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ABSTRACT 

 

 
Background and Objectives: An important leading cause of the emergence of vancomycin-resistant enterococci, especially 

Enterococcus faecium, is the inefficiency of antibiotics in the elimination of drug-resistant pathogens. Consequently, the need 

for alternative treatments is more necessary than ever. 

Materials and Methods: A highly effective bacteriophage against vancomycin-resistant E. faecium called vB-EfmS-S2 was 

isolated from hospital sewage. The biological properties of phage S2 and its effect on biofilm structures were determined. 

Results: Phage S2 was specifically capable of lysing a wide range of clinical E. faecium isolates. According to Electron mi- 

croscopy observations, the phage S2 belonged to the Siphoviridea family. Suitable pH spectra for phage survival was 5-11, 

at which the phage showed 100% activity. The optimal temperature for phage growth was 30-45°C, with the highest growth 

at 37°C. Based on one-step growth curve results, the latent period of phage S2 was 14 min with a burst size of 200 PFU/ml. 

The phage S2 was also able to tolerate bile at concentrations of 1 and 2% and required Mg2+ for an effective infection cycle. 

Biofilms were significantly inhibited and disrupted in the presence of the phage. 

Conclusion: According to the results, phage S2 could potentially be an alternative for the elimination and control of vanco- 

mycin-resistant E. faecium biofilm. 
 

 
Keywords: Enterococcus faecium; Vancomycin-resistant Enterococcus faecium; Phage therapy; Antibiotic-resistance; Bio- 

film 

 
INTRODUCTION 

 
Enterococci are Gram-positive bacteria that are in- 

herently beneficial for healthy individuals (1). These 

bacteria establish the microbial balance in humans 

as commensal microflora and are highly adaptable 

to severe environmental conditions (2). In case en- 

terococci pass from their natural site into the blood- 

stream, they become opportunistic pathogens, espe- 

cially in those with an immune-deficiency syndrome 

or long-term antibiotic usage (3). These bacteria can 

cause wound infections, urinary tract infections, en- 

docarditis, and bacteremia in susceptible hosts, some 

of which have been associated with biofilm produc- 

tion (4). The most important reason for the spread 

or recurrence of these hospital-acquired infections 

is antibiotic resistance which has dramatically in- 

creased over the past recent years (5). The antibiotic 
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pressure caused by extensive use or misuse of anti- 

biotics can lead to the acquisition of new resistance 

genes by bacterial strains (6). Among Enterococcus 

spp., E. faecium which is intrinsically resistant to 

many common antibiotics, including aminoglyco- 

sides, fluoroquinolones, and beta-lactams, has shown 

high resistance to vancomycin (7). Nowadays, re- 

sistance to linezolid and daptomycin has become a 

challenge during the treatment of vancomycin-re- 

sistant E. faecium (8). The mobile genetic elements 

carrying vancomycin resistance genes can be trans- 

ferred from resistant E. faecium to other opportunis- 

tic pathogens, leading to the emergence of resistant 

species (9). Enterococcus faecium is often consid- 

ered as the fourth common pathogen leading to hos- 

pital-acquired infections worldwide (10). The World 

Health Organization (WHO) has printed a list of 

antibiotic-resistant "priority pathogens”, with vanco- 

mycin-resistant E. faecium being in the second place 

(4). The ability of E. faecium in biofilm formation is 

also highly important in public health (11). During 

biofilm formation, microorganisms bind and grow on 

many surfaces and produce extracellular polymeric 

substances (EPS) as a matrix (9). The biofilm ma- 

trix is highly hydrated (98% water) and is composed 

of polysaccharides, proteins, and extracellular DNA 

(eDNA).  The  EPS  facilitates  bacterial  attachment 

and protects the biofilm structure from environmen- 

tal challenges, such as the immune system and anti- 

microbial agents (12). The matrix is responsible for 

the limited penetration of antimicrobial agents into 

the biofilm (11). A common feature of biofilms is 

the reduced sensitivity of bacterial cells to antimi- 

crobial compounds, leading to persistent infections. 

Enterococcal biofilms pose a significant challenge to 

infection treatment as they are intrinsically resistant 

to antimicrobial agents (11), the outcome of which is 

the prolonged infection, increased treatment expens- 

es, and high mortality. Antibiotics have lost their ef- 

fectiveness in the treatment of resistant enterococcal 

strains, especially E. faecium; therefore, the elimina- 

tion of vancomycin-resistant enterococci (VRE) is of 

great concern (5). Bacteriophages can rapidly inhibit 

bacterial cells by binding and penetrating them and 

subsequently disrupting cellular metabolisms (5). 

The successful use of phages dates back to the 19th 

century when Felix d'Herelle used them for the treat- 

ment of dysentery (5). In phage therapy, the bacteri- 

olytic ability of lytic phage is used to fight and kill 

multi-drug resistant pathogens, including VRE (13). 

Today, one of the most common uses of phages is the 

management of resistant infections, especially those 

caused by vancomycin-resistant E. faecium (14). The 

potential advantages of bacteriophages as compared 

to antibiotics include specific activity, safety, tolera- 

bility, easy usage, and site-specific efficiency How- 

ever, one of the disadvantages of using phage as an 

antimicrobial agent is the need to study the genome 

of isolated phage, its high cost and limited range of 

activity (15). Therefore, phage therapy can poten- 

tially be used instead of conventional antibiotics as 

a promising therapeutic tool. This study aimed to 

isolate a new phage against vancomycin-resistant E. 

faecium and to determine its physiological charac- 

teristics under different conditions. We then demon- 

strated the efficacy of this phage in the elimination 

of E. faecium biofilms and the eradication of clinical 

strains in planktonic forms. 
 

 
 
MATERIALS AND METHODS 

 
Vancomycin-resistant enterococcus isolation. 

The  VRE  strains (n=46)  were  collected  from  the 

microbiology laboratory of Shariati hospital (Teh- 

ran, Iran). VRE isolates were mainly recovered from 

urine (n=30), stool (n=5), blood (n=7), catheter (n=3), 

and B.A.L (n=2) samples of the patients admitted to 

the Intensive care unit (ICU). Seventeen isolates were 

from females and 29 isolates were from males. These 

isolates were identified at the Microbiology Labora- 

tory of Iran University of Medical Science based on 

conventional microbiological tests (catalase, growth 

in  bile-esculin  and  BHI  agar  medium  containing 

6.5% salt, PYR assay, motility assay, and arabinose 

fermentation) (16). For short and long-term storage, 

isolates were kept in BHI broth containing 20% glyc- 

erol at -20°C and -80°C, respectively. 

 
Antimicrobial  susceptibility  testing. Antibiotic 

susceptibility testing was performed by Kirby–Bau- 

er disc diffusion method based on CLSI 2017 guide- 

lines (17). The following antimicrobial disks (Mast 

Group Ltd., Merseyside, UK.) were used: penicillin 

(10 units), ciprofloxacin (5 μg), teicoplanin (30 μg), 

nitrofurantoin (300 μg), linezolid (30 μg), and gen- 

tamicin (120 μg) to detect high-level gentamicin re- 

sistance (HLGR) isolates. The minimum inhibitory 

concentration (MIC) of vancomycin was determined 

using E-test (ab bio disk, Sweden) strips. Enterococ- 
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cus faecalis ATCC29212 and Staphylococcus aureus 

ATCC25923 were used as controls. 

 
Multiplex polymerase chain reaction. Genomic 

DNA was extracted as described previously (18). The 

multiplex PCR assay was conducted to amplify D-al- 

anine–D-alanine ligases specific for E. faecium and 

vanA genes to confirm the identification of isolates as 

E. faecium and resistance to vancomycin (18) (Table 

1). The PCR program used in this study was as fol- 

lows: initial denaturation at 94°C for 5 min, 30 cycles 

of denaturation at 94°C for 1 min, annealing at 54°C 

for 1 min and extension at 72°C for 1 min and a final 

extension at 72°C for 10 min. 

 
Isolation of bacteriophages. The isolation of spe- 

cific bacteriophages was done according to the pre- 

viously described method with slight modifications 

(19). In brief, raw sewage samples from Shariati Hos- 

pital (Tehran, Iran) were used as a phages source to 

isolate specific lytic phages of vancomycin-resistant 

E. faecium. The sewage sample was centrifuged for 

15 min at 4000 rpm to precipitate bacterial cells and 

debris. The supernatant was passed through a sterile 

membrane filter (0.45 μm pore size Millipore filters) 

and stored in clean tube at 4°C. VREfm2 (Vancomy- 

cin-resistant Enterococcus faecium No. 2) was cho- 

sen as a host bacterium and cultured in BHI broth at 

37°C to reach the logarithmic growth phase. Equal 

volumes (10 ml) of logarithmic VREfm2 cultures and 

sewage filtrates were mixed. Ten milliliters of 2×BHI 

vol agar, 7ml, 45°C). The mixture was spread uni- 

formly on BHI agar plate and incubated at 37°C for 

24 h. Bacteriophage purification was carried out by 

three repeated single plaque isolation steps. A single 

transparent plaque was picked with a sterile Pasteur 

pipette and transferred to a microtube containing 

logarithmic-phase culture of VREfm2 in BHI broth. 

After incubation at 37°C for 24 h, the mixture was 

centrifuged at 10000rpm for 10 min and examined 

for plaque formation by the Double-layer Agar (DLA) 

method. These steps were repeated thrice to obtain 

the pure phage. For phage titration, ten sterile micro- 

tubes containing 900 ml SM buffer (50 mM Tris-HCl, 

99 mM NaCl, 8 mM MgSO , 0.01 mM gelatin, pH7.5) 

was used to prepare 10-fold serial dilution. One hun- 

dred microliters of phage lysate filtrate was added to 

the first tube, mixed well and then 100 µl of this fil- 

trate was transferred to the second tube. The same 

pattern was used to make all 10 serial dilutions. Equal 

volumes (100 µl) of the exponential-phase culture of 

VREfm2 and each dilution of the phage lysate were 

added to 3 ml of BHI soft agar (45°C) and poured onto 

LB agar plates. Plates were incubated at 37°C for 18 

-24 h and the resulting plaques were counted. Phage 

titration was expressed as plaque-forming units (PFU/ 

ml) as previously described (20). PFU/ml was equal 

to the number of counted plaques/dilutions×volume 

of diluted phages added to each plate. 

 

Electron  microscopy.  Electron  microscopy  was 

used to observe the morphology of the isolated phage 

broth medium supplemented with MgSO was added particles based on the method described by Hallajza- 

and incubated at 37°C for 24 h with shaking at 80 

rpm. On the next day, this culture (phage lysate) was 

centrifuged and examined for phage plaque forma- 

tion by plaque assay method. 

 
Plaque  assay,  purification, and  titration.  The 

double-layer agar (DLA) method was used for phage 

plaque  assay  (20).  One  ml  of  filtrated lysate  and 

500 µl of overnight VREfm2 culture were added 

to melted BHI soft agar (0.5 mM MgSO , 0.7% wt/ 

 
Table 1. The Primer sequences used in the multiplex PCR assay 

deh et al. (21). Briefly, 10 µl of the purified phage par- 

ticles was poured on the surface of a carbon-coated 

copper grid for 3-5 min and then negatively stained by 

1% (w/v) uranyl acetate (pH 7). The grid was air-dried, 

and images were taken using a Zeiss LEO 906 trans- 

mission electron microscope (Carl Zeiss LEO EM 

906 E, Germany) at an accelerating 100 kV voltage. 

 
Host range determination. The host specificity 

range for the isolated phages was determined based 

 

Gene Primer Sequence Product size Reference 
E. faecium 

 

 
vanA 

5′-TTGAGGCAGACCAGATTGACG 

5′-TATGACAGCGACTCCGATTCC 

5′ATGAATAGAATAAAAGTTGCAATA 

658 
 

 
1030 

(18) 
 

 
(18) 

 5′-CCCCTTTAACGCTAATACGATCAA   
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on Kutter's spot test method (22) with some modifi- 

cations. Thirty-four clinical vancomycin-resistant E. 

faecium strains were used to determine the host range 

of isolated phage. Briefly, bacterial strains were cul- 

tured in a BHI broth medium at 37°C for 24 h. Then, 

1 ml of overnight culture of each strain was added to 

6 ml of BHI soft agar and spread on BHI agar plate. 

After drying, 10 µl of the filtered phage suspension 

(1.1 × 1010  PFU/ml) was punctured on the bacterial 

layer. Following overnight incubation at 37°C, the 

plates were checked for bacterial lysis by the phage 

(plaque formation). The DLA method was also used 

to confirm the results of spot test. Lytic activity of 

the isolated phages was also evaluated on vancomy- 

cin-resistant E. faecalis, Enterococcus gallinarum, 

and Escherichia coli. 

 
Temperature stability assay. The effect of tem- 

perature on phage viability was assessed according to 

the method described by Chen et al. (23). The phage 

suspension (1.1 × 1010  PFU/ml) was inoculated into 

a microtube containing BHI broth (at a final volume 

of 1mL) and incubated at 30, 37, 45, 50, and 55°C for 

30 min at pH 7. The treated sample was immediately 

tittered, and phage survival was evaluated by plaque 

assay. Phage incubated at 37°C was considered as 

control. The effect of temperature on phage survival 

was assessed by calculating the percentage of active 

phages versus control. 

 
pH stability assay. The effect of different pH val- 

ues on phage viability was assessed as previously de- 

scribed (23). Phage (1.1 × 1010 PFU/ml) was inoculated 

into a microtube containing BHI broth (at a final vol- 

ume of 1mL) at pH 1, 3, 5, 7, 9, and 11 and incubated 

at 37°C for 16 h. The treated sample was immediate- 

ly tittered as describe above and the DLA assay was 

used to evaluate phage survival. Phages incubated at 

pH7 were used as a control. The effects of different 

pH values were assessed based on the percentage of 

viable phages compared to the control. 

 

Effect of calcium and magnesium ions on phage 

adsorption rate. Twenty-five milliliter of overnight 

culture of VREfm2 and the phage lysate was add- 

ed to four sterile tubes so that the MOI of 0.5 was 

ions were considered as controls. Samples were taken 

at 0, 10, 20, and 30 min after starting incubation and 

centrifuged at 14000 rpm for 3 min. The supernatant 

was titrated for unabsorbed phages using the DLA 

method. The numbers of free phages were compared 

to the control. The results were expressed as the pro- 

portion of adsorbed phage. 

 
Stability in bile salts (BS). One hundred microli- 

ter of the phage suspension (1.1 × 1010  PFU/ml) was 

added to 9.9 ml BHI broth containing 1% and 2% (wt/ 

vol) porcine bile extract (Sigma-Aldrich, Oakville, 

ON, Canada) respectively and incubated for 3 h at 

37°C. Samples were taken at 0, 1, and 3 h, after start- 

ing incubation and immediately, 10-fold serial dilu- 

tions were prepared. Phage suspension added to BHI 

broth without the bile salt was used as a control. The 

survival rate was reported based on log PFU/ml of 

treated phage suspension compared to the control. 

 
One-step growth experiment. A one-step growth 

experiment  was  conducted  as  described  previous- 

ly (24). Briefly, 50 ml of mid-exponential phase 

(OD600=0.4-0.6) VREfm2 was precipitated by cen- 

trifugation (14000 rpm, 5 min). The bacterial pellet 

was suspended in 100 μL BHI broth and mixed with 

the phage lysate suspension at a MOI of 1 × 10-4. This 

mixture was incubated for 3 min at room tempera- 

ture to allow the phage particles to bind the host cell. 

The mixture was then centrifuged (14000 rpm, 30s) 

to remove free phages, and the pellet containing ad- 

sorbed phages was suspended in 100 ml BHI broth 

and incubated at 37°C, 120 rpm. Samples were taken 

every 5 min for 2 h and after centrifugation (14000 

rpm, 1 min), phages were counted by the DLA meth- 

od. The burst size was calculated as the ratio of the 

final count of liberated phage particles to the initial 

count of infected bacteria (infective centers) during 

the latent period. 

 

Anti-biofilm effect of phage. The anti-biofilm ef- 

fect of isolated phage was set up in inhibition and 

disruption experiments as described by Kumar et al. 

(25) with some modifications. Inhibition experiments 

were carried out on 1 to 7-day old biofilms in the 

presence of the phage. For disruption experiments, 

achieved. CaCl or MgCl in final concentration of 1 to 7-day old biofilms were grown in the presence 

10 mmol/L was added in mixtures and incubated at 

37°C, 80 rpm. Tubes containing the overnight culture 

of VREfm2 and the phage lysate without divalent cat- 

and absence of the phage. Crystal violet (CV) stain- 

ing was used to assess the inhibition and disruption 

effects of the phage. The effect of the phage was com- 
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pared with BHI media and 1 to 7-day old biofilms as 

controls. Biofilm assay was performed in triplicates 

in both experiments. 

 
Inhibition assay. The VREfm2 strain was cul- 

tured overnight at 37°C. To prepare log-phase bac- 

terial cells, the overnight culture was sub-cultured in 

BHI broth medium and incubated for 2 h with 150 

rpm shaking at 37°C to reach the OD of ~ 0.5. Bio- 

film inhibition assay was carried out by adding 20 μl 

bacterial culture (OD ~0.5) plus 220 μl of BHI broth 

medium and 10 μl phage lysate (1.1 × 1010 PFU/ml) in 

each well of the microtiter plate (Biofil: TCP001096) 

and incubated for 1 to 7 days at 37°C. During incu- 

bation, until the day of crystal violet (CV) assay, the 

solution was removed every 24 h, and 240 μl fresh 

BHI medium and 10 μl phage suspension were added 

to each well. After incubation (1 to 7 days), suspen- 

sion was removed from the wells and washed three 

times with sterile distilled water to remove plankton- 

ic cells. Cells were fixed with 200 μl methanol for 20 

min, followed by staining with 200 μl CV 1% (Sigma, 

C0775) for 20 min. Each well was washed three times 

with distilled water to remove the extra stain. Then, 

CV stain in biofilms was dissolved by adding 200 µl 

of ethanol 96%, and absorption was measured by a 

plate reader at 630 nm (Biotech, Synergy2-Cam4, 

Software-Gen5-1.08). BHI broth containing standard 

strains of VREfm was used as a positive control. Bio- 

film assay was performed in triplicates for treated and 

untreated samples. 

 
Disruption assay. Twenty microliters of VREfm2 

(OD~0.5) and 230 μl of BHI media were added to 

each well of 96-well plate and incubated 1 to 7 days at 

37°C. After biofilm establishment within the required 

duration, treatment with 10 μl of phage suspension 

(1.1 × 1010  PFU/ml) was carried out for 24 h at 37°C. 

The biomass was quantified by absorbance measure- 

ments as described before. BHI broth containing stan- 

dard strains of VREfm was used as a positive control. 

Biofilm assay was performed in triplicates for treated 

and untreated samples. 

 
Quantification of the live cells of biofilm by colo- 

ny-forming unit (CFU) assay. Anti-biofilm efficacy 

of the phage against the VREfm2 strain was validat- 

ed as described by Khalifa et al. (6). After incuba- 

tion of biofilms in both inhibition and degradation 

assays, planktonic cells were removed and wells were 

washed with PBS buffer. Biofilm in each well was 

scraped off using a sterile sharp instrument and sus- 

pended in 100 μl of PBS buffer. The solutions were 

prepared in 10-fold serial dilutions and 100 μl of each 

dilution was spread onto BHI plates and incubated at 

37°C for 24 h. 

 
Statistical analysis. All data were analyzed using 

GraphPad Prism 6 (GraphPad Software, Inc., San Di- 

ego, CA, USA) software. Each experiment was rep- 

licated three times. Means were compared with the 

one-way analysis of variance (ANOVA). Differences 

with P<0.05 were considered statistically significant. 

The error bars in the figures represent the standard 

deviation (SD) of the mean. 
 

 
 

RESULTS 

 
Vancomycin-resistant E. faecium isolation. A to- 

tal of 47 VRE isolates were recovered from patients 

admitted to Shariati hospital in Tehran, Iran, and iden- 

tified to the species level. Out of the 47 isolates, 34 

were identified as E. faecium. The PCR results con- 

firmed that all E. faecium were vanA-positive. The 

results of the multiplex PCR are presented in Fig. 1A. 

 
Antimicrobial sensitivity test. Enterococcus faecium 

isolates exhibited high rates of resistance to ciproflox- 

acin (88.2%), teicoplanin (67.4%), and nitrofurantoin 

(26.4%). The highest resistance was against penicil- 

lin (100%), while the lowest resistance was against 

linezolid  (2.9%).  HLGR  was  found  in  61.76%  of 

E. faecium isolates. All E. faecium isolates were high- 

ly resistant to vancomycin with a MIC of ≥256 µg/ml. 

 
Isolation of bacteriophages. Four lytic phages were 

isolated from two different wastewater samples from 

Shariati hospital using the DLA technique and the 

VREfm2 was used as the host strain. Among these, 

one phage was selected for further experiments based 

on the high phage titer. This phage formed translucent 

plaques with a diameter of 1-2 mm without any halo 

in the host strain (Fig. 1B). 

 
Electron microscopy. According to the TEM anal- 

ysis, the isolated phage had an icosahedral head and 

a flexible tail with a diameter of 60 ± 0.3 nm and 135 

± 0.1 nm, respectively. This morphology indicates 

that the VREfm2-specific phage belongs to the Si- 

http://ijm.tums.ac.ir/


FOROUGH GOODARZI ET AL. 

696 IRAN. J. MICROBIOL. Volume 13 Number 5 (October 2021) 691-702 http://ijm.tums.ac.ir 

 

 

 

 
 

phoviridea family and Caudovirales order according 

to the ICTV classification system (Fig. 1C). Accord- 

Table 2. Lytic spectrum of phage S2 against a panel of clin- 

ical isolates 

ing to the newly proposed naming system, this phage           

was named vB-EfmS-S2 and is commonly known as 

phage S2 (26). 
Bacterial 

strain 
Number of 

isolates 
Plaque 

formation 
VREfm 34 82.3% 

Host range determination. The host range of the E. gallinarum 1 Not susceptible 
phage S2 was determined using 34 E. faecium isolates E. faecalis 13 Not susceptible 
and other clinical strains (Table 2). The results showed E. coli 6 Not susceptible 
that phage S2 could efficiently lyse 28 E. faecium    
strains (82.3%), reflecting its relatively broad host    
specificity on recovered E. faecium isolates. However, 

phage S2 could not infect any of E. faecalis, E. galli- 

narum, and E. coli isolates. 

 
Thermal stability on phage viability. As illustrat- 

ed in Fig. 2A, phage S2 maintained its viability at 

37°C after 30 min as a control; however, its viability 

was significantly affected at higher temperatures (50- 

55°C) (p <0.05). After 30 min of incubation, phage 

titers showed 40% and 90% reduction at 50 and 55°C, 

respectively, compared to the control. Phage S2 titer 

decreased 10% at 30 and 45°C. Therefore, this phage 

has a better survival rate at these temperatures as a 

slight decrease in titer was observed compared to the 

control after 30 min of incubation. 

 

pH stability test on phage viability. After 16 h 

incubation in different pH values at 37°C, phage S2 

could survive at pH 1 and 3; however, phage viabili- 

ty showed 30% and 20% reduction, respectively, and 

small plaques formed when compared to pH 7. Also, 

at pH 5, less stability was observed compared to pH 7 

(with 15% reduction in viability). Optimal lytic phage 

activity (100%) was shown at pH 7 and pH 9. Overall, 

there were no significant differences in phage survival 

in the pH range of 7-11 (P-value > 0.05). This phage 

was also stable at pH 11 and 9% reduction in phage 

titer was observed after 16 h incubation (Fig. 2B). 

 

Effects of calcium and magnesium ions on phage 

adsorption. The effect of Ca2+  and Mg2+  ions were 

investigated on phage adsorption by host receptors. 

As shown in Fig. 2C, cell lysis occurred even without 

divalent cations. Statistical analysis showed a signif- 

icant difference in phage adsorption rate in samples 

treated with Mg2+ when compared to the control (10% 

increase in absorption after 30 min of incubation). The 

number of free phages decreased significantly com- 

pared to the control, indicating the elevated rate of 

phage uptake by the bacteria (P-value <0.05). On the 

contrary, Ca2+  showed no significant effect on phage 

uptake over time. 
 

 
Fig. 1. Electrophoresis of multiplex PCR products of E. faecium-specific and vanA genes on the 0.1% agarose gel with100-bp 

DNA ladder. Lane 1: 100-bp DNA ladder (SMO Bio), Lane 2: Negative control, Lane 3: positive control, Lane 4: Clinical 

strain (A). Morphology of phage S2 plaques in the DLA method (B). Transmission electron microscopy (TEM) micrograph of 

phage S2. The scale bar represents 100 nm (C). 
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Bile salt resistance. Fig.2D shows the relative resis- 

tance of phage S2 to 1 and 2% bile salt. Generally, 

a significant tolerance of bacteriophage to high bile 

concentrations was observed. Concentrations of 1% 

and 2% bile salt showed no significant effect on phage 

growth after 1 h (P-value > 0.05). However, after 3 h, 

the stability of phages decreased significantly in both 

concentrations (P-value <0.05). The results indicated 

that the concentration of phage S2 decreased 0.47log 

three-fold greater than the control. The logarithmic 

growth model shows the data regarding treated and 

untreated biofilms (Fig. 3). 

 
Disruption assay. As shown in Fig. 4, the phage 

significantly penetrated biofilms on days 1-4 and de- 

stroyed its impermeable structure; however, it had a 

and 0.66log in the presence of 1 and 2% bile, respec- 

tively, after 3 h. 

 
One-step growth curve. The one-step growth curve 

of phage S2 showed that the latent period was 14.86 

min, and the burst time was 95 min. The burst size was 

200 PFU/cell (Fig. 2E). 

 
Inhibition assay. The absorbance values (OD630 

nm) of treated biofilms on days 1-3 were almost equal. 

The bacteriophage inhibited biofilm formation for 1-5 

days and exerted a lesser effect on biofilms on days 6 

and 7. The absorbance (OD630 nm) values of treated 

biofilms on days 1-7 were significantly lower than un- 

treated biofilms on days 1-7. Biofilm inhibition was 

 

 
 

Fig. 3. Inhibitory effect of phage S2 on VREfm2 biofilm. 

Nonlinear regression diagram of the assessment of biofilm 

inhibition. Comparison of biofilm inhibition by phage S2 at 

different time intervals (days 1-7) compared to the control 

at 630 nm. 

 

 

Fig. 2. Survival rate of phage S2 at different temperatures (A). Stability of phage S2 at different pH levels (B). Absorption rate 

of phage S2 in the presence of magnesium and calcium ions (C). Survival rate of phage S2 after exposure to 1 or 2% bile salts 

(D). One-step growth curve of phage S2 (E). 
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less significant effect on days 5-7. The phage could 

significantly degrade treated biofilms after 1-7 days 

with varying intensity compared to untreated biofilms. 

Degradation of the treated biofilm was twice higher 

compared to the control. The logarithmic growth 

model shows the data regarding treated and untreated 

biofilms (Fig. 4). 

 
Colony-forming unit assay following inhibition 

and disruption of the biofilm. As there are both 

dead and living cells in the biofilm structure after 

phage treatment, CV staining does not provide in- 

formation on the number of living cells within the 

biofilm structure. For this purpose, the CFU assay 

was performed to enumerate the living cells within 

the biofilm structure. According to the CFU values, 

phage S2 reduced the number of living cells within 

the biofilm structure for up to 7 days compared to the 
 

 

 

Fig. 4. Disruptive effect of phage S2 on VREfm2 biofilms. 

Nonlinear regression diagram of biofilm disruption assess- 

ments. Biofilm disruption with phage S2 at different time 

intervals (days 1-7) compared to the control at 630 nm. 

control by both destruction and inhibition (Fig. 5). 

This reduction following inhibitory and destructive 

effects was 2.5 log and 2 log, respectively, compared 

to the control over the course of 7 days. 
 

 
 
DISCUSSION 

 
Antibiotic resistance is now a serious threat to hu- 

man health around the world (27). Today, the emer- 

gence rate of antibiotic resistance has surpassed the 

efficiency of antibiotics (28). Enterococci have been 

known as pathogens for more than a hundred years. 

These bacterial spp. have also emerged as import- 

ant hospital pathogens in the last few decades and 

have become a severe health problem ever since (29). 

Unlike antibiotics that require a long time for de- 

sign and synthesis, effective phages can be readily 

isolated following the emergence of new resistance. 

To this end, the use of phages to suppress resistant 

bacteria has given clinicians hopes for the future of 

infection therapy. In this investigation, 34 vanA posi- 

tive E. faecium isolates were recovered from clinical 

samples. We isolated four specific lytic phages for 

VREfm host strains from hospital sewage compa- 

rable with our experiment, Vancomycin-resistant E. 

faecium-specific phages have been isolated in other 

studies (19, 20, 24). One phage was selected for fur- 

ther evaluations based on a broader host spectrum 

and larger plaque size. Electron microscopy obser- 

vation demonstrated that the isolated phage belonged 

to the Siphoviridea family. Similar to our study Li et 

al. isolated E. faecium-infecting Ec-ZZ2 phage with 

characteristics of the Siphoviridea family (30) .De- 
 

 

 
Fig. 5. Colony-forming unit assay for the enumeration of living cells in VREfm2 biofilms. Log10 CFU of live VREfm2 in 

different days. Biofilm was treated with and without the phage under inhibition (A) and disruption (B) conditions. 
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termining the hosting spectrum defines the biologi- 

cal characteristics of the phage and is a crucial step 

in phage therapy (31). The host range of our isolated 

phage was examined on 34 clinical VREfm strains 

by the spot test. The phage S2 was able to attack 28 

(out of 34) clinical strains and showed broad lytic 

spectrum (82.3%) against E. faecium, which makes 

phage S2 an appropriate candidate for controlling E. 

faecium infections. Physicochemical factors such as 

temperature, acidic and alkaline pH, bile salt, and di- 

valent cations (Ca2+, Mg2+) are considered as factors 

affecting phage survival in vitro. Alterations in these 

factors may cause severe damage to the viral struc- 

ture (32). The resistance of bacteriophages to exter- 

nal factors can make them useful tools to combat 

resistant bacteria in agriculture and medicine (33). 

Temperature is a key factor for phage growth and 

survival and can potentially affect binding, penetra- 

tion, and proliferation, as well as designing strategies 

for the storage of the therapeutic phages. In addition, 

phages that can survive a wide range of temperatures 

can reduce the maintenance cost. The optimum tem- 

perature for the biological activity of phage S2 was 

37°C; however, the plaque formation decreased with 

increasing temperature from 37°C to 55°C but phage 

S2 exhibited acceptable stability in this temperature 

range. These findings are in agreement with previ- 

ous studies (24, 34). In this study, phage stability was 

investigated in a wide range of pH values (from 1 to 

11). The optimal pH range for the physical stability 

of phage S2 was from 7 to 9 as no decrease in phage 

titer was observed in this pH range. Hence, the iso- 

lated bacteriophage was highly active and stable in 

alkaline environments, making it compatible with 

the alkaline condition of the hospital sewage. Phage 

S2 also was able to form plaques in the acidic pH (1 

to 3); therefore, it could easily survive in acidic and 

alkaline conditions in different parts of the gastro- 

intestinal tract when administered orally. Similar to 

our reports, Chen et al. (2019) showed that the pH 

range of 5-9 had no significant effect on the viability 

of the phage P2 (23). 

Divalent ions such as Ca2+  and Mg2+  can affect the 

binding, uptake, and penetration of phages to host 

cells. These ions facilitate the host-phage interaction 

by altering bacterial surface receptors and neutral- 

izing the cell surface charge. In this study, the effect 

of Ca2+ and Mg2+ on phage uptake rate was assessed. 

According to the results, phage S2 required 10 mM 

Mg2+ for maximum infectivity, while the presence of 

Ca2+ had no significant effect on phage uptake. Simi- 

lar to our report, Taskeen Raza et al. (2018) reported 

that Mg2+  significantly increased phage uptake into 

the host cell and improved plaque formation (24). In 

contrast to our study, Sidra Rahmat Ullah et al. re- 

ported that the addition of Ca2+ affected phage SRG1 

absorption (34). Briggiler Marco et al. (2010) showed 

that divalent ions were not required for phage ad- 

sorption and the lytic cycle (35). We also examined 

the stability of phage S2 in bile salts. The isolated 

phage showed high viability in the presence of 1 to 

2% bile salts, whereas the concentration of bile acid 

produced by the organisms is approximately 0.7% 

(36). These findings suggest that phage S2 is likely 

to maintain its viability in the intestinal fluids. There 

are few reports on the tolerance of bacteriophages to 

bile salts. However, our results are consistent with 

the study of Nobrega et al in 2016 who demonstrat- 

ed phage tolerance to 1 and 2% bile salt after 3 h of 

incubation (33). In contrast to our findings, several 

researchers have reported adverse effects of bile salts 

on phage stability and survival (37, 38). The tripha- 

sic curve obtained from one-step growth experiment 

of phage S2 showed a short latent period of 14 min 

and a large burst size of 200 virions per cell. These 

properties indicate the high therapeutic potential of 

phage S2 as 14 min is needed to replicate the virus 

inside the host bacteria and high numbers of new 

phage particles are released in one life cycle. Khalifa 

et al. and Zhang et al. reported various burst sizes 

and latent times, indicating that both latent time and 

burst size vary among different bacteriophages (6, 

39). The main focus of this study was to character- 

ize a lytic phage and assess its effect on the biomass 

reduction of E. faecium biofilm by both inhibition 

and disruption experiments. As indicated by the CV 

assay (Figs. 3 and 4), the effect of phages on biofilm 

inhibition and degradation was significant in initial 

days; however, older biofilms exhibited less suscep- 

tibility compared to the younger ones. Degradation 

of extracellular polymeric substances of biofilms by 

the phage S2 is probably easier for younger biofilms, 

because of the high density of bacterial cells and 

the rapid spread of phages in the biofilm structure 

(40). In contrast, in older biofilms, the formation of a 

thicker matrix prevents the phage from accessing in- 

ner layers of biofilm (41). However, it should be noted 

that the mechanism of phage-biofilm interaction is 

not entirely understood (42). 

Additionally, according to our findings, phage S2 
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has been able to decrease biofilm biomass for two or 

three folds when compared with untreated biofilm. 

Therefore,  phage  S2  possesses  the  high  potential 

of being successfully used as a biofilm eradication 

agent. As shown in Fig. 3, the inhibition assay in- 

dicated that the isolated phage significantly reduced 

biofilm biomass compared to the control. The CFU 

assay of the inhibition experiment indicated that the 

isolated phage significantly reduced E. faecium cell 

numbers (for about 2.5 log CFU.mL-1) within a week 

(Fig. 5A). This reduction rate is greater than those re- 

ported in other studies. For example, LDR Melo et al. 

reported that their studied lytic phage [vB_EfaS-Zip 

(Zip)] against E. faecium biofilm caused a reduction 

in bacterial count about 1.5 log CFU.mL-1  following 

3-6 h of treatment (43). The CV assay results showed 

that the isolated phage was more effective in the 

eradication of 1 to 4-day old biofilms (Fig. 4). The 

complex structure of older biofilms partially blocks 

phage entry. Also, the reduction of bacterial count 

for 2 log CFU.mL-1  in the degradation experiment 

verified the destructive effect of phage on bacterial 

growth (Fig. 5B). Our work demonstrates that phage 

S2 was more successful in preventing the onset of 

biofilm development rather than the elimination of 

an existing biofilm. Reduced biomass and bacterial 

population in treated biofilms show that phage ther- 

apy can be active against biofilm by degradation of 

EPS and decreasing the number of viable cells (log 

CFU.mL-1). Similar to the present study, several re- 

cent reports have shown phage activity against bio- 

film eradication (44, 45). 
 

 
 

CONCLUSION 

 
Vancomycin-resistant enterococci infections pose a 

major public health problem due to limited treatment 

options. Thus, given the cost imposed by mortality 

and morbidity, finding a suitable solution to combat 

such resistant bacteria is critical, especially follow- 

ing the failure of antibiotics. Specific lytic phages 

against E. faecium have the potential of becoming 

new alternatives to antibiotics. As phages possess 

features such as high stability in a wide range of 

temperature and pH as well as other physicochem- 

ical conditions, they impose low maintenance costs 

on the health care system. Also, a short latent time, 

large burst size, and broad host range as well as ac- 

tivity against bacterial biofilms eradication, confirm 

their high therapeutic potential to control human in- 

fections. VRE-related infections have significantly 

increased in the last decade with limited treatment 

options; therefore, finding an alternative to conven- 

tional antibiotics is of paramount importance. In this 

research, we successfully isolated a novel phage and 

evaluated the effect of physicochemical factors on 

its viability and adsorption rate. This phage showed 

a broad host range among E. faecium strains. Ad- 

ditionally, the high stability of the phage in a wide 

range of temperatures and pH values, as well as short 

latent period and large burst size confirm the suitable 

therapeutic application of this phage in controlling 

human infections. The presence of phage decreased 

biofilm integrity and adhesion in both inhibition and 

degradation experiments. The efficacy of the phage 

against biofilms suggests its therapeutic use; howev- 

er, more detailed studies are needed. 
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