, i.e. the binding of S.thermophilus 
at the initial stage was stronger at pH 7 than in an acidic 
medium (pH 2). These results are consistent with the data 
obtained by atomic force-microscopy (4).

The adhesion of BHK cells to various polymeric sur-
faces with measured densities of hydroxyl and carboxyl 
groups was studied in (18). The impact of blocking of 
hydroxyl groups by acetylation and carboxyl groups by 
diazomethane on cell adhesion has been examine. It has 
been shown that hydroxyl groups are required for cell 
adhesion, however high surface density of these groups 
decreases cell adhesion, i.e. there is some optimum surface 
density of OH groups for BHK cells adhesion. Carboxyl 
groups inhibited cell adhesion to some extent. Observed 
increase in adhesion when blocking these groups by meth-
ylation can be taken as evidence of the process.

On the other hand pH of the medium can influence 
the properties of adhesins and receptors. For example, in 
(19) it was shown that purified adhesins isolated from Bac-
teroides loeschei, are basic proteins with pI values between 
7.4 and 8.0. The authors believe that the adhesins recog-
nize the same sugars in the prokaryotic and eukaryotic 
receptors, although the nature of these receptors is proba-
bilistically very different. A bacterial receptor is probably 
similar to a polysaccharide of a cell wall, whereas an eryth-
rocyte receptor is likely a glycoprotein or glycolipid. The 
properties of the purified adhesins were dependent on pH 
of the medium and its the ability to agglutinate red blood 
cells and streptococcus microorganisms were only devel-
oped in a neutral medium with pH 6.8 and hasn’t devel-
oped in an acidic medium with pH 4.6.

In our case, the S.thermophilus adhesion to erythro-
cytes was also the highest at physiological pH values and 
decreased by changing the pH both to acidic or alkaline 
value.

Increase in the electrolyte concentration leads to either 
a decrease in electrostatic potential of the surface as a 
result of counterions adsorption, or compression of the 
diffuse ionic layer, or to both at the same time; in any case 
it is accompanied by the lowering of barrier repulsion. 
When a certain electrolyte concentration is reached the 
attractive forces become dominant at all distances (5). For 
some microorganisms the influence of ionic strength of 
the suspending solution on hydrophobicity of a cell sur-
face has been shown. Hydrophobicity of the cell surface 
of certain lines of lactobacilli was shown to change in 
response to alterations in ionic strength (20). Two select-
ed lines exhibited dynamic cell surface hydrophobicity - 
the line of lactobacilli with SLP (L Lactobacillus acidoph-
ilus ATCC 4356) was hydrophobic in 10 mM KCl and 

became more hydrophilic in 100 mM KCl, whereas the 
line without SLP (Lactobacillus casei ATCC 393) was hy-
drophilic in 10 mM KCl and became hydrophobic in 100 
mM KCl. The authors believe that the dynamic behavior 
of bacterial cell surfaces, when ionic strength is changing, 
provides multilateral mechanism of adhesion to hydro-
phobic and hydrophilic surfaces in solutions with low and 
high ionic strength for certain lines of lactobacilli.

In (21), the role of cell surface hydrophobicity of two 
lactobacilli lines with and without surface layer of proteins 
(SLP-layer) was investigated with regard to their adhesion 
to hydrophobic or hydrophilic surfaces at low and high 
values of the ionic strength of the suspension. At low ion-
ic strength of the suspension, both lactobacilli lines dem-
onstrate higher initial rate of attachment to a glass hydro-
phobic surface than to a hydrophilic one, while at the high 
ionic strength of the suspension a clear influence of a cell 
surface hydrophobicity on adhesion was not observed. In 
(22) it was shown that the number of adhered Streptococ-
cus. oralis 34 microorganisms after 4 hours of incubation 
was higher in 50 mM KCl, than in 15 mM KCl, and de-
creased in 250 mM KCl. V-potential of investigated oral 
microorganisms decreased by absolute value from -20 mV 
in 2 mM KCl to -10 mV in 100 mM KCL. The main re-
duction of V-potential occurs up to the concentration of 
60 mM. When the mentioned concentration is reached 
the curve of V-potential change reaches the plateau.

According to extended DLVO theory, at the initial 
stages of adhesion in addition to electrostatic and disper-
sion interactions, the so-called structural strengths are 
considered. They were discovered in experiments measur-
ing the power threshold by crossed filaments. In solutions 
of low ionic strength the satisfactory agreement with 
theoretical estimates by DLVO theory is observed. How-
ever, in solutions with a concentration of more than 0.1 
mol/l additional forces, not taken into account by the 
theory, appeared. These forces did not disappeared neither 
at the point of zero charge, nor with further increase in 
the electrolyte concentration. Structural forces appear 
between surfaces when the thickness of the aqueous layer 
between them h ≤ 70-80Å, i.e. when the effect of their 
sharp exponential increase with decreasing thickness start 
to contribute increasingly. Structural repulsion forces in 
the range of short distances undergo a dramatic exponen-
tial rise with the characteristic length in the order of 10Å. 
Thus for distances h <50Å the increase in concentration 
of 1-1 electrolyte to 0.01 mol/L had little effect on the 
structural forces, and at the higher concentration bound-
ary aqueous layers begin to deteriorate rapidly. At a dis-
tance of h> 50Å differences in the drop of structural 
forces are also observed, they are more long-range in solu-
tions of low ionic strength, i.e. increase in electrolyte con-
centration reduces the structural forces range and results 
in their sharp decrease (5).

Thus, the results of our experiments, showing the de-
pendence of adhesion of S.thermophilus microorganisms 
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to human erythrocytes on pH and ionic strength of the 
suspending solution, are consistent with the provisions of 
the extended DLVO theory. These results indicate that 
the first non-specific stage plays an important role in the 
process of adhesion and affects the possibility of the sec-
ond irreversible stage of adhesion.
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