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ABSTRACT
AIMS

This study aimed to determine the antibiofilm properties of Klebsiella pneumoniae

phages previously isolated from Thai hospital sewage water. Furthermore, we aimed

to develop a phage-embedded and coated alginate hydrogel, suitable as a wound
dressing or surface coating to prevent K. pneumoniae proliferation and biofilm

formation.

METHODS AND RESULTS

The biofilm forming capacity of six clinical K. pneumoniae isolates was determined
by means of the crystal violet assay and four strains which exhibited'strong
adherence were selected for further characterisation. Two phages
(vB_KpnA_GBHO014 and vB_KpnM_GBHO019) were found:to both significantly
prevent (P = <0.0005) and disrupt (P = <0.05) biofilms produced by their K.
pneumoniae hosts as determined by optical density readings using the crystal violet
assay. Furthermore, alginate layers embedded and coated with phages
vB_KpnA_GBHO014 and vB_KpnM/GBHO019 produced antibiofilm surfaces. Viable
counts of recovered biofilms showed that alginate hydrogels containing phage
vB_KpnA_GBHO014 or vB_KpnM_GBHO019 were associated with significantly fewer
K. pneumoniae versus no-phage controls (1.61 x 102 cfu mI™ vs 1.67 x 10* c¢fu ml™",
P = <0.005 and.1.78 x 10% cfu mI™" vs 6.11 x 10%cfu ml™, P = <0.00005,
respectively)..Confocal microscopy further revealed a significant reduction in the
biovolume of biofilms formed on phage embedded and coated alginate hydrogels

compared to no-phage controls.
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CONCLUSIONS

Phages vB_KpnA_GBHO014 and vB_KpnM_GBHO019 can both prevent and disrupt
biofilms produced by clinical isolates of K. pneumoniae. Embedding and coating
these phages into alginate produces an antibiofilm matrix which may have promise

for coating medical devices or as a wound dressing.

IMPACT STATEMENT

K. pneumoniae is an important drug-resistant pathogen and a major cause of
hospital acquired infections. Biofilm formation is considered a major virulence factor,
allowing K. pneumoniae to adhere to abiotic surfaces. Here we demonstrate that Iytic
phages of K. pneumoniae are effective antibiofilm agents and can be formulated into

alginate hydrogels as potential wound dressings or surface coatings.
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INTRODUCTION

Klebsiella pneumoniae is an escalating global health threat attributed to 10% of
nosocomial infections (Tesfa et al. 2022). Transmission in a healthcare setting can
occur via contaminated respirators, catheters, and invasive surgeries in acute care
facilities (Chang et al. 2021). Of particular concern are extended-spectrum 3-
lactamase-producing strains of K. pneumoniae, such as those expressing the KPC
B-lactamase which hydrolyses a range of frontline antibiotics including carbapenems
(Arnold et al. 2011). The situation is further exacerbated by the emergence of
hypervirulent K. pneumoniae strains which can cause conditions including
meningitis, pyogenic liver abscesses and pneumonia in otherwise healthy-individuals

outside of a healthcare setting (Russo et al. 2024).

Biofilm formation by K. pneumoniae is recognised as an importantvirulence factor
(Guerra et al. 2022). Existence of cells in a biofilm has shown to correlate with
decreased susceptibility to a range of antibiotics{Anderl et al. 2000, Singla et al.
2013, Tang et al. 2020, Karimi et al. 2021)..This effect has been partly attributed to
the biofilm providing a physical barrier'which'reduces the penetration of some
antibiotics and thus prevents the-drug from reaching its intended target [6-9].
Moreover, biofilm production facilitates attachment and persistence on abiotic
surfaces, such as indwelling medical devices (Di Martino et al. 2003, Schroll et al.
2010, Stahlhut etcal. 2012). The polysaccharide capsule of K. pneumoniae forms an
important compoenent of the biofilm and more than 130 different capsule types have
been identified by genetic analysis (Follador et al. 2016). Capsule production has
been implicated in protection from complement mediated lysis (Dolores Alvarez et al.
2000, Jensen et al. 2020) although its precise role remains unclear (Loraine et al.

2018). Capsular and extracellular polysaccharides contribute to the architecture of
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the K. pneumoniae biofilm (Dzul et al. 2011) and are thought to play an important
role in initial adhesion to surfaces and maturation of the biofilm (Balestrino et al.

2008).

Owing to the recalcitrant nature of K. pneumoniae and its biofilms to traditional
antibiotic chemotherapy, new modalities for preventing or perturbing biofilms caused
by this opportunistic pathogen should be explored. Bacteriophages, hereafter
referred to as phages, are viruses that infect and kill bacteria. They are highly
selective agents, typically acting on individual strains or closely related species of
bacteria. In addition, phages encode a range of gene products, such as
depolymerase enzymes, which selectively hydrolyse polysaccharides found'in
bacterial capsules and biofilms (Hughes et al. 1998, Harper et al.-22014, Pires et al.
2016). As such, phages show promise for the prevention and eradication of biofilms,
such as those which occur on indwelling medical devices.Previous studies have
investigated the potential of incorporating phages.of Salmonella and Escherichia coli
in an alginate matrix for therapeutic purposes (Moghtader et al. 2017, Colom et al.
2017, Zhou et al. 2022, Shiue et al. 2022). These studies have primarily focused on
encapsulating phage in alginate for.improved stability during transit of the
gastrointestinal tract following.oral delivery. As biofilm formation is a key virulence
factor of K. pneumoniae; we wished to develop an alginate / phage formulation that
would act as an antibiofilm coating for medical devices or could potentially be utilised
as a wound dressing. Here, we test the antibiofilm properties of a selection of
phagespreviously isolated from Thai hospital sewage water (Blundell-Hunter et al.
2021) against a collection of K. pneumoniae strains cultured from hospital patients,
including multi-drug-resistant isolates (Loraine et al. 2018). Our results are therefore

highly translatable and have direct clinical relevance.
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MATERIALS AND METHODS
Strain and cultivation information

K. pneumoniae isolates used in this study were originally isolated and characterised
by Lorraine et al., [16] and were a kind gift from Professor Peter Taylor, University
College London, UK. Briefly, K. pneumoniae isolates were cultured from blood, urine,
pus, sputum, and ascitic fluid samples at the clinical microbiology laboratories of
three tertiary care hospitals in Thailand. Strains with prefix TU were isolated from
Thammasat University Hospital, strains with prefix SR were isolated from-Siriraj
Hospital and strains with prefix SG were isolated from Songklanagarind Hospital.
Bacteria were identified by routine biochemical tests for identification:of Gram-
negative bacteria. Details of all bacterial strains used in this study can be found in
Table 1. Antibiotic susceptibility testing was performed using the VITEK 2 system
(BioMerieux) and the results can be found in Table 2. Phages vB_KpnA_ GBHO014
(GBH014) and vB_KpnM_GBHO019 (GBHO019) were originally isolated by Blundell-
Hunter et al., (Blundell-Hunter et al..202%). Genome sequence data for GBH014 and
GBHO019 is available at NCBI under acCessions OU342754 and OU509535
respectively. GBH014 waswpropagated on K. pneumoniae SR10 whereas GBH019
was propagated on strain SG41. All bacterial strains were grown on tryptone soy
agar (TSA, Fisher'Scientific) unless stated otherwise. Tryptone soy broth (TSB,
Fisher Scientific) was used for overnight cultures which were incubated aerobically at
37 °C with~shaking (160 rpm). All media used for phage assays were supplemented

with CaCl, and MgCl, (both at final concentration of 0.5 mol™®).
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Bioinformatic analyses of K. pneumoniae strains

Genome assemblies for K. pneumoniae strains were downloaded as FASTA files
from NCBI and uploaded to the Pathogenwatch website, available at

https://pathogen.watch/ (Argimon et al. 2021). The integrated Kleborate tool v2.2.0

(Lam et al. 2021) was used for prediction of capsule locus (KL), sequence type (ST),
antimicrobial resistance (AMR) genes and the presence of genes associated with the

hypermucoviscous phenotype.

Bioinformatic analyses of phages

Phages GBH014 and GBHO019 were analysed for their therapeutic suitability using
the online PhagelLeads tool (Yukgehnaish et al. 2022) which detects genes involved
in lysogeny and the presence of antimicrobial resistance'or virulence genes.
Genome sequences in FASTA format were uploaded to-the web tool located at

https://phageleads.dk/

Biofilm assays and their interpretation

Biofilm assays were performedas described previously (Stepanovic et al. 2000,
Merritt et al. 2011, Eladawy et al. 2021). In brief, a single colony of each strain was
used to inoculate 5'ml of TSB. Cultures were incubated aerobically for 24 h at 37 °C
with shaking (160 rpm). The overnight cultures were adjusted to an optical density of
0.2-at a'wavelength of 600 nm (ODeqo) in TSB. Aliquots (100 pl) of the diluted
cultures were introduced into wells of a 96-well plate. The plates were incubated

aerobically for 24 h at 37 °C without shaking. Following incubation, spent medium
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was carefully removed from each well and the wells were washed three times with
200 pl sterile phosphate-buffered saline (pH 7.4; Oxoid) to remove any non-adherent
planktonic cells. The adherent cells were fixed by heat treatment at 60 °C for 60 min
to prevent widespread detachment of biofilms prior to dye staining. The adhered
biofilms were then stained by addition of 1% crystal violet (Sigma-Aldrich, 150 ul per
well) and the 96-well plate was left to incubate for 20 min. Excess stain was carefully
removed from the wells and discarded. The 96-well plate was then carefully rinsed
with distilled water three times, and the plate inverted and left at room temperature
until the wells were dry. Stained biofilms were solubilised by adding 33 % (v/v). glacial
acetic acid (Sigma-Aldrich) to each well (150 ul per well). After solubilisation ef-the
stained biofilms, the ODs49 was measured and recorded for all samples using a
BioTek Cytation |3 imaging reader spectrophotometer. Uninoculated"medium was
used as a negative control in biofilm assays. Biological (n=3)and technical (n=4)
replicates were performed for all strains. The mean of each isolate's OD
quadruplicate readings (OD;) was calculated and.compared with the control cut-off
OD (ODc¢), which was defined as three standard‘deviations (SD) above the mean of
the negative control (3SD + mean).-The amount of biofilm formed was scored as
non-adherent (OD; < ODc¢), weakly-adherent (OD¢ < OD; < 2 ODc¢), moderately
adherent (2 OD¢ < OD;<4.0ODg) or strongly adherent (4 OD¢ < OD). Statistical
significance of the differenges in biofilm formation was assessed using unpaired ¢

test.
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Phage-biofilm assays

The titre of each phage stock was determined by plaque assay using the double-
layer agar technique. Briefly, each phage was serially diluted in phosphate-buffered
saline (pH 7.4; Oxoid) and 100 ul phage dilution (10'1 to 10 ) was combined with
100 ul of an overnight culture of the corresponding K. pneumoniae host used for
routine phage propagation and 5 ml of 0.6 % TSA supplemented with CaCl, and
MgCl, both at a final concentration of 0.5 mol™. The mixture was gently swirled.and
poured onto solid TSA plates. Plates were incubated overnight at 37 °C and plaque

forming units per ml (pfu mI™') determined by enumeration of visible plagues.

The ability of each phage to prevent and disrupt biofilms was examined using a
modification of a previously described protocol (Taha et al. 2018). We define
prevention as the ability of phage to prevent the formation.of a new biofilm and
disruption as the capacity of phage to reduce the biomass of an already established
biofilm. For prevention of biofilms, host cultures were incubated aerobically for 24 h
at 37 °C with shaking (160 rpm) in TSB. Qvernight cultures were diluted to an ODggg
of 0.2 and aliquots (100 pl) of diluted culture were introduced into wells of a 96-well
plate. Phages (100 pl) wefe added to treated wells at a final concentration of 7 x 10°
pfu mlI™'. Untreated control wells had 100 pl of TSB added. Plates were incubated
without shaking forn24/h at 37 °C. Then, the supernatants were discarded, the biofilm
of each welkwas washed to remove planktonic cells and biofilms stained as

described above.

To.investigate the disruption of established biofilms, host cultures were grown and

prepared as described above prior to inoculating a 96-well plate. Plates were
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incubated without shaking for 24 h at 37 °C to allow biofilms to form. Unattached
planktonic cells were carefully aspirated without disrupting the biomass. Phages
were added to test wells at a final concentration of 7 x 10° pfu ml'1, whereas control
wells received only TSB (100 ul) without phage. Plates were incubated for a further
24 h at 37 °C without shaking. Supernatants were carefully discarded; the biofilm of
each well was washed to remove planktonic cells and biofilms stained as described
above. Biological (n=3) and technical (n=4) replicates were completed for all strains.
Statistical significance of the differences in the amount of biofilm between conditions

was assessed using unpaired f test.

Phage-coated and embedded alginate hydrogels

Phage-coated and embedded alginate layers were created based on the method
described by Shiue et al., (Shiue et al. 2022) by conjugating phage to the bottom and
top of an alginate hydrogel containing embedded phage. Briefly, 100 ul of phage
stock (GBH014 at 1 x 10" pfu mI”", or GBH019,at 2.22 x 10" pfu mI"') was added to
the bottom of a 96-well plate. Phage-embedded alginate mixture was prepared by
combining 200 pl of phage (at.aforementioned concentrations) with 800 ul of 4%
(w/v) alginate solution andithe-mixture (100 ul per well) was carefully distributed to
wells of the 96-well plate containing phage. The top surface of the alginate was
conjugated by carefully adding 100 ul of phage stock onto the alginate layer and the
gel was crosslinked by the addition of calcium chloride/HEPES buffer (pH 7.5) to a
final. concentration of 1.5% / 1.3 mol™ respectively. After 10 minutes, the alginate gel
was rinsed twice with 200 pl 1.3 mol* HEPES buffer (pH 7.5) to remove any phage

not conjugated to the bottom or top of the crosslinked alginate.
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Antibiofilm assays

Phage-coated and embedded alginate hydrogels were inoculated with 200 pl of K.
pneumoniae overnight culture adjusted to an ODggg 0.2. Alginate hydrogels without
phage were used as a non-treatment control. The 96-well plate was placed in a static
incubator at 37°C for 24 h and the bacterial inoculum carefully removed. The alginate
gel was carefully rinsed twice (100 ul per well, per wash) with phosphate buffered
saline (PBS) to remove any planktonic cells. The number of viable cells in the biofilm
was enumerated by disrupting the alginate gel in the well via the addition of 200 pl
0.5 mol™" sodium citrate dihydrate (pH 6) and the mixture transferred to 800 il of
0.5 mol™" sodium citrate dihydrate (pH 6) followed by vigorous vortexing \The
disrupted gel was serially diluted in PBS and cfu mI™" counts performed by the
method of Miles and Misra (Miles et al. 1938). Biological (n=4) and technical (n=3)
replicates were completed for all strains. Statistical significance of the differences in

bacterial counts between conditions was assessed.using-unpaired f test.

Effect of alginate on phage infectivity

To determine if embedding phage' GBH014 or GBHO019 in alginate affected the
viability of the phage, we'calculated the Iytic titre of each phage before and after
alginate treatment. Phage-GBH014 and GBH019 (both at 1x10° pfu mI'1) were
embedded in alginate’by combining 100 pl of phage stock with 400 ul of 4% (w/v)
alginate_solution. The mixture (100 ul per well) was carefully distributed to wells of a
96-well plate in triplicate and the gel was crosslinked by the addition of calcium
chloride/HEPES buffer (pH 7.5) to a final concentration of 1.5%/ 1.3 mol™

respectively. Alginate gels were disrupted in the well via the addition of 100 pl 0.5

G20z Idy Gz uo Jesn AjsieAlun jusiL weyBbumoN Aq 1881 |8/6604EX|/0IWEIEE0L 0 L/10P/S|0IE-90UBAPE/OIGUIE/WOD"dNO"0lWBpEoE)/:SAYY WO, PAPEO|UMOQ



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

mol” sodium citrate dihydrate (pH 6) and the mixture was serially diluted in TSB to
determine the pfu ml”’ using the double agar plaque assay. To ensure the process of
disrupting the gel with sodium citrate dihydrate had no effect on phage viability, we
included a control of phage treated with only the crosslinking agent of calcium
chloride/1.3 mol®* HEPES buffer and 0.5 mol™" sodium citrate dihydrate used to
disrupt the gel. Biological (n=3) and technical (n=3) replicates were completed for
each condition. Statistical significance of the difference in pfu mI™" between the three

conditions was determined by a one-way ANOVA (Kruskal-Wallis).

Phage release from alginate

Phage embedded and conjugated alginate gels were created by-adding 400 pl of
phage GBH014 or GBH019 (both at 1x10° pfu mI™") to the bottorn of a 24-well plate.
Phage-embedded alginate mixture was prepared by combining 260 ul of phage (at
aforementioned concentrations) with 1040 ul 0f'4% (w/v) alginate solution and the
mixture (400 ul per well) was carefully distributed to wells of the 24-well plate
containing phage. The top surface of-thealginate was conjugated by carefully adding
400 ul of phage stock onto the.alginate layer and the gel was crosslinked by the
addition of calcium chloride/HEPES buffer (pH 7.5) to a final concentration of
1.5%/1.3 mol™ respectively) After 10 minutes, alginate gels were rinsed twice with
750 pl 1.3 mol™ HEPES buffer (pH 7.5) to remove any non-conjugated phage. The
number of phage particles released from the gel was measured by adding PBS (1
ml) to each well. After 0, 2, 6 and 24 h the 1 ml PBS was collected and replaced with
the,same amount of fresh PBS. Wells containing alginate at 0 h were dissolved by

the addition of sodium citrate to determine the initial total titre (No) of phage. The
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number of phage particles in the collected PBS or dissolved alginate was determined
by serial dilution and double agar plaque assay. The percentage of lytic phage
released over time was calculated as (cumulative total of released phage particles /

No) X 100%. Biological (n=3) and technical (n=3) replicates were completed for each

phage).

Confocal laser scanning microscopy and image analysis

For the visualisation of biofilms, phage-coated and embedded alginate hydrogels
and no-phage controls were prepared in 96-well plates as described above. Briefly,
80 pl of phage stock (1x10° pfu mI'", both GBH014 and GBHO019) was added to the
bottom of a 96-well plate. Phage-embedded alginate mixture was-prepared by
combining 200 ul of phage (at aforementioned concentration)with 800 pl of 4% (w/v)
alginate solution and the mixture (140 pl per well) was.carefully distributed to wells of
the 96-well plate containing phage. The top surface of the alginate was conjugated
by carefully adding 80 ul of phage stock onto the‘alginate layer and crosslinking and
washing was performed as described-above. Phage-coated and embedded alginate
hydrogels were inoculated with{100 pl-of K. pneumoniae overnight culture adjusted
to an ODggp 0.2. Alginate-hydroegels without phage were used as a non-treatment
control. The 96-well plate was placed in a static incubator at 37°C for 24 h and the
bacterial inoculumicarefully removed. The alginate gel was carefully rinsed twice
(100 pl per'well, per wash) with PBS to remove any planktonic cells. Biofilms were
stained\by-the addition of 200 pl LIVE/DEAD™ BacLight™ stain (Fisher Scientific)
prepared according to manufacturer’s instructions. Stained biofilms were incubated

in'the dark at room temperature for 10 min and the stain carefully aspirated. Alginate
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layers were then carefully inverted and transferred to the wells of a CELLview cell
culture slide (Greiner). Microscopy was performed using a Leica TCS SP5 confocal
microscope with a 40x water objective (444 nm excitation, green emission and 555
nm excitation, red emission). All images were deconvolved with Huygens Essential
version 22.10 (Scientific Volume Imaging, The Netherlands, http://svi.nl), using the
CMLE algorithm for a numerical aperture of 1.4 and water as embedding media.
Maximum intensity projections were produced using LASX 3.10.0 software (Leica).
The best images were selected to illustrate this work and are representative of the
entire observed sample. Biovolume of the biofilm was calculated using Imaris
v10.2.0 (Oxford Instruments), where the biovolume was calculated as the sum.of
volumes of each individual cell in the Z-stack. Biovolumes represent the mean of

acquisitions from three independent images for each sample.

RESULTS

This study aimed to develop an alginate hydrogel containing phages against K.
pneumoniae which would provide an-antibiofilm matrix with applications in coating
medical devices or as a potential wound dressing. To achieve this aim, we first
identified K. pneumoniae isolates capable of forming strong (4 OD¢ < OD;) biofilms
by testing a panel of clinical strains containing multi-drug-resistant isolates (Table 1

and Table 2).

Biofilm-forming ability of strains used in this study

The K. pneumoniae clinical strains used in this study were isolated from hospitals in

Thailand and described previously Loraine et al., (Loraine et al. 2018) and are
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described in further detail in Table 1 and Table 2. We determined the biofilm-forming
ability of these [33]and found that all the isolates could form either moderate (2 OD¢
< OD;j< 4 ODg) or strong (4 OD¢ < OD;) biofilms (Figure 1; Supplementary Table
1). All strains which produced strong biofilms (SR10, SR3, SG41 and TU1) were
taken forward for further analysis whereas the two isolates which formed moderate

biofilms (SR4 and TU16) were excluded from further study.

Capacity of phages to prevent and disrupt K. pneumoniae biofilms

Phages GBH014 and GBHO019 were selected for characterisation as they*had
previously been shown to lyse all four K. pneumoniae isolates identified asstrong
biofilm formers in the current study (SR10 / SR3 lysed by GBHO14;-and SG41 / TU1
lysed by GBH019) (Blundell-Hunter et al. 2021). However, their antibiofilm properties
have not previously been determined. We therefore examined their capacity to
prevent (Figure 2, Supplementary table 2) and disrupt (Figure 3, Supplementary

table 3) biofilms produced by the four “strong™biofilm producers.

Phage GBH014 was found to be highly effective at preventing biofilms formed by K.
pneumoniae SR10. There was aighly significant (P < 0.005) difference in biofilm
formation between phage-treated and non-treated controls. GBH014 was less
effective at preventing biefilms formed by K. pneumoniae SR3, although there was
still a significant (P <-0.05) reduction in the amount of biofilm formed by this isolate in
the presence.of GBH014. Presence of phage GBH019 significantly (P < 0.0005)
reduced'the amount of biofilm formed by K. pneumoniae SG41. However, GBH014
was unable to significantly reduce biofilm formation by K. pneumoniae TU1

compared to no-phage controls.
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The ability of the phages to disrupt pre-established biofilms was investigated using
strain SR10 for phage GBH014 and SG41 for phage GBH019. These strains were
selected as they were the most sensitive to biofilm prevention by their respective
phages. Addition of either GBH014 to K. pneumoniae to SR10 or GBH019 to K.
pneumoniae SG41 significantly (P < 0.05) disrupted biofilms formed by these clinical

isolates.

Antibiofilm properties of phage-embedded and coated alginate hydrogels

We prepared alginate hydrogels embedded and coated with phages according to the
method described by Shiue et al., (Shiue et al. 2022) and investigated their
antibiofilm properties compared to alginate hydrogels containing-ne-phage (Figure 4,
supplementary table 4). Alginate hydrogels containing eitherphiage GBH014 or
GBHO019 were found to significantly (P < 0.05) prevent biefilm formation by their
respective K. pneumoniae host strains SR10 and SG41 compared to alginate layers
which did not contain phage. Alginate hydrogels containing either phage were able to
reduce the bioburden of K. pneumoniae biofilms by several orders of magnitude.
Specifically, viable counts of recovered biofilms showed that alginate hydrogels
containing phage GBHO014:or-GBH019 were associated with significantly fewer K.
pneumoniae versus no-phage controls (1.61 x 10% cfu mlI” vs 1.67 x 10*cfuml™, P =
<0.005 and 1.78 xx10%cfu mI™" vs 6.11 x 10 cfu mI”", P = <0.00005, respectively). In
the case of-hydrogels containing phage GBH019 and inoculated with K. pneumoniae
SG4.1,two biological repeats resulted in enumerations below our limit of detection of

100 cfu'ml™.
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To visualise the antibiofilm properties of the phage-embedded and coated alginate
layers, we used confocal laser scanning microscopy in combination with live/dead
staining (Figure 5). Prior to microscopy, biofilms were treated with BacLight™
(Fisher Scientific) which stains viable cells green and dead cells red. Visual
inspection of representative areas of stained biofilms revealed that in accordance
with cfu mI™" counts, there was a visibly large reduction in the number of viable cells
present in biofilms formed on alginate hydrogels containing either phage GBH014 or
GBHO019 (Figure 5A and 5C). In comparison, alginate layers which did not contain
phage were found to be coated with dense biofilms of almost confluent K.
pneumoniae cells (Figure 5B and 5D). Biofilms formed on alginate in the"absence of
phage were found to extend throughout the entire 15 um of the Z-stack (the
maximum measurable distance), whereas we were unable to visualise the presence
of biofilm in many areas of samples coated and embedded with phage. To help
quantify the amount of representative biofilm present, we"calculated the total
biovolume of each biofilm via image analysis (Supplementary table 5). The mean
biovolume of the biofilm formed by K. pneumoniae SR10 in the absence of phage
was 712232 p® compared to a bioveltime'of 30029 p° on alginate containing phage
SR10 (approximately 24-fold reduction). Similarly, K. pneumoniae SG41 formed a
biofilm with a mean biovoltie of 554060 p*in the absence of phage compared to a
mean biovolume of 31730 p° on alginate coated and embedded with phage GBH019

(approximately 17-fold reduction).
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Effect of alginate on phage infectivity and release of phage from alginate

hydrogels

To determine if treatment with alginate negatively affected the Iytic capacity of the
phages used in this study, we calculated the lytic titre of each phage before and after
incorporation into an alginate hydrogel. We found there was a less than one-log
reduction in pfu ml™" for either phage following alginate treatment compared to non-
treated controls (Figure 6a, supplementary table 6). This relatively small reduction
in viability was found not to be statistically significant (P > 0.05; one-way ANOVA,
Kruskal-Wallis). We also saw that treatment with either calcium chloride.or sodium
citrate dihydrate (the reagents used to crosslink and disrupt the alginate gels,

respectively) had minimal effect on phage viability.

We found that the release of the two phages from alginate hydrogels differed
significantly (Figure 6b, Supplementary table7). Phage GBH014 appeared to be
more readily released from the gel, with approximately 6% of the total phage
incorporated released almost immediately. This release continued steadily with
approximately 40% of the totalphagejreleased by 24 h. Contrarily, the release of
GBHO019 was slower and more-limited. A minimal percentage of phage were initially
released (0.6% at 0 h)'with ‘approximately 15% of the total phage incorporated being

released by 24 h.

DISCUSSION

Increasing rates of drug-resistance identified in K. pneumoniae has necessitated the

investigation of alternative treatment strategies for this important pathogen. Reports
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of extensively drug resistant (Huang et al. 2018, Li, L. et al. 2019) and pan-drug
resistant strains of K. pneumoniae (Kaur, J. N. et al. 2024), means that in some
cases only a small number of treatment options remain available when relying on
traditional antibiotic chemotherapy. Investigations into alternative treatment options
for K. pneumoniae have included antimicrobial peptides (de Souza et al. 2022) efflux
pump inhibitors (Vieira Da Cruz et al. 2024) and depolymerase enzymes (Cai et al.
2023). Lytic phages have received significant research interest as an alternative
treatment for their potential to kill important antibiotic resistant strains of K.
pneumoniae (Herridge et al. 2020). Infections caused by this opportunistic pathogen
are often associated with indwelling medical devices, including urinary catheters
(Stahlhut et al. 2012, Liu et al. 2020), central venous catheters (Patil.et al. 2011) and
ventilators (Yan et al. 2016, Guo, S. et al. 2016). Colonisation of. abiotic surfaces,

such as catheters, by K. pneumoniae is facilitated by biofilm formation (Di Martino et

al. 2003) and as such, biofilm formation is often seen as the primary step of infection.

In addition to its role in attachment and persistence on abiotic surfaces, biofilm
production is also recognised to reduce susceptibility to important antibiotics (Anderl
et al. 2000, Singla et al. 2013, Tang-et'al.'2020, Karimi et al. 2021). As biofilm
formation is intimately linked to‘infection and drug-resistance, therapeutic
approaches which preventcolonisation should be considered a priority. We
investigated the potential of two phages (GBH014 and GBHO019), previously isolated
from Thai sewage (Blundell-Hunter et al. 2021) to prevent and disrupt biofilms
formed by clinical isolates of K. pneumoniae and further characterised the antibiofilm

properties of an alginate hydrogel containing these phages.

The K. pneumoniae hosts used in this study had previously been isolated from

patients at tertiary hospitals in Thailand as part of a study investigating the
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relationship between susceptibility to human complement and strain genome
sequence (Loraine et al. 2018). We initially determined the biofilm-forming ability of
these strains using a 96-well crystal violet assay and found that all isolates produced
moderate to strong biofilms, with strain SR10 producing the greatest amount of
biofilm. Further bioinformatic analyses of the isolates identified that SR10 harbours
the rmpA and rmpD genes (Supplementary table 8) associated with the
hypermucoviscous phenotype of hypervirulent strains (Nassif et al. 1989, Walker et
al. 2020). The clinical importance of the hypermucoviscous phenotype is debated,a
recent meta-analysis found no correlation between hypermucoviscous strains-and
increased mortality in patients suffering from bacteraemia but did identify that
hypermucoviscousity was associated with an increased incidence of.multiorgan
abscess formation (Namikawa et al. 2023). Similarly, others have found that
hypermucoviscousity is associated with increased cases/of K. pneumoniae invasive
syndrome which encompasses liver abscess, meningitis, pleural empyaema,
endovascular lesions (e.g. mycotic aneurysm), or.endophthalmitis (Lee et al. 2006).
Genes associated with the hypermucovistous phenotype were absent from all other
strains included in our study. Furthermare; strain SR10 encodes the rmpC gene
which has been identified as an,important regulator of capsule expression (Walker et
al. 2019). It has been reported previously that hypermucoviscous strains produce
more biofilm compared'to classical K. pneumoniae strains (Kong et al. 2012) and our
finding, that SR10 produces the most biofilm compared to other strains included in
the study (Figure 1), supports the correlation between hypermucoviscousity and

biofilm formation.

To,characterise the antibiofilm properties of our phages, we utilised the four K.

pneumoniae strains identified as strong biofilm formers (SR10, SR3, SG41 and
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TU1). Phage GBH014 has previously been identified as lytic on hosts SR10 and SR3
(both capsule locus KL2) whereas phage GBH019 is known to infect SG41 and TU1
(both capsule locus KL102) (Blundell-Hunter et al. 2021). The infective range of
these phages is likely determined by the capsule type elaborated by the host, with
each phage infecting a limited number of K-types encoded by specific KL loci. This
specificity is often driven by the presence or absence of phage associated K-type
specific hydrolytic enzymes, often referred to as capsule depolymerases, which
selectively degrade this polysaccharide layer (Beamud et al. 2023). We confirmed
that each phage could lyse its reported host by means of a simple plaque assay
which results in zone of clearing on a bacterial lawn if a particular host ig"sensitive to
lysis (Supplementary figure 1). However, we observed that plaques produced by
GBHO014 on SR3 where not as transparent as those produced by the 'same phage on
SR10 and that plaques produced by GBH019 on TU1 were not as clear as those
observed on host SG41. This correlates with the observations of Blundell-Hunter et
al., (Blundell-Hunter et al. 2021) who also reported partial lysis of strain TU1 by
phage GBHO019. Turbid or translucent plagues can be indicative of lysogeny.
However, as our bioinformatic analysisiwas unable to identify any classical genes
associated with a temperate lifestyle for either phage, we do not believe this to be
the case. The observed difference in plaque morphologies may therefore be due to
inefficient lysis of the test strain compared to the routine propagation host. Moreover,
we found that phage GBH014 significantly reduced the amount of biofilm produced
by strain SR10 but was less effective against SR3. As these hosts share an identical
capsuleocus (KL2) these differences are highly unlikely to be due to differing
capsule structures altering phage binding. Similarly, phage GBHO019 varied in its

effectiveness to reduce biofilm formation by strains TU1 and SG41, two hosts which
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also possess an identical capsule locus (KL102). To help account for the observed
differences in plaque morphologies and biofilm prevention, we determined the
relative efficiency of plating (EOP) for each phage by dividing the number of plaques
(titre) formed on its routine propagation host relative to the titre observed on a test
strain (Supplementary table 9). We found the relative EOP of phage GBH014 on
strain SR3 relative to its propagation host (SR10) to be significantly less (relative
EOP 0.00000095). Similarly, the relative EOP of GBH019 on strain TU1 was
considerably lower compared to its routine propagation host (relative EOP 0.0082):
The reduced plating efficiencies observed for each phage on strains other than their
propagation host likely explains why they were relatively infective at preyenting

biofilm formation by these strains.

Prevention of biofilm formation in these experiments is highly likely to result from
direct lysis of hosts. Disruption of established biofilms is more.challenging. Mature
biofilms have complex architecture, often containing protein, nucleic acids and
extracellular polysaccharides (Rather et al. 2021)..We found that phages GBH014
and GBHO019 could significantly reduce the'biomass of established biofilms produced
by K. pneumoniae strains SR10 and SG41 respectively. The capacity of phages to
disrupt established biofilms, which are primarily composed of extracellular
polysaccharides (EPS), has‘been attributed to the action of phage-associated
depolymerase enzymes which hydrolyse the polymer leading to subsequent infection
and lysis of hast.cells (Hughes et al. 1998, Gutiérrez et al. 2015, Guo, Z. et al. 2017,
Mi et al.«2019). Previous bioinformatic analysis of the genomes of GBH014 and
GBHO019identified the presence of several potential depolymerase enzymes
(Blundell-Hunter et al. 2021). Depolymerases were identified on the basis amino acid

similarity by comparing the translated genomes of GBH014 and GBH019 against a
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curated a database of 25 published phage-encoded K. pneumoniae capsule
depolymerases. The authors identified two potential depolymerases encoded within
the genome of GBH014 and eight within the genome of the jumbo-phage GBHO019. It
is possible that these depolymerases play a role in the observed disruption of
established biofilms. Others have also reported that biofilms produced by Klebsiella
spp. can be disrupted by either the action of phages which encode potential
depolymerase enzymes (Ku et al. 2021, Zurabov et al. 2023) or using purified
depolymerase in the absence of phage particles (Wu et al. 2019, Latka and Drulis-

Kawa 2020, Li, M. et al. 2021, Sun et al. 2023).

To help determine the therapeutic suitability of phages GBH014 and GBHO019, their
genomes were analysed using the online tool PhagelLeads. PhagelLeads/detects
genes involved in lysogeny, and the presence of antimicrobial resistance or virulence
genes. Phages which have the potential to undergo lysogeny (incorporation of their
genome into the host chromosome) are undesirable for therapeutic use due to the
potential for the movement of host related genes as‘part of the lysogenic lifestyle.
Neither phage were found to possess genes related to lysogeny, AMR or virulence

factors and therefore represent suitable therapeutic candidates.

As established biofilms are typically difficult to remove and recalcitrant to
chemotherapy, the formulation of phage into a coating to create a biofouling-resistant
surface could be+ighly beneficial in preventing biofilm formation in important settings
such as indwellingrmedical devices. We investigated the potential of using the
biopolymer, alginate, to create a phage-embedded and coated surface which such
properties. Alginate is a polysaccharide composed of D-mannuronic acid and L-
guluronic acid. When exposed to divalent cations (such as Ca*?in the present study)

alginate forms a cross-linked matrix with the capacity to trap phages within the three-
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dimensional network. The polymer can be either directly incorporated into a medical
device such a catheter through 3D printing (Archana et al. 2023) or used to coat
surfaces via a range of methods including dip (Xiao et al. 2009) coating or spin
coating (Vakili and Asefnejad 2020). Phages embedded in alginate have been shown
to possess enhanced stability (Colom et al. 2017, Moghtader et al. 2017, Silva
Batalha et al. 2021) and can aid in controlled release of virus particles (Colom et al.
2017, Silva Batalha et al. 2021). Alginate has already been extensively investigated
as a potential wound dressing due to its biocompatibility and lack of toxicity (Paul
and Sharma 2004, Zhang and Zhao 2020). Additionally, there are examples in the
literature of the potential to incorporate or coat medical devices or implants with
alginate in combination with antimicrobials to prevent biofilm formatien (Lv et al.

2014, Archana et al. 2023, Yang et al. 2024).

In the present study, alginate layers embedded and coated with either phage
GBHO014 or GBH019 were found to significantly inhibit biefilm formation by K.
pneumoniae compared to alginate layers which did.not contain phage. The potential
to incorporate phage into alginate preparations; either as a drug delivery system or
an antibacterial coating, has beendnvestigated for phages against a range of
pathogens including, Staphylococcus aureus (Ma et al. 2012), Escherichia coli (Silva
Batalha et al. 2021, Shiue et.al. 2022), Salmonella Typhimurium (Colom et al. 2017)
and Pseudomonas aeruginosa (Chen et al. 2023). Kaur et al., incorporated a K.
pneumoniae phage into a polyvinyl alcohol-Sodium alginate hydrogel as part of a
multi-phage.preparation which also included phages against S. aureus and P.
aeruginosa. (Kaur, P. et al. 2019). Alternative methods for encapsulating phage for
enhanced delivery or immobilisation have been investigated. These approaches

include use of alternative polymers such as chitosan and polyvinyl alcohol
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(Choinska-Pulit et al. 2015). Additionally, liposomes (spherical vesicles composed of
one or more phopsolipid bilayers) have been used to encapsulate phage.
Encapsulation of Klebsiella phages in liposomes has been shown to improve
retention of virus particles at the infection site and improve efficacy in a murine burn
model (Chadha et al. 2017). Phages can also be immobilised with fibres to create
“pbioactive surfaces”. Such fibres are often produced by electrospinning and phages
can be embedded into the fibres during the process. This technique has the
advantage of producing a material which is soft, flexible and porous and therefore
represents an attractive option for producing wound dressings (Loh et al. 2021)."All
the aforementioned strategies possess their own unique advantages and
disadvantageous and a number of reviews are available on this topic (Choinska-Pulit
et al. 2015, Loh et al. 2021, Pardo-Freire and Domingo-Calap 2023)."We believe that
alginate hydrogels represent one of the most attractive options primarily due to the
ease with which they can be created. The process requires little to no specialist
equipment and therefore phage embedded hydroegels can be produced in settings
with limited resources. We also found thatiincorporating either phage into alginate
had minimal effect on phage viability. This,finding further supports the use of alginate

as a substrate for phage immobilisation and release.

Interestingly, we observed that the release kinetics for the of the two phages was
markedly different. Phage"GBHO014 was quickly released from the alginate gel with
an initial burstiof phage release (Approximately 20% by 4 h) followed by a more
steady release whereas phage GBH019 was released much more slowly from the
gel. The difference in the speed of release may be attributable to the different sizes
and morphologies of the two phages. Phage GBHO019 is a “jumbo phage” with a

myovirus morphology, it has a capsid diameter of 133 nm and a tail length of 163
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nm. Phage GBH014 has a podovirus morphology and is much smaller (capsid
diameter of 64 nm and a tail too short to measure accurately) (Blundell-Hunter et al.
2021). The larger size of both the capsid and tail of GBH019 may result in this phage
being released more slowly from the alginate matrix. It has been noted previously
that jumbo phages diffuse poorly in semi-solid media (Serwer et al. 2007). Others
have reported that the antibacterial effect of immobilised phages is primarily due to
the action of phages which are released from the matrix (Leppanen et al. 2019,
Shiue et al. 2022). We observed that both phages used in the current study were
highly effective at preventing biofilm formation when incorporated into alginate.
Although their release kinetics differed, it was observable that both phages were
continuing to be released from the matrix up to 24 h. This continuous release of
phage may contribute to the highly effective antibiofilm properties we observe in the

present study.

In summary, phages GBH014 and GBH019 show.promise as antibiofilm agents
effective against clinically relevant strains of K..pneumoniae. Our results show that
these phages can both prevent and disruptiestablished biofilms and that their
incorporation into alginate hydrogels produces an antibiofilm substrate which shows
promise as a potential wound.dressing or as an antimicrobial coating to prevent
biofouling of abiotic surfaces, such as those of indwelling medical devices. Future
studies should focus on the translation of these in vitro findings towards clinical use.
Properly controlled clinical trials should be conducted to validate the potential use of

phage-basedtreatments or preparations in medical settings.
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Figure 1. Biofilm-forming abilities of the strains used in this study. Biological (n=3)
and technical (n=4) replicates were performed for all strains., The mean of each
isolate's OD quadruplicate readings (OD;) was calculated'and compared with the
control cut-off OD (ODc¢), which was defined as_.three standard deviations (SD)
above the mean of the negative control (3SD'+ mean). The amount of biofilm formed
was scored as non-adherent (OD; < ODg), weakly adherent (OD¢ < OD; < 2 ODg),

moderately adherent (2 OD¢ < OD;<,4 ODc) or strongly adherent (4 OD¢ < OD;).
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Figure 2. The ability of phages GBH014 and GBHO019 to prevent biofilm formation by
K. pneumoniae strains identified as strong biofilm formers. Statistical significance of
the differences in biofilm formation of strains in the presence and absence of phage
was assessed using unpaired t test. Data are shown as mean for four technical and

three biological replicates per strain. * P =<0.05, ** P = <0.005, *** P = <0.0005.
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Figure 3. The ability of phages GBH014 and GBHO019 to disrupt,established biofilms
formed by K. pneumoniae strains SR10 and SG41. Statistical significance of the

differences in biofilm formation of strains in the presence and absence of phage was
assessed using unpaired t test. Data are shown as mean for four technical and three

biological replicates per strain. * P = <0.05.
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Figure 4. Antibiofilm properties of phage-embedded and\ecoated alginate hydrogels.
Phage-embedded and coated alginate hydrogels were inoculated with K.
pneumoniae and the cfu ml”" of any biofilm fofmed was determined following
incubation at 37°C for 24 h. Statistical significance of the differences in biofilm
formation between alginate hydrogels embedded and coated with phage versus
hydrogels without phage was(assessed using unpaired f test. Data are shown as
mean for three technical‘and four biological replicates per strain. Only two biological
replicates are shown for'Strain SG41 treated with GBH019 as the cfu ml™ for two of
the biological replicates fell below our limit of detection of 100 cfu mI™". * P = <0.05, **

P =<0.005, *** P = <0.0005, **** P = <0.00005.
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Figure 5. Antibiofilm properties of phage-embedded and\coated alginate hydrogels
visualised by confocal laser scanning microscopy(CLSM). The images show
Klebsiella biofilms formed on alginate matrices stained with Syto9 (green, viable
cells) and propidium iodide (red, dead cells). Each panel presents the first 15 ym of
the biofilms, alongside a maximumiintensity projection (bottom left) of a
representative Z-stack image:. Images are a merge of the red and green channel.
Scale bars = 10 ym. A. K. pneumoniae SR10 biofilm formed on alginate embedded
and coated with phage GBHO014. B. K. pneumoniae SR10 biofilm formed on alginate
in the absence-of phage. C. K. pneumoniae SG41 biofilm formed on alginate
embedded.and coated with phage GBH019. D. K. pneumoniae SG41 biofilm formed

onvalginate in the absence of phage.
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Figure 6: (A) Effect of alginate treatment on phage viability. Phage GBH014 or
GBHO019 (original stocks at 1x10° pfu mI'1) were incorporated into alginate hydrogels.
The gels were subsequently dissolved and the total numberiof viable phage
enumerated following alginate treatment. A control treatment of calcium chloride and
sodium citrate dihydrate (the reagents used to crosslink and disrupt the alginate gels,
respectively) was included. Data are shown“@as mean for three technical and three
biological replicates per phage. Therewas no statistically significant difference
detected between the treatment groups (Kruskal-Wallis, P = >0.05). (B) Release of
phage from alginate gels. Phage GBH014 or GBHO019 were incorporated into
alginate hydrogels and the. release of phage particles over a period of 24 h was
measured. Data are shown as the cumulative percentage of phage released from the
gel compared to'the total number of phage recovered from dissolved gels at O h.
Data showsthe percentage calculated from three technical and three biological

replicates per phage.

G202 Iudy Gz uo sasn Aysieaiun jual] weybumoN Aq #1881 1 8/6604EX|/0IqWel/£60L 0L /10p/3]ole-aoueApe/olquiel/wod dnoolwspeoe//:sdpy woly papeojumo(q



969
970

971

972
973

Table 1. K. pneumoniae strains used in this study. All strains were originally isolated

by Loraine et al., [16].

Strain Species Strain ID Accession KL ST Source

SR3 K. pneumoniae  4300STDY6470396 GCA 900493765.1 KL2 14 Pus

SR4 K. pneumoniae  4300STDY6470397 GCA_900493695.1 KL10 147 Sputum
SR10 K. pneumoniae  4300STDY6470403 GCA_900493775.1 KL2 65  Ascitic fluid
TUl K. pneumoniae  4300STDY6542351 GCA 900493355.1 KL102 36 Pus

TU16 K. pneumoniae 4300STDY6542366 GCA 900493425.1 KL51 16 Urine
SG41 K. pneumoniae  4300STDY6636949 GCA_900492815.1 KL102 307 Blood
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974

975 Table 2. Antibiotic susceptibility of K. pneumoniae isolates used in this study. Minimum inhibitory concentration, MIC; interpretation,
976 I; Resistant, R; susceptible, S; Ampicillin, AMP; Amoxicillin/Clavulanic acid, AMC; Piperacillin/Tazobactam, TZP; Cefazolin, CEZ;
977  Cefuroxime, CXM; Cefuroxime Axetil, CXMA; Ceftriaxone, CRO; Cefepime, FEP; Doripenem, DOR; Ertapemem, ETP; Imipemem,
978 IPM; Meropemem, MEM; Amikacin, AML; Gentamycin, GEN; Ciprofloxacin, CIP; Tetracycline, TET; Trimethoprim/Sulfamethoxazole,
979 SXT.
980
Strains Antimicrobial
ESBL AMP AMC TZP CFz CXM CXMA CRO FEP DOR ETP IPM MEM AMK GEN CIP TET SXT
MIC I MIC MIC MIC I MIC I MIC MIC MIC MIC I MIC I MIC MIC MIC MIC MIC MIC MIC MIC
SR3 NEG =32 =32 2128 R| =64 R| =264 =64 =64 =64 R 28 R 28 =16 =16 =64 <1 24 216 =320
SR4 POS + =32 =32 2128 R| =64 R| =264 =64 =64 =64 R| =0.12 S| =05 <0.25 <0.25 32 216 24 =16 =320 éj
SR10 NEG =32 <2 <4 S| <4 S 2 2 <1 <1 S| =012 S| <05 <0.25 <0.25 <2 <1 <0.25 <1 <20 é'
TU1 NEG =32 <2 <4 S| =4 S 4 4 <1 <1 S| =012 S| =05 0.5 <0.25 <2 <1 <0.25 <1 <20 zi
TU16 NEG =32 4 <4 S| <4 S 4 4 <1 <1 S| =012 S| <05 <0.25 <0.25 <2 <1 24 <1 <20 ;h
SG41 POS + =32 =32 32 | =64 R| 264 =64 > 64 32 R 0.25 S| <05 0.5 0.5 <2 <1 24 216 =320 o4
Y61
982
983
984
985
986
987
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