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Abstract 
The use of bacteriophages specific to Flavobacterium psychrophilum in aquaculture has shown promising 
results in controlling infections and reducing fish mortality. However, the biosafety and cytocompatibility of 
these phage preparations, especially under long-term exposure conditions, remain largely unexplored. In this 
study, bacteriophages specific to F. psychrophilum were isolated and characterized. To enhance biosafety, the 
phages were subjected to endotoxin reduction procedures. Endotoxin levels and phage titers were 
quantitatively determined before and after purification. Cytocompatibility was evaluated using the MTT assay 
on the mammalian cell line MCF-7 over a 120-hour exposure period. The purification process reduced 
endotoxin levels by 97.3%, while phage titers were preserved or increased, indicating that biological activity 
was maintained. Time-dependent analyses revealed that crude phage preparations caused a decrease in cell 
viability, with statistically significant reductions observed at 72, 96, and 120 hours (p < 0.05). In contrast, no 
difference in cell viability was observed in cells treated with purified phage preparations compared to the 
control group (p > 0.05). These findings demonstrate that the cytotoxic profile of phage preparations is 
determined by endotoxin content and prolonged exposure duration. This study highlights that endotoxin 
removal is critically important for ensuring cytocompatibility and demonstrates that endotoxin content in 
phage preparations used in aquaculture may lead to reduced cell viability in mammalian cells under long-term 
exposure conditions.   
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1 | INTRODUCTION 
Antimicrobial resistance has become an increasing con-
cern in aquaculture, largely driven by intensive produc-
tion practices and the widespread use of antibiotics. In 
particular, the routine use of antibiotics for preventive 

purposes has accelerated this problem, turning it into a 
global issue (Bhat and Altınok 2023). The accumulation of 
antibiotic residues in aquatic environments, along with 
the development of resistance mechanisms, poses risks 
not only to fish health but also to environmental and hu-
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man health (Yang et al. 2024). These challenges highlight 
the need for alternative control strategies that are more 
sustainable, environmentally friendly, and economically 
feasible. 

In recent years, bacteriophages (phages), applied for 
disease control in aquaculture, have attracted increasing 
research interest as alternative biotherapeutic agents due 
to their host specificity and rapid replication capacity 
(Ramesh et al. 2021). In particular, in vivo and in vitro 
studies conducted on pathogens such as Flavobacterium, 
Vibrio, and Aeromonas have demonstrated the effective-
ness of lytic phages (Nithin et al. 2024). Flavobacterium 
psychrophilum has been identified as the causative agent 
of Bacterial Cold-Water Disease (BCWD), including its clin-
ical manifestation known as Rainbow Trout Fry Syndrome, 
in salmonid fish, leading to high mortality rates and signif-
icant economic losses, particularly in hatchery conditions 
(Strepparava et al. 2014). Recent studies have highlighted 
that the epidemiology, host susceptibility, and disease 
progression of F. psychrophilum infections in aquaculture 
systems are highly complex and influenced by multiple 
interacting factors (Avila et al. 2022). Moreover, antibi-
otic-based approaches used to control this pathogen are 
progressively losing their effectiveness due to the devel-
opment of resistance mechanisms (Pereira et al. 2022). 
Although the primary objective of phage applications in 
aquaculture is pathogen control, the interactions be-
tween phages and mammalian cells have largely been 
overlooked. Studies have demonstrated that phages can 
interact with mammalian cells and be internalized via 
macropinocytosis and endocytosis (Lehti et al. 2017; 
Bichet et al. 2021). Moreover, internalized phages may 
not only persist within cells but also modulate cellular 
functions (Van Belleghem et al. 2019; Bichet et al. 2021). 
Although contaminants such as endotoxins (lipopolysac-
charides), cellular debris, and bacterial DNA present in 
some phage preparations have not been conclusively 
shown to cause direct cytotoxicity in mammalian cells, 
these findings suggest that phage–cell interactions may 
induce not only acute but also time-dependent cumula-
tive effects (Dufour et al. 2017; Podlacha et al. 2021). 
Therefore, beyond antimicrobial efficacy, evaluating the 
in vitro cytotoxicity profiles and cellular biocompatibility 
of phage-based applications is essential for a comprehen-
sive assessment of their applicability (Elgendy et al. 2024). 
In the context of aquaculture, such biosafety evaluations 
are particularly important, as phage preparations may be 
directly or indirectly exposed to fish tissues, aquatic mi-
crobiota, and the surrounding environment. 

Current literature on bacteriophages developed 
against aquaculture pathogens at the cell line level re-
mains limited. Existing studies have evaluated the cyto-
toxicity of Yersinia ruckeri, Aeromonas hydrophila, and 
Lactococcus petauri phages in the EPC cell line under ex-
posure durations of 24–72 hours (Türe et al. 2022; Altınok 

et al. 2026a; Altınok et al. 2026b). Studies investigating 
the effects of aquaculture-derived phages on mammalian 
cell lines are extremely scarce, with only the study by Wu 
et al. (2026) providing notable insight. In that study, Ed-
wardsiella tarda phages were shown to interact with and 
be internalized by Caco-2 cells; however, cytotoxicity was 
assessed using qualitative methods such as fluorescent 
live/dead staining rather than quantitative analyses. Con-
sequently, cellular metabolic activity, dose–response rela-
tionships, and long-term toxicity effects were not com-
prehensively evaluated (Wu et al. 2026). Notably, most of 
these limited studies have focused on short-term expo-
sures (24–72 hours) (Henein et al. 2016; Podlacha et al. 
2021). 

Although it is known that phages used in aquacul-
ture can interact with human cells, no study has system-
atically investigated the effects of long-term phage expo-
sure on mammalian cell lines under conditions resembling 
aquaculture environments. Due to the predominance of 
short-term experimental designs, the cellular effects and 
potential cumulative consequences of prolonged expo-
sure (≥96 hours) remain insufficiently characterized. In 
this context, investigating the long-term interactions be-
tween phages specific to F. psychrophilum, an important 
aquaculture pathogen, and mammalian cells is of particu-
lar significance. 

In this study, the effects of time-dependent phage 
exposure—extending up to 120 hours—on cytotoxicity 
and biocompatibility in mammalian cells were investigat-
ed. The MCF-7 cell line, a standardized and reproducible 
mammalian cell system, was selected as the model. Alt-
hough widely used in cancer biology, targeted therapy, 
and drug delivery studies, it was employed here to evalu-
ate biosafety conditions. The use of purified F. psy-
chrophilum phage preparations minimized the effects of 
residual endotoxins and other bacterial contaminants, 
allowing for a more controlled assessment of cellular re-
sponses. Cellular responses were evaluated using the 
MTT assay. The findings are expected to contribute to the 
current understanding of the biocompatibility of endotox-
in-reduced phage preparations under long-term exposure 
conditions in mammalian cells. 
 
2 | METHODOLOGY 
2.1 Bacteriophage isolation and purification 
2.1.1 Bacterial culture: In this study, the F. psychrophilum 
reference strain ATCC 49418 was used. The bacterial cul-
ture was inoculated into Anacker-Ordal medium and in-

cubated at 15C for 5 days. End of the incubation period, 
the culture was reactivated. Cultures in the 24-hour 
growth phase were prepared for phage isolation (Chen et 
al. 2023). 
 
2.1.2 Bacteriophage isolation: Water used for bacterio-
phage isolation was collected from the effluent of trout 
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hatcheries in the region and from five different sampling 
points. Each water sample was transferred into 15 mL 
Falcon tubes were subjected to centrifugation at 10,000 × 
g for 10 minutes, after which the supernatant was col-
lected and filtered through a 0.22 µm membrane. Each 
sample consisted of 25 mL of 0.22 µm-filtered water 
combined with 5 mL of bacterial culture and 15 mL of 

Anacker-Ordal medium, followed by incubation at 15C 
for 48 hours. Chloroform (50 µL mL

–1
) was introduced to 

the supernatant, which was subsequently filtered again 
through a 0.22 µm membrane (Molina et al. 2020). The 
presence of phages was assessed using the double-layer 
agar plate method, with bacterial cultures incubated 

alongside phages at 15C. (Ustundag and Ustundag 2026). 
For phage purification, the single plaque isolation method 
was employed, involving serial dilutions of phage suspen-
sions and subsequent incubation with F. psychrophilum 
cultures, ultimately yielding a crude phage lysate after 
filtration (Kalatzis et al. 2016). 
 
2.2 Characterization of bacteriophages 
2.2.1 Phage titration (determination of PFU mL

–1
): Phage 

titers were determined by calculating the number of 
phages present per milliliter in a sample and were ex-
pressed as PFU mL

–1
. Serial dilutions (10⁻¹ to 10⁻⁸) of 

phage stocks in liquid culture were prepared using SM 
buffer. From each dilution, 300 µL of phage suspension 
was mixed with 900 µL of bacterial culture, then com-

bined with 4,000 µL of molten top agar (0.4%) at 48–50C, 

poured onto plates, and incubated at 15C for 3–5 days. 
After incubation, plaques were counted and phage titers 
were determined (Anand et al. 2016). 
 
2.2.2 Determination of kinetic parameters of bacterio-
phages: A total of 300 µL of phage suspension was mixed 
with 900 µL of exponentially growing F. psychrophilum 

culture and incubated at 15C for 10 minutes. The mix-
ture was centrifuged at 10,000 × g for 10 minutes. After 
centrifugation, the cells were resuspended in 2000 µL of 
cold Anacker and Ordal medium. Samples were then tak-
en every 30 minutes for 8 hours and plated using the 
double-layer agar method, followed by incubation at 

15C. After incubation, plaques were counted and rec-
orded. The latent period was determined based on the 
time interval during which the phage titer measured by 
the double-layer agar method remained constant. Burst 
size was calculated using the following equation (Lallo et 
al. 2014): 

Burst size = (maximum phage titer (PFU mL
–1

)) / 
(phage titer during the latent period (PFU mL

–1
)) 

 
To determine the adsorption rate of bacteriophages 

to host cells, bacteriophages were mixed with 20 mL of F. 
psychrophilum culture in the 18–24-hour growth phase 

and incubated at 15C. During incubation, samples were 

taken every 5 minutes for 30 minutes, diluted 1:10 with 
SM buffer containing chloroform (50 µL mL⁻¹), thoroughly 
mixed, and centrifuged at 5,000 × g for 3 minutes. The 
samples were then rapidly plated using the double-layer 

agar method and incubated at 15C. After incubation, 
plaques were counted and recorded. The phage titer in 
the supernatant containing unabsorbed phages was de-
termined, and the adsorption percentage was calculated 
using the following formula (Islam et al. 2023): 

% adsorption = [(initial phage titer (PFU/mL) − phage 
titer after adsorption (PFU/mL)) / (phage titer during 
the latent period (PFU/mL))] × 100 

 
The phage adsorption constant (K) was calculated as fol-
lows: K = 2.3/(B × t) × log(P₀/P); where, K = phage adsorp-
tion constant; B = bacterial concentration (bacteria per 
mL; determined as CFU/mL by plate counting); t = time; 
P₀ = initial PFU; P = PFU in the supernatant. 

 
2.2.3 Determination of phage host range: In order to 
evaluate the specificity of phages toward F. psychrophi-
lum, the following strains were used: F. psychrophilum 
(ATCC 49418), F. psychrophilum strains 1–6, Enterobacter 
hormaechei, Chryseobacterium spp., Staphylococcus au-
reus, Salmonella typhimurium, Chryseobacterium chapo-
nense, Pseudomonas aeruginosa, Enterococcus casselifla-
vus, Bacillus subtilis spizizenii, and Escherichia coli. The 
lytic activities of the phages were investigated using the 
spot-test method. For each group, 500 µL of bacterial 
culture was mixed with 4000 µL of soft agar and spread 
onto a pre-poured top agar layer. After the agar dried, 15 
µL of phage isolates was spotted, and lysis formation was 
examined (Alharbi and Alshaikh 2022). 
 
2.2.4 Examination of bacteriophages by electron micros-
copy: Phage suspensions were mixed with 2.5% glutaral-
dehyde buffer at a ratio of 1:10 and incubated at room 
temperature for 5 minutes. The phage suspension was 
then inoculated onto Formvar–carbon-coated copper 
grids and allowed to stand at room temperature for 2 
minutes. Phages were stained with 2% uranyl acetate and 
incubated at room temperature for 2 minutes. Subse-
quently, the phages were visualized using TEM (Cornuault 
et al. 2018). 
 
2.3 Purified phage preparation and endotoxin control 
To minimize bacterial debris, endotoxin/LPS, and medi-
um-derived contaminants present in the crude phage 
lysate, the PEG/NaCl precipitation method was applied. 
NaCl was added to the crude phage lysate to reach a final 
concentration of 1.0 M and mixed until completely dis-
solved. Subsequently, PEG 8000 was added to a final con-
centration of 10% (w/v). The mixture was incubated at 

4C at 50 rpm for at least 12 hours. After incubation, the 

suspension was centrifuged at 4C at 10,000 × g for 20–30 



 Impact of endotoxin reduction on phage safety 
J Fish; Ustundag and Ustundag 

  

journal.bdfish.org  Page 4 of 12 Volume 14 | Issue 3 | Article 143201  
 

minutes, and the phage-containing pellet was carefully 
collected. The pellet was gently resuspended in 0.5 mL 
sterile PBS (pH 7.2–7.4) until completely dissolved to ob-
tain a concentrated phage preparation (Pirnay et al. 
2024). To remove residual PEG/NaCl and low molecular 
weight contaminants, the concentrated phage suspension 

was dialyzed against PBS at 4C using a sterile dialysis 
membrane. The dialysis buffer was changed three times. 
The final preparation was passed through a 0.22 µm ster-
ile filter prior to cell culture applications. Phage titers 
were determined using the double-layer agar method and 
adjusted to the desired concentration before experi-
mental use. The sterility of the preparations was con-
firmed by plating aliquots on non-selective agar media 
and observing no bacterial growth after 48 hours of incu-

bation at 15C. Endotoxin levels in crude and purified 
phage preparations were quantitatively determined using 
a chromogenic Limulus Amebocyte Lysate (LAL) assay 
(Pierce™ LAL Chromogenic Endotoxin Quantitation Kit, 
Thermo Fisher Scientific, USA) in accordance with the 
manufacturer’s instructions. Measurements were per-
formed using a standard curve prepared in the range of 
0.01–10 EU mL

–1
. Samples were serially diluted with pyro-

gen-free water (Ketchum and Novitsky 2000). Spike re-
covery tests were performed to evaluate the potential of 
phage preparations to inhibit or enhance the LAL reac-
tion, and recovery rates were confirmed to be within the 
acceptable range (50–200%). All measurements were 
conducted in triplicate and expressed as endotoxin units 
per milliliter (EU mL

–1
). Endotoxin levels were also nor-

malized to phage load and reported as EU per 10⁹ PFU. 
Endotoxin removal efficiency was calculated using the 
formula: 

[(Cinitial − Cfinal) / Cinitial × 100] based on the initial (Cini-

tial) and post-purification (Cfinal) endotoxin concentra-
tions (Magalhães et al. 2020).  

 

Total phage recovery was calculated based on PFU mL
–1

 × 
total volume for both crude and purified preparations 
(Szermer-Olearnik and Boratyoski 2015; Dufour et al. 
2019; Van Belleghem et al. 2019). 
 
2.4 MCF-7 cell line and cell culture conditions 
The MCF-7 human breast cancer cell line (ATCC, HTB-22) 
was cultivated in a medium RPMI-1640, supplemented by 
10% (v/v) heat-inactivated fetal bovine serum (FBS) and 

2.5 mM L-glutamine under 37C and 5% CO2. Cell counts 
were conducted using the Cedex XS cell counter (Roche, 
Mannheim, Germany) (Eker et al. 2019). During the diges-

tion, cells were washed with 37C sterile phosphate salts 

(dPBS) and incubated for 5 minutes with 37C trypsin-
EDTA. After incubation, cells were transferred to a 15mL 
tube, added a culture medium and centrifuged for 5 
minutes at 130 g. After removal of the supernate, the cell 
pellet is returned to the medium with 1 mL of medium 

and cultured in a 5% CO2 incubator. The cells used in the 
experiment were found to be P5–P20 in the passages and 
to be negative to mycoplasma (Huang and Nitin 2019). 
 
2.5 Determination of phage doses and application pro-
tocol 
When expressing the unit of phage doses, plaque-forming 
units (PFU mL

–1
) were taken as the basis. The phage con-

centration to be used in the experiments was determined 
as 1 × 10⁸ PFU mL

–1
, considering preliminary experiments 

and commonly used dose ranges in the literature. The 
double-layer agar method was used to determine phage 
titer. Phage preparations were filtered through a 0.22 µm 
filter prior to cell culture applications and applied to the 
cell culture medium in equal volumes (Van Belleghem et 
al. 2019). 
 
2.6 Experimental groups and controls 
The cell groups to be used in the experiments were de-
signed as follows: 

I. Control group: cells containing only cell culture 
medium 

II. PBS control group: cells treated with an equiva-
lent volume of sterile PBS without phage 

III. Crude phage group: cells treated with crude 
phage preparation at a concentration of 1 × 10⁸ 
PFU mL

–1
 

IV. Purified phage group: cells treated with purified 
phage preparation at a concentration of 1 × 10⁸ 
PFU mL

–1
 

Applications were carried out for all experimental groups 
at time points of 24, 48, 72, 96, and 120 hours. 
 
2.7 Evaluation of cell viability by the MTT method 
In this research, FpV37 was chosen due to its exceptional 
lytic activity, characterized by the shortest latent period 
and the largest burst size among the six isolated phages. 
Cytotoxicity and biocompatibility assessments were con-
ducted utilizing this phage. The impact of both crude and 
purified phage preparations on MCF-7 cells was evaluated 
through the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Cell counting 
was executed using a Cedex XS device (Roche, Mannheim, 
Germany). Cells were plated into 96-well plates at a den-
sity of 1 × 10⁴ cells per well in 200 µL of complete medi-

um and incubated for 24 hours at 37C with 5% CO₂ to 
facilitate attachment (Abedon 2011). 

After the attachment phase, cells were treated ac-
cording to the experimental groups defined earlier. Crude 
and purified phage preparations were titrated using the 
double-layer agar method and standardized to a final 
concentration of 1 × 10⁸ PFU mL

–1
 (Kropinski et al. 2009). 

Before application to cell cultures, all phage preparations 
were filtered through a 0.22 µm membrane filter (Me-
rabishvili et al. 2009; Bonilla et al. 2016). Specifically, after 
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the 24-hour attachment period, 100 µL of culture medium 
was extracted from each well and replaced with 100 µL of 
the relevant treatment solution. Thus, the treatment vol-
ume applied to each well was maintained at 100 µL, and 
the total final volume was kept constant at 200 µL (Riss et 
al. 2016). The endotoxin exposure per well (EU per well) 
was calculated using the endotoxin values determined in 
Section 2.3 according to the following equation: EU/well = 
endotoxin concentration (EU mL

–1
) × volume added to the 

well (mL). This equation aids in determining the effective 
endotoxin dose administered to the cells (Petsch and 
Anspach 2000; Magalhães et al. 2020). 

Furthermore, the endotoxin load was adjusted ac-
cording to the phage quantity and represented as EU per 
10⁹ PFU, which facilitated the comparison of different 
preparations (Bonilla et al. 2016; Dufour et al. 2019). Cells 
were subjected to incubation with phage preparations for 
durations of 24, 48, 72, 96, and 120 hours following a 
time-dependent extended exposure protocol. Each exper-
imental condition included 8 technical replicates, and a 
minimum of three independent biological replicates were 
conducted for all experiments (Riss et al. 2016). Upon 
completion of the incubation period, 20 µL of MTT stock 
solution (prepared in PBS at a concentration of 5 mg mL

–

1
) was introduced to each well. Consequently, the final 

MTT concentration per well was approximately 0.45 mg 
mL

–1
, with the total volume adjusted to 220 µL. The plates 

were incubated at 37°C for 4 hours to facilitate the for-
mation of formazan crystals by viable cells (Mosmann 
1983; Riss et al. 2016). After incubation, the supernatant 
was meticulously removed, and 100 µL of dimethyl sulfox-
ide (DMSO) was added to each well to dissolve the gener-
ated formazan crystals. The plates were gently agitated at 
room temperature for a brief period to ensure the com-
plete dissolution of the crystals. Absorbance readings 
were taken at 570 nm using a microplate reader. Wells 
devoid of cells (medium + MTT + DMSO) served as blanks 
for background correction (Mosmann 1983). 

Cell viability (%) was calculated according to the fol-
lowing formula: % Cell viability = (Abssample − Absblank) 
/ (Abscontrol − Absblank) × 100 

 
2.8 Data analysis 
All experimental data were evaluated by calculating the 
mean values from a minimum of three independent bio-
logical replicates, with results presented as mean ± 
standard deviation (SD). To minimize intra-plate variation, 
technical replicates (n = 8) within each biological replicate 
were utilized and averaged before analysis. The normality 
of the data was examined through the Shapiro–Wilk test. 
Levene’s test was employed to assess the homogeneity of 
variances. Group comparisons were conducted using a 
two-way analysis of variance (two-way ANOVA), which 
incorporated the factors of time (24, 48, 72, 96, and 120 
hours) and treatment (control, PBS, crude phage, and 

purified phage). To identify significant differences, Tuk-
ey’s multiple comparison test was utilized. All statistical 
analyses were carried out using GraphPad Prism software 
(GraphPad Software, San Diego, CA, USA). The threshold 
for statistical significance was set at p < 0.05 (Motulsky 
2014). 

 
 

3 | RESULTS 
3.1 Isolation and plaque morphology of bacteriophages 
The phages to be used in the study were identified on F. 
psychrophilum using the double-layer agar plate method. 

Following inoculation, they were incubated at 15C for 
24–48 hours. After incubation, inhibition zones (plaques) 
were observed on the petri dishes. The formed plaques 
were determined to be circular in shape and to have well-
defined boundaries. Plaque-forming phages were purified 
using the single plaque isolation method, and six phages 
(FpV35–40) were isolated. 
 
3.2 Kinetic parameters of the phages 
The adsorption rate constants (K) of the isolated bacteri-
ophages are presented in Table 1. The highest adsorption 
rate constant was determined in phage FpV37 (121.01 × 
10

–8
 ± 1.02 × 10

–7
 mL min⁻¹). The adsorption rate con-

stants of the other phages were found to be on the order 
of 10⁻⁹ mL min⁻¹ and therefore exhibited lower adsorp-
tion rates. 

The latent periods were determined to range be-
tween 4.0 and 6.5 hours. The shortest latent period was 
observed in FpV37 (4.0 hours), while the longest latent 
period was observed in FpV36 (6.5 hours). In terms of 
burst size, the highest value was recorded for FpV37 
(31±5 phage cell

–1
), followed by FpV38 (30.5±11 phage 

cell
–1

) and FpV36 (21±1 phage cell
–1

). 
 

3.3 One-step growth curve and replication kinetics 
FpV37 displayed the shortest latent period and the largest 
burst size among the six isolates, it was selected for de-
tailed one-step growth curve analysis. Following the ad-
sorption phase, samples were taken from infected F. psy-
chrophilum cultures at 30-minute intervals between 0 and 
480 minutes. Free phage titers were determined in PFU 
mL

–1
 using the double-layer agar method. In the growth 

curve, the phage titer remained largely constant until 
approximately 120 minutes. Subsequently, a distinct in-
crease phase occurred between 120 and 240 minutes, 
and the titers reached a plateau level after approximately 
240 minutes. 
 
3.4 Phage host range 
Spot-test analyses showed that the isolated phages pro-
duced clear lysis on all tested F. psychrophilum strains, 
and no inhibition zones were observed on any of the oth-
er bacteria (Table 1). 
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TABLE 1 Infection kinetics of the isolated F. psychrophilum bacteriophages, including adsorption constant (K), latent peri-
od, and burst size determined from one-step growth experiments. 

Phage 
Capsid diameter 
(nm) 

Tail length  
(nm) 

Adsorption con-
stant (min⁻¹ mL) 

Latent period  
(h) 

Burst size 
(phage/cell) 

FpV35 78 ± 3 133 ± 7 (1.98 ± 0.11) × 10⁻⁹ 6.0 12.5 ± 10 
FpV36 80 ± 2 139 ± 4 (1.09 ± 0.11) × 10⁻⁹ 6.5 21 ± 1 
FpV37 82 ± 3 140 ± 8 (1.21 ± 0.10) × 10⁻⁶ 4.0 31 ± 5 
FpV38 75 ± 4 131 ± 9 (9.98 ± 1.76) × 10⁻⁸ 4.5 30.5 ± 11 
FpV39 79 ± 3 135 ± 6 (2.03 ± 0.10) × 10⁻⁹ 6.0 10 ± 8 
FpV40 77 ± 2 127 ± 5 (1.01 ± 0.10) × 10⁻⁹ 5.5 15 ± 10 

Values are presented as mean ± standard deviation (n = 3). Capsid diameter and tail length were determined by transmis-
sion electron microscopy. Adsorption constants and one-step growth parameters were calculated based on independent 
triplica experiments. 
 
3.5 Morphological characterization of bacteriophages by 
transmission electron microscopy (TEM) 
Prepared bacteriophage suspensions were negatively 
stained with uranyl acetate and prepared for imaging by 
TEM. TEM analyses revealed the presence of phage parti-
cles (Figure 1). Capsid diameters were determined to be 
approximately 75–82 nm, while tail lengths were approx-
imately in the range of 127–140 nm (Table 1). The exam-
ined images showed that the phages possessed structural 
integrity. Representative TEM images showing the mor-
phology of the isolated bacteriophage are presented. 
FpV37 exhibited an icosahedral capsid and a long non-
contractile tail, consistent with siphovirus-like morpholo-
gy. 

 

 
FIGURE 1 One-step growth curve of bacteriophage FpV37. 
Phage titers (log₁₀ PFU/mL) were determined at 30-
minute intervals over 480 minutes. The curve demon-
strates a distinct latent phase, followed by a rapid rise 
phase and a stable plateau. Data represent mean ± SD (n 
= 3). 

 
3.6 Purification yield and phage recovery 
Following the purification process, the concentration 
changes of bacteriophage preparations and the total 
phage recovery efficiency were evaluated. Before purifi-

cation, the average titer of the crude phage suspension 
was determined as 2.78 × 10⁷ ± 1.04 × 10⁷ PFU mL

–1
, and 

the initial volume was 30 mL. After purification, the final 
preparation volume was reduced to 0.5 mL, and the aver-
age phage titer was measured as 1.00 × 10⁹ ± 5.0 × 10⁸ 
PFU mL

–1
. According to these data, an approximately 36-

fold (35.97-fold) increase in phage titer was achieved af-
ter purification. Considering the total number of phage 
particles, the total phage load before purification was 
calculated as 8.34 × 10⁸ PFU, while the total phage load 
after purification was calculated as 5.00 × 10⁸ PFU. Ac-
cordingly, the total phage recovery rate was determined 
to be approximately 60% (59.95%). 
 

3.7 Endotoxin reduction after purification 
Following the purification process, endotoxin levels of the 
phage preparations were evaluated using the LAL (Limu-
lus Amebocyte Lysate) assay. Before purification, the en-
dotoxin level was measured as 1.0 × 10⁻⁵ ± 3.0 × 10⁻⁶ EU 
mL

–1
, while after purification, this value decreased to 2.7 

× 10⁻⁷ ± 1.2 × 10⁻⁷ EU mL
–1

 (n = 3). This result indicates 
that approximately a 97.3% reduction in endotoxin levels 
was achieved with the applied purification protocol. Spike 
recovery analyses yielded values within the acceptable 
range of 50–200%, indicating that the phage preparations 
did not cause significant inhibition or enhancement of the 
LAL assay. In addition to volumetric endotoxin quantifica-
tion, endotoxin burden was normalized to phage titer and 
expressed as EU/10⁹ PFU. The crude preparation exhibit-
ed an endotoxin load of approximately 3.60 × 10⁻⁴ EU/10⁹ 
PFU, whereas the purified preparation showed a substan-
tially lower value of 2.7 × 10⁻⁷ EU/10⁹ PFU (Table 2). 
 

3.8 Endotoxin exposure per well (EU per well) 
In order to evaluate biologically relevant endotoxin expo-
sure in cell culture experiments, the measured endotoxin 
levels were calculated as endotoxin amount per well 
(EU/well). When 100 µL of sample was applied to each 
well, endotoxin exposure was determined as 1.0 × 10⁻⁶ 
EU/well for the crude preparation and 2.7 × 10⁻⁸ EU/well 
for the purified preparation. 
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TABLE 2 Quality characteristics of crude and purified bacteriophage preparations. 

Parameters Crude phage preparation Purified phage preparation Fold change / % reduction 

Phage titer (PFU/mL) 2.78 × 10⁷ ± 1.04 × 10⁷ 1.00 × 10⁹ ± 5.0 × 10⁸ 35.97-fold increase 
Endotoxin (EU/mL) 1.0 × 10⁻⁵ ± 3.0 × 10⁻⁶ 2.7 × 10⁻⁷ ± 1.2 × 10⁻⁷ 97.30% reduction (37.04-fold 

decrease) 
Endotoxin normalized to phage 
load (EU/10⁹ PFU) 

3.60 × 10⁻⁴ 2.70 × 10⁻⁷ 1333.33-fold reduction 

Endotoxin exposure per well 
(EU/well) 

1.0 × 10⁻⁶ 2.7 × 10⁻⁸ 37.04-fold reduction 

 
 

 
 
FIGURE 2 Endotoxin reduction and phage titer following 
purification. 
 
 
3.9 Time-dependent cell viability (MTT assay) 
MTT assay results revealed that the effects of crude and 
purified phage preparations on MCF-7 cells differed in a 

time-dependent manner. In the control and PBS groups, 
cell viability was maintained at a high level at all time 
points and exhibited a similar time-dependent pattern. In 
the control group, cell viability was determined as 
97.83%, 95.03%, 90.97%, 88.83%, and 85.30% at 24, 48, 
72, 96, and 120 hours, respectively, while in the PBS 
group, these values were measured as 96.77%, 95.57%, 
90.33%, 88.67%, and 85.57%, respectively, and no statis-
tically significant difference was observed between the 
control and PBS groups (p > 0.05). In the group treated 
with the crude phage preparation, cell viability was found 
to decrease gradually over time. While cell viability was 
measured as 97.23% at 24 hours, this value decreased to 
93.07% at 48 hours, 75.47% at 72 hours, 70.07% at 96 
hours, and 68.10% at 120 hours. The decrease in cell via-
bility became particularly more pronounced after 72 
hours. Statistical analyses showed that, particularly at 72, 
96, and 120 hours, there was a significant loss of viability 
in the crude phage group compared to the control group 
(p < 0.05) (Table 3). 

 
TABLE 3 Time-dependent cell viability of MCF-7 cells following exposure to crude and purified bacteriophage prepara-
tions. Data are presented as mean ± SD (n = 3). Cell viability values were calculated based on MTT absorbance measure-
ments and expressed as percentage viability relative to relative to the control group. Statistical significance was deter-
mined using two-way ANOVA followed by Tukey’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001; ns: not 
significant). 

Time (h) Control (% viability) PBS (% viability) Crude (% viability) Purified (% viability) 

24 97.83 ± 0.75 96.77 ± 0.75 97.23 ± 0.50 96.67 ± 0.40 
48 95.03 ± 0.47 95.57 ± 0.35 93.07 ± 0.51 94.50 ± 0.50 
72 90.97 ± 0.40 90.33 ± 0.55 75.47 ± 1.10*** 94.53 ± 0.55 
96 88.83 ± 0.91 88.67 ± 0.40 70.07 ± 0.90*** 90.73 ± 0.75 
120 85.30 ± 0.76 85.57 ± 0.55 68.10 ± 1.05*** 89.07 ± 1.05 

 
 
In contrast, in the group treated with the purified 

phage preparation, cell viability was maintained at a high 
level at all time points. Cell viability was measured as 
96.67%, 94.50%, 94.53%, 90.73%, and 89.07% at 24, 48, 
72, 96, and 120 hours, respectively. No statistically signifi-
cant difference was found between the phage group and 
the control group (p > 0.05). In addition, when crude and 
purified phage preparations were directly compared, sta-

tistically significant differences in cell viability were ob-
served, particularly at 72 hours and beyond (p < 0.05). 
Statistical analyses were performed using GraphPad Prism 
software (version 10.1), and all data were expressed as 
mean ± standard deviation (mean ± SD). In the present 
study, cellular responses were evaluated based on meta-
bolic activity measurements using the MTT assay. Alt-
hough morphological assessment was not performed, the 
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consistent preservation of viability in the purified phage 
group and the absence of statistically significant differ-
ences compared to the control group suggest that no 

pronounced cytotoxic effects are likely to occur under the 
tested conditions. 
 

 
 

 

FIGURE 3 Time-dependent effects 
of crude and purified bacterio-
phage preparations on MCF-7 cell 
viability. 

 
 
4 | DISCUSSION 
Phage therapy has gained increasing attention in aquacul-
ture as a potential alternative to antibiotics, particularly 
in response to the growing problem of antimicrobial re-
sistance. However, evaluating the applicability of these 
approaches requires more than assessing their antimicro-
bial activity alone. It is also important to consider their 
cytocompatibility and overall biosafety profiles. Current 
literature shows that studies investigating the cytotoxic 
effects of bacteriophages against aquaculture pathogens 
are still limited, and most of them focus primarily on 
short-term exposure conditions (Türe et al. 2022; Altınok 
et al. 2026a; Altınok et al. 2026b; Wu et al. 2026). 

In recent years, in vitro cell culture techniques have 
been widely used in research. The most commonly used 
cell lines include RTgill-W1 (gill epithelium), RTG-2 (gon-
adal), RTL-W1 (liver), RTS11 (macrophage), EPC (epithelial 
origin), ZFL (zebrafish liver), and RF (fin cell line) (Fent 
2001; Segner 2004; Tan et al. 2007; Kolarova et al. 2021). 
However, despite their widespread use, the majority of 
studies focus on acute exposure windows (20–72 hours) 
(Ahmed et al. 2020; Demir et al. 2020; Kolarova et al. 
2021). For example, studies conducted with the RTG-2 
cell line typically rely on 20-hour EC50 measurements 
(Kolarova et al. 2021), while heavy metal studies often 
calculate IC50 values based on 24-hour exposure periods 
(Goswami et al. 2014). Similarly, nanoparticle-based tox-
icity studies generally prefer 48-hour exposure durations, 
during which significant cytotoxic effects may not be ob-
served (Demir et al. 2020). However, a study by Hernan-
dez-Moreno et al. (2022) clearly demonstrated that while 
no toxicity was observed at 24-hour exposure in the 
RTgill-W1 cell line, prolonged exposure of up to 28 days 
resulted in pronounced cytotoxic and metabolic effects. 
This finding indicates that agents considered “non-toxic” 

under short-term exposure may produce entirely differ-
ent biological outcomes under long-term conditions. 

When evaluating the effects of aquaculture-derived 
phage preparations at the cell line level, it is evident that 
existing studies are largely limited to the EPC cell line and 
exposure durations of 24–72 hours. In a study where YP3 
and YP10S2 phages specific to Yersinia ruckeri were eval-
uated in EPC cells under 24, 48, and 72-hour exposure 
conditions, no significant decrease in cell viability or mor-
phological changes were observed (Altınok et al. 2026a). 
Similarly, Aeromonas hydrophila phages have been re-
ported to exhibit no cytotoxic effects in EPC and other 
fish cell lines under 24–72-hour exposure conditions (Türe 
et al. 2022). In a study conducted with the Lp ACM616_1 
phage targeting Lactococcus petauri, no cytotoxicity was 
observed in the EPC cell line (Altınok et al. 2026b). Taken 
together, these findings suggest that aquaculture-derived 
phages are generally biocompatible under short-term in 
vitro conditions. However, the fact that nearly all these 
studies are limited to exposure durations of 72 hours or 
less suggests that the results primarily reflect acute ef-
fects. 

From the perspective of mammalian cell–phage in-
teractions, the study conducted by Wu et al. (2026) pro-
vides an important reference point. Our results show that 
Edwardsiella tarda phages can interact with Caco-2 cells 
and undergo internalization. However, cytotoxicity as-
sessment was largely based on qualitative methods such 
as fluorescent live/dead staining, and quantitative meta-
bolic analyses were not employed. In addition, the short 
exposure duration and the lack of systematic investiga-
tion of dose–time relationships limit the evaluation of 
long-term effects. Similarly, studies in the literature have 
shown that phages can be internalized by mammalian 
cells and may modulate cellular processes (Lehti et al. 
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2017; Bichet et al. 2021; Bichet et al. 2023). However, it is 
noteworthy that most of these studies also involve short 
exposure durations. 

Unlike previous studies, this work quantitatively 
demonstrates the determining effect of long-term expo-
sure in mammalian cells. In the control group, cell viability 
at 24, 48, 72, 96, and 120 hours was measured as 97.83%, 
95.03%, 90.97%, 88.83%, and 85.30%, respectively, 
whereas in the group treated with crude phage prepara-
tions, these values were 97.23%, 93.07%, 75.47%, 
70.07%, and 68.10%. A marked decrease in cell viability 
was observed particularly after 72 hours, and statistically 
significant reductions were detected at 72, 96, and 120 
hours compared to the control group (p < 0.05). In con-
trast, in the group treated with purified phage prepara-
tions, cell viability was measured as 96.67%, 94.50%, 
94.53%, 90.73%, and 89.07% at the same time points, 
with no statistically significant difference compared to the 
control group (p > 0.05). These findings indicate that cyto-
toxic effects are not only time-dependent but also directly 
related to the purity of the phage preparation. 

In this context, the present study was deliberately 
designed based on a “worst-case biosafety model” ap-
proach. Although fish-derived cell lines (e.g., EPC, RTgill-
W1) are commonly preferred in aquaculture studies, 
mammalian cell lines provide a more sensitive and pro-
tective model, enabling the detection of low-level cyto-
toxic and metabolic effects. The MCF-7 cell line is widely 
used and is considered a reliable model for cytotoxicity 
assessment due to its high reproducibility and extensive 
use in the literature. Furthermore, considering that aqua-
culture products are ultimately intended for human con-
sumption, evaluating the potential effects of phage prep-
arations on mammalian cells provides an additional layer 
of translational safety. Therefore, in this study, the use of 
a mammalian cell model was not intended to replace fish 
cell lines but rather to complement them by representing 
a more stringent, upper-bound risk scenario. Although a 
mammalian cell line was used in this study, the findings 
have important implications for aquaculture applications. 
Endotoxin contamination in bacteriophage preparations 
represents a general biosafety concern that is not limited 
to mammalian systems but is also highly relevant for fish 
and other aquatic organisms. In this respect, mammalian 
cell-based cytotoxicity assays can serve as a sensitive pre-
liminary screening approach to evaluate the safety of 
phage preparations prior to their application in aquacul-
ture settings. Furthermore, given the conserved nature of 
eukaryotic cellular responses to endotoxins, the observed 
effects may provide indirect but meaningful insights into 
potential responses in aquatic vertebrates, including 
aquatic mammals. Given that F. psychrophilum is a major 
pathogen in aquaculture, improving the biosafety of 
phage preparations directly supports the development of 
safer phage-based control strategies in fish farming sys-

tems. 
Additionally, a single phage concentration (1 × 10⁸ 

PFU mL
–1

), representing a commonly used therapeutic 
dose in aquaculture, was selected. The primary aim of the 
study was to determine the time-dependent effects of 
long-term exposure on cytocompatibility, independent of 
concentration effects. Therefore, the concentration was 
kept constant, and exposure duration was treated as the 
variable parameter. 

From a physiological perspective, a significant por-
tion of these effects is thought to be associated with the 
endotoxin load present in the preparation. In this study, 
endotoxin levels were reduced from 1.0 × 10⁻⁵ EU mL

–1
 to 

2.7 × 10⁻⁷ EU mL
–1

, corresponding to a 97.3% reduction. 
This decrease directly correlates with the observed differ-
ences in cellular biocompatibility. Lipopolysaccharides 
(LPS) present in phage preparations derived from Gram-
negative bacteria can activate NF-κB and MAPK signaling 
pathways via TLR4, thereby triggering inflammatory and 
metabolic responses (Zhang et al. 2018; Van Belleghem et 
al. 2019). Although these processes may not cause imme-
diate cell death, under long-term exposure conditions 
they may result in cumulative metabolic stress, mito-
chondrial dysfunction, and suppression of cell prolifera-
tion. 

From an aquaculture application perspective, these 
findings provide important translational implications. A 
limitation of this study is the absence of fish-derived cell 
lines or in vivo aquaculture models. Therefore, future 
studies should validate these findings using fish cell cul-
tures and aquatic organism-based systems to further 
strengthen their applicability. Under real production con-
ditions, phages are often applied repeatedly, leading to 
prolonged exposure of organisms. Therefore, it is consid-
ered that short-term in vitro studies alone offer limited 
predictive value in terms of biosafety (Duarte et al. 2025). 
 
5 | CONCLUSIONS 
This study shows that the cytotoxic effects of aquacul-
ture-derived bacteriophage preparations in mammalian 
cells cannot be fully understood based only on short-term 
exposure data. While no clear toxicity was observed un-
der short-term conditions, prolonged exposure resulted 
in a noticeable decrease in cell viability. These findings 
suggest that the biosafety of phage preparations is influ-
enced by exposure duration and should be evaluated ac-
cordingly. Considering that repeated and long-term expo-
sure is likely in aquaculture applications, incorporating 
long-term in vitro models into safety assessments is es-
sential. In addition, the differences observed between 
crude and purified preparations underline the importance 
of production and purification processes for biosafety. 
Overall, these results support the need to expand current 
evaluation approaches by including long-term exposure 
analyses to ensure the safe and sustainable use of phage-
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based applications in aquaculture. 
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