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Acinetobacter baumannii is currently a serious threat to human health, especially to people with 
immunodeficiency as well as patients with prolonged hospital stays and those undergoing invasive 
medical procedures. The ever‑increasing percentage of strains characterized by multidrug resistance 
to widely used antibiotics and their ability to form biofilms make it difficult to fight infections with 
traditional antibiotic therapy. In view of the above, phage therapy seems to be extremely attractive. 
Therefore, phages with good storage stability are recommended for therapeutic purposes. In this 
work, we present the results of studies on the stability of 12 phages specific for A. baumannii under 
different conditions (including temperature, different pH values, commercially available disinfectants, 
essential oils, and surfactants) and in the urine of patients with urinary tract infections (UTIs). Based 
on our long‑term stability studies, the most optimal storage method for the A. baumannii phage 
turned out to be − 70 °C. In contrast, 60 °C caused a significant decrease in phage activity after 1 h of 
incubation. The tested phages were the most stable at a pH from 7.0 to 9.0, with the most inactivating 
pH being strongly acidic. Interestingly, ethanol‑based disinfectants caused a significant decrease in 
phage titers even after 30 s of incubation. Moreover, copper and silver nanoparticle solutions also 
caused a decrease in phage titers (which was statistically significant, except for the Acba_3 phage 
incubated in silver solution), but to a much lesser extent than disinfectants. However, bacteriophages 
incubated for 24 h in essential oils (cinnamon and eucalyptus) can be considered stable.

An opportunistic Gram-negative bacterial species, Acinetobacter baumannii, belongs to the ESKAPE group 
(containing: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas 
aeruginosa, Enterobacter spp.), which includes the most dangerous pathogenic bacteria because of their resistance 
to  antibiotics1. Research shows that the use of antibiotics in Wroclaw hospitals in the years 2020–2022 increased 
significantly, which translated to an increase in the resistance of A. baumannii  strains2, among others. Those 
strains that are widely resistant to commonly used antibiotics particularly pose a threat both to human health 
and life worldwide. Therefore, A. baumannii was covered in World Health Organization (WHO) reports, where 
these bacteria were classified as a critical threat priority among multi-drug resistant (MDR) bacteria (which may 
be resistant to third generation cephalosporins and carbapenems) and necessitates the search for new agents 
effective in the fight against these  bacteria3,4. A. baumannii can cause life-threatening infections, in particular, 
in hospital wards. These infections can affect the soft tissues, urinary tract, lung, skin or bloodstream. People in 
critical condition in intensive care units (ICUs) and those with immunodeficiency are particularly at  risk5–9. The 
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percentage of infections caused by A. baumannii strains in ICUs worldwide is as high as 20%10,11. The reason for 
this phenomenon is the resistance of the strains to external/environmental factors as well as broad resistance to 
 antibiotics12. It is worth mentioning that the mortality rate among people infected with these strains is higher 
than for infections with other gram-negative bacteria (e.g., K. pneumoniae)13,14. Genomic and phenotypic analysis 
of A. baumannii strains identified that the pathogenicity and toxicity among these strains has  increased1,6. The 
virulence factors that are responsible for this phenomenon have also been described as: capsular polysaccharides, 
iron-chelating systems, lipopolysaccharides, outer membrane porins, phospholipases, proteases and protein 
secretion  systems5,15–18. Additionally, bacteria use various mechanisms to defend themselves against phages. 
Hyperactivation of the global regulator BfmRS in a Loki phage sensitive to A. baumannii 17,978 has been studied 
to increase phage adsorption to bacterial cells, phage replication and thus bacterial killing. In turn, inactivation 
of the BfmRS inhibits Loki phage adsorption and killing of A. baumannii. Interestingly, mutations of the bacte-
rial glycosyltransferase responsible for capsule structure and bacterial virulence can lead to complete resistance 
of A. baumannii to the Loki  phage19.

An important factor determining the strong expansion of A. baumannii strains in hospital environments is 
their ability to acquire resistance to currently used antibiotics. This is the result of genetic mutations, horizontal 
acquisition of resistance genes, as well as their amplification and  expression12. The emergence of carbapenem-
resistant A. baumannii (CRAB) is particularly dangerous, as it necessitates the use of the last resort antibiotics 
tigecycline or  colistin20. However, resistance to these antibiotics has also been  noted21–23. It is worth mentioning 
that A. baumannii has the ability to form a biofilm on various surfaces, including host tissues and surfaces of 
hospital equipment (e.g., urinary catheters), which further hinders the control of this  pathogen24–26. Interestingly, 
bacteria forming a biofilm can coexist with other microorganisms (e.g., fungi), which additionally complicates 
the fight against these pathogens, protecting them against the action of antibiotics, disinfectants and immune 
system  cells27. Conducted research shows that the use of bacteriophages/their enzymes allows for better penetra-
tion of the biofilm matrix and combating multimicrobial biofims.

In recent years, there have been new studies on phages specific for A. baumannii, especially those strains that 
are resistant to commonly used antibiotics. By October 2022, 132 A. baumannii-specific phages had been tested 
and the studies showed that their genomes ranged from 4 to 234  kb28. Wintachai et al. isolated and characterized 
the lytic phage vB_AbaM_ABPW7 (vABPW7) MDR-specific for A. baumannii ABPW063, which is character-
ized by rapid adsorption (after 15 min of incubation, more than 95% of the phage particles adsorbed to the host 
cell)29. The phage was stable under various conditions (temperature, pH, presence of glycerol, UV) had a broad 
lytic spectrum and in vitro studies have shown that it is also effective in reducing bacterial biofilm. However, 
studies in the human A549 alveolar epithelial cell culture model have shown that the phage contributes to reduced 
adhesion of A. baumannii MDR bacterial cells. Additionally, a cytotoxic effect of the phage has not been observed 
for the tested cells. Another lytic phage specific for A. baumannii with therapeutic potential is the Abp95 phage 
isolated from hospital sewage that is characterized by a relatively broad lytic spectrum (of 29%) and its genome 
size was estimated at 43.176  bp30. Additionally, no lysogeny, virulence or antibiotic resistance genes were found 
in its genome. Studies on a diabetic mouse model of wound infection have shown that the use of phage solution 
in phosphate-buffered saline (PBS), when applied directly to the wound, promotes the removal of infections 
caused by MDR strains of A. baumannii, and thus accelerates wound healing.

An interesting way of applying phages may be their use as a biological control agent against CRAB. Chen et al. 
described the use of a phage cocktail in an aerosol in ICUs in the medical center in  Taiwan31. Prior to the use of 
the cocktails to decontaminate the space used by a patient diagnosed with infection caused by CRAB strains, 
phage typing of 501 A. baumannii strains was carried out to develop the optimal composition of phage cocktails. 
Interestingly, the percentage of CRAB strains present in intensive care units decreased significantly from 65.3 to 
55% within 3 years of decontamination (2017–2019). The cited studies suggest the potential of using phages also 
as a disinfecting agent in the fight with A. baumannii strains. An interesting and effective solution may also be 
the application of bacteriophages as gel hand disinfectant containing the ɸPT1b phage (active against Escherichia 
coli) with hydroxypropyl methylcellulose (HPMC) and active glycerin  ingredients32.

In addition to the whole phages themselves, enzymes that are encoded in their genomes also have antibacte-
rial potential. Such an example is the AbEndolysin with an N-acetylmuramidase-containing catalytic domain 
which was identified in the genome of bacteriophage ΦAb1656-2 induced with the use of mitomycin C from the 
A. baumannii 1656-2 strain (isolated from recovered hospitalized patients). The obtained prophage was capable 
of infecting MDR strains of A. baumannii. Also recombinant, purified endolysin showed antimicrobial activity 
against MDR A. baumannii strains, which makes it a promising candidate for phage therapy of infections caused 
by A. buamannii  strains33.

In the current work we aimed to evaluate the therapeutic potential of A. baumannii specific phages based 
on their ability to retain activity under different conditions or incubation with the presence of factors with an 
antibacterial potential.

Results
Bacterial strains and bacteriophages
During the research, 257 strains belonging to Acinetobacter spp. were used (Acinetobacter ursingii n = 1, Acine-
tobacter pittii n = 2, Acinetobacter johnsonii n = 2, and A. baumannii n = 252), most of which were resistant to 
commonly used antibiotics: ciprofloxacin, levofloxacin, trimethoprim/sulfamethoxazole, gentamicin, netilm-
icin, tobramycin, tigecycline, colistin, imipenem, and meropenem. Ten of them (Table 1) were used for biofilm 
research, the rest were used to search for bacteriophages specific to A. baumannii and to determine the biological 
properties of isolated  phages34. The strains were isolated from four main sources: respiratory 41%, urinary tract 
17%, soft tissue/skin 15% and blood 10%. In a previous work, 12 isolated A. baumannii-specific phages were first 
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genetically and biologically characterized. The characterized phages were isolated from liquid samples, including 
city ditch water, hospital sewage, sewage treated at a sewage treatment plant, river water, and water from a drain-
age ditch. Interestingly, the only lytic phage (Acba_6) was isolated from a hospital wastewater sample, which has 
been suggested to be a good source of A. baumannii-specific phage  isolation35. The lytic spectrum of the tested 
phages ranged from 11 (Acba_1, Aclw_8, Acba_18) to 75% (Acba_15)34. On the basis of genetic studies, the 
Acba_6 phage was classified as a lytic phage (belonging to Junivirinae subfamily), while the remaining phage was 
classified as a temperate phage (belonging to Beijernickvirinae subfamily). Additionally, the size of the genomes 
of the characterized phages ranged from 32,415 bp—Aclw_9 to 67,052 bp—Acba_11.

Stability of isolated phages at various temperatures
The results of phage stability tests carried out under various experimental conditions and presented in this 
paper are summarized in Fig. 1. Previously isolated phages (n = 12) (described in a paper by Bagińska et al.) 
were incubated for 12 months at 4 °C, room temperature (25 °C), − 70 °C and − 70 °C with the addition of 25% 
 glycerol34. The decrease in the selected bacteriophage titer depending on the length of incubation at a given 
temperature is shown in Fig. 2. Room temperature turned out to be the least optimal for storage in the case of all 
tested phages—after 2 months of incubation the Aclw_9 phage titer decreased to 1.75 ×  101 PFU/mL (the initial 
titer 7.4 ×  107 PFU/mL), and after 3 months of incubation no active phage particles were detected. However, 
for Acba_6 and Acba_11, no active phages were detected after 4 months of incubation at room temperature. 

Table 1.  Source of isolation and resistance of Acinetobacter baumannii strains used for biofilm research. CIP 
ciprofloxacin, LVX levofloxacin, SXT trimethoprim/sulfamethoxazole, AN amikacin, GN gentamycin, NET 
netilmicin, TOB tobramycin, TGC  tigecycline, CS colistin, IMI imipenem, MRP meropenem, R resistant, S 
sensitive.

No. Strain name Source CIP LVX SXT AN GN NET TOB TGC CS IMI MRP

1 Ab1 Urine R R R R R R S R S R R

2 Ab2 Urine R R R R R R S R S R R

3 Ab3 Urine R R R R R R R R S R R

4 Ab10 Urine R R R R R R R R S R S

5 Ab12 Urine R S S S R R R R S R R

6 Ab13 Urine R R R R R R R R S R R

7 Ab39 Urine R R R R R R R R S R R

8 Ab57 Catheter R R R R R S R R S R R

9 Ab68 Urine R R R R R R R R S R R

10 Ab82 Urine R R R R R R R R S R R

Figure 1.  Stability studies of isolated phages specific to A. baumannii presented in this paper.
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Figure 2.  Stability of selected phages under different temperature conditions during a 12-month incubation 
period. Error bars represent the standard deviation (± SD) of the mean phage titers. *p < 0.05.
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Moreover, after 12 months of incubation of the Acba_6 phage, its titer decreased by 4.1 orders of magnitude at 
4 °C, 3.8 orders of magnitude at − 70 °C and 4.7 orders of magnitude at − 70 °C with 25% glycerol. For the Aclw_9 
phage, a 12-month incubation period at 4 °C and − 70 °C with the addition of 25% glycerol resulted in a decrease 
in the titer relative to the baseline by 3.6 orders of magnitude, while − 70 °C resulted in a 3.2 order of magnitude 
reduction. Incubation of the Acba_11 phage at − 70 °C and − 70 °C with the addition of 25% glycerol resulted in 
a decrease in the titer relative to the baseline by about 2.4 orders of magnitude, and at 4 °C by about 3.9 orders. 
Results for the remaining 9 bacteriophages are included in the supplementary materials (Fig. S1). Titer decreases 
over 12 months of incubation from the baseline are statistically significant.

In addition, the stability of each phage at 60 °C for 1 h was tested (Fig. 3). Phage titers of Acba_6, Aclw_9 
and Acba_11 decreased after one hour of incubation by approximately 4.4, 3.5 and 3.2 orders of magnitude, 
respectively. Titer decreases are statistically significant. Results for the remaining 9 bacteriophages are included 
in the supplement (Fig. S2).

Stability of isolated phages at various pH values
In addition to studying the stability of phages at different temperatures, their ability to retain titer at different pH 
values was also tested (Fig. 4). Phage lysates were incubated for 1 h and 24 h in a solution with a given pH value. 
A solution with a pH of 7.0 was used as a reference point. The obtained results show that low pH solutions (pH 
3.0–4.0) inactivate phages more strongly than alkaline (pH 11.0–12.0). Additionally, 24 h of incubation resulted 
in a greater decrease in phage titer than 1 h of incubation. The most optimal pH for the Acba_6 phage turned out 
to be pH 9.0 (both after 1 h and 24 h of incubation). However, for pH 3.0 and 4.0, no active phage particle was 
detected, regardless of the incubation time. On the other hand, for the Aclw_9 and Acba_11 phages, incubation 
in a solution with a pH of 8.0 caused the smallest decrease in the titer of these phages, regardless of the incubation 
time. For both of these phages, after 1 h of incubation, active phage particles were not detected at pH 3.0, while 
after 24 h of incubation, no active phage particles were detected in the solution at pH 4.0. The titer decreases are 
not statistically significant. Results for the remaining 9 bacteriophages are included in the supplement (Fig. S3).

Phage stability in selected disinfectants and metal ions
Phage activity in selected agents commonly used for disinfection: 10% antiperspirant containing aluminum—
agent 1, agent containing octenidine dihydrochloride and phenoxyethanol—agent 2, 70% ethanol, ethanol-
based agents: agent 3 as well as agent 4 and solutions containing copper and silver nanoparticles were tested. 
The highest decrease in phage activity was observed for disinfectants containing ethanol and antiperspirants 

Figure 3.  Stability of selected phages: Acba_6, Aclw_9, Acba_11 after one hour of incubation at 60 °C. Error 
bars represent the standard deviation (± SD) of the mean phage titers. *p < 0.05.
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containing aluminum. Interestingly, agent 2 caused the fastest loss of the activity of selected phages such that 
after 5 min of incubation, no active phage particles were detected (results are not shown for the other phages). 
On the other hand, the phages better retained their activity when they were incubated in solutions of copper or 
silver nanoparticles (Table 2). The percentage decrease in the titer of selected phages is also shown in the sup-
plement in the Figs. S4 and S5.

Stability of phages in essential oils and surfactants
The largest decrease in the titer of phages incubated for 24 h in 1% cinnamon oil was noted for the phage 
Aclw_9—with a 1.6 order of magnitude (Fig. 5), while the smallest decrease in the titer after 24 h of incuba-
tion was noted for the phage Acba_13 and Acba_18—with a 0.1 order of magnitude. For 24 h of incubation 
of phages in 1% eucalyptus oil, the greatest decrease in titer was noted for phage Acba_3—with a 0.8 order of 
magnitude, and the smallest decrease in titer for phage Acba_13—with a 0.01 order of magnitude (Fig. S6). For 
10% DMSO, the phage titer in Acba_1, Acba_15 and Acba_16 remain unchanged throughout the experiment. 
Acba_3, Acba_4, and Acba_14 had the most drastic decrease in phage titer at the end of the experiment, thus 
indicating the poorest stability in 10% DMSO. Acba_6 was also observed to have a decreased phage titer but 
unlike Acba_3, Acba_4, Acba_14, the decrease was not that visible. Surprisingly, Acba_18 had a slight increase 

Figure 4.  Stability of selected phages in various pH conditions during 1 h and 24 h of incubation. Error bars 
represent the standard deviation (± SD) of the mean phage titers.

Table 2.  Stability of selected phages in the presence of commonly used disinfectants and metal ions. n.a.p. no 
active phage particle was detected. *Statistically significant decrease compared to the baseline titer, p < 0.05.

Phage symbol Acba_3 Acba_4 Aclw_8

Percentage of active phages after incubation with the selected agent (%)

 Tested factor/incubation time (min) 5 10 20 30 5 10 20 30 5 10 20 30

 70% ethanol 0.37* 0.23* 0.13* 0.08* 0.24* 0.13* 0.12* 0.07* 0.20* 0.13* 0.04* 0.03*

 Agent 1 0.05* 0.07* 0.04* 0.13* 0.08* 0.08* 0.09* 0.10* n.a.p.* n.a.p.* n.a.p.* n.a.p.*

 Agent 2 n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.* n.a.p.*

 Copper solution 67.91* 68.50 62.30 70.28* 42.12* 36.26* 39.21* 40.33* 58.68* 51.89* 73.95* 55.48*

 Silver solution 99.80 86.22* 99.51* 98.62* 31.59* 32.05* 34.77* 39.40* 61.08* 49.10* 47.90* 49.10*

Percentage of active phages after incubation with the selected agent (%)

 Incubation time (s) 30 60 30 60 30 60

 Agent 3 3.24* 2.17* 2.21* 1.18* 3.70* 3.18*

 Agent 4 1.66* 1.20* 0.59* 0.35* 1.05* 0.82*
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in phage titer at the end of the experiment. It may be concluded that this bacteriophage can easily remain in 10% 
DMSO. As for the other phages, their titer fluctuates between measurement points but with the tendency to stay 
around the starting point. The plaques themselves were, in most cases, hardly visible and diminutive. As for the 
1% Tween-20, a drastic decrease in phage titer was noticed in all tested phages except for Acba_14 where stability 
remained around 100% throughout the experiment. The phage titer of Acba_9 and Acba_3 gradually decreased, 
while for Acba_1, Acba_4, Acba_6, Acba_8, Acba_15, Acba_16 and Acba_18, the titers remain unchanged until 
the 24 h point, when they dropped drastically (Fig. 5, Fig. S6). The other phages showed slight fluctuations in 
phage titer with the tendency to decrease over time. Interestingly, it was observed that the addition of Tween 20 
caused the plaques to become more visible and slightly bigger in comparison to those with 10% DMSO. Titers 
significantly differ only after 24 h incubation with Tween-20.

Stability of phages in the urine
The stability of phages in urine was tested in samples taken from both healthy individuals (n = 3) and from people 
with urinary tract infections (n = 4). In all urine samples (P1–P7) no abnormalities were found in the general 
urine test. However, in people with a UTI, the following bacteria were isolated from the urine: E. coli (P5, P6), 
Klebsiella pneumoniae (P4), E. coli and K. pneumoniae (P7). The greatest decrease in the titer of the Acba_6 
phage was noted after 24 h of incubation in P1 urine by a 1.5 order of magnitude, while the smallest—after 24 h 
of incubation with P6 urine by a 0.1 order of magnitude (Fig. 6). The Aclw_9 phage was the most stable in P7 
urine—its titer remained constant during 24 h of incubation. The highest decrease in titer was noted after 24 h 
of incubation in P3 and P1 urine by 1.8 and 1.3 orders of magnitude compared to the control. In turn, after 24 h 
of incubation in P2, P4, P5 and P6 urine, the Aclw_9 titer decreased by 0.2, 0.7, 0.5 and 0.4 orders of magnitude, 
respectively. After 24 h of incubation in urine P2, P3, P5, the phage titer decreased by 0.5 orders of magnitude, 
for sample P4 and P7 by 0.4 and 0.3 orders of magnitude, respectively. The Acba_11 phage turned out to be 
the most sensitive during 24 h of incubation in urine. A larger decrease in its titer was noted after incubation 
with P3 and P7 urine (by 1.4 orders of magnitude). Then, after 24 h of incubation in P1 and P2 urine, the titer 
decreased by 1.2 orders of magnitude; after incubation with P5, P4 and P6 urine, the Acba_11 titer decreased by 
1.1, 1.0 and 0.5 orders of magnitude, respectively. The titer decreases are not statistically significant. Results for 
the remaining 9 bacteriophages are included in the supplement (Fig. S7).

Figure 5.  Stability of selected phages in cinnamon bark and eucalyptus essential oil, 10% DMSO and 1% 
Tween-20. Error bars represent the standard deviation (± SD) of the mean phage titers. *p < 0.05.
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A. baumannii biofilm formation capacity and biofilm‑reducing activity by phages
Based on the assessment of the biofilm-forming ability of A. baumannii strains isolated from urine, 6 strains were 
selected for further experiments with bacteriophages, 2 of which weakly (Ab2, Ab13), moderately (Ab10, Ab57) 
and strongly (Ab1, Ab68) produced biofilm. The biofilm produced by the Ab1 and Ab68 strains was sensitive to 
all phages/phage cocktail used. The biofilm of the Ab10 strain was insensitive to the Acba_1 and Aclw_9 phage, 
the biofilm produced by the Ab57 was insensitive to the 4 agents used, whereas the structure produced by the 
Ab2 strain was insensitive to the 8 agents. What is more, it was observed that the Ab13 strain was insensitive 
to all the agents used (regardless of whether single phages or a phage cocktail were used). The percentage of 
biofilm degradation (calculated by Eq. 1) by single bacteriophages and phage cocktail are presented in Table 3.

Discussion
In this paper, we presented results regarding the stability of A. baumannii-specific phages under different storage 
conditions: temperatures with or without glycerol added, different pH values, disinfectants, metal nanoparticles, 
essential oils, surfactants as well as urine. On the one hand, our research will allow us to better understand the 
possibility of ensuring storage conditions in which the phage preparations containing the studied phages do 
not lose their activity. On the other hand, examination of the activity in the presence of selected disinfectants, 
solutions of nanoparticles with known antibacterial activity or natural compounds (essential oils) will allow 
us to determine which of these agents could potentially support the antibacterial activity of these phages in 
preparations used in the fight against UTIs. Moreover, testing their stability in the urine of patients will allow 
us to determine whether such urine may have an inactivating effect on them, which may give us an idea of the 
possibility of A. baumannii phages retaining antibacterial activity at the site of infection, in the bladder. Recent 
studies on the stability of therapeutic phages have shown that this issue should be approached whilst also taking 
into account the method of administration of the phage  preparation36. Although data in the literature suggest 
the effectiveness of using A. baumannii phages in combination with  antibiotics37,38, the results presented in this 
paper point towards the possibility of using phages combined with nanoparticles, or essential oils as well. Studies 
on phages specific for A. baumannii in the future may create an opportunity to use these phages in the treatment 
of infections caused by MDR strains of A. baumannii.

Both from our experience and based on other scientists’  observations39, it is known that the use of phages 
for therapeutic purposes necessitates a search for ways to maintain a stable high titer both during the storage 

Figure 6.  Stability of selected phages in urine during 30 min, 60 min and 24 h of incubation. Points 
corresponding to 0 min of incubation were used as a control. Error bars represent the standard deviation (± SD) 
of the mean phage titers.
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process and after administration of the phage preparation. Available data indicate that phages can be inactivated 
by various factors. Studies show that exposure to low or high temperatures leads to the inactivation of, e.g., the 
MS2  phage40 and P680  phage41, respectively. In turn, phage  P00142 is sensitive to changes in pressure. Radia-
tion—infrared and microwaves—leads to inactivation of phage Φ643 and T4, T7, λ, MS2 phages, respectively. 
Another physical method which causes a loss in titer in the case of MS2 and M13 is the use of columns of 
 microplastic44. In addition to the methods mentioned above, factors leading to the inactivation of phages may 
include: ozone, UV, ultrasound, electric field, plasma, humidity, visible light or energetic femtosecond lasers. 
Besides the physical factors, chemical substances and factors can also cause damage to phage virions. Therefore, 
taking into account the therapeutic potential of phages, it is important to try to assess what factors may affect 
them and examine their effect on different phages. Despite the fact that many factors act on phages simultane-
ously in the human body, it would unfortunately be impossible to take them all into account at once. Therefore, 
the observed effect of individual factors on phages may be different from that observed under storage conditions 
or after administration of a therapeutic preparation, and we are aware that this may be one of the limitations of 
our research. Another was the attempt to determine the titer of phages in disinfectants that have a destructive 
effect on bacteria, and therefore, when inhibiting bacterial growth, we had difficulty in determining the titer 
of phages. What is more, achieving and maintaining a high titer of Acinetobacter-specific phages is extremely 
difficult compared to other bacteria, such as E. coli or Enterobacter cloacae. Some of the tested clinical strains of 
A. baumannii were characterized by unusual growth.

The long-term (1 year) temperature stability of phages was tested under the following conditions: at 4 °C, 
room temperature, − 70 °C and − 70 °C with the addition of 25% glycerol. Phage activity (in lysate form) decreased 
the fastest at room temperature. In the case of the Aclw_9 phage (Fig. 2) and the Acba_16 phage (Fig. S1), after 
2 months of incubation at room temperature, the phage preparation almost completely lost its activity. The most 
optimal storage conditions for phages turned out to be − 70 °C both with and without the addition of 25% glycerol 
(Fig. 2, Fig. S1). In addition, the stability of the phages at 60 °C for 1 h of incubation was tested. The smallest 
decrease in titer was noted for the Acba_4 phage by 2.6 orders of magnitude and the largest for Acba_1 by 4.5 
orders of magnitude as well as Acba_6, Aclw_8 by 4.4 orders of magnitude (Fig. 3, Fig. S2). Jiang et al. conducted 
stability studies of the lytic phage Abp9 (specific for clinical A. baumannii isolate ABZY9) at different tempera-
tures (20, 30, 40, 50, 60, and 70 °C) for 15  min45. This phage was stable at a temperature range of 20–50 °C, but 
at 60 °C its titer decreased 10 times after 15 min of incubation, and at 70 °C only 1% of the active phages were 
detected after 15 min of incubation. Soontarach et al. also conducted a study on the temperature stability of A. 
baumannii-specific phages isolated from hospital wastewater in  Thailand46. After 2 h of incubation at tempera-
tures from − 20 to 60 °C, most of the 12 tested phages turned out to be stable, with only phage P1033 losing more 
than 50% of its activity after incubation at 60 °C, while none of the phages showed activity after incubation at 
70 °C after 2 h of incubation. In addition, phage titers were stable for 2 years of incubation at 4 °C in SM buffer. 
The study of long-term storage of phages in various temperatures in the presence of various agents (e.g., 20% 
glycerol, 0.05% sodium azide, 10% DMSO + 5% chloroform) contributes to the development of phage  therapy47.

Research on the stability of phages at different pH shows that the most optimal solution for storing phages is 
one with a neutral or slightly alkaline reaction (pH from 7.0 to 9.0). Because phages are structures consisting of 
proteins, these proteins can be denatured at a low  pH48. It was noted that a low pH of 3.0–4.0 significantly affects 
the loss of phage activity, while even a strong alkaline reaction (pH 11.0–12.0) does not lead to a complete loss 
of phage activity (Fig. 4, Fig. S3). Other studies on A. baumannii-specific phages show that these phages were 
stable at pH 5.0 to 9.0—with most retaining 80% activity over 2 h of incubation. Only the P1033 phage turned 

Table 3.  Percentage of biofilm degradation by single bacteriophages and phage cocktail. n.d. no biofilm 
degradation. *Statistically significant results, p < 0.05. p-value is calculated between three technical replicates 
and expected. value of 0% for non-degraded biofilm (GraphPad Prism).

Phage/cocktail symbol

A. baumannii strain

Ab1 Ab2 Ab10 Ab13 Ab57 Ab68

Percentage of biofilm degradation (%)

Acba_1 62.4* n.d. n.d. n.d. n.d. 71.5*

Acba_3 85.6* n.d. 23.4 n.d. 59.6 95.5*

Acba_4 82.6* n.d. 47.4 n.d. n.d. 77.0*

Acba_6 80.3* 41.5 51.7* n.d. 33.9 89.5*

Aclw_8 92.7* 34.8 72.1* n.d. 30.8 77.0*

Aclw_9 80.1* n.d. 0.2 n.d. 44.6* 62.6

Acba_11 84.6* 29.2 68.6* n.d. 62.3 65.8

Acba_13 78.6* n.d. 5.3 n.d. n.d 53.0*

Acba_14 83.0* n.d. 11.3 n.d. 43.3 71.1*

Acba_15 81.7* n.d. 24.8 n.d. 7.5 85.0*

Acba_16 87.1* 29.3 76.6* n.d. 34.2 63.6*

Acba_18 95.0* 53.7* 92.5* n.d. 23.9 84.4*

K1 (Acba_6; Acba_9; Acba_11) 73.7* n.d. 24.0 n.d. n.d. 52.9*
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out to be less stable with less than 48% active in a solution of pH 9.046. Additionally, the Abp9 phage is stable at 
different pH (pH 7.0–11.0). A significant decrease in the titer for this phage was noted for pH from 3.0 to 6.0 
and from 11.0 to 12.045.

Phage stability was also tested in commonly used disinfectants. The most effective in phage inactivation was 
agent 2, after incubation with which no active phage particles were detected. Ethyl alcohol-based disinfectants 
(agent 3, agent 4) as well as the 70% ethanol solution alone led to rapid phage inactivation. Agent 1 turned out to 
be an equally effective phage inactivating agent (Table 2). Interesting studies on the stability of phages, including 
those of A. baumannii (Acibel004, Acibel007) and phages specific for P. aeruginosa and S. aureus were carried 
out by Merabishvili et al.’s group, in which phage stability was tested in 13 various burn wound care  products49. 
The most stable phage turned out to be phage 14-1, active against P. aeruginosa—its titer in the presence of most 
of the agents was at a level of  107 PFU/mL during 4 h of incubation. The remaining 4 phages showed similar 
stability, and their greatest inactivation was caused by anti-infective products, such as Bactroban, iso-Betadine, 
P.O.H. ointment and colistin milk. In addition, agents with high acidity had the most adverse effect on phage 
activity (this observation is in accordance with our results in pH experiments). On the other hand, another phage 
specific for A. baumannii (AbTJ phage) was tested for its stability in the presence of isopropanol and ethanol of 
various concentrations. The most effective in reducing the phage titer turned out to be 100% ethanol and 95% 
isopropanol, which after 90 min reduced the phage titer by 82% and 91%,  respectively50.

Phage stability in silver or copper nanoparticle solutions varied between phages, but phage titers remained 
constant for 30 min of incubation (Table 2). Interestingly, colloidal silver can be used as an antibacterial agent. 
Green synthesized colloidal silver (GSCS) has been shown to have an anti-biofilm effect on clinical isolates of 
P. aeruginosa, S. aureus and Haemophilus infuenzae51,52. In addition, it has been observed that GSCS has an 
antibacterial effect not only on biofilm but also on the planktonic form of Mycobacterium abscessus, albeit with 
a greater effectiveness against the planktonic form of the  bacteria53. Colloidal silver and silver ions interact with 
lipids, proteins and lipopolysaccharides in the biofilm matrix, which results in damage to the bacterial  biofilm54. 
In addition to silver-containing colloids, copper colloids also have a bactericidal effect. Studies using copper 
nanoparticles (CuNPs) showed their bactericidal activity against E. coli (MTCC no. 739) and Proteus vulgaris 
(MTCC no. 426) strains. CuNPs caused loss of bacterial membrane permeability, leakage of cytoplasmic compo-
nents and production of reactive oxygen species (ROS) which resulted in bacterial cell death. Interestingly, greater 
cytoplasmic leakage and faster growth inhibition were noted for E. coli compared to P. vulgaris55. In addition, 
a bactericidal or bacteriostatic effect was demonstrated for copper alloys (CuZn37, CuSn6 and CuNi18Zn20), 
including copper Electrolytic Tough Pitch (ETP) (99.9% Cu) against clinical strains of A. baumannii and Acineto-
bacter lwoffii and A. pittii isolated from hospital environments. The best killing activity against the Acinetobacter 
strains used in the study (the fastest and the largest reduction of the optical density of the bacterial suspension) 
was noted for ETP  copper56. Interestingly, recent research has shown a synergistic effect of the ZCSE6 phage and 
green synthesized zinc oxide nanoparticles (ZnO-NPs) of Ocimum basilicum extract using the bio-reduction 
process. ZnO-NPs have been shown to have a reducing effect on Staphylococcus sciuri biofilm. In contrast, com-
bining the aforementioned phage and ZnO-NPs caused them to act synergistically in the fight against Salmonella 
enterica57. In addition, other studies on nanoparticles have shown that using the cyclic 9-amino acid peptide 
CARGGLKSC (CARG), identified via phage display on S. aureus, increases the effectiveness of therapy with the 
use of CARG-conjugated vancomycin-loaded nanoparticles. In mice with S. aureus-induced pneumonia, the 
peptide selectively binds to bacteria in infected lung tissue and thus increases the concentration of intravenously 
injected vancomycin-loaded porous silicon nanoparticles at the site of  infection58. Metal nanoparticles, e.g., gold 
nanoparticles, can also cause phage inactivation, while having a protective effect on bacteria, which may be of 
key importance from the point of view of biotechnology and  industry59.

An interesting issue is the effect of essential oils on bacteria, for example, in the study on Litsea cubeba 
essential oil (LCEO) against A. baumannii. Scanning electron microscopy (SEM) and sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) studies confirmed changes in bacterial cell membrane integrity 
and permeability as well as leakage of intracellular biomacromolecules. Microscopic imaging showed changes in 
the morphology of bacterial cells after applying the oil. Additionally, LCEO was also found to cause changes in 
the expression of bacterial  proteins60. In contrast, the use of thymol and/or eugenol derived from essential oils in 
combination with endolysin LysECP26 resulted in a four-fold decrease in the minimum inhibitory concentration 
of LysECP26 for E. coli O157:H7 compared to the use of agents alone. Moreover, SEM studies showed disruption 
of the bacterial cell wall and their morphological changes after the use of endolysin in combination with thymol 
and/or  eugenol61. In our study, we investigated the effect of two essential oils (cinnamon and eucalyptus) on 
the stability of 12 A. baumannii-specific phages (Fig. 5, Fig. S6). For cinnamon oil, the smallest decrease in titer 
(compared to time zero) after 24 h of incubation was observed for phage Acba_13 and Acba_18 by a 0.1 order 
of magnitude, while the largest decrease in titer for phage Aclw_9 by a 1.6 order of magnitude. In the case of 
eucalyptus oil, the smallest decrease in titer (compared to time zero) after 24 h of incubation was observed for 
phage Acba_13 and Acba_18 by a 0.01 order of magnitude, while the largest decrease in titer for phage Acba_3 
was a 0.8 order of magnitude. Decreases in phage titers after incubation in essential oils were not statistically 
significant. Bacteriophage titer was also tested in different surfactants. For this experiment we chose and tested 
phage stability in 10% DMSO and in 1% Tween-20. The phages tend to better tolerate 10% DMSO than 1% 
Tween-20 solution. More bacteriophages remain at their starting point titer in 10% DMSO. Additionally, their 
stability, for all 12, 10% DMSO cases, did not drop as drastically as in the 1% Tween-20 solution. Surprisingly the 
plaques themselves were larger and more visible in 1% Tween-20 in comparison to 10% DMSO. Available data in 
the literature show that organic solvents such as DMSO, tetrahydrofuran, isopropanol, and ethanol can be used 
as a carrier for bacteriophages: P. aeruginosa-specific myovirus (PEV1, PEV20) and podovirus (PEV31) phages. 
However, it is optimal to use a concentration below 50% (v/v). These reports are promising for the formulation 
of pharmaceuticals containing  phages62.
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The presence of phages (both lytic and temperate ones) was confirmed in the urinary  tract63–65. Although the 
role of phages in the urinary tract is still unknown, it has been suggested that they may influence urinary  health65. 
It may be beneficial to emphasize phage stability in urine when it is intended to administer them locally, e.g., 
intravesically in the treatment of  UTIs66. The obtained results were intended to verify whether phages that could 
be used in the future to treat urinary tract infections are able to retain the ability to specifically destroy bacteria 
after incubation in urine with a pathological composition. In our experiments, phage incubation in human urine 
indicated that their titer remained at a similar level for 60 min of incubation, and a decrease in the titer (statisti-
cally insignificant) could be seen after 24 h (Fig. 6, Fig. S7) regardless of whether the urine sample came from a 
healthy person or a patient with a diagnosed UTI. We detected no statistically significant correlation (Pearson) 
between the measured decrease in phage titers after 24 h and urine specific gravity for any tested phage (data 
not shown). The stability of phages during the first hour of incubation may be important in the future in the 
treatment of UTIs using phage therapy. Urinary stability studies of healthy individuals with phages (Entb_43, 
Entb_45) specific for Enterobacter strains confirm the stability of the phages for the first hour of incubation in 
urine. But therapeutic phage OMKO1 specific for P. aeruginosa showed stability in various concentrations of 
saline, even in 5 M saline for 90 min of incubation. 3 M and 4 M urea solutions caused a significant decrease 
in phage titer after 90 min of  incubation67. This is a prime example for why it is so important to indicate under 
what conditions individual phages can maintain their therapeutic value.

An important virulence feature among A. baumannii strains is the ability to form a biofilm. Interestingly, 
studies have shown that Vibrio cholerae are able to form a biofilm on human macrophages. These bacteria express 
and secrete the high concentrations of hemolysin HlyA at the site of biofilm production, resulting in the killing 
of the immune cells. V. cholerae lacking the ability to form a biofilm and the strain lacking the gene encoding 
hemolysin HlyA caused macrophage death to a lesser extent than wild  strains68. The above example shows how 
difficult and important it is to fight the biofilm produced by pathogens. Studies on the effect of disinfectants on 
A. baumannii indicate that biofilm is less sensitive to disinfectants than planktonic  bacteria69. Planktonic MDR 
clinical strains of A. baumannii exposed to bleach, ethanol, quaternary ammonium compounds, chlorhexidine 
gluconate, and povidone were 99.9% eradicated after 4 min of incubation. In contrast, for biofilm, survival was 
6.23% after 1 min with 55% ethanol, 3.7% after 4 min with bleach, and 3.3% after 1 min with 70% ethanol.

Based on the presented results of biofilm degradation of uropathogenic A. baumannii strains by phages/
cocktails, it can be concluded that single phages work better than phage cocktails, which may be surprising. The 
latest research confirms the effectiveness of phage cocktails against MDR bacteria. This phage cocktail, consisting 
of 5 prophages (2 A. baumannii prophages and 3 K. pneumoniae prophages), was computationally developed 
and was effective in lysing carbapenemase-producing strains, both identified as Enterobacter hormaechei and K. 
pneumoniae  strains70. However, according to the literature, the use of single phages may result in the emergence 
of resistance among bacterial strains to the phage. This problem can be solved by using phage  cocktails71,72. In 
addition, in preliminary tests of the sensitivity of MDR bacterial strains to phages (phage typing), both sensitive 
(Ab1, Ab2, Ab10) and insensitive strains (Ab13, Ab57, Ab68) were selected. The biofilm of the Ab1 strain was 
sensitive to all the phages used, in contrast to the biofilm of the Ab2 and Ab10 strains, where some phages did not 
have a degrading effect on the formed biofilm. However, in the abovementioned biofilm degradation studies, the 
biofilm of the Ab13 strain was found to be insensitive to the action of phages, however, the biofilm of the strains 
Ab57 and Ab68 turned out to be sensitive to the action of 9 phages and all phages, respectively (Table 3). This 
may be due to the fact that during the study of biofilm degradation, bacterial biofilm was incubated for 24 h in 
the presence of 200 µL of the phage/phage cocktail in a well of a 96-well plate, which could have contributed to 
the better action of phages on the biofilm of uropathogenic strains. Interestingly, a study on biofilm produced 
by E. coli strains (DS515 and DS552) isolated from the urine of patients with a spinal cord injury showed that 9 
phages (HP3, ES17, 6950, 6915, 6955, HP3.1, 6935, ES21, ES19) of the 28 tested reduced cell viability by more 
than 80% with a single application to the biofilm of both bacterial strains in human urine. In addition, the use 
of a phage cocktail (HP3, ES12, ES17, ES19, ES21, ES26) against young and old biofilms and biofilms on silicone 
catheter materials confirmed its effectiveness against E. coli biofilm. Moreover, this cocktail lysed 82% of the pool 
of 54 E. coli strains isolated from the  urine73. Interestingly Tapia-Rodriguez et al. observed that oregano essen-
tial oils as well as terpene compounds carvacrol and thymol showed an ability to inhibit A. baumannii biofilm 
development and indicated that carvacrol reduced the structure even in 95% at concentration 0.15 mg/mL74. 
The abovementioned studies indicate that there is a possibility to also use essential oils in combating biofilm 
produced by A. baumannii strains.

Interestingly, thanks to the development of artificial intelligence, scientists were able to select 9 compounds 
from a group of almost 7000, and one of these turned out to be particularly effective in combating A. baumannii75. 
The above examples show that the development of artificial intelligence can significantly influence the develop-
ment of therapies aimed at bacteria resistant to currently used drugs. Despite there being a recently new class of 
antibiotics active against isolates of CRAB both in vitro and in vivo76,77, this will not result in the abandonment 
of research on bacteriophages and possibilities for their therapeutic use.

Conclusion
The presented stability studies, and in particular studies of phage stability in urine, may have a fundamental 
impact on the development of phage therapy application in urinary tract infections caused by MDR strains of 
A. baumannii. This is especially the case as phage therapy is now a serious alternative to widely used antibiotic 
therapy.
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Future perspective
In the next paper we also plan to present the potential of the activity of a combination of described phages 
with different agents in degrading A. baumannii biofilm on the catheter surface as was described by Oleksy-
Wawrzyniak et al. on biofilm produced by K. pneumoniae78. This will shed new light on the possibility of using 
phages in combination with natural ingredients with proven antibacterial activity in the fight against urinary 
tract infections caused by such dangerous pathogens as A. baumannii.

Materials and methods
Bacterial strains and bacteriophages
There were 257 strains belonging to A. baumannii used in the study, which were obtained in 2018–2022 as part of 
a cooperation with Polish hospitals as described elsewhere. Ten of them (Table 1) were used for biofilm research, 
and the rest were used to search for bacteriophages specific to A. baumannii as well as to determine the biological 
properties of isolated  phages34. Antibiotic susceptibility was determined by the MicroScan WalkAway analyzer 
(Beckman Coulter, Brea, CA, USA). Species affiliation was determined by matrix-assisted laser desorption/
ionization—time of flight (MALDI-TOF/TOF) mass spectrometry (Bruker Daltonics, Billerica, MA, USA). All 
bacterial strains were stored at − 70 °C in 25% glycerol. After thawing, the strains were cultured on plates with 
McConkey agar (peptone 17 g, proteose peptone 3 g, lactose 10 g, bile salts 1.5 g, sodium chloride 5 g, neutral 
red 0.03 g, crystal violet 0.001 g, agar 13.5 g, water—added to make 1 L; and pH adjusted to 7.1 ± 0.2 sodium 
taurocholate) at 37 °C for 12 h. During the studies, 12 bacteriophages specific for A. baumannii were isolated as 
a result of screening 460 water samples. Bacteriophages were isolated, amplified and their biological properties 
were as described  previously34.

Bacteriophage amplification
Prior to the stability study, all phage lysates were amplified to obtain the highest possible titer in order to observe 
its potential decrease while testing the stability of A. baumannii-specific bacteriophages. Up to 50 mL peptone 
water (per 1000 mL of water: meat extract 0.40 g, yeast hydrolysate 1.70 g, NaCl 3.50 g, Bacto Peptone 4.00 g 
enzymatic hydrolyzate of casein 5.40 g) liquid 2-h bacterial culture and phages were added in such a ratio so 
as to obtain the optimal  MOI34,66. After overnight incubation at 37 °C, the samples were filtered (with a pore 
diameter of 0.22 µm, Millipore, Burlington, MA, USA) and Routine Test Dilution (RTD) was performed. For 
this purpose, on a previously prepared plate with a bacterial lawn on the solidified agar surface, drops of 50 µL 
serial dilutions of the filtered samples  (100–10–8) were applied. The plates were pre-dried at room temperature, 
incubated overnight at 37 °C, and then the plaques were counted. The double-layer agar method was performed 
to determine the titer of the obtained  phages79,80. A culture of the appropriate bacterial strain (100 µL) and 
appropriate phage dilution were added to 2 mL of melted 0.7% agar. The agar with bacteria and phages (200 µL) 
was mixed and poured onto a solid agar plate. Plates were left for a few minutes at room temperature, incubated 
overnight at 37 °C, and the titer of bacteriophages was subsequently calculated.

Phage stability under various temperature conditions
Phage lysates with an initial titer of ~  107 PFU/mL were stored in various temperature conditions: 60 °C, 4 °C, 
room temperature (23 °C), − 70 °C and − 70 °C with the addition of 25% glycerol (Difco). Samples incubated at 
60 °C (water bath) were taken every 10 min for an hour. In other cases, phage titer was checked for 12 months 
(samples were collected once a month). The experiment was performed in triplicate. For titer determination the 
RTD and the double-layer agar method was performed as described above.

Phage stability under various pH values
In order to test the stability of bacteriophages at different pH values, solutions of peptone water with a pH ranging 
from 3 to 12 were prepared (established with 5 M HCl or 10 M NaOH). A solution with a pH of 7.0 (standard 
culture medium) served as a control sample. Phage lysates (titer ~  107 PFU/mL) were added to the samples at a 
ratio of 1:9 (phage: peptone water). The samples prepared in this way were incubated at 37 °C. Then, they were 
taken after 1 and 24 h of incubation. The experiment was performed in triplicate. The serial dilutions were pre-
pared for each sample and the phage titer was also evaluated.

Phage stability in various disinfectants and metal ions
The stability of bacteriophages was also tested in selected detergents and disinfectants: 70% ethanol, 10% agent 
containing aluminum hydrochloride (agent 1), agent containing octenidine dihydrochloride and phenoxyethanol 
(agent 2), disinfectant containing ethanol (57 g/100 g) and propane 2-ol (6 g/100 g) (agent 3), as well asdisin-
fectant containing ethanol (70 g/100 g) (agent 4). Additionally, copper and silver nanoparticle solutions (Nano-
Tech, Poland) at a concentration of 50 mg/kg (ppm) were used during the stability study. Phage lysates with the 
mentioned agents were incubated at room temperature at a ratio of 1:9. Samples were taken after 5, 10, 20 and 
30 min of incubation, except for samples containing Bactcid AF and Hysepta AV where samples were taken 
already after 30 and 60 s of  incubation66,80. Serial dilutions were made from each sample and the phage titer was 
checked. The experiment was performed in triplicate.

Phage stability in chosen essential oils and surfactants
Phage stability was also tested in the presence of 1% cinnamon bark oil and eucalyptus essential oil (CIN2005 and 
EUC2B01, Essence, Konstancin-Jeziorna). Phages (titer ~  107 PFU/mL) and 1% essential oil suspension (in the 
presence of a 10% of dimethyl sulfoxide (DMSO) and 1% of Tween-20) were mixed at a ratio of 1:9 and incubated 
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at 37 °C. The samples were taken after 30 min, 1 h and 24 h of incubation. The serial dilutions were made and 
the phage titer was determined with the use of the RTD and the double-layer agar method. The experiment was 
performed in triplicate. In addition, the effect of DMSO and Tween-20 on phage stability was also investigated 
(similarly to that described above).

Stability of phages in the urine of patients with a urinary tract infection (UTI)
Urine (midstream) was collected from both patients diagnosed with a urinary tract infection (UTI) n = 4 and 
healthy donors n = 3. Urine samples for testing were collected from women (P3, P4, P6, P7) and men (P1, P2, 
P5). To assess the physicochemical parameters of each sample the urine sediment test was performed. Urine 
samples were filtered through syringe filters with a pore diameter of 0.22 µm (Millipore, Burlington, MA, USA). 
Phage lysates (titer ~  107 PFU/mL) and urine samples were mixed at a ratio of 1:9 and incubated at 37 °C. Phage 
titers at time zero of the experiment were taken as controls. The experiment was performed in triplicate. After 
30 min, 1 h and 24 h the serial dilutions were made and the phage titer in the tested urine was  determined66.

Evaluation of biofilm formation capacity and phage activity in biofilm eradication
Ten uropathogenic multidrug-resistant clinical strains of A. baumannii isolated from urine were selected for 
biofilm studies based on previous phage typing results: 5 sensitive (Ab1, Ab2, Ab3, Ab10 and Ab12) and 5 
insensitive (Ab13, Ab39, Ab57, Ab68 and Ab82) to the 12 studied phages. The method of obtaining biofilm 
of A. baumannii strains was developed by Grygorcewicz et al. with some  modifications81. Overnight bacterial 
cultures (incubated at 37 °C) of these strains were prepared in sugar broth (in the composition: meat extract 
0.4 g, enzymatic hydrolysate of casein 5.4 g, yeast hydrolysate 1.7 g, Bacto Peptone 4.0 g, NaCl 3.5 g, glucose 
10 g per 1000 mL of  H2O). Next, the optical density of the obtained bacterial cultures at wavelength λ = 600 nm 
 (OD600) was measured spectrophotometrically (BioSpectrometer basic, Eppendorf, Hamburg, Germany). These 
suspensions were then diluted to the following optical densities: 0.1, 0.2, and 0.5. Then, 200 µL per well of the 
appropriate dilution of each strain was applied to a 96-well plate and incubated for 48 h at 37 °C. Next, the plates 
were washed twice with phosphate-buffered saline (PBS) and dried at 60 °C for 30 min. Then 200 µL per well of 
1% crystal violet (Chempur, Piekary Śląskie, Poland) was added and incubated for 30 min. After incubation, the 
wells were washed with water, then 95% ethanol was applied to the wells and incubated for 30 min. Bacterial cells 
were stained with ethanol. The quantification of the washed crystal violet is proportional to the number of bacte-
rial cells forming the biofilm. The absorbance at a wavelength of λ = 570 nm was measured. The ability to form a 
biofilm was estimated based on the scheme proposed by Stepanović et al.: OD ≤ ODc—strain does not produce 
biofilm; ODc < OD ≤ 2ODc—strain weakly produces biofilm; 2ODc < OD ≤ 4ODc—strain moderately produces 
biofilm; 4ODc < OD strain strongly produces biofilm. OD is the optical density of the tested sample, ODc is the 
optical density of blank sample measured at a wavelength of λ = 570  nm82. To assess the ability of phages/phage 
cocktails to reduce bacterial biofilm, a 48-h biofilm was washed twice with PBS and phage lysates/phage cocktails 
were applied to the wells with the formed biofilm. The plates were incubated for 24 h at 37 °C. The next steps of 
the procedure were the same as described above. The study used single phages in the form of phage lysates and 
a phage cocktail with the following composition: K1 (Acba_6 + Acba_9 + Acba_11). Phages with the widest lytic 
spectrum were used to prepare phage cocktails. The experiment was performed in triplicate. The percentage of 
biofilm degradation by bacteriophages was assessed using the Eq. (1)  below83.

Statistical analysis
A one-way ANOVA was used to assess changes in phage titer throughout incubation time. Statistical significance 
was determined using Dunnett’s multiple comparison test (GraphPad Prism 2023). The one-sample t-test and 
the Wilcoxon test using GraphPad, version 9.5.1 (2023) were used to study the stability of phages in various 
disinfectants and solutions of copper and silver. Statistical significance was considered at p < 0.05.

Ethical approval
Experiments using human urine samples entitled “Study of phage stability in the urine of patients diagnosed with 
urinary tract infection” were approved by the Bioethics Committee at the Ludwik Hirszfeld Institute of Immunol-
ogy and Experimental Therapy Polish Academy of Sciences, consent number: KB-12/2022. All methods were 
performed in accordance with the relevant guidelines and regulations. Each patient signed an informed consent 
form and was informed about the purpose for which the collected urine would be used.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).
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