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The problem of biofilm formation by clinical strains of opportunistic bacteria is one of the most significant for medicine, because in a
state of biofilm bacteria become more resistant to environmental factors, including antibiotics, a situation that can cause failure of treat-
ment. Among opportunistic pathogens staphylococci are of special interest. Knowledge about the peculiarities of biofilm formation of
these strains, in particular the polysaccharide biosynthesis, can be used for creation of a strategy of prophylaxis of different lesions that bind
with staphylococci. The effect of different concentrations of the most widespread sugars (glucose, sucrose, lactose, galactose) on the activi-
ty of biofilm formation by strains of Staphylococcus epidermidis was investigated. Strains of S. epidermidis (n=7) were isolated from the
reproductive tract of women with dysbiosis. The cultures were grown in universal synthetic media with concentration of one of the listed
sugars (0.5-3.0%) during 72 h. Results were obtained colorimetrically. We studied the number of cells in biofilm and the index of biofilm
formation. The largest number of cells in the biofilm was observed when the culture incubated in a medium with 2.0% of glucose (in-
crease of 25.3 times compared to control). The amount of CFU in the control biofilm was 9.96 Ig CFU/mL. The glucose concentration of
3.0% inhibited the biofilm formation: the number of cells in the biofilm was 569 times less compared to the control. The highest value of
biofilm formation index was 7.2, which was 1.3 times higher than the control (5.4). In the presence of lactose and galactose in nutrient
medium in concentrations from 1.0% a decrease in the number of cells and biofilm formation index were observed. The received data
show that process of biofilm formation is significantly dependent on external sources of sugars, which can indicate the possibility of their
use as antibiofilm drug compounds, which inhibit membrane transport of sugars in bacteria.
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Introduction

Nowadays the problem of staphylococcal biofilms is positioned as
one of the most important in medical practice. In the first place, this is
usually due to the fact that in the form of film microorganisms acquire
both an enhancement of their inherent qualities and new features, especial-
ly when it includes to polymicrobial communities (Bester et al., 2010;
Sobkova et al., 2017). However, the study of biofilms originates in studies
of marine and oceanic microbial communities, where microorganisms are
often found in an attached state both in natural habitats and in water-re-
lated industrial facilities (Costerton et al., 1987; Paharik & Horswill,
2016). Only relatively recently was it found that the development of bio-
films is important for many types of infections and currently biofilm for-
mation is a typical way of bacterial persistence in macroorganisms (Jac-
queline & Caillon, 2014; Lavryk & Komijchuk, 2015; Schilcher &
Horswill, 2020). Therefore, today the predominant direction of research is
biofilms related to infectious processes. According to the National Insti-
tutes of Health (USA), up to 80% of human infections are associated with
biofilm formation (Sun et al., 2013). Such pathological processes are a
serious clinical problem, because in the biofilm form microorganisms
increase their resistance to environmental factors such as antibiotics, anti-
septics and disinfectants, pH, radiation etc. (Hoiby et al., 2009; McKew
etal., 2011; Sobkova et al., 2017; Palchykov et al., 2019; Zazharskyi et al.,
2019a,2019b).

Among the great variety of human pathological processes, infections
caused by staphylococci occupy a special place. Bacteria of the genus
Staphylococcus include a diverse group of commensals that colonize the
skin and mucous membranes of mammals, including humans (Kuchtyn
etal., 2013; Sobkova et al., 2017). Some of the most well-known mem-
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bers of this genus, such as S. aureus and S. epidermidis, are also opportu-
nistic pathogens, which are associated with a huge burden on the health
care system (Becker et al., 2014; Paharik & Horswill, 2016). In particular,
statistics in the USA show that S. aureus and coagulase-negative staphy-
lococci rank first and third among the most common etiological agents of
nosocomial infections, respectively, including infections associated with
medical equipment and surgical wounds (Weiner et al., 2016).

One of the reasons for the “problematic” nature of staphylococci is
their ability to attach to surfaces and develop into complex structures
known as biofilms (Kiedrowski & Horswill, 2011; Rupp, 2014).
The structure and properties of biofilms have been studied for a long time
and a considerable amount of information has already been accumulated.
However, issues related to purely practical interests, such as the search for
tools and schemes to treat lesions caused by biofilms, remain open (Bu-
zon-Duran et al., 2017). To address such issues, it is necessary to have
knowledge about the peculiarities of the biofilm response to external fac-
tors and their combinations, and knowledge is needed not only about the
structure of biofilms, but also about their physiological and biochemical
features (Schilcher & Horswill, 2020). And it is here that the existing
scientific achievements are much smaller (Bester et al., 2010; Hou et al.,
2012). In particular, the question of metabolic properties of biofilms is in-
sufficiently studied, there is almost no generalized information about the
influence of factors of different nature on the formed biofilm, and only
some aspects of their effect on biofilm strains are studied (Sousa et al.,
2006; Kroukampand & Wolfaardt, 2009).

Among the significant amount of data on the modeling of biofilms,
there are only some materials on biofilms associated with the microbiota
of open cavities of humans and animals (Coenye & Nelis, 2010; Lebeaux
etal., 2013). This, in particular, applies to the simulation of disorders of the
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genital tract microbiota, although it is known that the biofilm organization
in this habitat presents the main threat of chronicity of such pathological
processes as bacterial vaginosis, because it delays transient microorga-
nisms and increases their survival under antagonism and environmental
factors (Brotman et al., 2008; Patterson et al., 2010; Lavryk & Komijchuk,
2015; Sobkova et al., 2017). Of particular interest is the study of staphylo-
coccal biofilms, which are among the most common, especially given the
ability of staphylococci to colonize almost any habitat of the human body
and for a long time, and sometimes for life, persist in the body, causing
recurrence of infections (Diemond-Hernandez, 2010; Hou et al., 2012;
Sobkova et al., 2017).

Formation of biofilm is not an obligatory condition for the living of
microorganisms, however, this form significantly increases the survival of
microorganisms in the environment (Heiby et al., 2010; McKew et al.,
2011; Sun et al., 2013), which is related to the structure of the biofilm, in
particular, with the presence of the matrix layer around the cell cluster.

Study of the effect of sugars on the formation of biofilms is of signifi-
cant interest, since the effect of the formation of the exopolymeric matrix
depends on the sugars. It is typical for staphylococci (Vergara-Irigaray
etal., 2008), preferably containing polysaccharides. Monomers for the
synthesis of these polysaccharides are external sugars, which can be di-
luted after absorption by staphylococci as a source of energy and as a
plastic material (Becker et al., 2014).

The aim of the research was to investigate the effect of different con-
centrations of the most widespread sugars (glucose, sucrose, lactose, ga-
lactose) on the activity of biofilm formation by strains of S. epidermidis.

Materials and methods

For the research 96-well immunological plastic plates (LAB-Medica,
China) were used. The number of viable cells and the biofilm-formation
index of S. epidermidis strains (n = 7) isolated from the reproductive tract
of women with dysbiosis were determined. In each well of the vertical
rows of the plate 200 pL of a universal synthetic medium was applied
(g/L: citric acid — 10, asparagine — 3, K,;HPO, — 6, ZnSO, — 0.5, MgSO, —
0.7, FeSO, — 0.1, NaCl — 6, Na,HPO, — 1.5, glycine — 1.0, amber acid —
3.0 and glycerin —40-50 mL. Distilled water was added to 1 liter. The pH
of the medium for growing staphylococci was set as 7.5-7.6 (Evglevsky
et al,, 2011) with different concentrations of sugars: glucose, sucrose,
lactose and galactose (Table 1).

Table 1
Preparation of medium with different concentrations
of sugars (glucose, or sucrose, or lactose, or galactose)

Base medium, mL Concentration of sugar, %
99.5 05
99.0 1.0
9.5 15
98.0 20
975 25
97.0 30

In a nutrient medium 100 pL of a bacterial suspension containing
1.0 x 10* CFU/mL was placed. As a control a well with 200 uL of sterile
base medium and 100 pL of bacterial suspension containing 1.0 x 10°*
CFU/mL was used: it was a control of biofilm-formation. Another control
was a well with 200 pL of sterile base of the medium and 100 pL of iso-
tonic solution (0.5% NaCl): it was a control of the nutrient medium.

Preparation of suspensions of microorganisms with a determined
concentration of microbial cells was made in a sterile isotonic solution
(0.5% NaCl) and with the next inoculation of dilutions prepared from the
obtained bacterial suspension to determine the amount of CFU/mL.

The analysis of film growth was made 72 h after inoculation of the
cell suspension into the wells of the plate.

To determine the number of viable cells in the formed biofilm the re-
sidues of the nutrient medium were removed by micropipette fiom the
wells of the plate, and then the biofilm was washed twice with isotonic
solution (0.5% NaCl). The biofilm was homogenized. From the obtained
bacterial suspension, the 10-fold dilution were made and inoculated on
Petri dishes with meat-peptonic broth. After 24 h of incubation, the num-
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ber of CFU/mL was calculated. The index of biofilm formation was de-
termined by measuring of the amount of crystalline violet associated dye
on a photo-electro-colorimeter of KFK-2MP. After the cultivation, the
residue of the nutrient medium was removed by a micropipette. The sur-
face of the biofilm was washed with 0.01 M phosphate buffer (pH = 7.2)
and stained with 0.1% crystalline violet for 10 min.

The surface of the biofilm was washed with isotonic solution (0.5%
NaCl) and dried at room temperature, then the dye bound to the biofilm
was extracted with ethanol (Stepanovic et al., 2000). Then, the measure-
ments of the optical density of ethanol extracts on a photo-electro-
colorimeter at a wavelength of 590 nm in a cuvette with an optical path
length of 1 cm were made. The growth of the biofilm of the studied strains
under the influence of various concentrations of sugars was evaluated by
the presence of a difference in optical density between the experimental
and control samples, followed by the calculation of the biofilm formation
index as relation of a result of multiplication of optical density values of
crystalline violet and planktonic cells to optical density values of inoculat-
ing dose. Wavelength 590 nm was used (Santos & Soviero, 2007). Re-
sults were calculated in conventional units.

All experiments were performed in triplicate for three independent
cultures and the means + standard error (x = SE) were calculated.

Results
After 72 hours of incubation, we counted the number of cells in bio-

films of S. epidermidis, which were formed in media at different concen-
trations of sugars (Fig. 1).
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Fig. 1. Dynamics of the number of colony-forming units in S. epidermidis
biofilms after 72 h cultivation in single sugar medium (x + SE, n=3)

The largest number of cells in the biofilm was observed for the cul-
ture incubated in a medium with 2.0% of glucose, which exceeded
25.3 times the number of cells in the control well. The amount of CFU in
the control biofilm was 9.96 Ig CFU/mL. The glucose concentration of
1.5% also resulted in a 2.0-fold increase of the number of cells in the bio-
film compared to the control. When the glucose content in the nutrient
medium was 3.0%, inhibition of biofilm formation was noted, as the
number of biofilm cells formed at this concentration was 569 times less
compared to the control. Glucose concentrations 0.5-1.0% did not cause
significant changes in the number of cells in the biofilm compared to the
control.

During the cultivation of S. epidermidis biofilms in media containing
different concentrations of other studied sugars — sucrose, lactose and
galactose, there was a decrease in the amount of cells in the biofilm de-
pending on the increase in sugar concentration. The sucrose content 0.5—
1.0% did not have a significant effect on the number of cells in the bio-
film: the values were almost consistent with the control. But the increase
in the concentration of sucrose in the nutrient medium to 1.5% caused a
decrease of the number of cells in the biofilm of S. epidermidis by
11 times compared with the control. A further increase in the sucrose
content in the culture medium led to a gradual decrease in the number of
biofilm cells: at 2.0% — 170 times, at 2.5% — 4.6 x 10 times, at 3.0% —
2.0 x 10° times compared to control. If lactose content was 0.5% in the
medium, no significant changes in cell count compared to the control
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indicator were observed. The gradual increase in the concentration of this
sugar provoked a decrease in the content of cells in the biofilm compared
to the control. Thus, during the formation of the biofilm in a medium
containing 1.0% lactose, there was a decrease in the number of cells by
7.8 times, 1.5% lactose — 2.3 x 10’ times, 2.0% — 2.0 x 10" times, 2.5% —
42 x 10’ times, 3.0% lactose — 6.1 x 10° times compared with the control.
A similar effect on the biofilm formation was shown by galactose, as only
sources of carbohydrates, with content of 0.5% the number of cells in the
biofilm corresponded with the control amount. The subsequent increase of
sugar concentration caused a decrease in the number of cells. During
cultivation in a nutrient medium containing 1.0% galactose, there was a
decrease in the number of CFU by 190 times, at a content of 1.5% — 3.7 X
10° times, 2.0% galactose — 2.2 x 10* times, 2.5% — 4.9 x 10° times, 3.0%
galactose — 8.1 x 10° times compared with the control.

The effect of all sugars on biofilm formation index of S. epidermidis
strains is represented in Figure 2.
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Fig. 2. Dynamics of biofilm formation index in S. epidermidis biofilms
after 72 h cultivation in single sugar medium (x + SE,n=3)

The formation of the S. epidermidis biofilm occurred during the addi-
tion of all studied glucose concentrations. As in the case of the number of
cells, the highest value of biofilm formation index was 7.2. It was ob-
served during the cultivation of the biofilm in a medium containing 2.0%
glucose: the value of biofilm formation index was 1.3 times higher than
the control. During the formation of the biofilm of S. epidermidis in a
nutrient medium containing 0.5-1.0% glucose the biofilm formation
index was 5.6 and 5.8, respectively, significantly corresponding to the
control value, which indicates a low level of dependence of the biofilm
formation on these concentrations of sugar. The biofilm formation index
of S. epidermidis strains, which were determined for biofilms formed in a
medium containing 2.5% glucose, can also be compared with the con-
trol — 5.4. As with the number of cells, a glucose content of 3.0% pro-
voked a 2.2-fold decrease in the biofilm formation index compared to
control. The biofilm formation index found for biofilms formed in a me-
dium with 2.0% glucose was 2.9 times higher than the biofilm formation
index for biofilms formed in a medium with 3.0% glucose.

It was found that the formation of the S. epidermidis biofilm was neu-
trally affected by the sucrose content of 0.5% to 1.0% in the medium, as
biofilm formation index coincided with the control, which was 5.4, which
confirms the results obtained when determining the number of cells.
A further increase in the concentration of sucrose in the culture medium
led to a decrease in the biofilm formation index. Thus, when studying the
effect of sucrose concentration of 1.5% on the formation of S. epidermidis
biofilm, we noted a decrease in the biofilm formation index by 1.2 times
compared with the control, sucrose content of 2.0% led to a further de-
crease in the biofilm formation index — 2.5 times, and sucrose content of
3.0% led to a decrease in the biofilm formation index by 6.0 times. It was
found that during the increase of lactose concentration 1.0-3.0% there was
a decrease in the intensity of biofilm formation. The biofilm formed most
intensively if the concentration of lactose was 0.5%, as biofilm formation
index was 5.6, which may be coincided with the control data. At a content
of 3.0% lactose in the nutrient medium, the biofilm formation index de-
creased 27.0 times compared with the control. The results obtained coin-
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cide with the data obtained during the determination of the number of
biofilm cells.

With increase of galactose concentration, as in the case of lactose,
there was a decrease in the intensity of biofilm formation. During the for-
mation of the biofilm in the culture medium containing 0.5% galactose,
the biofilm formation index coincided with the control index, with a fur-
ther increase there was a decrease in the biofilm formation index. Thus,
during the formation of the biofilm in a medium containing 3.0% galac-
tose the biofilm formation index was 18.0 times lower compared to the
control, which was 5.4. Thus, we can conclude that the formation of the
biofilm was more intense in the case of the addition of 2.0% glucose into
the nutrient medium, as the number of cells increased by 25.3 times com-
pared to the control, and the biofilm formation index was 7.2, which is 1.3
times higher than the control index.

Discussion

Comparing the effect of sugars on the formation of biofilms by strains
of S. aureus (Voronkova & Shevchenko, 2017) and S. epidermidis, the
following can be noted: the general features of the effect of sugars on
strains of both species were a pronounced inhibitory effect at concentra-
tions of 2.5% or more, and an almost neutral reaction at concentration of
0.5%. In experimental research (Liu et al., 2020) it was shown that at
concentration of glucose 0.5% with presence of 3.0% NaCl in trypticase
soy broth medium for different S. aureus strains variable capacities to
form biofilms were observed, which indicates the role of genetic back-
ground in biofilm formation. However, there is a tendency to increase in
biofilm formation. Also there is data showing that supplementing skim
milk with 0.25% glucose significantly increased the production of biofilm
by S. aureus strains, but this effect was only observed in slime-producing
strains (Fabres-Klein et al., 2015). Also it was shown that addition of
0.25% glucose or fructose in a medium can provoke biofilm formation of
S. epidermidis strains which didn’t form biofilm on basic tryptone, a sugar
free nutrient medium (Dobinski et al., 2003). In addition, for both types of
staphylococci the greatest stimulating activity of glucose in relation to
biofilm formation was determined, which was not observed for sucrose,
lactose and galactose. The strains differed in that the maximum effect for
S. aureus was within the concentration of sugars 1.5%, and for strains of
S. epidermidis —within 2.0%. Such discrepancies may indicate differences
in the functional activity of the strains in the biofilm.

The results of these studies suggest that the nutrient components of
the meat-peptonic broth fully meet the needs of the system of biosynthesis
of carbohydrate components of the S. gpidermidis biofilm. The obtained
data can be explained by the functioning of mechanisms close to the cata-
bolic repression of biofilm formation in staphylococcal biofilms, which
was found in bacteria of some species of the Enterobacteriaceae family
(Korobov et al.,, 2010). In some research there is evidence showing that
sources of carbon can determine the shape of S. epidermidis biofilm, and
intensivity of growth depends on concentration of sugars, temperature and
time of incubation: the biofilm showed a compact multilayered-shaped
structure under both glucose and sucrose conditions, but there was a pile
of organized cells in a condensed ball-shaped structure under the lactose
(Zou & Liu, 2020).

The study of the influence of sugars on the formation of biofilms is of
particular interest, because the efficiency of formation of the exopolymer
matrix depends on sugars, which in staphylococci as is known mainly
contains polysaccharides (Arciola et al., 2015). The monomers for the
construction of these polysaccharides are external sugars, which can be
used by staphylococcal cells as an energy source and as a plastic material.
The study of the influence of carbon sources on the formation of biofilms
showed that the type of sugar and its concentration can have both positive
and neutral or negative effects on the growth characteristics of staphylo-
coccal biofilms. Thus, a neutral effect occurred when using the lowest of
the studied concentrations of 0.5% of any of the four studied sugars —
glucose, sucrose, lactose or galactose, which is confirmed in the work of
individual researchers (Korobov et al., 2010). Now the impact of the cata-
bolite control protein A on carbon metabolism, up-regulation of certain
virulence determinants, and resistance to cell wall-directed antibiotics is
known and it has been shown that activity of this protein is activated in the
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presence of glucose or sucrose and can affect biofilm formation in Bacil-
lus subtilis and Streptococcus mutans. The same effect was shown for
S. aureus in the presence of glucose concentration in medium 1.0% (Seidl
etal., 2008).

When we add any of these sugars into the nutrient medium at a con-
centration of 2.5% or more, a pronounced inhibitory effect on the forma-
tion of the biofilm was observed. There are indications that the only sugar
required for biofilm formation is glucose, which is even used in modeling
biofilm growth (O'Neill et al., 2007; Croes et al., 2009). We recorded a
stimulatory effect when 1.5% glucose was added to the nutrient medium,
which was accompanied by the largest increase in cell count and biofilm
index compared to the control: the number of cells increased 7.76 times
compared to the control biofilms grown on sugar-free medium.
‘We should also note a slight stimulating effect of concentrations of 1.0%
and 2.0% for cases of glucose and sucrose. These data suggest the results,
obtained by Manandhar et al. (2018) that with addition of 1% glucose to
trypticase soy broth medium the increase of biofilm formation was de-
tected for more than 16% of species of coagulase negative staphylococci.
Addition of sucrose (till 2%) also increased biofilm detection including
more than 30% of coagulase negative staphylococcal strains.

Lactose and galactose, starting from a concentration of 1.0%, had a
negative effect. In particular, the results obtained by us confirm those of
other experiments (Korobov et al., 2010). At the same time, the presence
of sugars in the culture medium will affect the formation of the biofilm
matrix depending on the type of microorganisms. Thus, studies of staphy-
lococcal strains have shown that the role of sucrose is not significant,
while for Listeria monocytogenes its presence in the medium with Congo
red is necessary for the development of biosynthetic exopolysaccharide
strains (Ben Slama et al., 2012).

Conclusion

The stimulatory effect of addition of 2.0% glucose into the nutrient
medium has been established, which resulted in a 25.3-fold increase in the
number of cells and a 1.3-fold increase in the biofilm formation index
compared with the control of the film grown on a sugar free medium.
A sslight stimulatory effect of glucose in concentrations of 1.5-2.0% was
noted. The negative influence on the formation of biofilm of sucrose,
lactose and galactose in concentrations of 1.0% and more was shown.
The received data show that process of biofilm formation is significantly
dependent on external sources of sugars, which can indicate possibility of
their use as antibiofilm drug compounds, which inhibit membrane trans-
port of sugars in bacteria.
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