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Abstract Lysins are novel class of anti-infectives which are
derived from bacteriophage. In the present study, the potential
of previously characterised phage borne endolysin MR-10 in
eradicating methicillin-resistant Staphylococcus aureus
(MRSA) biofilm was evaluated. Scanning electron micro-
scopic examination showed that both ica-positive and ica-
negative MRSA formed equally potent mature biofilm. Dif-
ferent approaches were employed to eradicate the young as
well as older biofilm formed by both types of MRSA strains.
Our results showed a significant decrease (p<0.01) in biofilm
count on sequentially treating the MRSA biofilm with
minocycline (4 μg/ml) for 3 h followed by treatment with
endolysin MR-10. Since endolysin can act effectively irre-
spective of the metabolic status of the cells hence, they are
capable of killing the rapidly growing cells (log phase cells) as
well as non-dividing (stationary phase) cells. As a result they
are effective in eradicating the younger and older biofilm. On
staining the ica-positive MRSA biofilm with wheat germ ag-
glutinin (WGA)-Alexa Flour 350, reduction in poly-
intercellular adhesion (PIA) content was observed in compar-
ison to control biofilm. In addition, a significant decrease
(p<0.01) in extracellular DNA (eDNA) content of ica-nega-
tive MRSA biofilm was also observed. Further, Live/Dead
Baclight™ staining also showed presence of higher popula-
tion of dead cells after treatment with minocycline and
endolysin MR-10. Hence, our results showed that using
minocycline sequentially with endolysin, MR-10 can effec-
tively eradicate both young as well as older biofilm formed
by ica-positive and ica-negative MRSA.
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Introduction

Staphylococcus aureus and methicillin-resistant S. aureus in-
fections pose a serious threat to hospital patients. The major
risk factor for these nosocomial infections is the extensive use
of implanted prosthetic biomaterials for diagnostic and thera-
peutic purposes, which can be easily colonised by staphylo-
cocci giving rise to device-related infections (DVIs) involving
biofilm (Pozzi et al. 2012). In addition to its resistance to β-
lactam antibiotics such as oxacillin, current chemotherapeu-
tics (involving daptomycin, linezolid) for DVIs have limited
effectiveness against biofilm bacteria.

The existence of multiple biofilm forming mechanisms in
both S. aureus and methicillin-resistant S. aureus (MRSA) is a
major challenge in developing new therapeutics (Beenken
et al. 2004; Fitzpatrick et al. 2005; O’Neill et al. 2007). Hence,
although the production of PIA or polymeric N-
actelyglucosamine (PNAG) synthesised and exported proteins
encoded by icaADBC genes is common inmajority of clinical
isolates, it is evident that MRSA can form biofilm even in the
absence of ica-locus as well (Hennig et al. 2007; O’Neill et al.
2008). This mode of biofilm formation depends upon the role
of major autolysin (Atl), which helps bacteria in the initial
attachment to the substrate, that, in turn, involves fibronectin
proteins (FnBPs) promoting subsequent intercellular accumu-
lation and biofilm maturation (O’Neill et al. 2008; Houston
et al. 2011). Once formed, biofilm becomes 1000 times more
resistant to antibiotics than planktonic cells (Ceri et al. 2001).
Hence, along with an urgent requirement for novel antimicro-
bials, there is an increasing need to look for effective
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antimicrobial agents which can prevent or eradicate the bio-
film formed by the resistant S. aureus strains.

Phage and phage products have emerged as a promis-
ing therapeutic candidate in recent years (Lo´pez et al.
2004; Chhibber et al. 2008). Phage lysins, which are pro-
duced by dsDNA lytic bacteriophage, have various advan-
tages over antibiotics, such as (1) its rapid killing ability,
(2) low probability of development of resistance and (3)
lower chance to disrupt normal micro flora due to its host
specificity (Schuch et al. 2002; Loessner 2005; Fischetti
2005; Pastagia et al. 2011). Our group previously has
reported the efficacy of phage MR-10 in treating diabetic
foot infection in mice (Chhibber et al. 2013). However,
use of endolysins has various advantages over using
whole bacteriophage. In case of usage of whole phage,
resistance arising from adsorption, restriction modifica-
tion or abortive infection has been reported in various
genera (Schuch et al. 2013). Bacteriophages have
coevolved with their hosts over millions of years, and this
equilibrium has been maintained by developing resistance
and counter resistance. On the contrary, there have been
no reports of development of resistance in bacteria even
after growth in the presence of sub-lethal doses of
endolysin and after repeated exposures (Schuch et al.
2002). In addition, the risk of horizontal gene transfer
can be avoided by using endolysin instead of whole bac-
teriophage. Also, phage preparations may contain endo-
toxins or exotoxins produced by their bacterial hosts that
may prove to be detrimental for the host. To date, a num-
ber of phage lysins have been described which demon-
strate activity against staphylococci including LysK
(O’Flaherty et al. 2005), LysWMY (Yokoi et al. 2005),
Φ11 lysin (Sass and Bierbaum 2007), MV-L (Rashel et al.
2007), LysH5 (Obeso et al. 2008, LysGH15 (Gu et al.
2011), PlyV12 (Yoong et al. 2004), SAP-2 (Son et al.
2010) and SAL-1 (Jun et al. 2011). This is the first report
on phage borne endolysin where it has been used to erad-
icate mature biofilm produced by MRSA. Hence, in the
present, the efficacy of phage borne endolysin (derived
from previously characterised MR-10 phage) was evalu-
ated in eradicating young and old biofilm produced by
both types of MRSA (ica-positive and ica-negative),
alone or in conjunction with antibiotic.

Materials and methods

Bacterial strains Methicillin-resistant S. aureus ATCC 33591
and ATCC 43300 (an MRSA strain) procured from American
Type Culture Collection Centre, Manassas, Virginia, USA and
available in our laboratory were used in the present study. All
the strains were preserved in semi-solid agar stabs at 4 °C and

in brain heart infusion broth with 15% glycerol at −70 °C until
further use.

Antimicrobial agents Minocycline, a broad range tetracycline
was procured from Sigma-Aldrich, St. Louis, MO, USA.
Endolysin MR-10 was purified from previously characterised
phage MR-10 (Chhibber et al. 2013). Firstly, the endolysin
was extracted from the phage following the method described
by Adams and Park (1956) and further purified by using ion
exchange chromatography (DEAE-Sepharose) and gel chro-
matography. Briefly, the crude enzyme was applied to column
packed with Tris–HCl (0.2 M, pH 7.2) equilibrated DEAE-
Sepharose. The bound enzyme was eluted using a gradient
(0.1–1 M NaCl). The fractions showing lytic activity were
pooled, concentrated and then applied onto Sephadex G-100
for further purification. Thereafter, the elution was done using
Tris–HCl (0.2 M, pH 7.2). Enzyme purification was con-
firmed by SDS-PAGE analysis at each step.

Phage MR-10 is available in our laboratory, and correspond-
ing author can be contacted, if required.

Biofilm development MRSA biofilm was grown in 96-well
microtitre plate according to the modified method of Bedi
et al. (2009). Briefly, wells of microtitre plate were inoculated
with 50μl of brain heart infusion (BHI) [beef heart (5 g/l), calf
brains (12.5 g/l), disodium hydrogen sulphate (2.5 g/l), D (+)
glucose (2 g/l), peptone (10 g/l), NaCl (5 g/l)] broth and 50 μl
of bacterial culture (OD600=0.3) equivalent to 108 CFU ml−1

of bacteria and incubated at 37 °C overnight. In each test,
control wells containing sterile broth were included as plate
sterility control. After incubation, planktonic cells in the fluid
were removed and wells were washed thoroughly three times
with normal saline (NS; 0.85 % NaCl). The biofilm matrix
was then scraped with a sterile pipette tip, suspended in NS
and vortexed for 3 min. Microbial load of biofilm was enu-
merated by viable cell counting.

For the establishment of 7-day-old biofilm, spent medium
was replaced with fresh sterile BHI in the rest of the wells and
plate was reincubated at 37 °C overnight. Media in each well
was replaced every 24 h until the seventh day of the experi-
ment. Microbial load of the biofilm was enumerated daily by
viable cell count method till 7 days.

Biofilm was also developed on glass coverslips
(18 mm×18 mm; 0.08–0.12 mm; Corning Glass, Corning,
NY, USA). Biofilm on glass coverslips was grown by the
tip box batch culture method of Hughes et al. (1998).
Biofilms were allowed to grow at air–liquid interface.
Tip box mounted coverslips and the nutrient broth were
steri l ised separately. A 100 ml bacterial culture
(108 CFU ml−1) was added to the broth, which was then
poured into the tip box. The whole setup was incubated at
37 °C. The desired number of coverslips were removed
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and used. Spent growth medium in the culture box was
replaced every 24 h.

Scanning electron microscopy The morphological character-
istics of mature biofilm formed by both ica-negative as well as
ica-positive MRSA were observed by scanning electron mi-
croscopy. The mature biofilm grown on coverslips were fixed
with 2.5 % gluteraldehyde (pH 7.2) at room temperature over-
night. This was followed by three washings using phosphate-
buffered saline (PBS, 0.1M, pH 7.2) for 15min each followed
by series of ethanol solutions (50 %, 10 min; 70 %, 10 min;
80 %, 15 min; 90 %, 15 min; and 100 %, 20 min). The spec-
imens were then critical point dried, coated with gold and
observed under scanning electron microscopy (SEM; Jeol
JSM-6100, JEOL Ltd., Tokyo, Japan).

Optimum endolysin concentration for treating MRSA
biofilm The maximum activity of endolysin MR-10 in eradi-
cating both the MRSA biofilm was assessed. Briefly, biofilm
were established for 7 days as described above. On each day,
100 μl of endolysin MR-10 (final concentration of 9, 18 and
36 μg/ml, respectively) was added in separate wells. At regu-
lar intervals of time (3, 6 and 24 h), the contents in well were
removed and adequately washed. After washing, biofilm was
scrapped using sterile micropipette tip. The withdrawn sam-
ples were vortexed for 3 min and cell count enumerated by
viable cell count method.

Treatment of preformed MRSA biofilms The MRSA biofilms
were treated with endolysin MR-10 and minocycline in the
following ways:

(a) Concomitant treatment with endolysin and antibiotic:
The biofilm were grown for 7 days as described above. On
each subsequent day, equal volume (100 μl) of minocycline
and endolysin MR-10 was added to the well, which was to
be tested. (For example on day 1, combination of antibiotic
and endolysin was added to well having 1-day-old biofilm;
on day 2, antibiotic was added to well having 2-day-old
biofilm and so on). For ica-negative MRSA biofilm, the
final concentration of 18 μg/ml and for ica-positive MRSA
biofilm the final concentration of 36 μg/ml of endolysin
were used for treatment. Minocycline was added at its se-
rum achievable concentration, i.e., 4 μg/ml. After overnight
treatment, viable count was enumerated using drop plate
method (Miles et al. 1938). Experiments were performed
in duplicate.

(b) Sequential treatment 1 with endolysin and minocycline:
7-day biofilm was grown as described above. The sequen-
tial treatment to the biofilm on each day was given with
endolysin MR-10 and minocycline. Each day, the biofilm
was first treated for 6 h with 100 μl of endolysin MR-10
(final concentration of 18 μg/ml for ica-negative MRSA

biofilms and 36 μg/ml for ica-positive MRSA biofilms).
After 6 h of exposure, endolysin was aspirated from well
followed by three washings with normal saline. Thereafter,
100 μl of minocycline (final concentration of 4 μg/ml) was
added to the wells and incubated at 37 °C overnight. On the
following day, the antibiotic was aspirated from the wells
followed by three washings with normal saline. The remain-
ing adhered biofilmwas scrapped using sterile micropipette.
The samples withdrawn were vortexed for 3 min. The via-
ble biofilm cell count was enumerated using drop plate
method (Miles et al. 1938).

(c) Sequential treatment 2 with minocycline and endolysin:
As described above, the biofilm was grown for 7 days. All
the conditions were similar as described under sequential
treatment above except that in this experiment, each day,
100 μl of minocycline was first added to the wells for 3 h
followed by 100 μl of endolysin MR-10 to the wells after
appropriate washings and incubated overnight at 37 °C.
On the following day, the endolysin was aspirated from
the wells followed by three washings with normal saline.
The remaining adhered biofilm was scrapped using sterile
micropipette. The number of viable bacteria in the with-
drawn samples was determined by drop plate method
(Miles et al. 1938).

Detection of PIA in ica-positive MRSA biofilm The presence
of PIA in control as well as treated ica-positiveMRSA biofilm
was detected by using fluorescence microscopy. The biofilm
was grown on coverslips as described above. The test cover-
slips were treated according to the method explained above in
sequential treatment 2. Thereafter, both control and treated
coverslips were stained with wheat germ agglutinin (WGA)
conjugated to Alexa Fluor 350 [Molecular probes, Eugene,
OR, USA] (WGA-Alexa Fluor 350, 0.1 mg/ml) for 15 min
in the dark, washed twice with PBS (0.1 M, pH 7.2) and
viewed under an Olympus BX51 [Olympus America Inc.,
Melville, NY, USA] fluorescence microscope using a 40×
objective lens (Singh et al. 2010). Experiments were per-
formed in duplicate, and four randomly chosen spots were
analysed per sample.

Quantitation of eDNA in ica-negative MRSA biofilm The
amount of eDNAwas quantified in ica-negative MRSA bio-
film by the method of Vilain et al. (2009). Briefly, biofilm was
established in microtitre plates as described above. Each day,
the wells were washed three times with NS. The biofilm cells
were scraped from control and treated wells and centrifuged at
10,000 rpm for 10 min at 4 °C. The supernatant was filtered
using 0.45-mm syringe filter [EMD Millipore, Billerica, MA,
USA] to remove all the bacterial cells. The amount of eDNA
present in the supernatant was assessed by measuring O.D260

using UV Nanodrop 1000 [Thermo Fisher Scientific Inc.,
Waltham, MA, USA].
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Fluorescence microscopy of MRSA biofi lm using
Live/DeadTM BacLight kit Both ica-positive and ica-negative
MRSA biofilm were grown on coverslips as described above.
Both control and treated coverslips were stained using
Live/DeadTM Baclight kit [Molecular Probes, Eugene, OR,
USA]. Briefly, both Syto9 and propidium iodide were mixed
in a ratio 1:1 in PBS (0.1 M, pH 7.2). The coverslips were
stained with 50 μl of mixed dye for 15 min in the dark follow-
ed by two washings with PBS (0.1 M, pH 7.2) and viewed
under an Olympus BX51 [Olympus America Inc., Melville,
NY, USA] fluorescence microscope.

Statistical analysis

The data is expressed as mean±standard deviation of replicat-
ed values where indicated. The bacterial count was converted
to log10. The effect of different treatments on biofilm eradica-
tionwas evaluated by two-way analysis of variance (ANOVA)
and Student’s t test using Microsoft Excel Programme 2011.
p values less than 0.01 were considered statistically
significant.

Results

Morphological characteristics of biofilm

The biofilm developed on coverslips were observed under
electron microscope (SEM) for direct visualisation of mature
biofilm formed. The ica-positive MRSA biofilm was ob-
served on the third day (i.e., peak day) and ica-negative
MRSA biofilm on the fifth day of incubation. Upon SEM
analysis, both MRSA biofilms showed all the three indicators
of a mature biofilm, including presence of extracellular ma-
trix, 3days structure as well as possible water channels. As it is
evident from Fig. 1a, both ica-negative MRSA as well as ica-
positive MRSA biofilms were equally dense and showed all
the indicators of a mature biofilm (Fig. 1b).

Endolysin activity on MRSA biofilm

Various concentrations of endolysin were used for biofilm
treatment. When, ica-negative MRSA biofilm of different
days were treated with 9 μg/ml of enzyme, after 3 h of treat-
ment, an insignificant reduction (p>0.01) of 0.41±0.09 was
observed in bacterial count on different days (Table 1). Simi-
larly, on increasing the duration of treatment, no significant
reduction (p>0.01) in bacterial count was observed. Further,
increase in enzyme concentration to 18 μg/ml, an exposure of
6 h showed a significant reduction of ~1.1 logs (p<0.01).
However, no significant decrease (p>0.01) in bacterial count
was observed on further increasing the enzyme concentration
and duration of treatment. On the other hand, treatment of ica-
positive MRSA biofilm with 36 μg/ml of enzyme for 6 h
showed significant decrease (p<0.01) in bacterial count up
to ~1.18 logs on different days (Table 2). No significant
change in bacterial count (p>0.01) was observed on increas-
ing the exposure time to 24 h.

Combined treatment with endolysin MR-10 and minocycline

Both the biofilms were treated concomitantly with equal vol-
umes of endolysin MR-10 and minocycline. As shown in
Fig. 2a, a significant decrease (p<0.01) in biofilm cells was
observed from day 1 to day 3 (1.17 logs, 1.31 logs and 1.77
logs). However, no significant decrease (p>0.01) in the bio-
film cells was observed from day 4 onwards. Similarly, on
treating ica-positive MRSA biofilm (Fig. 2b) with endolysin
and minocycline, no significant decrease (p>0.01) in the bio-
film cell number was observed (i.e., a log reduction of 0.99
logs, 0.6 logs and 0.62 logs on day 5, 6 and 7, respectively).

Sequential treatment of MRSA biofilm

MRSA biofilm was subjected to sequential treatment with
endolysin MR-10 and minocycline. In the first case, both the
biofilms were exposed to endolysin for 6 h, and thereafter,
they were treated overnight with minocycline (sequential
treatment 1 (S.T.-1)). In the second case, the biofilm were first

(a)     (b) Fig. 1 a, b Electron microscope
image of mature biofilm formed
by ica-negative and ica-positive
MRSA biofilms
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treated with minocycline and thereafter exposed to endolysin
MR-10 overnight. For ica-negative MRSA biofilm, endolysin
MR-10 was added at a final concentration of 18 μg/ml. As
shown in Fig. 3a, sequential treatment 2 (S.T.-2) treatment as
compared to control showed a significant decrease (p<0.01)
of 2.22 logs on the peak day (fifth day). In comparison to S.T.-
1, S.T.-2 showed a significant decrease (p<0.01) of 2.33 and
1.98 logs on days 6 and 7. These results confirmed that max-
imum decrease in mature biofilm count was seen with treat-
ment 2 (S.T.-2) as compared to treatment 1 (S.T.-1).

For the treatment of ica-positive MRSA biofilm, endolysin
MR-10 was added at a final concentration of 36 μg/ml. In
S.T.-2, a significant decrease (p<0.01) of 2.11 logs was ob-
served on peak day (the third day) whereas in S.T.-1, a signif-
icant decrease (p<0.01) of 1.75 logs was observed on the peak
day (Fig. 3b). In comparison to control, S.T.-2 showed a sig-
nificant decrease (p<0.01) of 2.14, 2.02 and 1.75 logs on days

5, 6 and 7. However, no significant decrease (p>0.01) was
observed on day 6 and day 7 in case of S.T.-1.

Live dead staining of MRSA biofilm

Both MRSA biofilms were stained using Live/Dead Baclight
kit in order to observe live and dead cells. As shown in
Fig. 4(a) and (b), majority of the cells in both the biofilm were
observed to be live (stained green) before treatment. However,
majority of biofilm cells were found to be dead (stained red)
following sequential treatment with minocycline and
endolysin (S.T.-2). The biofilm formed by ica-positiveMRSA
was observed to be denser in comparison to ica-negative
MRSA, but there was no difference in overall distribution of
live and dead cells. The biofilm treated on day 7 showed both
live as well as dead cells evenly distributed in the biofilm.

Table 1 Log10 reduction in ica-
negative biofilm bacterial counts
after treatment of different days
with various concentrations of
endolysin for varying time
periods

Concentration of
enzyme (μg/ml)

Duration of
treatment (h)

Log10 reduction in bacterial count

Biofilm age (days)

1 2 3 4 5 6 7

9 3 0.43 0.27 0.92 0.65 0.08 0.44 0.08

6 1.07 1.01 1.55 1.00 0.41 0.83 0.11

24 1.12 1.14 1.59 1.02 0.76 0.95 0.13

18 3 0.52 0.33 1.11 0.81 0.13 0.49 0.10

6 1.12 1.09 1.69 1.01 0.50 0.91 0.11

24 1.14 1.18 1.69 1.02 0.77 1.05 0.17

36 3 0.58 0.35 1.13 0.85 0.18 0.54 0.15

6 1.14 1.13 1.72 1.04 0.58 0.95 0.15

24 1.14 1.23 1.72 1.02 0.8 1.09 0.29

Table 2 Log10 reduction in ica-
positive biofilm bacterial counts
after treatment of different days
with various concentrations of
endolysin for varying time
periods

Concentration of
enzyme (μg/ml)

Duration of
treatment (h)

Log10 reduction in bacterial count

Biofilm age (days)

1 2 3 4 5 6 7

9 3 0.43 0.69 0.41 0.19 0.12 0.03 0.19

6 0.78 0.88 1.09 0.48 0.78 0.34 0.20

24 0.95 0.91 1.15 0.57 0.81 0.40 0.22

18 3 0.63 1.43 0.51 0.59 0.27 0.06 0.03

6 1.59 1.33 0.78 1.37 0.84 0.23 0.15

24 1.62 1.39 1.97 1.35 0.70 0.21 0.15

36 3 1.63 1.40 2.2 1.4 0.98 0.30 0.19

6 1.67 1.43 2.22 1.43 1.0 0.31 0.22

24 1.69 1.42 2.18 1.4 1.1 0.33 0.24
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Microscopic analysis of PIA in treated and untreated
ica-positive MRSA biofilm

PIA is a major constituent of the biofilm matrix in ica-
positive MRSA. Hence, the effect of sequential treatment
(S.T.-2) on PIA content of the biofilm was evaluated. The
biofilm were stained with WGA-conjugated to Alexa
Flour 350 and observed under fluorescence microscope.
As shown in Fig. 5, the amount of PIA in treated biofilm
was found to be less in comparison to untreated biofilm.
The treated biofilm showed much less amount of PIA on
all days following treatment. Compared to this, untreated
biofilm showed dense PIA up to day 7.

Quantitation of eDNA in treated ica-negative MRSA biofilm

eDNA is the major constituent of ica-negative MRSA biofilm
matrix. The amount of eDNA release from ica-negative
MRSA biofilm was quantitated for 7 days after the sequential
treatment (S.T.-2). Our results showed a significant decrease
(p<0.01) in eDNA content in the treated biofilm in compari-
son to control from day 1. A significant decrease (p<0.01) of
79.9 and 62.87 units was observed on days 1 and 5 (peak day)
respectively (Table 3). In comparison to control, a significant
decrease (p<0.01) of 41.63 and 34.10 units, respectively, was
observed on days 6 and 7.

Discussion

Biofilm aremulti-layered communities of sessile cells protected
by extracellular matrix, which often adhere to damaged tissue
or indwelling medical devices (Archer et al. 2011). These
biofilms are difficult to eradicate using the conventional as well
as newer antibiotics due to its altered metabolic activity as well
as presence of extracellular matrix, which is difficult to pene-
trate (Rani et al. 2007; Brady et al. 2007). In the present study,
an attempt was made to eradicate the biofilm formed by
MRSA, possessing or lacking ica-locus. Though previous re-
searchers have attempted to eradicate 1-day-old biofilm formed
by various pathogenic organisms such as S. aureus, Staphylo-
coccus epidermidis and Staphylococcus pneumonia (Loeffler
et al. 2001; Daniel et al. 2010), no literature is available in
which the efficacy of endolysin alone or in conjunction with
antibiotics has been evaluated in eradicating 7-day-old biofilm.
It is evident from the previous literature that biofilm age is a
major decisive factor in determining the effectiveness of any
antibiofilm agent (Sedlacek and Walker 2007; Ito et al. 2009).
Previously, in our laboratory, we have reported that young bio-
film formed by ica-negative and ica-positive MRSA can be
eradicated by using minocycline alone at its highest clinically
achievable concentration. However, as the biofilm grows older,
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Fig. 2 a Concomitant treatment of ica-negative MRSA biofilms with
equal volumes of endolysin MR-10 and minocycline. b Concomitant
treatment of ica-positive MRSA biofilms with equal ratios of endolysin
MR-10 and minocycline
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Fig. 3 a Sequential treatment of ica-negative MRSA biofilms. S.T.-1
depicts endolysin (18 μg/ml) treatment followed by minocycline
(4 μg/ml); S.T.-2: minocycline (4 μg/ml) followed by endolysin MR-10
(18μg/ml). b Sequential treatment of ica-positiveMRSA biofilms. S.T.-1
depicts endolysin (36 μg/ml) treatment followed by minocycline
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(36 μg/ml)
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this serum achievable concentration becomes ineffective in
eradicating the biofilm (Chopra et al. 2014).

Scanning electron microscopy was done to elucidate the
structure of the biofilm formed by both the strains. The mature
biofilm formed by theMRSA strains were more or less similar
in structure. They were equally dense and contained the apt
morphology of the mature biofilm such as 3-D structure,
possible water channels and dense matrix. Previous re-
searchers have shown that lack of ica-locus results in the for-
mation of weak biofilm by ica-negative MRSA strains
(Leriche et al. 2000). But, the results of this study confirm that
the biofilm formed by both the strains were similar in
morphology as well as in resistance to antibiotics. How-
ever, ica-negative MRSA achieved its peak on the fifth

day whereas ica-positiveMRSA achieved its peak on the third
day (Chopra et al. 2014).

The optimum concentration for eradicating ica-negative
MRSA biofilm was found to be 18 μg/ml whereas for ica-
positive MRSA biofilm was 36 μg/ml. The above-mentioned
concentrations were quite effective in eradicating the young
biofilm formed by both the strains. However, none of the used
concentration was effective in eradicating the mature biofilm.
Hence, minocycline was selected for use at its highest clini-
cally achievable concentration in conjunction with endolysin
MR-10 in order to eradicate both young as well as mature
biofilm.

In this context, first of all, the combination treatment was
tested. In this case, both the MRSA biofilms were treated

Day 1                                           Day 5                                        Day 7

Day 1 Day 3   Day 7

Untreated

Treated

Untreated

Treated

(a)

(b)

Fig. 4 a Ica-negative MRSA
biofilms stained with Live/Dead
Baclight kit untreated and treated
with S.T.-2 and observed under
fluorescence microscope (40×). b
Ica-positive MRSA biofilms
stained with Live/Dead Baclight
kit untreated and treated with
S.T.-2 and observed under
fluorescence microscope (40×)
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overnight with equal ratios of endolysin MR-10 and
minocycline (4 μg/ml). No significant decrease was observed
in the cell count of old biofilm. Possibly, it could be because
both minocycline as well as endolysin MR-10 acted simulta-
neously on the upper layers of biofilm without reaching the
interior. It is evident from previous literature that antibiotics
cannot penetrate deep into a biofilm due to complex biofilm
matrix structure. However, according to Loessner et al.
(2002), endolysins are ‘one use’ enzymes, i.e., they bind irre-
versibly to its substrate and cannot disengage themselves once
they bind to peptidoglycan. Hence, it is likely that both
minocycline as well as endolysin MR-10 acted on the same
repertoire of cells but on different domains at the same time
resulting in less activity when used in combination.

The biofilm were also exposed sequentially to endolysin
MR-10 and minocycline (4 μg/ml). In sequential treatment 1,
the biofilm were first exposed to endolysin MR-10 for 6 h and
further treated overnight with minocycline. The results
showed that in comparison to concomitant treatment, a signif-
icant decrease in the cell count of young biofilm was observed
in the MRSA biofilm. In addition, a decrease in count of

mature biofilm was also observed to some extent. Endolysin
MR-10 could effectively kill the bacterial cells on application,
but the action of minocycline was limited because these tetra-
cyclines (minocycline) are known to inhibit protein synthesis
in bacterial cells (Cerca 2005). It is likely that use of
minocycline after endolysin treatment failed due to lack of
metabolically active cells in mature biofilm.

On the contrary, in the sequential treatment 2, the bio-
film was first exposed to minocycline for 3 h and there-
after treated with endolysin MR-10 overnight. This strat-
egy showed significant decrease in the cell count of
young as well as mature biofilm. The reason for the suc-
cess of this strategy probably is due to the fact that
minocycline was able to effectively eradicate metabolical-
ly active cells. According to information available
in literature, biofilm cells present in the upper layers are
metabolically active in comparison to biofilm cells present
in deeper layers. Hence, the biofilm cells present in the
upper layers were effectively eradicated by minocycline
due to its ability to inhibit the protein synthesis machinery
of the cells (Cerca 2005). On the other hand, endolysins

Table 3 Quantitative estimation
of eDNA in untreated and treated
ica-negative MRSA biofilm

Days eDNA (ng/μl) in the biofilm (control) eDNA (ng/μl) in the biofilm (treated)

Day 1 92.2±0.08 12.21±0.12

Day 2 129.5±0.02 21.24±0.81

Day 3 132±0.09 35.32±0.42

Day 4 138.32±0.18 74.21±0.31

Day 5 144.0±0.13 81.13±0.35

Day 6 132.72±0.09 91.09±0.48

Day 7 130.41±0.07 96.31±0.10

Day 1                                     Day 3                               Day 7

Untreated

Treated

Fig. 5 PIA stained using Alexa
Fluor 350 of ica-positive MRSA
biofilms untreated and treated
using sequential treatment S.T.-2
on days 1, 3 (peak day) and day 7
and observed under fluorescence
microscope (40×)
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can act effectively irrespective of metabolic status of cells,
killing both rapidly growing cells (log phase cells) as well
as non-dividing (stationary phase) cells. Moreover, since
endolysins are low molecular weight enzymes, they can
penetrate more effectively into deeper layers of biofilm as
compared to antibiotics. Their penetration into the deeper
layers is probably facilitated due to the presence of differ-
ent binding and catalytic domains. This has been reported
previously, that endolysin catalytic domains can help it in
its penetration into the biofilm (Shen et al. 2013). To
further confirm our findings, MRSA treated and untreated
biofilm were stained using fluorescent dyes. Syto9 evi-
dently stains the live cells whereas propidium iodide
stains the dead cells on the basis of altered cell perme-
ability. The staining results also confirmed that majority
of mature cells were killed on using the sequential treat-
ment with minocycline for 3 h followed by endolysin
MR-10 overnight.

The extracellular matrix imparts resistance to the biofilm
against various environmental factors including antibiotics
(Otto 2008). As described by previous researchers, PIA
forms the extracellular matrix of ica-positive MRSA biofilm
whereas eDNA is the major constituent of extracellular ma-
trix of ica-negative MRSA biofilm (Arciola et al. 2012;
Fischer et al. 2014). Hence, our interest was to investigate
the effect of this sequential treatment on the amount of PIA
and eDNA. On staining the ica-positive MRSA biofilm
(treated/untreated) with WGA-conjugated to Alexa Flour
350, we observed less amount of PIA present in the treated
biofilm in comparison to untreated biofilm. Although
endolysin could not act on PIA directly, it is known that
PIA is covalently linked to the cell wall of S. aureus
(Vergara-Irigaray et al. 2008). Hence, due to rapid degrada-
tion of cell wall by the action of endolysin, PIA could not
bind to peptidoglycan resulting in the presence of fewer
matrixes in the treated biofilm. Similarly, on quantitating
the amount of eDNA in ica-negative MRSA biofilm, a
significant decrease in the eDNA content was also ob-
served. The eDNA is produced by the autolytic activity of
the cell wall associated enzymes in S. aureus. The bacterial
cell undergoes automated cell death due to the action of
these autolytic enzymes present in the cell wall resulting
in the release of DNA from the cells. This, in turn, imparts
matrix to ica-negative MRSA biofilm and termed as eDNA
(Yamada et al. 2001; Ledala et al. 2006). Hence, absence of
bacterial cells and decrease in cell wall-associated enzymes
resulted in the decrease of eDNA content in treated biofilm.

The present study highlights the potential of endolysin
MR-10 as highly potent antimicrobial agent in eradicating
not only the young biofilm but older biofilm as well. Its mode
of action, which is unlike antibiotics, does not requires the
metabolic machinery of the cell as it targets the peptidoglycan,
which is an integral part of the bacteria. Further, its high

specificity and rapid killing efficacy prove it to be a promising
candidate in eradicating biofilm, which often become difficult
to treat after certain time. Thus, on the basis of our study, it can
be speculated that endolysin MR-10 in conjunction with
minocycline can effectively eradicate biofilm formed by both
types of MRSA strains.
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