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Abstract

Background Hospital-acquired infections (HAIs) significantly increase morbidity and mortality worldwide, with Kleb-
siella pneumoniae (K. pneumoniae) being a leading HAI pathogen requiring targeted eradication in healthcare settings.
The growing bacterial tolerance to chemical disinfectants, like chlorhexidine, highlights an urgent need for novel
disinfection strategies. Bacteriophages, which employ unique mechanisms to lyse bacteria, offer a potential solution.
Combining phages with disinfectants could reduce the use of chemical agents and delay the development of bacte-
rial resistance. However, the use of phages for contamination control in clinical environments remains underexplored.

Methods ®K2046 was isolated from hospital wastewater and characterized by transmission electron microscopy,
one-step growth curve, optimal multiplicity of infection, and stability analysis. Whole-genome sequencing was per-
formed to identify the genomic characteristics of ®K2046. The antibacterial and antibiofilm effects of ®K2046 com-
bined with chlorhexidine were assessed through growth curves, time-kill assays, crystal violet staining, and scanning
electron microscopy. A contaminated medical device model was established to assess the ©®K2046-chlorhexidine
combination’s biofilm reduction efficacy, and different dosing sequences and timing intervals were evaluated for their
impact on biofilms formed on urinary catheters.

Results ®K2046, characterized by a short latency period, strong environmental stability, safety, and tolerance to chlo-
rhexidine, significantly enhanced the antibacterial and antibiofilm effects of chlorhexidine against FK2046, and reduce
the emergence of resistant strains. In contaminated medical device models, the combination of ®K2046 and chlo-
rhexidine diminished bacterial load and biofilm formation on surfaces. A "phage-first" dosing sequence, particularly
with a 90-min interval before chlorhexidine treatment, showed superior efficacy in biofilm reduction.

Conclusions This study, using ®K2046 as an example, demonstrates the potential of phages to enhance the anti-
bacterial and antibiofilm effects of chlorhexidine and their feasibility in medical device disinfection. This innovative
approach not only improves chlorhexidine’s disinfecting power but also effectively tackles the issue of reduced
susceptibility of K. pneumoniae to chlorhexidine. The research advances the development and application of phage-
based disinfectants and lays a foundation for establishing a phage library with adjuvant properties for disinfectants.
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Introduction

Klebsiella pneumoniae (K. pneumoniae), a major health-
care-associated pathogen, causes increasing morbidity
and mortality worldwide [1]. Once nosocomial infection
occurs, K. pneumoniae invades the host and causes venti-
lator-associated pneumonia, catheter-associated urinary
tract infection, and even bloodstream infection, which
increases the length of hospital stay, healthcare costs,
and in-hospital mortality, especially in intensive care
unit (ICU) patients and immunocompromised individu-
als, such as cancer patients [2]. K. pneumoniae can form
biofilm to enhance its protection barrier and cause per-
sistent environmental contamination in hospital settings
[3]. Therefore, controlling K. pneumoniae and its biofilm
in the hospital environment is crucial.

Chlorhexidine is one of the most common biguanide
disinfectants with a broad-spectrum bactericidal effect. It
is widely used in the care of critically ill patients in hospi-
tal intensive care units, for antiseptic bathing, and for the
disinfection of medical devices such as catheters [4—6].
However, bacteria have a strong ability to respond to the

stress of external chemical disinfectants. The overuse and
misuse of chemical disinfectants in hospitals and public
environments have led to bacteria becoming increas-
ingly resistant to these agents, including chlorhexidine
[7]. At the same time, the"chlorine residual effect"caused
by the usage of high concentrations of chlorhexidine will
not only induce strain tolerance to chlorhexidine but also
promote the spread of resistance genes. Furthermore, it
may pollute the aquatic environment and produce toxic
effects on aquatic organisms [8]. In addition, a close cor-
relation has been found between the development of
chlorhexidine resistance and the development of bacte-
rial resistance to clinically used antimicrobial drugs. For
example, studies have found that continuous exposure
to chlorhexidine can induce cross-resistance to colistin
in K. pneumoniae, making it more difficult to treat [9].
Therefore, it is urgent to develop new disinfectant for-
mulations that are safe, low-toxic, and effective as alter-
natives to traditional disinfectants to reduce the use of
chlorhexidine.
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Bacteriophages are highly specific viruses with potent
lytic capabilities that effectively infect and kill bacteria,
while being non-toxic to human cell. They have dem-
onstrated efficacy in removing bacterial biofilms as well
[10, 11]. Disinfectant products based on bacteriophages
have garnered increasing attention from researchers,
being utilized in virus-oriented integrated pest manage-
ment systems [12] and as disinfectants to reduce con-
tamination of food contact surfaces or poultry carcasses
under industrial conditions [13]. Furthermore, an FDA-
approved disinfectant product containing bacteriophages
active against Escherichia coli O157:H7 and Salmonella
has been developed [14]. Chlorhexidine exerts its bacte-
ricidal effect by releasing positively charged “CH” com-
ponents at physiological pH, which bind to the negatively
charged phospholipids on bacterial cell membranes. This
interaction disrupts the normal osmotic balance, leading
to leakage of low-molecular-weight substances such as
potassium and phosphorus, protein coagulation, and ulti-
mately cell death [15]. In contrast, bacteriophages attach
to specific receptors on the bacterial surface—such as
membrane proteins and polysaccharides—inject their
genomes into the host cell for replication and prolifera-
tion, and ultimately cause bacterial lysis, releasing prog-
eny phages. These agents employ distinct mechanisms to
combat bacteria. Applying multiple and different pres-
sures to bacteria is more effective than using a single
pressure and helps inhibit the development of bacterial
resistance. For instance, a study illustrated that combin-
ing a Pseudomonas aeruginosa bacteriophage with chlo-
rhexidine enhanced the killing efficacy of P. aeruginosa
[16]. In the food industry, a combination of Listeria-
specific bacteriophages and disinfectants such as sodium
hypochlorite, hydrogen peroxide, and lactic acid can be
employed as an innovative antibacterial and antibiofilm
disinfection strategy [17]. The synergistic mechanism
between phages and disinfectants is not yet well defined.
It may be related to the various enzymes released by bac-
teriophages, which degrade the bacterial biofilm matrix
and facilitate the deeper penetration of both bacterio-
phages and disinfectants into the biofilm to kill bacte-
ria [17], the evolutionary trade-oftf caused by bacterial
resistance to disinfectants may increase their sensitivity
to bacteriophages [18], and the selective pressure exerted
by bacteriophages accelerates bacterial resistance muta-
tions, but the associated fitness cost leads to reduced
bacterial virulence and increased sensitivity to drugs [19].

In summary, this study aims to isolate and identify a
K. pneumoniae phage, ®K2046, that can enhance the
antibacterial and anti-biofilm of chlorhexidine, delay the
development of bacterial resistance to chemical disin-
fectants, and demonstrate the feasibility and potential of
phage combined with chemical disinfectants for medical
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device disinfection in hospitals. We believe that this idea
and evaluation in line with the disinfectant formulation
will help to improve the disinfection effect of chlorhex-
idine and solve the problem of reduced susceptibility of
K. pneumoniae to chlorhexidine, as well as to promote
the establishment of phage libraries with the role of dis-
infectant supplements and the rapid development and
application of compound disinfectant formulations.

Material and methods

Bacterial strains

K. pneumoniae strains used in this study was isolated
from the First Affiliated Hospital of Wenzhou Medi-
cal University, China. The strains were identified using
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF/MS; BioMérieux,
Lyon, France) and kept at —80 °C. Before each experi-
ment, the strain was revived and streaked onto Columbia
Blood Agar plates to obtain single colonies, which were
then inoculated into Luria—Bertani broth and cultured
with shaking to obtain logarithmic phase bacteria.

Isolation, propagation, and titer determination of ®K2046
®K2046 was isolated and purified from a wastewater
sample using K. pneumoniae FK2046 as the host bacte-
rium. Briefly, raw wastewater samples collected from a
hospital were filtered through a 0.22 pum polyethersul-
fone filter (Millipore Stericup-GP) to remove bacteria,
supplemented with LB medium, and cultured overnight
with a log-phase bacterial suspension. After centrifuging
the mixture at 5000 rpm for 15 min, the supernatant was
separated and subsequently passed through a 0.22 um fil-
ter. The filtrate was placed on a double-layer agar plate
with the host strain and incubated at 37 °C for 8-10 h.
Single phage plaques formed on the top agar layer were
picked, eluted in SM buffer (50 mM Tris—HCl, pH 7.5,
100 mM NacCl, and 8 mM MgSO,) overnight, and serially
diluted. 100 pL of the phage dilutions were mixed with
100 pL of a log-phase bacterial suspension for 10 min,
and double-layer agar was prepared and incubated at 37
°C for 8-10 h. Single plaques were picked and propagated
as described above until a single phage was obtained [20].
To propagate the bacteriophage, a mixture of phage
lysate (200 pL), 1 mL of log-phase FK2046 suspension,
and LB (19 mL) was prepared and incubated at 37 °C and
180 rpm for 24 h. The culture was then centrifuged at
5000 rpm for 15 min, and the supernatant was collected
and filter-sterilized to obtain the phage suspension [20].
The phage titer was determined using the double-layer
agar method [21]. Briefly, a mixture of log-phase bacte-
rial suspension (100 pL), serially diluted phage solution
(100 pL) and 0.4% molten agar (8 mL) was poured onto
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solidified 1.5% agar plates. Phage titer (PFU/mL) =the
number of plaques X 10 X the reciprocal of the dilution.

Transmission electron microscopy observation of ®K2046
Bacteriophages are enriched, deposited onto a cop-
per mesh, and subjected to a 1-min precipitation. They
are then stained with 2% phosphotungstic acid for 15 s,
followed by another 1-min precipitation, and air-dried.
Phage morphology is examined following negative stain-
ing, utilizing a Hitachi HT7800 electron microscope
(Hitachi, Japan) [22].

Phage genome sequencing and annotation

The genomic DNA of ®K2046 was extracted utilizing
the Bio-Spin Bacterial Genomic DNA Extraction Kit
(BioFlux, Tokyo, Japan) and sequenced on the Illumina
Hiseq 2500 platform (~ 1 Gbp/sample). Subsequently,
the data underwent quality control employing fastp
(https://github.com/OpenGene/fastp), sequence assem-
bly employing A5-MiSeq and SPAdes (http://spades.
bioinf.spbau.ru) prior to genome annotation. ORFs were
predicted, and potential virulence genes and antibiotic
resistance genes were excluded using Pharokka [23]. To
analyze the similarity and family relationships among
bacteriophage genomes, a viral proteomic tree was
constructed using the online tool viptree (http://www.
genome.jp//viptree).

Analysis of bacteriophage biological characteristics

The optimal multiple infection (MOI) of bacteriophages
©®K2046 was determined using the method described
previously [24]. A mixture of bacteriophage titers to host
bacterial counts (1x 10® CFU/mL) ranging from 0.0001
to 10 was prepared, and incubated at 37 °C with agita-
tion at 180 rpm for 5 h. Afterward, the supernatant of
each ratio was collected by centrifugation at 10000 rpm
for 6 min and sterilized using a 0.22 um filter membrane
filtration. The titers of progeny bacteriophages in the
obtained supernatant were determined using a double-
layer agar plate method.

The procedure for the phage adsorption kinetics exper-
iment referred to previously published studies [25, 26].
Mix 1 mL of logarithmic phase host bacterial suspension
with phage suspension at the optimal MOI, and incu-
bate in a 37 °C incubator for the following time points:
0,1,2,3,4,5,6,7,8,9, 10, 15, 20, 25, and 30 min. After
incubation, quickly centrifuge the samples at 12000 rpm,
carefully remove the supernatant, and filter it through a
0.22 pm filter membrane to collect all unadsorbed free
phages. The phage titer in the collected samples is then
determined using the double-layer agar plate method.

The growth pattern of ®K2046 is characterized by a
one-step growth curve, as previously described [27]. This
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involves mixing the FK2046 bacterial suspension in the
log phase with bacteriophages at the optimal MOI con-
centration and incubating them at 37 °C for 30 min. Fol-
lowing this, centrifugation is performed at 10000 rpm
for 6 min The bacteria are then resuspended in 2 mL of
LB, with the washing process being repeated twice, to
remove the supernatant containing free bacteriophages.
Finally, the bacteria are resuspended in 10 mL of LB cul-
ture medium and incubated at 37 °C with agitation at
180 rpm. Samples are collected at different time points,
filtered, and the phage titers are measured. Phage burst
size: Average phage number during the plateau phase/
Average phage number during the latent period (PFU/
mlL) in a single phage life cycle [28].

Phage stability analysis

The stability of bacteriophage ®K2046, reflecting its sur-
vival ability, as outlined in a previous study [24]. For the
temperature stability experiment, 1 mL of phage lysate
with the same initial titer was immersed in water baths
set to temperatures ranging from 4 to 90 °C for 1 h. Sub-
sequently, the phage lysate was cooled to room tem-
perature, followed by the evaluation of the phage titer
using the double-layer plate method. In the pH stabil-
ity experiment, the pH of 1 mL of phage lysate with the
same initial titer was adjusted to the range of 2—12. The
lysate was then incubated in a water bath at 37 °C for 1 h
before assessing the phage titer using the double-layer
plate method. In the chlorhexidine acetate (CHC) stabil-
ity experiment, bacteriophages with the same initial titer
were mixed with equal volumes of CHC solutions at dif-
ferent concentrations, resulting in final CHC concentra-
tions of 0, 4, 8, 16, and 32 pg/mL. The lysate was then
incubated in a 37°C water bath for 1 h, and the phage titer
was evaluated using the double agar layer method [29].
This section used the same initial phage titre (8 x10"—1
% 10° PFU/mL).

Growth curve test

This experiment referred to previous reports [30] and
adjusted the overnight cultured bacteria to a concentra-
tion of 1.5 x 10° CFU/mL. Each group was then treated
with an equal amount of the corresponding concentra-
tion of CHC or ®K2046. The groups were categorized as
follows:

1) Fixed CHC concentration, including control, 1/2
MIC CHC, 107, 10% 107, 10® PFU/mL ®K2046, 1/2 MIC
CHC +10° PFU/mL ®K2046, 1/2 MIC CHC +10° PFU/
mL ®K2046, 1/2 MIC CHC + 107 PFU/mL ®K2046, 1/2
MIC CHC + 10® PFU/mL ®©K2046;

2) Fixed phage concentration, including Control, 10®
PFU/mL ®K2046,1/8, 1/4, 1/2, MIC CHC, 108 PFU/mL
®K2046 +1/8 MIC CHC, 108 PFU/mL ®K2046 +1/4
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MIC CHC, 10® PFU/mL ®K2046 +1/2 MIC CHC, 10°
PFU/mL ®K2046 + MIC CHC.

The samples were cultivated in a 37 °C incubator, and
the absorbance values of each sample were measured at
ODg at time points 0, 2, 4, 6, 12, and 24 h to generate
the growth curve.

Time-kill assay

This experiment was conducted following previous
reports [31]. Overnight cultured bacteria were inocu-
lated into clean centrifuge tubes containing LB (final
concentration =1.5 x10° CFU/mL). Each group was
treated with an equal amount of the corresponding
concentration of CHC and/or ®K2046 bacteriophage,
with grouping conditions identical to those used in
the growth curve experiment. The test tubes were then
incubated at 37 °C and 180 rpm. Samples were collected
at designated time points, and live bacterial counts
were performed. Synergistic activity: after 24 h, the col-
ony count of the combined group was reduced by >2
Log;o CFU/mL compared to the most effective single-
agent group; Bactericidal activity: after 24 h, the colony
count decreased by >3 Log;, CFU/mL compared to the
initial count.

Biofilm formation inhibition test and formed biofilm
removal test

The biofilm formation inhibition test was conducted as
described, with slight modifications [32]. Briefly, 100 pL
of corresponding concentrations of PBS, CHC, bacte-
riophages, or CHC combined with bacteriophages were
added to a 96-well plate. Fresh bacterial solutions (1.5
x 10° CFU/mL) were prepared and incubated at 37 °C
for 24 h. The liquid was then discarded, and the wells
were washed with PBS (Beijing Solarbio Science &
Technology Co.,Ltd., China) to remove planktonic bac-
teria before air-drying at room temperature. Next, 1%
crystal violet (CV) solution (Beijing Solarbio Science &
Technology Co.,Ltd., China) was added to stain the bio-
films for 10 min. After discarding the liquid and wash-
ing with PBS, the wells were dried. An ethanol acetone
solution (95:5 vol/vol) was added and incubated for
10 min. The absorbance values of the different groups
were measured at ODgo; nm using a microplate reader
(Thermo Scientific " Multiskan EC).

Formed biofilm removal test was conducted as
described previously, with slight modifications [32].
In summary, fresh bacterial solution (200 pL, 1.5
%x10° CFU/mL) was added to each well of a 96-well
plate and incubated at 37 °C for 48 h to allow for the
formation of mature biofilms. After discarding the bac-
terial solution, the wells were washed with PBS and
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air-dried at room temperature. Subsequently, 200 pL of
corresponding concentrations of PBS/CHC/®K2046,
or CHC combined with ®K2046 were added, and then
incubated at 37 °C for 24 h. The subsequent washing
and staining procedures were performed following the
protocol outlined in the biofilm formation inhibition
test.

Scanning electron microscope (SEM)
The experimental groups included: blank control (PBS),
1/2 MIC CHC group, phage group (1 x10’ PFU/mL,
1x 10® PFU/mL), and combination group (1 x 10’ PFU/
mL phage +1/2 MIC CHC, 1x 10® PFU/mL phage +1/2
MIC CHC).

Sterile square silicon wafers (5 X5 mm) were placed in
1 mL of freshly cultured bacterial solution containing 1.5
% 10° CFU/mL and a mixture of 1 mL of corresponding
drugs. The samples were then incubated at a constant
temperature of 37 °C for 24 h. Following incubation, the
silicon wafers were carefully removed with tweezers, gen-
tly rinsed to remove floating bacteria from the surface,
and air-dried. The wafers were then immersed in 2.5%
(v/v) glutaraldehyde and fixed in the dark for 4 h. Sub-
sequently, the wafers were dehydrated using a series of
ethanol solutions (30%, 50%, 70%, 90%, and 100%) for
10 min each. After air-drying naturally, the wafers were
coated with gold and observed using a SEM (Hitachi
Reguius8100, Japan).

Evaluation of medical device disinfection

The grouping of all experiments in this section is as fol-
lows: blank control (PBS), 1/2 MIC CHC group, phage
group (1 X 10’ PFU/mL, 1x 10® PFU/mL), and combina-
tion group (1 X 10’ PFU/mL phage +1/2 MIC CHC, 1x
10® PFU/mL phage +1/2 MIC CHC). The operational
method for the contaminated needle disinfection model
was adopted from published literature [16]. In sum-
mary, a sterile needle was immersed in a 1 x 10° CFU/mL
FK2046 bacterial suspension and contaminated for 1 h.
Subsequently, the needle was dried and divided into six
groups. The contaminated needles were then disinfected
for 2 h. After disinfection, the needles were removed and
immersed in equal amounts of PBS. They were sonicated
for 5 min to completely remove the bacteria from the
needle surface, and the colonies were counted on LB agar
plates.

The operational method for the urinary catheter dis-
infection model was adapted from published literature
[33] with slight modifications. For the 2-h short-term
sterilization test of the contaminated urinary catheter,
the procedure is identical to the disinfection model of the
contaminated needle mentioned earlier. For the biofilm
sterilization test in the urinary catheter, the procedure is
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as follows: A uniformly prepared and sterile 1 cm urinary
catheter is fully immersed in fresh FK2046 bacterial solu-
tion and exposed to 37 °C for 48 h to allow biofilm for-
mation. The urinary catheter is then removed, the surface
rinsed with PBS, and dried. The catheters are disinfected
for either 2 or 24 h. After disinfection, the urinary cathe-
ters are removed and immersed in equal amounts of PBS.
They are then sonicated for 10 min to completely remove
the biofilm bacteria from the surface. The solution is gra-
dient diluted, and colony counting is performed to assess
bacterial viability.

Effect of different phage and disinfectant addition
sequences on the reduction of formed biofilms

The experimental protocol was developed based on the
procedures outlined in the referenced article [34, 35].
Fresh FK2046 (0.5 McFarland Turbidity) was spread on
plates and incubated at 37 °C for 48 h to obtain mature
biofilms. The planktonic bacteria were washed away, and
1x 10® PFU/mL ®K2046 or 1/2 MIC CHC was added in
a simultaneous or sequential order, with an interval of
10 min or 90 min before and after the addition of 1x 10®
PFU/mL ®K2046 or 1/2 MIC CHC. After the completion
of the addition of 1x 10° PFU/mL ®K2046 or 1/2 MIC
CHC, the plates were incubated at 37 °C for 24 h, and
stained with crystal violet. Biofilm reduction rate = (con-
trol group absorbance—experimental group absorb-
ance)/control group absorbance x 100%

Similarly, 1 mL of fresh FK2046 was incubated in the
24-well plate, incubated at 37°C for 48 h to obtain mature
biofilm, and the same sequence of dosing was carried out,
incubated at 37°C for 24 h, discarded the liquid, cleaned
the planktonic bacteria, added 1 mL of PBS, sonicated
for 15 min to make the bacteria in the biofilm dispersed,
and mixed the liquid sufficiently to carry out the colony
counting.

According to the catheter disinfection modeling
method described herein, the catheter contaminated
with FK2046 biofilm was obtained, and 1x 10® PFU/mL
®K2046 or 1/2 MIC CHC was added at the same time or
in sequential order, with an interval of 90 min before and
after, and incubated at 37 °C for 24 h. The liquid was dis-
carded, the planktonic bacteria were cleaned, and 1 mL
of PBS was added, and the bacteria in the biofilm were
dispersed and mixed thoroughly by ultrasonication for 10
min, and then counted. The bacteria in the biofilm were
dispersed by sonication for 10 min, and the liquid was
mixed well for colony counting.

Page 6 of 20

Statistical analysis

Statistical analysis was performed utilizing GraphPad
Prism version 9.0 software. The findings are depicted as
means +standard deviations (SD) from a minimum of
three independent experimental trials. Statistical signifi-
cance was assessed using Student’s t-test and one-way
analysis of variance (ANOVA). P< 0.05 were considered
statistically significant, denoted as follows: *, P< 0.05; **,
P< 0.01; ***, P< 0.001; **** P< 0.0001."ns"indicates no
significance (P> 0.05) for all analyses.

Results

Isolation and biological characterization of K. pneumoniae
phage ®K2046

FK2046, a clinical isolate derived from sputum samples of
patients at the First Affiliated Hospital of Wenzhou Med-
ical University, carries the efflux pump gene cepA [36],
associated with chlorhexidine (CHX) tolerance. The epi-
demiological cutoff value for CHX resistance, as reported
in the literature, is MIC >64 pg/mL [37], with strains
exhibiting MIC >16 ug/mL considered to have reduced
susceptibility to CHX. Based on its MIC results for CHC,
FK2046 qualifies as a strain with reduced susceptibility to
CHC (MIC =16 pg/mL) (Table S1).

Subsequently, using FK2046 as the host strain, spe-
cific bacteriophage ®K2046 was isolated and purified
from hospital wastewater. The plaque morphology of the
bacteriophage is illustrated in Fig. 1A, characterized by
small plaque diameters predominantly comprising a cen-
tral clear plaque (diameter 0.5-1 mm) with no discern-
ible zones of lysing enzymes. Furthermore, transmission
electron microscopy images (Fig. 1B) reveal that ®K2046
exhibits distinct head—tail structures, with a head diam-
eter ranging from 110 to 120 nm, displaying symmetrical
icosahedral geometry. The MOJI, defined as the ratio of
bacteriophage to bacteria yielding the maximum prog-
eny, is depicted in Fig. 1C, with ®K2046 demonstrating
an optimal MOI of 0.001 (Fig. 1C).

The phage adsorption test revealed that ®K2046
requires a relatively long adsorption time, with an
adsorption rate exceeding 70% after 30 min (Fig. 1D).
Based on this, a one-step growth curve experiment was
established. A one-step growth curve can assess the
latent period and burst size of the bacteriophage. As
shown in Fig. 1E, at the optimal MOI for ®K2046, the
latent period is 8 min, with titers reaching stability after
90 min. Additionally, the burst size of the bacteriophage
is determined to be 5623 plaque-forming units (PFU) per
cell.
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Stability of bacteriophage ®K2046

The practical applicability of ®K2046 was evaluated by
assessing its stability under different pH conditions and
temperature. The bacteriophage titer did not show a sig-
nificant decrease within the pH range of 4.0-10.0 (with
pH 7.0 as the control), and increased at pH 8.0, suggest-
ing that pH 8.0 might be more suitable for bacteriophage
survival (Fig. 2A). The bacteriophage titer did not show
a significant decrease within the temperature range of
4-60°C (with 37°C as the control) (Fig. 2B). The titer of
bacteriophage ®K2046 did not rapidly decrease in the
presence of CHC at different concentrations ranging
from 2 to 32 pg/mL (Fig. 2C).

Whole genome characterization of ®K2046

Whole genome sequencing results showed that phage
OK2046 possessed a relatively large dsSDNA genome with
41.92% G+ C content and did not carry virulence genes
or drug resistance genes, suggesting that it is safe for
application. Genomic annotation showed that ®K2046
has 276 open reading frames (ORFs), mainly including
structural proteins, replication and recombination pro-
teins, auxiliary metabolic genes, and phage endolysin
proteins used for lysis, including genes mediating lysis
inhibition (Fig. 3A), which is very similar to the classi-
fication of the phage defined as a “giant phages” [38]. In
addition, phylogenetic tree analysis showed that ®K2046
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Fig. 3 Genetic characterization of phage ©K2046. A Genome annotation of bacteriophage; B Evolutionary developmental tree of the proteome,
the red star indicates the position where phage OK2046 is located. Abbreviations: bp, base pairs; K2046, Klebsiella pneumoniae phage ®K2046

belongs to Caudovirales, Straboviridae, and Slopekvirus,
and is closely related to T4-like phages (Fig. 3B). The
sequence number of ®K2046 has been uploaded to the
NCBI database as PP736830.

Synergistic bactericidal effect of bacteriophage ®K2046

in combination with CHC

To investigate whether there exists a synergistic bac-
tericidal effect between bacteriophage ®K2046 and
CHC, the growth inhibition of FK2046 was assessed
upon exposure to different concentrations of ®K2046
and CHC. In the CHC-only treatment groups, the
optical density at 600 nm (ODy,,) of bacterial growth
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Fig. 4 Growth curve and time-kill tests with different treatment groups. A Growth curves of FK2046 after treatment with fixed phage
concentration of 10° PFU/mL and different CHC concentrations alone and in combination; B Growth curves of FK2046 after treatment with fixed
CHC concentration of 1/2 MIC and different phage concentrations individually and in combination; C Dynamic killing of FK2046 after treatment
with fixed phage concentration of 108 PFU/mL, individually and in combination with different CHC concentrations; D Dynamic killing of FK2046
after treatment with fixed CHC concentration of 1/2 MIC, individually and in combination with different phage concentrations. ODy, optical
density at 600 nm; CFU, colony-forming unit; h, hour; CHC, Chlorhexidine acetate; MIC, Minimum inhibitory concentration

decreased in a concentration-dependent manner with
increasing CHC concentrations. After 24 h treat-
ment with MIC CHC, although the ODg,, value of
bacterial growth were suppressed to 0.143, by 48 h,
the ODg, value had increased to above 0.5, indicat-
ing that CHC alone could not completely eradicate the
bacteria (Fig. 4A). When different concentrations of
DK2046 or 1/2 MIC CHC were used alone, the bacte-
rial ODyg, values reached over 1 after 48 h. However,
when ®K2046 was added to the 1/2 MIC CHC treat-
ment, the results showed a synergistic effect. As the
concentration of ®K2046 increased, the ODg, values
of bacterial growth decreased further. Combinations of
107 PFU/mL and 10° PFU/mL of ®K2046 with 1/2 MIC
of CHC exhibited potent synergistic bactericidal effects
against FK2046. After 48 h, the bacterial optical density
remained below 0.1, indicating suppressed bacterial
growth (Figs. 4B).

To further examine the bactericidal kinetics of the
combination treatment, a time-kill assay was conducted
to enumerate changes in bacterial counts within 24 h. As
shown in Figs. 4C—D, combinations of 10’ PFU/mL and
10® PFU/mL of ®K2046 with 1/2 MIC CHC also exhib-
ited a synergistic antibacterial effect under dynamic cul-
ture conditions, resulting in the reduction of over 3 Log;,
CFU/mL bacteria within 2 h (achieving an bactericidal

activity) [39], and maintaining bacterial growth inhibi-
tion for up to 24 h. In the CHC-only treatment groups,
a decrease in bacterial numbers was observed during
the first 2—4 h, especially in the 1/2 MIC and MIC CHC
groups, where bacterial counts were reduced by more
than 3 Log;, CFU/mL within the first 4 h. However, this
effect was not sustained beyond 6 h, and by 24 h post-
treatment, bacterial counts had rebounded to 5.5-9.4
Log;, CFU/mL (Figs. 4C). In the groups treated with dif-
ferent concentrations of ®K2046, the bacterial count at
24 h was similar to the control group, with a difference of
less than 0.5 orders (Figs. 4D).

The results of bacterial resistance mutation counts
indicated that the combination of ®K2046 and CHC
significantly reduced phage-resistant bacteria (Figure
S1) and CHC-resistant mutants (Figure S2) (P< 0.05).
Additionally, the frequency of resistant mutants was
dependent on the initial bacterial concentration. When
the initial bacterial concentration was 10° or 10® CFU/
mL, no resistant bacteria were detected after combined
treatment. However, when the initial bacterial concen-
tration was 108 CFU/mL, a certain number of resistant
bacteria remained, suggesting that an increase in the con-
centration of the combined treatment or an increase in
treatment frequency may be necessary. Overall, the com-
bination of ®K2046 and CHC effectively kills bacteria
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while inhibiting the emergence of bacterial resistance
mutants.

Enhanced anti-biofilm effect of ®K2046 in combination
with CHC

Based on previous growth curves as well as time-kill
experiments, combinations of 10’ PFU/mL and 108
PFU/mL of ®K2046 with varying concentrations of
CHC were tested for their ability to inhibit biofilm
formation and eradicate mature biofilms (Fig. 5). In
the monotherapy groups, treatment with 10’ PFU/mL
®K2046 or 1/4 MIC CHC did not significantly affect
biofilm formation or the removal of pre-formed bio-
film compared to the control group (P> 0.5). However,
treatment with 10° PFU/mL ®K2046 or 1/2 MIC/MIC
CHC significantly reduced biofilm formation and effec-
tively cleared pre-formed biofilms (P< 0.05). When
combined, the ability to inhibit FK2046 biofilm forma-
tion was significantly enhanced (P< 0.05) (Fig. 5A-B).
Notably, the combination of 10® PFU/mL phage and
MIC CHC reduced biofilm formation by 72.5% com-
pared to the control group. Similarly, after phage
addition, CHC at different concentrations exhibited
a more pronounced biofilm eradication effect on pre-
formed FK2046 biofilm (P< 0.05) (Fig. 5C-D), with

(FY®K2046-1 7000
Y- A~AD '

-

)

Regulus 3.0kV 8 1mm x3 50K SE(UL) 10,0, Regulus 3.0kV 8. Tmm x7.00k SE(L
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the combination of 10® PFU/mL phage and MIC CHC
reducing pre-formed biofilm by 58.2%.

SEM was employed to visually assess the effect of the
combination of ®K2046 and CHC on FK2046 biofilm.
The results showed that 10’ PFU/mL or 10% PFU/mL
of ®K2046 and CHC alone was not effective in reduc-
ing the biofilm. The biofilm appeared similar to that of
the control group (Fig. 6A-B), showing a intact biofilm
morphology, tight fitting and overlapping between the
bacteria as well as the presence of nanotube-like struc-
ture formation [40] (Fig. 6C—H). In contrast, after the
combined treatment, there was basically no biofilm
formation, few and lysed bacteria, and lack of intact
bacterial morphology (Fig. 6I-M). The results demon-
strated that the combination of phage and CHC was
more effective in reducing biofilm formation compared
to monotherapy.

Simulation disinfection of medical devices

Short-term disinfection (2 h) and biofilm eradication
abilities of 10” and 108 PFU/mL of ®K2046 in combina-
tion with 1/2 MIC CHC were tested using needles and
urinary catheters contaminated with FK2046 bacterial
suspension (Figure S3). The combined of phage and CHC
significantly reduced the bacterial load on the surfaces
of needles and urinary catheters compared to individual

Fig. 6 Scanning electron microscopic observation of the enhanced anti-biofilm effect of the combination of ®K2046 and CHC. (A-B) PBS-treated
images of FK2046 biofilms magnified 3500 x or 7000 X as controls; (C-D) 1/2 MIC of CHC-treated FK2046 biofilm magnified 3500 x or 7000 X;
(E-F) 107 PFU/mL of ®K2046 treated FK2046 biofilm magnified 3500 x or 7000 x; (G-H) 10° PFU/mL of ®K2046 treated FK2046 biofilm magnified
3500 x or 7000 x; (I-J) 107 PFU/mL of ®K2046 co-treated with 1/2 MIC of CHC in FK2046 biofilm magnified 3500 x or 7000 X; (K-M) 10° PFU/mL
of OK2046 co-treated with 1/2 MIC of CHC in FK2046 biofilm magnified 3500 x or 7000 x. Biofilm images formed at 24 h for all groups
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treatment by 1.9 and 2.9 orders of magnitude, respec-
tively (Fig. 7A—B). Regarding the eradication of biofilm-
contaminated urinary catheters, the number of biofilm
bacteria after short-term (2 h) combined treatment was
reduced by 2.2-2.4 orders of magnitude compared to sin-
gle treatment, and by 4.3-4.5 orders of magnitude after
long-term (24 h) treatment (Fig. 7C-D). In the combined
treatment group, a phage concentration of 10® PFU/mL
exhibited a more significant bacterial killing effect than
107 PFU/mL, both against planktonic and biofilm bacte-
ria (Fig. 7A,C,D).

Effect of different phage and disinfectant addition
sequences on the reduction of formed biofilms
Next, the difference in the order of phage and CHC addi-
tion produced different biofilm reduction results, as
shown in Fig. 8. The results of crystalline violet staining
suggested that compared to the simultaneous addition
of phage and CHC, the phage-first group reduced more
overall biofilm, whereas there was no significant differ-
ence in the CHC-first group (P> 0.05); moreover, in the
group with phage added first, phage treatment for 10 min
(OK2046 latency) followed by CHC treatment reduced
46.24% of the formed biofilm (Fig. 8A), while phage
treatment for 90 min (®K2046 rise phase) followed by
CHC treatment reduced 61.59% of the formed biofilm
(Fig. 8B), suggesting that phage treatment for 90 min
(D®K2046 rise phase) followed by CHC treatment reduced
the overall biofilm (P> 0.05). This suggests that treatment
with phage for 90 min followed by CHC is a treatment
option with stronger ability to reduce formed biofilm.
The results of colony counting in biofilm further sug-
gested that phage-first treatment led to a reduction of
bacterial count in biofilm by 0.7 orders of magnitude
compared with the simultaneous addition of phage and
CHC; moreover, in the phage-first group, pre-treatment
with phage for 10 min followed by CHC reduced the via-
ble bacteria in formed biofilm by about 1.5 orders of mag-
nitude compared with that in the blank group (Fig. 8C),
while pre-treatment with phage for 90 min followed by
CHC treatment reduced the viable bacteria in the formed
biofilm by about 2.5 orders of magnitude compared
with that of the blank group (Fig. 8D), suggesting that

(See figure on next page.)
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pre-treatment with phage for 90 min before treatment
with CHC is also a preferred treatment option to reduce
the number of viable bacteria in biofilms.

Next, in a biofilm simulation of biofilm removal from
contaminated catheters, the addition of ®K2046 fol-
lowed by the addition of CHC (a 92.5% reduction in
log-transformed bacterial counts) also produced a bet-
ter bactericidal effect on bacteria in the biofilm than the
simultaneous addition of both (a 66.7% reduction in log-
transformed bacterial counts), as shown in Fig. 9. The
biofilm and bacteria on the surface of the catheter were
observed by scanning electron microscopy, as shown in
Figure S4 A-B, the bacteria in the blank control group
were stacked, more numerous and with complete mor-
phology. But few bacteria were seen on the surface of
the catheter treated with ®K2046 for 90 min followed
by CHC, and the morphology of the bacteria was broken
and twisted, which intuitively demonstrated a good abil-
ity to reduce the biofilm and to kill the biofilm bacteria
(Figure S4 C-D).

Discussion

The importance of hospital-acquired infection pre-
vention and control, mainly caused by Gram-negative
bacteria, is increasing. Studies have shown that K. pneu-
moniae can survive for up to 30 months on inanimate
surfaces and medical devices (such as bed rails, stetho-
scopes, ultrasound machines, and catheters), significantly
increasing the spread and likelihood of pathogen trans-
mission, evolution, and hospital infection outbreaks [41,
42]. Chlorhexidine is a commonly used disinfectant strat-
egy, but it is now facing challenges: balancing the safety
and effectiveness of disinfectant dosages and dealing with
the emergence of chlorhexidine-resistant strains as well
as cross-resistant strains. In this study, a K. pneumoniae
bacteriophage ®K2046 was isolated and identified, capa-
ble of lysing the chlorhexidine-resistant K. pneumoniae
FK-2046 strain, exhibiting good environmental stability,
not carrying virulence genes or resistance genes, thus
enhancing CHC’s antibacterial and anti-biofilm abili-
ties. Moreover, we have demonstrated the feasibility and
potential of this combination in medical device disin-
fection. Additionally, since bacteriophages infect only

Fig. 8 Differential reduction of formed biofilm by different addition sequences and time intervals of OK2046 and CHC. (A-B) Crystalline violet
staining results (the time interval between sequential phage/CHC additions: Figure A of 10 min, Figure B of 90 min); the top measurement is a field
photo of the biofilm after staining with crystal violet, and the bottom side is the statistical result of the absorbance value at an ODsqs nm;(C-D)
Results of viable bacteria counts in biofilms (the time interval between sequential phage/CHC additions: Figure C of 10 min, Figure D of 90 min).
PFU, plague forming unit; CFU, colony-forming unit; CHC, Chlorhexidine acetate; MIC, Minimum inhibitory concentration; “OK2046 first’, phage
OK2046 is used first, followed by the disinfectant CHC; "CHC first’, CHC is used first, followed by phage ®K2046, P> 0.05 (ns), P< 0.05 (*), P< 0.01 (**),

P<0.001 (***), P< 0.0001 (****)
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bacteria without affecting mammalian cells, the combi- The bactericidal effect of bacteriophages is often
nation formulation can also reduce the concentration of influenced by disinfectants, with different chemical
chlorhexidine used, making it safer for human applica-  disinfectants having varying effects on bacteriophage
tion [43]. killing (either positive synergy or negative antagonism)
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[44, 45]. Through a series of experiments, including
growth curve tests and time-kill assays with various
concentrations, we determined that the combination of
®K2046 at 10’ PFU/mL and 108 PFU/mL with 1/2 MIC
of CHC exhibited strong synergistic bactericidal effects
[29]. Prolonged exposure to CHC often induces the
development of resistance in bacterial strains [46]. In
this study, after using the combination of ®K2046 and
CHC, their bactericidal actions complemented each
other, reducing the emergence of bacteriophage-resist-
ant strains on the one hand and lowering the number
of CHC-resistant strains on the other hand, thereby
reducing the likelihood of CHC inducing bacterial tol-
erance, achieving a"two birds with one stone'effect.

In the simulated disinfection tests of medical devices,
we selected syringe needles and urinary catheters as the
research subjects to evaluate the combined effect of CHC
and bacteriophage ®K2046 on the surface disinfection of
medical devices. These items represent different medical
device materials, including polypropylene, stainless steel,
and polyvinyl chloride, and also encompassing different
scenarios of hard surfaces (needles) and soft surfaces
(urinary catheter). The results demonstrated that this
combination has excellent antibacterial and anti-biofilm
effects in both short-term bacterial contamination and
the removal of established biofilms, providing a basis for
the development of combinations of bacteriophages and
traditional disinfectants. This study serves as proof and
a valuable addition to existing literature on the effec-
tive elimination of bacteria on hard surfaces through the
combined use of bacteriophages and chemical disinfect-
ants [29], and the simulation of disinfection using clini-
cally used medical devices may better replicate complex
clinical environments.

Due to the low sensitivity of the test strains to CHC,
it is difficult for CHC to kill bacteria, let alone bacteria
with reduced metabolism in the presence of biofilms in
which resistance is greatly enhanced. Therefore, this
study also explored the effect of the order of phage and
CHC addition on the effectiveness of removing formed
biofilms, and found that the addition of phage followed
by CHC exhibited a much better ability to reduce the
overall level of formed biofilms as well as the inhibition of
bacteria in biofilms compared to the addition of both at
the same time or the addition of CHC followed by phage.
For the time interval between the addition of the two
agents, in this study, the end of the eclipse phase and the
end of the rise phase were selected based on the results
of the one-step growth curve of ®K2046, both of which
showed a better ability to combat the formed biofilm, and
90 min was found to be the better regimen. This could
be attributed to the reduction of possible effects of CHC
on the process of bacterial lysis by ®K2046 adsorption,
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e.g., CHC induces a change in bacterial state and affects
phage colonization [47]. One of the major innovations
of this paper is in the simulated removal of biofilm from
contaminated catheters, where we have similarly dem-
onstrated the feasibility of the clinical application of this
disinfection regimen. Compared with the studied sodium
hypochlorite-phage hybrid formulations, in which low
sodium hypochlorite concentrations (5 or 20 ppm) inac-
tivate phage on contact with ®JG004 and ®P1 for 10 min
[34], ®K2046 proposed in this study has a better stability
in CHC, and can have a certain reduction of formed bio-
film without relying on the need for timely removal of the
residual disinfectant after disinfectant treatment before
phage can be used in the practical application.
Furthermore, it is worth noting that the bacteriophage
©®K2046 isolated in this study belongs to the Slopekvirus
virus genus, showing significant similarity to the model
bacteriophage T4 and exhibiting typical lytic bacterio-
phage characteristics with the ability to forcefully dissolve
bacteria, hence being referred to as a"T4-like bacterio-
phage"[48]. Multiple studies have indicated that T4-like
bacteriophages have broad host range, strong lytic
capabilities, short latent period, lack of virulence genes,
making them one of the best candidates for future bac-
teriophage therapy development [49]. In this study, the
T4-like bacteriophage ®K2046 has also shown promis-
ing potential for clinical application in combination with
disinfectants, which has not been extensively reported
in other studies. However, the time-kill results indicated
that ®K2046 did not exhibit good antibacterial efficacy
when used alone, which was closely related to the phage
dosage used in this study, at the 4 h of monotherapy, the
phage group with a titer closest to the OMOI concentra-
tion (10° PFU/mL) reduced the bacterial count by 0.3
Log,, units. However, after this point, the bacteria in the
phage-only treatment group rapidly proliferated, pos-
sibly due to the growth of resistant strains. In combina-
tion treatments, the bactericidal effect also depended on
the differences in phage titer. This phage dose-dependent
effect has been observed in phage-antibiotic combina-
tion strategies, highlighting the importance of achieving
a certain phage concentration. However, excessively high
doses of phage exert high survival pressure on patho-
gens, promoting extreme resistant mutations, which may
reduce the effectiveness of the combination treatment.
This aspect has not been studied in the present work [19,
50, 51]. Therefore, this study has several limitations: it did
not compare the effects of T4-like phages with different
characteristics when combined with disinfectants, nor
did it investigate whether the synergistic effect is influ-
enced by the type of disinfectant or how a higher phage
dose affects antimicrobial efficacy in combination thera-
pies. While phages are easy to proliferate, inexpensive to
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produce, and hold great commercialization potential, the
challenge of stabilizing their preservation remains unre-
solved. And the long-term stability of the phage in chlo-
rhexidine remains to be evaluated.

The host range and efficiency of plating test results sug-
gest that the phage is polyvalent. Although it can only
lyse K. pneumoniae, it exhibits lytic activity against bacte-
rial strains of multiple different sequence types/capsular
types (Table S2-S3). The bactericidal action of bacterio-
phages may be related to the structure of bacteriophage
receptors on bacteria, with Gram-negative bacteria bac-
teriophage receptors being lipopolysaccharides, bacte-
rial outer membrane proteins, capsule polysaccharides,
etc. Due to the bacteriophage’s inherent targeting speci-
ficity towards host bacterial sites, a bacteriophage often
exhibits optimal lysing effects on its host bacterium, and
because phage have the property of replicating on their
own in the host bacterium, their application does not
require continuous application of agents, which is benefi-
cial to make up for the depletion of disinfectants, reduce
the number of supplemental disinfections, and improve
disinfection effects [52]. Therefore, we believe that the
combination of chlorhexidine and phage is suitable for
site-specific inhibition of the production and coloniza-
tion of drug-resistant bacteria, especially for sites such
as ICUs and operating rooms, as well as for the use of
instruments in invasive operations. An interesting avenue
for future research would be to delve deeper into explor-
ing the development of a mixed disinfectant containing
bacteriophages targeting common clinically relevant
K1, K4, K64 capsule types of K. pneumoniae associated
with hospital-acquired infections and chlorhexidine
[53], expanding the variety of bacteriophages that can be
added to chlorhexidine, akin to the"cocktail"approach in
current bacteriophage therapy [54], thus broadening the
clinical applications of composite disinfectants. In addi-
tion, the establishment of a phage-disinfectant library of
hospital-acquired infection pathogens will allow rapid
selection of phage-disinfectant mixtures for patient treat-
ment and environmental disinfection along with routine
surveillance of hospital-acquired infections [55].

Conclusion

The results of this study demonstrate that the isolated K.
pneumoniae bacteriophage ®K2046 exhibits good envi-
ronmental stability, does not carry virulence and anti-
biotic resistance genes, enhances the antibacterial and
antibiofilm capabilities of chlorhexidine, and reduces the
emergence of mutant strains resistant to chlorhexidine
and bacteriophages. These findings suggest that combin-
ing specific bacteriophages with chemical disinfectants is
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an effective and cost-efficient strategy for medical device
disinfection in clinical settings.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513756-025-01548-z.

[ Supplementary file 1. }

Acknowledgements

The authors would like to express their gratitude to Scientiffc Research Center
of Wenzhou Medical University for consultation and instrument availability
that supported this work. Special thanks are also due to all the authors and
every member of the research team who made important contributions to
this study.

Author contributions

Panjie Hu and Yao Sun were responsible for the conception, experimental
design, implementation and manuscript writing, Zeyong Zhong was respon-
sible for the implementation and data analysis, Sichen Liu was responsible
for the manuscript writing, Deyi Zhao was responsible for the implementa-
tion, Weijun Chen was responsible for the graphical design, Ying Zhang was
responsible for the graphical design, Zhexiao Ma was responsible for the
manuscript revision, Jianming Cao and Tieli Zhou were responsible for the
conception, experimental design, supervision, manuscript revision and finan-
cial support. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (no. 82072347); Key Laboratory of Clinical Laboratory Diagnosis and
Translational Research of Zhejiang Province (2022E10022); and the Health
Department of Zhejiang Province of the People’s Republic of China (no. 2024
KY1260).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Clinical Laboratory, Key Laboratory of Clinical Laboratory
Diagnosis and Translational Research of Zhejiang Province, The First Affiliated
Hospital of Wenzhou Medical University, Wenzhou, Zhejiang, China. 2School
of Laboratory Medicine and Life Science, Wenzhou Medical University, Wen-
zhou 325000, China.

Received: 1 September 2024 Accepted: 30 March 2025
Published online: 05 May 2025

References

1. Salmanov A, Litus V, Vdovychenko S, Litus O, Davtian L, Ubogov S, Bisyuk
Y, Drozdova A, Vlasenko |. Healthcare-associated infections in intensive
care units. Wiad Lek. 2019;72(5):963-9.

2. Dingl,Yang Z LuJ, Ma L, LiuY,Wu X, Yao W, Zhang X, Zhu K. Charac-
terization of phenotypic and genotypic traits of klebsiella pneumoniae


https://doi.org/10.1186/s13756-025-01548-z
https://doi.org/10.1186/s13756-025-01548-z

Hu et al. Antimicrobial Resistance & Infection Control

20.

21

(2025) 14:42

from lung cancer patients with respiratory infection. Infect Drug Resist.
2020;13:237-45.

Guerra MES, Destro G, Vieira B, Lima AS, Ferraz LFC, Hakansson AP, Dar-
rieux M, Converso TR. Klebsiella pneumoniae biofilms and their role in
disease pathogenesis. Front Cell Infect Microbiol. 2022;12: 877995.
Denkel LA, Schwab F, Clausmeyer J, Behnke M, Golembus J, Wolke S,
Gastmeier P, Geffers C. Central-line associated bloodstream infections in
intensive care units before and after implementation of daily antisep-

tic bathing with chlorhexidine or octenidine: a post-hoc analysis of a
cluster-randomised controlled trial. Antimicrob Resist Infect Control.
2023;12(1):55.

Frost SA, Alogso MC, Metcalfe L, Lynch JM, Hunt L, Sanghavi R, Alexan-
drou E, Hillman KM. Chlorhexidine bathing and health care-associated
infections among adult intensive care patients: a systematic review and
meta-analysis. Crit Care. 2016;20(1):379.

Jee R, Nel L, Gnanakumaran G, Williams A, Eren E. Four cases of anaphy-
laxis to chlorhexidine impregnated central venous catheters: a case
cluster or the tip of the iceberg? Br J Anaesth. 2009;103(4):614-5.
Rozman U, Pugnik M, Kmetec S, Duh D, Sostar Turk S. Reduced susceptibil-
ity and increased resistance of bacteria against disinfectants: a systematic
review. Microorganisms. 2021. https://doi.org/10.3390/microorganisms9
122550.

Sathasivam R, EbenezerV, Guo R, Ki JS. Physiological and biochemical
responses of the freshwater green algae Closterium ehrenbergii to the
common disinfectant chlorine. Ecotoxicol Environ Saf. 2016;133:501-8.
Zhang Y, ZhaoY, Xu C, Zhang X, Li J, Dong G, Cao J, Zhou T. Chlorhexidine
exposure of clinical Klebsiella pneumoniae strains leads to acquired
resistance to this disinfectant and to colistin. Int J Antimicrob Agents.
2019;53(6):864-7.

Singh K, Biswas A, Chakrabarti AK, Dutta S. Phage therapy as a protective
tool against pathogenic bacteria: how far we are? Curr Pharm Biotechnol.
2023,24(10):1277-90.

. Zurabov F, Glazunov E, Kochetova T, Uskevich V, Popova V. Bacteriophages

with depolymerase activity in the control of antibiotic resistant Klebsiella
pneumoniae biofilms. Sci Rep. 2023;13(1):15188.

Holtappels D, Fortuna K, Lavigne R, Wagemans J. The future of phage
biocontrol in integrated plant protection for sustainable crop production.
Curr Opin Biotechnol. 2021,68:60-71.

Zbikowska K, Michalczuk M, Dolka B. The use of bacteriophages in the
poultry industry. Animals (Basel). 2020. https://doi.org/10.3390/ani10
050872.

Ushanov L, Lasareishvili B, Janashia |, Zautner AE. Application of campylo-
bacter jejuni phages: challenges and perspectives. Animals (Basel). 2020.
https://doi.org/10.3390/ani10020279.

Gomes BP, Vianna ME, Zaia AA, Almeida JF, Souza-Filho FJ, Ferraz CC.
Chlorhexidine in endodontics. Braz Dent J. 2013;24(2):89-102.

LiuY, ZhaoY, Qian C, Huang Z, Feng L, Chen L, Yao Z, Xu C, Ye J, Zhou

T. Study of combined effect of bacteriophage vB3530 and chlorhex-
idine on the inactivation of pseudomonas aeruginosa. BMC Microbiol.
2023;23(1):256.

Byun KH, Han SH, Choi MW, Kim BH, Ha SD. Efficacy of disinfectant and
bacteriophage mixture against planktonic and biofilm state of Listeria
monocytogenes to control in the food industry. Int J Food Microbiol.
2024;413:110587.

Yang QE, Ma X, Li M, Zhao M, Zeng L, He M, Deng H, Liao H, Rensing C,
Friman VP, et al. Evolution of triclosan resistance modulates bacterial per-
missiveness to multidrug resistance plasmids and phages. Nat Commun.
2024;15(1):3654.

Li X, He Y, Wang Z, Wei J, HuT, Si J, Tao G, Zhang L, Xie L, Abdalla AE, et al.
A combination therapy of phages and antibiotics: two is better than one.
Int J Biol Sci. 2021;17(13):3573-82.

Hammerl JA, Barac A, Erben P, Fuhrmann J, Gadicherla A, Kumsteller

F, Lauckner A, Miller F, Hertwig S. Properties of two broad host range
phages of yersinia enterocolitica isolated from wild animals. Int J Mol Sci.
2021. https://doi.org/10.3390/ijms222111381.

Menon ND, Kumar MS, Satheesh Babu TG, Bose S, Vijayakumar G, Baswe
M, Chatterjee M, D'Silva JR, Shetty K, Haripriyan J, et al. A Novel N4-Like
bacteriophage isolated from a Wastewater Source in South India with
activity against several multidrug-resistant clinical pseudomonas aerugi-
nosa Isolates. mSphere. 2021. https://doi.org/10.1128/mSphere.01215-20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 19 of 20

Feng L, Chen H, Qian C, Zhao Y, Wang W, Liu Y, Xu M, Cao J, Zhou T, Wu

Q. Resistance, mechanism, and fitness cost of specific bacteriophages
for pseudomonas aeruginosa. mSphere. 2024. https://doi.org/10.1128/
msphere.00553-23.

Bouras G, Nepal R, Houtak G, Psaltis AJ, Wormald PJ, Vreugde S. Pharokka:
a fast scalable bacteriophage annotation tool. Bioinformatics. 2023.
https://doi.org/10.1093/biocinformatics/btac776.

Buttimer C, Lynch C, Hendrix H, Neve H, Noben JP, Lavigne R, Coffey A.
Isolation and characterization of pectobacterium phage vB_PatM_CB7:
new insights into the genus certrevirus. Antibiotics (Basel). 2020. https://
doi.org/10.3390/antibiotics9060352.

Bavda VR, Jain V. Deciphering the Role of Holin in Mycobacteriophage
D29 Physiology. Front Microbiol. 2020;11:883.

Skorynina AV, Koposova ON, Kazantseva OA, Piligrimova EG, Ryabova NA,
Shadrin AM. Isolation and Characterization of Two Novel Siphoviruses
Novomoskovsk and Bolokhovo, Encoding Polysaccharide Depolymerases
Active against Bacillus pumilus. Int J Mol Sci. 2022. https://doi.org/10.
3390/ijms232112988.

Kazantseva OA, Buzikov RM, Pilipchuk TA, Valentovich LN, Kazantsev AN,
Kalamiyets El, Shadrin AM. The Bacteriophage Pf-10-A component of
the biopesticide ‘multiphage” used to control agricultural crop diseases
caused by pseudomonas syringae. Viruses. 2021. https://doi.org/10.3390/
v14010042.

Rastegar S, Sabouri S, Tadjrobehkar O, Samareh A, Niaz H, Sanjari N,
Hosseini-Nave H, Skurnik M. Characterization of bacteriophage vB_AbaS_
SA1 and its synergistic effects with antibiotics against clinical multidrug-
resistant Acinetobacter baumannii isolates. Pathog Dis. 2024. https://doi.
0rg/10.1093/femspd/ftae028.

Chen Z,Yang Y, Li G, Huang Y, Luo Y, Le S. Effective elimination of bacteria
on hard surfaces by the combined use of bacteriophages and chemical
disinfectants. Microbiol Spectr. 2024;12(4): e0379723.

Gut AM, Vasiljevic T, Yeager T, Donkor ON. Anti-salmonella properties of
kefir yeast isolates: an in vitro screening for potential infection control.
Saudi J Biol Sci. 2022;29(1):550-63.

Pournaras S, Vrioni G, Neou E, Dendrinos J, Dimitroulia E, Poulou A, Tsakris
A. Activity of tigecycline alone and in combination with colistin and
meropenem against Klebsiella pneumoniae carbapenemase (KPC)-
producing Enterobacteriaceae strains by time-kill assay. Int J Antimicrob
Agents. 2011;37(3):244-7.

Hu P, Chen H, Zhao D, Ma Z, Zeng W, Han Y, Zhou T, Cao J, Shen M.
Azomycin orchestrate colistin-resistant enterobacter cloacae com-

plex’s colistin resistance reversal in vitro and in vivo. ACS Infect Dis.
2024;10(2):662-75.

Navarro S, Sherman E, Colmer-Hamood JA, Nelius T, Myntti M, Hamood
AN. Urinary catheters coated with a novel biofilm preventative agent
inhibit biofilm development by diverse bacterial uropathogens. Antibiot-
ics (Basel). 2022;11(11):1514.

Stachler E, Kull A, Julian TR. Bacteriophage Treatment before Chemical
Disinfection Can Enhance Removal of Plastic-Surface-Associated Pseu-
domonas aeruginosa. Appl Environ Microbiol. 2021;87(20): €0098021.
Chaudhry WN, Concepcion-Acevedo J, Park T, Andleeb S, Bull JJ, Levin BR.
Synergy and Order Effects of Antibiotics and Phages in Killing Pseu-
domonas aeruginosa Biofilms. PLoS ONE. 2017;12(1): e0168615.

Abuzaid A, Hamouda A, Amyes SG. Klebsiella pneumoniae susceptibility
to biocides and its association with cepA, gacAE and gacE efflux pump
genes and antibiotic resistance. J Hosp Infect. 2012;81(2):87-91.

Leshem T, Gilron S, Azrad M, Peretz A. Characterization of reduced
susceptibility to chlorhexidine among Gram-negative bacteria. Microbes
Infect. 2022;24(2): 104891.

Mi L, Anantharaman V, Krishnan A, Burroughs AM, Aravind L. Jumbo
phages: a comparative genomic overview of core functions and adap-
tions for biological conflicts. Viruses. 2021. https://doi.org/10.3390/v1301
0063.

Zhou C,Wang Q, Jin L, Wang R, Yin Y, Sun S, Zhang J, Wang H. In vitro
synergistic activity of antimicrobial combinations against bla (KPC) and
bla (NDM)-producing enterobacterales with bla (IMP) or mcr genes. Front
Microbiol. 2020;11: 533209.

Dubey GP, Malli Mohan GB, Dubrovsky A, Amen T, Tsipshtein S, Rouvinski
A, Rosenberg A, Kaganovich D, Sherman E, Medalia O, et al. Architecture
and characteristics of bacterial nanotubes. Dev Cell. 2016;36(4):453-61.


https://doi.org/10.3390/microorganisms9122550
https://doi.org/10.3390/microorganisms9122550
https://doi.org/10.3390/ani10050872
https://doi.org/10.3390/ani10050872
https://doi.org/10.3390/ani10020279
https://doi.org/10.3390/ijms222111381
https://doi.org/10.1128/mSphere.01215-20
https://doi.org/10.1128/msphere.00553-23
https://doi.org/10.1128/msphere.00553-23
https://doi.org/10.1093/bioinformatics/btac776
https://doi.org/10.3390/antibiotics9060352
https://doi.org/10.3390/antibiotics9060352
https://doi.org/10.3390/ijms232112988
https://doi.org/10.3390/ijms232112988
https://doi.org/10.3390/v14010042
https://doi.org/10.3390/v14010042
https://doi.org/10.1093/femspd/ftae028
https://doi.org/10.1093/femspd/ftae028
https://doi.org/10.3390/v13010063
https://doi.org/10.3390/v13010063

Hu et al. Antimicrobial Resistance & Infection Control (2025) 14:42

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Otter JA, Yezli S, Salkeld JA, French GL. Evidence that contaminated
surfaces contribute to the transmission of hospital pathogens and an
overview of strategies to address contaminated surfaces in hospital set-
tings. Am J Infect Control. 2013;41(5 Suppl):S6-11.

Russotto V, Cortegiani A, Raineri SM, Giarratano A. Bacterial contamina-
tion of inanimate surfaces and equipment in the intensive care unit. J
Intensive Care. 2015;3:54.

Maciejewska B, Olszak T, Drulis-Kawa Z. Applications of bacteriophages
versus phage enzymes to combat and cure bacterial infections: an
ambitious and also a realistic application? Appl Microbiol Biotechnol.
2018;102(6):2563-81.

Sukumaran AT, Nannapaneni R, Kiess A, Sharma CS. Reduction of Sal-
monella on chicken meat and chicken skin by combined or sequential
application of lytic bacteriophage with chemical antimicrobials. Int J
Food Microbiol. 2015;207:8-15.

Scanlan PD, Bischofberger AM, Hall AR. Modification of Escherichia coli-
bacteriophage interactions by surfactants and antibiotics in vitro. FEMS
Microbiol Ecol. 2017. https://doi.org/10.1093/femsec/fiw211.

Wand ME, Sutton JM. Efflux-mediated tolerance to cationic biocides,

a cause for concern? Microbiology (Reading). 2022. https://doi.org/10.
1099/mic.0.001263.

Ferriol-Gonzélez C, Domingo-Calap P. Phages for Biofilm Removal. Antibi-
otics (Basel). 2020. https://doi.org/10.3390/antibiotics9050268.
Weber-Dabrowska B, Zaczek M, tobocka M, tusiak-Szelachowska M,
Owczarek B, Orwat F, todej N, Skaradziriska A, taczmanski t, Martynowski
D, et al. Characteristics of environmental klebsiella pneumoniae and
klebsiella oxytoca bacteriophages and their therapeutic applications.
Pharmaceutics. 2023. https://doi.org/10.3390/pharmaceutics15020434.
Townsend EM, Kelly L, Gannon L, Muscatt G, Dunstan R, Michniewski S,
Sapkota H, Kiljunen SJ, Kolsi A, Skurnik M, et al. Isolation and characteri-
zation of klebsiella phages for phage therapy. Phage (New Rochelle).
2021;2(1):26-42.

Fu J,LiY, Zhao L, Wu C, He Z. Characterization and genomic analysis of a
bacteriophage with potential in lysing vibrio alginolyticus. Viruses. 2022.
https://doi.org/10.3390/v15010135.

Luo J, Xie L, Liu M, Li Q Wang P, Luo C. Bactericidal synergism between
phage YC#06 and antibiotics: a combination strategy to target multidrug-
resistant acinetobacter baumannii in vitro and in vivo. Microbiol Spectr.
2022;10(4): €0009622.

Harada LK, Silva EC, Campos WF, Del Fiol FS, Vila M, Dabrowska K, Krylov
VN, Balcdo VM. Biotechnological applications of bacteriophages: state of
the art. Microbiol Res. 2018;212-213:38-58.

Xiong L, Su L, Tan H, Zhao W, Li S, Zhu Y, Lu L, Huang Z, Li B. Molecular
epidemiological analysis of ST11-K64 extensively drug-resistant klebsiella
pneumoniae infections outbreak in intensive care and neurosurgery units
based on whole-genome sequencing. Front Microbiol. 2021;12: 709356.
Yu L, Wang S, Guo Z, Liu H, Sun D, Yan G, Hu D, Du C, Feng X, Han W, et al.
A guard-killer phage cocktail effectively lyses the host and inhibits the
development of phage-resistant strains of Escherichia coli. Appl Micro-
biol Biotechnol. 2018;102(2):971-83.

Wu N, Zhu T. Potential of therapeutic bacteriophages in nosocomial
infection management. Front Microbiol. 2021;12: 638094.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 20 of 20


https://doi.org/10.1093/femsec/fiw211
https://doi.org/10.1099/mic.0.001263
https://doi.org/10.1099/mic.0.001263
https://doi.org/10.3390/antibiotics9050268
https://doi.org/10.3390/pharmaceutics15020434
https://doi.org/10.3390/v15010135

	Isolation and identification of Klebsiella pneumoniae phage ΦK2046: optimizing its antibacterial potential in combination with chlorhexidine
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Bacterial strains
	Isolation, propagation, and titer determination of ΦK2046
	Transmission electron microscopy observation of ΦK2046
	Phage genome sequencing and annotation
	Analysis of bacteriophage biological characteristics
	Phage stability analysis
	Growth curve test
	Time-kill assay
	Biofilm formation inhibition test and formed biofilm removal test
	Scanning electron microscope (SEM)
	Evaluation of medical device disinfection
	Effect of different phage and disinfectant addition sequences on the reduction of formed biofilms
	Statistical analysis

	Results
	Isolation and biological characterization of K. pneumoniae phage ΦK2046
	Stability of bacteriophage ΦK2046
	Whole genome characterization of ΦK2046
	Synergistic bactericidal effect of bacteriophage ΦK2046 in combination with CHC
	Enhanced anti-biofilm effect of ΦK2046 in combination with CHC
	Simulation disinfection of medical devices
	Effect of different phage and disinfectant addition sequences on the reduction of formed biofilms

	Discussion
	Conclusion
	Acknowledgements
	References


