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Introduction. Klebsiella pneumoniae poses a serious threat to global healthcare due to the high proportion of multidrug-resistant isolates. Moreover, the 

formation of biofilms by bacteria significantly complicates the treatment of infections.

Objective. To evaluate the effectiveness of the individual and combined action of antibiotics and bacteriophages or polysaccharide depolymerase on biofilms 

of a clinically significant strain K. pneumoniae.

Materials and methods. The work used the K. pneumoniae strain with multidrug resistance (9faiz), 4 antibiotics of various classes (gentamicin, levofloxacin, 

meropenem and chloramphenicol), 3 bacteriophages of various genera (Dlv622, Seu621 and FRZ284), and 1 polysaccharide depolymerase (Dep622). Experi-

ments were carried out on the formed biofilms by treating 24-hour K. pneumoniae films with antimicrobial agents individually or in combinations. The ability of 

the strain to form biofilms was evaluated by staining with crystalline violet. The comparison between the average optical density values was carried out using 

a t-test and was considered significant at p ≤ 0.05.

Results. The individual use of antibiotics peak concentrations (C
max

) or depolymerase concentration of 100 MED (minimum effective dose — MED) did not lead 

to a significant decrease in biofilm biomass, whereas bacteriophages in a titer of 5×109 PFU/mL (plaque-forming unit per mL) statistically significantly reduced 

its biomass by 27–31% (p < 0.05). Most combinations of phages and antibiotics did not lead to a significant increase in the efficiency of biofilm destruction. 

Only the combination of phage FRZ284 with gentamicin statistically significantly showed an additional decrease in biofilm biomass by 27% (p < 0.05). Combi-

nations of depolymerase with all antibiotics except meropenem resulted in a significant increase in biofilm biomass by 27–39% (p < 0.05).

Conclusions. The results show the need for individual selection of antimicrobial combinations to combat K. pneumoniae biofilms due to the possible effect 

of synergy and antagonism effects on the outcome of therapy.
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ВЛИЯНИЕ КОМБИНАЦИЙ АНТИБИОТИКОВ, ФАГОВ И ДЕПОЛИМЕРАЗЫ НА БИОПЛЕНКИ 
ЛЕКАРСТВЕННО-УСТОЙЧИВОГО ШТАММА KLEBSIELLA PNEUMONIAE

А.О. Кривуля, Р.Б. Городничев, М.А. Корниенко, Н.К. Абдраймова, М.В. Малахова, М.В. Зайчикова, Е.А. Шитиков

Федеральный научно-клинический центр физико-химической медицины им. академика Ю.М. Лопухина ФМБА России, Москва, Россия

Введение. Klebsiella pneumoniae представляет серьезную угрозу глобальному здравоохранению из-за высокой доли изолятов с множественной 

лекарственной устойчивостью. Более того, формирование бактерией биопленок значительно усложняет лечение инфекций.

Цель. Оценка эффективности индивидуального и комбинированного действия антибиотиков и бактериофагов или полисахарид-деполимеразы 

на биопленки клинически значимого штамма K. pneumoniae.

Материалы и методы. В работе использовали штамм K. pneumoniae с множественной лекарственной устойчивостью 9faiz, 4 антибиотика раз-

личных классов (гентамицин, левофлоксацин, меропенем и хлорамфеникол), 3 бактериофага различных родов (Dlv622, Seu621 и FRZ284) и 1 по-

лисахарид-деполимеразу (Dep622). Эксперименты проводили на сформированных биопленках путем обработки 24-часовых пленок K. pneumoniae 

антимикробными агентами индивидуально или в комбинациях. Способность штамма образовывать биопленки оценивали окрашиванием кристал-

лическим фиолетовым. Сравнение между средними значениями оптической плотности проводилось с помощью t-теста и считалось значимым 

при p ≤ 0,05.

Результаты. Индивидуальное применение антибиотиков в пиковых концентрациях (C
max

) или деполимеразы в концентрации 100 МДК (минималь-

ная действующая концентрация) не приводило к значимому снижению биомассы биопленки, тогда как бактериофаги в титре 5×109 БОЕ/мл ста-

тистически значимо снижали ее биомассу на 27–31% (p ≤ 0,05). Большинство комбинаций фагов и антибиотиков не приводило к значимому повы-

шению эффективности разрушения биопленок; лишь сочетание фага FRZ284 с гентамицином статистически значимо показало дополнительное 

снижение биомассы биопленки на 27% (p ≤ 0,05). Комбинации деполимеразы со всеми антибиотиками, кроме меропенема, приводили к значимому 

увеличению биомассы биопленки на 27–39% (p ≤ 0,05).

Выводы. Результаты показывают необходимость индивидуального подбора антимикробных комбинаций для борьбы с биопленками K. pneumoniae 

из-за возможного влияния эффектов синергии и антагонизма на исход терапии.
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INTRODUCTION

Klebsiella pneumoniae is an opportunistic gram-negative 
bacterium which poses a serious threat to global health 
due to the rapid spread of multidrug-resistant (MDR) 
strains. Resistant strains cause a significant number of no-
socomial infections, such as pneumonia, urinary tract, and 
bloodstream infections, characterized by a high mortality 
rate reaching 50% [1]. 

The therapy of infections caused by K.  pneumoniae 
is difficult due to the pathogen’s ability to form biofilms. 
Biofilms are organized communities of microorganisms at-
tached to various biotic and abiotic substrates by means of 
an exopolymer matrix consisting of proteins, polysaccha-
rides, and extracellular DNA. According to research, about 
60–80% of chronic infections are associated with biofilm 
formation [2]. In addition, biofilms are often formed on in-
vasive medical devices, which increases the risk of acute 
infections in patients undergoing inpatient treatment [3]. 

Cells inside biofilms are characterized by a slow metab-
olism and a reduced growth rate, as well as an increased 
frequency of horizontal transfer of mobile genetic elements. 
The latter often contain genes for virulence and antibiotic 
resistance, allowing biofilm cells to more effectively resist 
antimicrobial drugs and avoid the immune response of the 
host body. In combination, such features increase the re-
sistance of biofilms to antibiotics by 100–1000 times com-
pared with planktonic forms of microorganisms [2, 4]. As 
a result, standard antibiotic therapy regimens demonstrate 
insufficient effectiveness against biofilm-associated infec-
tions, thus necessitating the development of new thera-
peutic approaches. 

One of the promising approaches to controlling biofilms 
is the use of bacteriophages or their derivatives, such as 
polysaccharide depolymerases. Due to the action of poly-
saccharide depolymerases, bacteriophages are capable of 
degrading the extracellular matrix of biofilms. This violates 
the integrity of the biofilm structure and increases the sen-
sitivity of bacteria to antimicrobial drugs and environmental 
factors [5]. This offers opportunities for the use of bacterio-
phages as independent therapeutic agents, and in combi-
nation with clinically used antibiotics.

The combined use of antimicrobial agents can lead to 
various types of interactions, including synergism, addi-
tive effect, or antagonism. Synergy is observed in cases 
where the combined effect of the use of several antimicro-
bial agents exceeds the sum of their individual effects. The 
additive effect implies that the total effect of the agents is 
equal to the sum of their individual effects, i.e., they do not 
affect each other’s effectiveness. Antagonism is character-
ized by the fact that the overall effect of a combination of 
antimicrobial agents is less than the sum of their individual 
effects and indicates that the action of one of them some-
how interferes with the action of the other [6].

It has been shown on planktonic cells that phages or 
polysaccharide depolymerases in combination with anti-
biotics predominantly demonstrate synergism. This leads 
to a more effective elimination of bacteria than when 
compared with monotherapy with antimicrobial drugs [4, 
7–9]. However, a number of publications also report that 
some combinations of antibacterial drugs demonstrate 

antagonistic interaction [7, 10]. Nevertheless, the effect of 
such combinations on biofilms remains insufficiently stud-
ied, underlining the need for in-depth research of possible 
effects arising from the combined action of phages and 
their enzymes with antibiotics.

The aim of the study was to evaluate the effectiveness 
of individual and combined action of antibiotics and bacte-
riophages or polysaccharide depolymerase on biofilms of a 
clinically significant strain of K. pneumoniae.

MATERIALS AND METHODS

Bacterial strains

The study was carried out on the K.  pneumoniae 9faiz 
strain from the collection of the Laboratory of Molecular 
Genetics of Lopukhin Federal Research and Clinical Center 
of Physical-Chemical Medicine. The strain seeded from 
biological material in 2019 belonged to the capsule type 
KL23 and the clinically significant sequence type ST39, 
previously determined according to standard typing meth-
ods [11, 12].

The bacterial culture was grown on Lysogeny broth (LB) 
in the Lennox modification (Dia-M, Russia). The bacterial 
culture was incubated for 18 h at a temperature of 37°C. 

The minimum inhibitory concentration (MIC) of an-
tibiotics was determined by the method of micro-dilu-
tion in accordance with the Russian recommendations 
“Determination of the sensitivity of microorganisms to 
antimicrobial drugs” [13]. According to this document, mi-
croorganisms are classified as sensitive under the stand-
ard dosage regimen (S: MIC  ≤  the limit value of sensi-
tivity), sensitive with increased exposure to antimicrobial 
intermediate (I: the limit value < MIC ≤ boundary value), 
or stable (R: MIC > boundary value) (Table 1). The inhibi-
tory effect of antibiotics was evaluated using a FlexA-200 
flatbed spectrophotometer (Allsheng, China) based on 
the optical density (OD) of a bacterial culture at a wave-
length of 620 nm. Antibacterial drugs of four classes were 
used for the work: aminoglycosides — gentamicin (GEN); 
fluoroquinolones of the third generation  —  levofloxacin 
(LVX); carbapenems — meropenem (MEM) and ampheni-
cols — chloramphenicol (CMP); and a set of HiMedia rea-
gents (India). 

K.  pneumoniae Kp9068 and K.  pneumoniae Kp284 
strains were used as host strains for phage lysate growth 
[14, 15].

Bacteriophages

Three previously described K. pneumoniae bacteriophag-
es were used in the work: Dlv622, Seu621, and FRZ284 
(GenBank MT939252, MT939253 and MZ602148) belong-
ing to the genera Drulisvirus, Mydovirus, and Jiaodavirus, 
respectively [14, 15]. Dlv622 and Seu621 phages have cap-
sule specificity, while FRZ284 is characterized by a wide 
range of hosts and is not associated with the capsule type. 
Phage lysates in LB sterilized by filtration through a 0.22 µm 
syringe filter (Merk, Millipor) were used for the experiments. 
The finished sterile lysates were stored in the refrigerator at 
a temperature of +4°C.
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The phage titer was determined by spot testing [20]. 
The ability of phages to infect and lyse the studied strain 
was analyzed based on the calculation of efficiency of plat-
ing (EOP) in accordance with the standard methodology 
[21]. The EOP value was calculated as the ratio of the bac-
teriophage titer on the studied strain to the phage titer on 
the host strain. If the phage did not form single plaques, 
but caused a halo to appear on the surface of Petri dishes, 
which disappeared with a decrease in phage concentra-
tion, we referred to this phenomenon as lysis from the 
outside. The lytic activity of phages was measured us-
ing Appelman titration according to the classical method 
with modifications [22]. The suspension of bacteriophages 
was sequentially diluted tenfold in LB broth. Then 190 µL 
of each dilution was added to the wells of a flat-bottomed 
ventilated 96-well plate (Thermo Scientific, Denmark), and 
10 µL (5×105 CFU/mL) of bacterial culture was inoculated 
at the logarithmic growth stage (OD600 = 0.3). This was 
additionally diluted 100 times with fresh LB. After 24-h incu-
bation of the tablet at 37°C, the optical density was meas-
ured at a wavelength of 620 nm using a FlexA200 tablet 
spectrophotometer. The Appelman titer was defined as the 
highest dilution of phage lysate, in which the optical density 
did not increase when compared to the negative control, 
indicating the absence of visible bacterial growth.

Polysaccharide depolymerase

The recombinant polysaccharide depolymerase Dep622 
of the tail fibrillation of the bacteriophage Dlv622, obtained 
as a purified protein, was used in the work, as described 
earlier in [14]. The ability of Dep622 to degrade capsular 
polysaccharides of strain 9faiz was evaluated using a tech-
nique similar to the titration of bacteriophages. For this 
purpose, the suspension of recombinant polysaccharide 
depolymerase was serially diluted in LB medium in steps 
of 2 (1392.64–0.085 µg/mL). Semi-liquid LB-agar (LB-broth 
with the addition of 0.7% agarose) containing 100 µL of the 
night culture of the studied strain was distributed over the 
surface of a Petri dish. Aliquots (5 µL) of each dilution were 
applied to the surface of the agar and left until the drops 
dried. Petri dishes were incubated at 37°C for 24 h. The 
appearance of translucent spots was identified on the bac-
terial lawn at the sites of application of the enzyme. They 
increased in diameter after 48 h of incubation, indicating 
the enzymatic activity of depolymerase. The minimum ef-
fective concentration (MED) was defined as the concentra-
tion of the final dilution at which the action of the enzyme 
was still observed.

A method for evaluating the effectiveness of biofilm 
formation

Biofilms of the 9faiz strain were grown in a 96-well plate. 
For this purpose, 190 µL of LB nutrient medium was intro-
duced into each well and 10 µL (5×105 CFU/mL) of bacte-
rial culture was inoculated at the logarithmic growth stage 
(OD600 = 0.3). This was additionally diluted 100 times with 
fresh LB broth. A pure LB medium was used as a negative 
control to assess the absence of bacterial culture growth. 
The tablet was incubated in a thermostat for 24 h at 37°C. 
Upon completion of incubation, the medium was removed, 
and the biofilms were washed from the remnants of plank-
tonic cells, and then washed three times with sterile saline 
solution (0.9%). The biofilms obtained were stained with a 
solution of crystalline violet in accordance with the stand-
ard procedure [23]. The biofilm was incubated with 0.1% 
aqueous alcohol solution of crystalline violet (Himmed, 
Russia) for 30 min at room temperature. After incubation, 
the unbound dye was removed by triple rinsing with distilled 
water. For subsequent analysis, the bound dye in each well 
was eluted by adding 200  µL of 96% ethanol. The opti-
cal density of the solution was measured on a FlexA200 
spectrophotometer at a wavelength of 575 nm. Based on 
the results of optical density measurement, the ability of 
the strain to form biofilms was evaluated and classified as 
follows: non-forming biofilms (OD ≤ ODc); weakly forming 
biofilms (ODc < OD ≤ 2×ODc); moderately forming biofilms 
(2×ODc  <  OD  ≤  4×ODc); or abundantly forming biofilms 
(OD > 4×ODc). Optical density optical density cut-off (ODc) 
was defined as the arithmetic mean of the optical density 
of the negative control plus three standard deviations [23].

Study of individual and combined effects of 
antibiotics and bacteriophages/polysaccharide 
depolymerases

Biofilms of the 9faiz strain were grown and washed accord-
ing to the previously described algorithm, after which the 
medium was changed to a fresh LB medium containing the 
studied antibiotics, phages or depolymerase, both individ-
ually and in combinations. The concentrations of antibiotics 
corresponded to the peak concentration (C

max
) reached in 

blood serum after administration of the standard therapeu-
tic dose (Table 1). Phage lysate was added at a concen-
tration of 5×109 BOE/mL, and recombinant polysaccharide 
depolymerase at a dosage of 100 MED (68 mg/mL). The 
amounts of antimicrobial agents were selected based on a 
well volume of 200 µL. 

Table 1. Limits of K. pneumoniae sensitivity to antibiotics and the maximum permissible concentrations of these drugs in blood serum

Antibiotics
Sensitivity limits, µg/mL

Peak serum antibiotic level (C
max

), µg/mL
 ≤ S I R ≥

Gentamicin 4 8 16 16 [16]

Levofloxacin 2 4 8 6 [17]

Meropenem 1 2 4 28 [18]

Chloramphenicol 8 16 32 25 [19]

Table prepared by the authors using their own data
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LB medium without additives was used for positive 
control of bacterial culture growth in the absence of antimi-
crobial effects. In the case of individual exposure, one an-
tibacterial agent was added, and for combined exposure, 
an antibiotic and a bacteriophage or depolymerase were 
added in pairs (a total of 16 combinations). The biofilms 
with antimicrobial agents were incubated for 24 h. Then the 
biofilms were washed and stained with crystalline violet, as 
described above.

The optical density of the stained biofilms was meas-
ured using a FlexA200 spectrophotometer at a wavelength 
of 575 nm. All experiments were conducted in three biolog-
ical repeats, each of which included five technical repeats 
for each combination. 

The normality of the distribution was checked by the 
Shapiro–Wilk test. The statistical significance and reliability 
of the differences were determined by means of Student’s 
t-test. The difference between the averages was consid-
ered significant at p  <  0.05. Data analysis and visualiza-
tion were performed using the GraphPad Prism 8 software 
package.

RESULTS

Characteristics of the strain and its resistance to 
antimicrobial agents

Planktonic cells of the 9faiz strain demonstrated resistance 
to all the studied antibiotics. The MIC values were as follows: 
gentamicin — 128 µg/mL; levofloxacin — 128 µg/mL; mero-
penem — 32 µg/mL; and chloramphenicol — 128 µg/mL. 
9faiz has also been characterized as a strain which abun-
dantly forms biofilms.

Bacteriophages Dlv622 and Seu621 showed a low level 
of seeding efficiency on strain 9faiz (EOP  =  0.01). When 
titrated according to Appelman, Dlv622 and Seu621 at 
concentrations of 5×109  BOE/mL also showed weak ac-
tivity without completely suppressing the growth of plank-
tonic cells. When determining the effectiveness of seed-
ing, FRZ284 showed lysis from the outside. However, 
when titrated according to Appelman at a concentration 
of 5×109 BOE/mL, it suppressed bacterial growth by 80%.

Recombinant depolymerase Dep622 deposited on 
bacterial lawn of strain 9faiz formed translucent zones re-
sembling a halo of phage plaque, indicating enzymatic ac-
tivity. Based on the results, MED Dep622 was determined 
as 0.68 µg/mL.

Individual and combined action of antimicrobial 
agents on biofilms

With the individual use of bacteriophages Dlv622, Seu621 
or FRZ284 at a concentration of 5×109  BOE/mL, biofilm 
biomass significantly decreased by 27–30% when com-
pared with the control (Fig. 1). At the same time, the use of 
antibiotics in C

max
 concentrations or depolymerase Dep622 

in 100 MED did not lead to significant destruction of the 
biofilm.

The combined use of bacteriophage Dlv622 with the 
studied antibiotics did not lead to a statistically signifi-
cant decrease in biofilm biomass when compared to the 

control (Fig. 2A). However, the combination of Dlv622 with 
levofloxacin or meropenem showed statistically significant 
differences from the individual action of the phage, thus 
reducing its effectiveness by 30% and 34%, respectively. 
This indicated a possible antagonistic interaction of these 
antimicrobial agents.

The use of bacteriophage Seu621 with the studied 
antibiotics did not lead to a change in biofilm biomass. 
The results did not significantly differ either from the indi-
vidual action of the phage or from the control (p = 0.05) 
(Fig. 2B).

The combined use of FRZ284 with levofloxacin, mero-
penem, or chloramphenicol significantly reduced biofilm 
biomass when compared to the control. However, these 
results did not differ from the individual action of the phage 
(Fig. 2B). In combination with gentamicin, FRZ284 showed 
a significant decrease in biofilm biomass: 58% relative to 
the control; and 39% compared to the individual action of 
the phage. This indicates a synergistic (presumably) poten-
tiation between the phage and the antibiotic.

Depolymerase Dep622 in combination with gentamicin, 
levofloxacin and chloramphenicol significantly increased 
biofilm biomass by 27%, 28%, and 39%, respectively, when 
compared with the control and individual action of the en-
zyme. This indicates a potential antagonism between the 
antimicrobial agents studied herein (Fig. 2G). The combina-
tion of Dep622 with meropenem did not significantly affect 
the biofilm biomass when compared to the control and in-
dividual action of the enzyme.

DISCUSSION 

The study was conducted on a strain of K. pneumoniae 
9faiz belonging to the capsule type KL23, often associated 
with resistance to carbapenems. Among isolates producing 
carbapenemases, the proportion of KL23 can reach 9–17% 
[24]. In addition, the strain belonged to the sequence type 
ST39, characterized by a high level of resistance to carbap-
enems. It was also associated with several outbreaks of 
carbapenem-resistant strains of K. pneumoniae in Russia 
and Greece [25]. Antibiotic resistance tests have demon-
strated resistance to K. pneumoniae 9fa belonging to the 
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Fig. 1. Changing the biomass of the biofilm of the K. pneumoniae strain under 
the individual action of various antibacterial agents. * — p ≤ 0.05.
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Fig. 2. Changes in the biomass of K. pneumoniae 9faiz biofilm under the combined action of various antibacterial agents. * — p ≤ 0.05
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four main classes of antibiotics used to treat klebsiella in-
fection: aminoglycosides, fluoroquinolones, carbapenems, 
and chloramphenicols. The strain also had a pronounced 
ability to form biofilms, further emphasizing its pathogenic-
ity and resistance to therapeutic effects with standard dos-
es of antibiotics.

In order to identify a wide range of effects, bacterio-
phages belonging to various taxonomic groups were used 
for the study: Dlv622 (Autographiviridae, Slopekvirinae, 
Drulisvirus); Seu621 (Vequintavirinae, Mydovirus); and 
FRZ284 (Straboviridae, Tevenvirinae, Jiaodavirus). 
Bacteriophages Dlv622 and Seu621 have homologous 
receptor-binding proteins represented by polysaccharide 
depolymerases specific to K. pneumoniae strains with cap-
sule type KL23 [14]. In contrast, the bacteriophage FRZ284 
lyzes K strains. pneumoniae is independent of the capsule 
type and has a receptor-binding protein of unknown speci-
ficity [15]. To study the sensitivity of the 9faiz strain, bacte-
riophages were used at a concentration of 5×109 BOE/ml, 
considered the standard therapeutic dose [26]. The results 
of the Appelman titration showed that this dose is not suffi-
cient to completely suppress the growth of planktonic cells. 
In addition, the evaluation of the seeding efficiency revealed 
that the Dlv622 and Seu621 phages reproduce 100 times 
less successfully on the 9faiz strain than on the host strain. 

The FRZ284 phage demonstrates exclusively lysis from the 
outside.

Due to the resistance of the 9faiz strain to the studied 
antibiotics and insufficient sensitivity to bacteriophages, 
monotherapy with antimicrobial agents proved ineffective 
for the destruction of biofilms, as confirmed during this 
study. Individual exposure to bacteriophages reduced the 
biomass of biofilms, although not leading to their complete 
destruction (Fig. 1). Antibiotics did not statistically signifi-
cantly change the biomass of biofilms, which can be ex-
plained by the use of low concentrations of antimicrobial 
agents. Antibiotic concentrations significantly lower than 
MIC were selected for the experiment, albeit correspond-
ing to peak concentrations of the antibiotic in human serum 
(Table 1). Despite the high resistance of biofilms to antibiot-
ics, exceeding the concentration of C

max
 is unacceptable in 

the framework of practical therapy. This is due to the poten-
tial toxic effect. This highlights the need to take this factor 
into account when selecting appropriate concentrations of 
antibiotics for in vitro studies.

The insufficient effectiveness of the individual use of an-
timicrobial agents emphasizes the need for their combined 
use. Current studies have established that the combination 
of antibiotics and bacteriophages against biofilms demon-
strates a higher level of efficacy than when compared to 
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monotherapy. Thus, several studies have shown that the 
combination of bacteriophages with ciprofloxacin [27], 
amoxicillin or fosfomycin [9] exhibits a synergistic effect in 
the destruction of K. pneumoniae biofilms. The results of 
this study also revealed one case of potential synergy. The 
combined use of bacteriophage FRZ284 with gentamicin 
significantly reduced the biomass of biofilm of strain 9faiz 
compared with individual use of bacteriophage (Fig.  2B). 
For antibiotics in the aminoglycoside class, to which gen-
tamicin belongs, mechanisms for suppressing bacterio-
phage replication have previously been proposed [10]. This 
can lead to antagonism. According to our results, the effect 
of gentamicin probably did not disrupt the replicative cycle 
of the phage. This may possibly explain the observed syn-
ergy and discrepancies with previously described studies. 
Although there is no data in the literature on the synergy of 
antibiotics and T4-like bacteriophages of K. pneumoniae, 
including FRZ284, similar cases have been described for 
combinations of meropenem, ciprofloxacin and colistin 
with T4-like phages of Acinetobacter baumannii [28].

In addition, within the framework of the experiments 
conducted in this study, two cases of antagonism were 
identified in which the bacteriophage Dlv622 was com-
bined with levofloxacin or meropenem (Fig. 2A). Despite the 
availability of data in the literature on the synergistic interac-
tion of antibiotics and bacteriophages, the antagonistic ef-
fects identified for the combinations of antimicrobial drugs 
used in this work against K. pneumoniae biofilms have not 
been previously described. Since levofloxacin inhibits DNA 
gyrase and topoisomerase IV, the results obtained may 
indicate a decrease in the rate of DNA replication of the 
bacteriophage Dlv622. Levofloxacin is also able to stimu-
late the formation of a thicker biofilm in K. pneumoniae [2], 
which may impede the penetration of the bacteriophage 
and reduce the effectiveness of its action. At the same 
time, inhibition of the lytic activity of the bacteriophage by 
meropenem, which blocks cell wall synthesis, remains dif-
ficult to explain due to an insufficient understanding of the 
mechanism of this effect.

For the remaining combinations of antibiotics and bac-
teriophages, statistical significance did not allow us to judge 
the effect. However, focusing on the average values, it can 
be noted that combinations with bacteriophages Dlv622 
and Seu621 led rather to a decrease in the efficiency of 
destruction of biofilms. On the contrary, combinations of 
antibiotics with the bacteriophage FRZ284 simply did not 
lead to an increase in effectiveness. The results obtained 

indicate the need for a more thorough approach to the se-
lection of antibiotics and bacteriophages for therapy pur-
poses.

The work also evaluated the effectiveness of biofilm 
destruction through individual exposure to polysaccha-
ride depolymerase and in combination with antibiotics. 
For this purpose, the recombinant Dep622 protein, a 
receptor-binding protein of the Dlv622 phage, was used. 
This effectively destroyed capsule polysaccharides of the 
K. pneumoniae 9faiz strain in in vitro tests. Due to the use 
of recombinant polysaccharide depolymerases exclusively 
in laboratory studies, there are currently no standardized 
therapeutic dosages for enzymes of this group in the lit-
erature. Nevertheless, experiments on animal models have 
not revealed any toxic effects when using depolymerases 
in various concentrations [4]. This study used the maximum 
multiple dose (100 MED), which could be achieved in the 
well of the tablet without significant dilution of the medium.

In the literature, data on the combination of polysac-
charide depolymerase with antibiotics showed both syn-
ergy effects and the absence of any effects [29–30]. The 
results obtained demonstrated that the individual action 
of Dep622 is not sufficient to destroy biofilms of the 9faiz 
strain. Moreover, the combination of polysaccharide depol-
ymerase with gentamicin, levofloxacin, and chlorampheni-
col significantly increased biofilm biomass (Fig. 2D), indicat-
ing a possible antagonism between antimicrobial agents. 
Similar effects of antagonism between depolymerases and 
antibiotics have not been previously described, thus requir-
ing further study.

CONCLUSION

The results obtained demonstrated the inefficiency of 
monocomponent approaches and established a variety of 
effects arising from the combined use of antibiotics and 
bacteriophages or polysaccharide depolymerase against 
biofilms. In particular, one case of synergy and several cas-
es of potential antagonism between antimicrobial agents 
have been identified, which is insufficiently covered in the 
existing literature. 

Considering that bacteriophage therapy does not cur-
rently require the discontinuation of a course of antibiotics, 
the potential antagonism between the two antimicrobial 
agents may become a significant problem in the treatment 
of biofilm-associated infections, underlining the need for 
further research in this direction. 
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