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Background and aim: Methicillin-resistant Staphylococcus aureus (MRSA) is one of the
most common causes of surgical infection, and its resistance to numerous conventional
antibiotics makes treatment difficult. Although vancomycin is often an effective agent for
the initial therapy of MRSA, clinical failure sometimes occurs. Therefore, there is an urgent
need to develop better therapies. Here, we prepared some vancomycin-loaded nanoliposomes
coupled with anti-staphylococcal protein (lysostaphin) and evaluated their in vitro and in
vivo efficacy as a topical MRSA therapy.

Methods: Vancomycin was encapsulated in liposomes, and the coupling of lysostaphin with
the surface of liposomes was carried out through cyanuric functional groups. The bactericidal
efficacies and a full characterization were evaluated. To define different nanoliposomal—
bacterium interactions and their bactericidal effect, flow cytometry was employed. Finally, in
vivo, the topical antibacterial activity of each formulation was measured against surgical
wound MRSA infection in a mouse model.

Results: High encapsulation and conjugation efficiency were achieved for all formulations.
All the formulations showed a significant reduction in bacterial counts (p<0.05). The
targeted liposomes more effectively suppress bacterial infection in vitro and in vivo relative
to equivalent doses of untargeted vancomycin liposome. The flow cytometry results con-
firmed liposome—bacterium interactions, which increased during the incubation time. The
maximum binding rate and the bactericidal effect were significantly higher in targeted
liposomes (p<0.05) compared with control liposomes.

Conclusion: Our data suggest a novel nano-vehicle (lysostaphin-conjugated coupled lipo-
somal vancomycin) which could be used as a great topical antimicrobial construct for
treatment of MRSA skin infections.

Keywords: MRSA, antibacterial activity, encapsulation efficiency, conjugation efficiency,
lysostaphin

Introduction

For many years, broad-spectrum antibiotics have been used to combat a wide range
of bacterial infections. However, antibiotic resistance is rising to dangerously high
levels, and new resistance mechanisms are emerging and spreading globally.! Of
the Gram-positive bacteria, drug-resistant Staphylococcus aureus (MRSA) is of
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serious threat and is among the most common causes of
infections associated with indwelling catheters and pros-
thetic devices.” The prevalence of S. aureus from skin and
soft tissue infections was reported as the most common
isolate worldwide with 20-30% of MRSA in Europe and
Latin America, up to 35% in North America and even
higher in developing countries.> Moreover, the prevalence
of postoperative MRSA infection can occur from 1% to
33% in surgical sites.*

In the United States, approximately 11,000 people die as
a result of MRSA infection each year.>® Antibiotics such as
vancomycin, linezolid, daptomycin, tigecycline, and tela-
vancin are primarily employed against MRSA skin, soft
tissue, and postsurgical infections in hospitals.” Although
vancomycin is effective against MRSA, vancomycin inter-
mediate-resistant S. aureus and vancomycin-resistant S.
aureus have been reported in some studies.® Usual adult
dose for skin and soft tissue infection is recommended 500
mg IVevery 6 hrs or 1 g IV every 12 hrs,” while a major side
effect of systemic vancomycin treatment is the development
of anaphylactic reactions, including hypotension, wheez-
ing, dyspnea, urticarial, or pruritus.'® Considering these
limitations, there is an urgent need to develop better ther-
apeutic approaches to combat MRSA skin infection.
Liposomes have been applied clinically as a drug delivery
vehicle for many years. Moreover, liposomes were found to
be the
administration."' Many studies show that topical applica-

most effective carriers for topical drug
tion of liposomes can improve the therapeutic effect by
prolonging the drug release during treatment and also can
diminish the risk of systemic side effects. Also, it can
improve the stability of the drug and prolong its impact in
vivo.'? Systemic vancomycin treatment results in poorly
penetration into the necrotic wounded tissue. Therefore,
high vancomycin concentration requires to be used in
order to achieve therapeutic concentrations at the infection
sites which increase the antibiotic side effects.'**'* In most
of the surgical wound, bacteria survive inside the wound
and can be resistant to antibacterial therapy and subse-
quently they can involve deeper tissues and lead to systemic
pathogenesis. The liposomal vancomycin can be used
directly at the infected wound, so vancomycin can be
released directly at necrotic tissue and also lead to disrupt-
ing of intracellular and extracellular MRSA. "3

Most strains of S. aureus produce alpha-toxin (Alpha
hemolysin) (Hla), a membrane disrupting toxin that through
pore formation induces cell lysis and tissue damage.'® Here,

we have taken advantage of this microbial process to design

targeted vancomycin-encapsulated liposomes to combat
skin MRSA infection. For microbial targeting, we conju-
gated lysostaphin to liposomes. Lysostaphin is a 27-kDa
endopeptidase enzyme that binds specifically to the pepti-
doglycan of S. aureus and destroys its cell wall. Several
studies have confirmed the antibacterial activity of lysosta-
phin on antibiotic-resistant S. aureus.'”'® Thus, through
this targeted approach, we immobilize the pathogen,
destruct its cell wall, and release vancomycin (through
hla-mediated pore formation in liposomal bilayer) near
bacteria and demonstrate effective antibacterial efficacy
(compared with control formulations) in a validated skin
MRSA infection in a murine model.

Materials and methods

Materials

Soybean phosphatidylcholine (Phospholipon.” 90 G) (SPC)
was purchased from Lipoid Inc (NJ, USA). Cholesterol, van-
comycin hydrochloride, lysostaphin, propidium iodide (PI),
Triton X-100, and sodium chloride were from Sigma Aldrich
(MO, USA). Blood agar, mueller hinton (MH) broth, metha-
nol, chloroform and glycine were obtained from Merck
(Darmstadt,
osphoethanolamine-N-(cyanur PE) and 1,2-dioleoyl-sn-gly-

Germany).  1,2-Dipalmitoyl-sn-glycero-3-ph
cero-3-phosphoethanolamine-N-(carboxyfluorescein) (ammo-
nium salt) (PE CF) were provided by Avanti Polar Lipids, Inc
(AL, USA). Sepharose CL-4B was purchased from GE
Healthcare (Bucks, UK). Novex SilverXpress Silver Staining
Kit, Novex 4-12% Bis-Tris Gel 1.5 mm 10 well, and RNA
extraction and cDNA synthesis kits were obtained from
Thermo-Fisher Scientific (MA, USA). Antibiotic disks were
purchased from MAST (Merseyside, UK). Gene MATRIX
Quick Blood DNA Purification Kit was from EURx Ltd
(Gdansk, Poland). Phosphocholine assay kit was obtained
from MTI diagnostics GmbHP (Idstein, Germany). Male
NMRI mice, 6-8-week old, were purchased from Center of
Experimental and Comparative Study (Iran University,
Tehran). All animal experiments were carried out in accor-
dance with the protocols approved by the Ethics Review Body
of Animal Experimentation of Iran University (IR.UMSHA.
REC.1394.134).

Bacterial strain

S. aureus was isolated from a 72-year-old male patient
with a skin wound infection (Hamadan Hospital, Iran)
and confirmed for the presence of the femd gene.'” The
bacterial isolate was preserved at —70°C in MH broth
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supplemented with 20% (v/v) glycerol. Antimicrobial sus-
ceptibility testing using the disk diffusion method as well
as the minimum inhibitory concentration (MIC) by the
broth microdilution technique was performed according
to the Clinical and Laboratory Standards Institute (CLSI)
guidelines.*® S. aureus ATCC 25923 was used as a control
strain. Template DNA was prepared using GeneMATRIX
Quick Blood DNA Purification Kit and employed accord-
ing to the manufacturer’s instruction. Presence of the mecA
and hla genes was detected by PCR using specific primers,
as previously described.”'** Total RNA extraction and
cDNA synthesis were prepared using the Thermo Fisher
Scientific Kit in accordance with the manufacturer’s
instruction. Real-time PCR was performed on a 7500
Real-Time PCR System (ABI, Real-time PCR Step one
plus) using specific primers, as previously described.?
The gmK gene was used as an internal control. The pri-
mers used for gmK amplification were those previously
described.” Product specificity was evaluated by melting-
curve analysis.

Liposome preparation and drug

encapsulation

Liposomes were composed of SPC and cholesterol (mole
ratio, 6.5:3.5) and prepared by the thin-film hydration
method.”* When cyanur-PE was incorporated into the
vesicular bilayer, SPC: cholesterol: cyanur-PE mole ratio
was 5.5:3.5:1. Briefly, the lipids were dissolved in 9:1 (v/
v) chloroform and methanol and a thin film was made in a
round-bottom flask by evaporating the solvent under
vacuum using a rotary evaporator. The lipid film was
then hydrated with 10 mg/mL vancomycin containing
PBS (pH: 7.4). The resulting suspension was sonicated
for 3 mins using a probe sonicator (Vibra-Cell TM
Jencons Scientific Ltd., USA) with pulsed duty cycle of
45 s on, 15 s off, and power delivery of 30%. The suspen-
sion was extruded 21 times through a 200-nm-pore-sized
polycarbonate membrane (Avanti Polar Lipids, USA) at
room temperature to obtain small unilamellar vesicles
(SUVs). Free, nonencapsulated vancomycin was removed
using a Sepharose CL-4B gel filtration column (24x1 cm
internal diameter). To measure vancomycin encapsulation
efficiency, 90 pL of the SUV preparation was added to 200
pL of 10% Triton X-100. Following incubation at 37°C for
5 mins and vortexing. Vancomycin content was analyzed
by HPLC with the column C18 (Knauer, Italy). beatify, 0.1
ml of unloaded vancomycin and vancomycin standard

solutions were prepared and monitored at a wavelength
of 280 nm. The mobile phase was composed of 0.575%
ammonium acetate in methanol: water (450/550, v/v) (pH
7.4) at a flow rate of 0.8—1.0 mL/min.*> Triplicate samples
were used from each injected material and the area under
the peak was evaluated for each run. The assays for each
experimental system were all run on the same day.

Lysostaphin was conjugated to cyanur-PE. Before the
conjugation step, blank and vancomycin-encapsulated
liposomes were suspended in borate buffer (0.15 M boric
acid, 0.1 M EDTA), pH 8.3. Next, lysostaphin (500 pg, in
50 uL 10 mM sodium acetate solution) was added drop-
wise to the liposome suspension. The mixture was incu-
bated while shaking for 16 hrs at 4°C in the dark.
Unreacted cyanuric groups were quenched with glycine
(50 mM) for 1 hr at room temperature. Free lysostaphins
were removed by an Amicon Ultra 15 mL centrifugal filter
device with a 100,000 MWCO Ultracel membrane
(Merck, Germany). The mixture was diluted with 2 mL
PBS (pH 7.4) and centrifuged at 4000 rpm for | hr in an
Eppendorf 5702R maintained at 4°C (buffer exchange was
done three times). Uncoupled lysostaphin was concen-
trated by 3000 MWCO Ultracel membrane. Finally, con-
centrated free lysostaphin was measured to determine the
coupling efficiency level using HPLC (C18 column)
analysis.?® Briefly, the mobile phase consisted of acetoni-
trile, water, and 0.01% trimethylamine (v/v). The eluting
conditions were at a flow rate of 1 mL/min and monitored
at 280 nm. For uncoupled lysostaphin analysis, standard
curves were constructed in PBS with known amounts of
lysostaphin. Quantitation was achieved by measurement of
the peak area ratios of the lysostaphin to reference
standards.

Liposome characterization

Vesicular size distribution and polydispersity index (PDI)
were determined by dynamic light scattering (DLS) ana-
lysis (Brookhaven Instrument, Holtsville, New York) at
25°C with refractive index 1.3332, viscosity 0.8878, and
scattering intensity 11,480. The number of vesicles/mL
was estimated by considering a cross-sectional area of
0.71 nm? for the phospholipid head group and 0.19 nm?
for cholesterol, respectively, and considering a bilayer
thickness of 5 nm.?’” A commercially available phospho-
choline assay was used for the determination of liposomal
phospholipid content. Lysostaphin coupling to liposomes
was qualitatively assessed by SDS-PAGE on a 4-12%
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NuPAGE Bis-Tris gel. Gels were stained using Novex
Silver Xpress Staining Kit according to manufacturer’s
instruction.

Antimicrobial susceptibility test

The MIC of free vancomycin, free lysostaphin, and lysos-
taphin-conjugated liposomal formulations was determined
in a liquid growth inhibition assay in accordance with the
established CLSI guidelines.?® The MIC was regarded as
the lowest concentration of the drug that inhibited the
visible growth of bacteria after 16—18 hrs of incubation
at 35°C.

Liposome—bacterial interaction

Flow cytometry was used to evaluate liposome binding to
bacteria. To follow liposome—bacterial interaction, liposomes
were labeled with 1% carboxy-fluorescein-PE. Liposomes
were mixed with the bacterial suspension (1x10° CFU/mL)
at 35°C with agitation based on MIC dose. Labeled empty
liposomes were applied as the control. At selected time inter-
vals (5 and 120 mins), aliquots were washed with 1 mL of PBS
to remove free liposomes using centrifugation at 4000—6000
RPM for 5 mins. The pellet was including the bacteria and
liposomes that bound to bacteria and supernatant was contains
free liposomes. The bacterial pellet was diluted in 200 uL. of
PBS for flow cytometry analysis. Bacterial viability was fol-
lowed through PI labeling.

Liposomal vancomycin releasing study

To determine the hla-triggered vancomycin release from
LV and V formulations, liposomes were incubated with
and without MRSA (1x10° CFU/mL) at 35°C for 2 and 18
hrs. After incubation, free vancomycin was separated from
the mixture by an Amicon Ultra 15 mL centrifugal filter
device with a 100,000 MWCO Ultracel membrane (4000
rpm, 1 hr) and measured by HPLC.*®

Cytotoxicity test

The effect of liposomal formulations on mammalian cell
viability was investigated using MTT assay and the human
epidermoid carcinoma epithelial cell line A431 (ATCC®
CRL-1555™), Briefly, cells were seeded in a 96-well plate
at a density of 5x10° cells/well for subconfluency and
incubated for 24 hrs at 37°C. Next, cells were treated
with all formulations for 24 hrs, then washed twice with
PBS, replaced with fresh RPMI medium, and MTT added
to each well. Following a period of 4-hr incubation,

dimethyl sulfoxide was added and the absorbance at AL
=570 nm was measured in a microplate reader (Bio Rad;
Model 680).

Animal studies

The MRSA culture was prepared 1 day prior to infection in
accordance with procedures of Wen et al.® Male NMRI mice
aged between 6 and 8 weeks were used for this study. Mice
were kept in sterile cages individually on a 12-hr light/dark
cycle with free access to sterile chow and water ad libitum.
After 1-week acclimatization, initially, the MRSA doses lead-
ing to mortality in a murine model of the surgical wound were
determined. A full-thickness wound was created by biopsy
punch (7 mm) and the wound wasinfected with various col-
ony-forming unit (CFU) counts of MRSA including 10,7 10%,
and 10.” The survival of all infected mice was monitored daily.
Treatment protocol was based on 7 groups of mice (9 mice per
group) and each wound was inoculated with 10 pL of broth
containing 10’ CFU of MRSA: mice given bacteria and lipo-
somal vancomycin, mice given bacteria and lysostaphin con-
jugated to blank liposomes, mice given bacteria and
lysostaphin conjugated to vancomycin-encapsulated lipo-
somes, mice given bacteria and free vancomycin, mice given
bacteria and free lysostaphin, mice given bacteria and free
lysostaphin combined with free vancomycin, and mice treated
with PBS and liposome with carbapol gel. Treatment was
carried out based on MIC dose and transdermal delivery was
applied with carbapol gel. Briefly, all the developed liposomes
and free drugs were mixed into 1% (W/W) 90 NF carbopol gel
in order to enhance and improve the drug permeability.>
Nonliposomal drugs were administered in two daily doses
while liposomal drugs were administered as a single daily
dose. Thirty minutes after treatment, the wound was covered
with a bandage. On the 3rd, 9th, and 14th days, mice were
anesthetized and sacrificed. After homogenizing lesion skin
specimens in sterile PBS, bacterial counts (in CFU) determined
by serial dilution.

Statistical analysis

The significant difference between groups (p<0.05) was
determined using ANOVA and Tukey Test. All experi-
ments were repeated three times.

Results and discussion

Antimicrobial susceptibility test
The S. aureus strain isolated from the wound was confirmed
through conventional biochemical tests and the existence of
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Table | Bacterial antibiotic susceptibility test of methicillin-resistant Staphylococcus aureus strain

Antibiotic MIC (pg/mL) Sensitivity Disc content (ng) Sensitivity
Oxacillin 213 R - -
Norfloxacin 232 R 10 pg R
Tobramycin 22 S 10 pg |
Ciprofloxacin 219 R 5ug R
Vancomycin >2 S -

Cefoxitin <19 R 30 pg R
Gatifloxacin 22 R 5ug R
Amikacin 216 S 30 g S
Linezolid 24 R 30 pg R
Rifampin 24 R 5 ug R
Doxycycline 24 S 30 pg S

Abbreviations: MIC, minimum inhibitory concentration; S, sensitive; R, resistant; |, intermediate.

the femA gene (Figure S1A). Antimicrobial susceptibility
testing showed (Table 1) that it was resistant to multiple
classes of antibiotics, including cefoxitin but not vancomy-
cin. The presence of mecA gene verified methicillin resistance
(Figure S1B). The PCR result indicated that it had 4la gene
and also a high a-toxin expression (Figure SIC-E).

Liposome characterization

Physiochemical parameters of each formulation, including
the average particle size, PDI, encapsulation, and conjuga-
tion efficiency, were measured (Table 2). High entrapment of
vancomycin was achieved (~60%) in compression with the
study done by Liu et al.”® The higher encapsulation effi-
ciency is likely due to the difference in the liposome compo-
sition and construction method. DLS measurement showed
that all liposomes except LysLV were less than 200 nm size
(Table 2). Particle sizes of unconjugated liposome were
slightly smaller than those of lysostaphin-conjugated vanco-
mycin liposomes. The PDIs of all liposomes were less than
0.2, indicating a relatively homogenous size distribution.
Lysostaphin-conjugated liposomes contained approximately
52 and 49 Lys/vesicle in LysLV and LysL, respectively.

Table 2 Physicochemical parameters of liposomes

Conjugated liposomes

Coupling of lysostaphin with the surface of liposomes was
carried out through cyanuric functional groups. In this method,
lysostaphin was coupled with the surface of liposome through
covalent bond and confirmed by a gel electrophoresis analysis
with silver nitrate staining (Figure 1A). Conjugation of lysos-
taphin to lipid was observed as a band shift (~1 kDa) due to
increased molecular weight, in comparison with untreated
lysostaphin, in SDS-PAGE.

Liposomal antimicrobial activity

We explored the antibacterial activity of free vancomycin,
free lysostaphin, free lys/van, LV, LysL, and LysLV against
MRSA and S. (ATCC 25923) (Table 3).
Entrapment of vancomycin in liposomes did not enhance

aureus

its antibacterial effect on MRSA compared to free vanco-
mycin. These results were different from the results
obtained by Sande et al, that this could be due to the
difference in the liposome composition.** Since the
increased use of vancomycin can lead to increased vanco-
mycin resistance, we decided to use vancomycin and
lysostaphin as combination therapy.® Several studies have

Lv LysLV LysL
Particle size (nm) 198+2.1 211.445.5 193.9+1.3
PDI 0.085+0.03 0.15+0.09 0.177+0.02
Zeta potential (mV) 0 0.4+0.1 0.3+0.2
EE (%) 62.5+5.3 60+5 -
CE (%) - 73.1+4 70+3
No. Lys/vesicle - 52+6 49 £7

Abbreviations: LV, liposomal vancomycin; LysLV, lysostaphin-conjugated liposomal vancomycin; LysL, lysostaphin-conjugated liposomes without vancomycin; PDI, poly-
dispersity index; EE, encapsulation efficiency; CE, conjugation efficiency; No. Lys/Vesicle, number of lysostaphin conjugated to each vesicle.
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Figure | SDS-PAGE for conjugating covalent binding. Lanes; |, Lysostaphin; 2, LysL; and 3, LysLV. Conjugation of lysostaphin to lipid was observed as a band shift (~1 kDa)
due to increased molecular weight, in comparison with untreated lysostaphin, in SDS-PAGE (A). Accumulative vancomycin release profile from LysLV and LV after incubation
with MRSA bacteria (1%10° CFU/mL) for 2 and 18 hrs. LV and LysLV at the similar concentrations in absent of MRSA employed as a negative control (B). Liposomal binding
and bacterial viability by flow cytometry. Binding (%) of labeled liposome-CF-PE with MRSA (C) and cell viability assay with Pl stain (%) (D) at 5-min and 2-hr intervals. The
binding signal was increased in all the formulations after 2 hrs (p<0.05) and the maximum binding level was for LysLV and LysL, which is due to the targeting of liposomes with
lysostaphin (p<0.05). Further, bactericidal effect of all the formulations using flow cytometry in present Pl, was showed that they could lead to the death of bacteria (p<0.05)
which it took for LysLV, LysL, free Lys/van and free lysostaphin in less than 2 hrs and for LV and free vancomycin more than 2 hrs.

Abbreviations: LV, liposomal vancomycin; LysL, lysostaphin-conjugated liposomes without vancomycin; LysLV, lysostaphin-conjugated liposomal vancomycin; L, empty
liposome; Van, vancomycin; Lys, lysostaphin; B, MRSA bacteria; SDS-PAGE, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis; MRSA, Methicillin-resistant
Staphylococcus aureus; Pl, Propidium iodide; CF_PE, Carboxy Fluorescein-Phosphoethanolamine.

Table 3 Minimum inhibitory concentration (MIC) (ug/mL) for free and liposomal formulations

Free Van | LV Free Lys | LysL | LysLV* | LysLV** | Free Lys+ Van* | Free Lys+ Van**

Staphylococcus aureus (ATCC 25923) | <0.7 <0.7 | <0.2 <l.3 | <04 <0.03 <0.2 <0.01
MRSA <17 <1.7 | £0.2 <1.8 | <038 <0.1 <0.4 <0.05

Notes: *Dilution based on concentration of vancomycin. **Dilution based on concentration of lysostaphin.
Abbreviations: LV, liposomal vancomycin; LysLV, lysostaphin-conjugated liposomal vancomycin loaded with vancomycin; LysL, lysostaphin-conjugated liposomes without
vancomycin; Van, vancomycin; Lys, lysostaphin.

shown the effectiveness of lysostaphin against MRSA®'™®  Staphylococcal cell wall,*®

and so it can potentially also
and it has been successfully evaluated as an anti-staphylo-  contribute a therapeutic benefit to the liposomes.
coccal agent in wound dressing materials.***> The MIC  Simultaneously, vancomycin releases on MRSA surface
values of free lysostaphin were lower with MRSA com- locally, while the MRSA cell wall has been destroyed by
pared to LysL, which could be due to inactivation of the lysostaphin (Figure 2).

antibacterial activity of some of the lysostaphins during

the process of conjugation. So, LysLV had more antibac-

terial activity than the other formulations except for free LiPosome_baCterial binding USing flow
lys/van. Since lysostaphin bind specifically to the S. aur- Cytometry

eus cell wall, it can be used to target liposomes to the Binding of fluorescent labeled liposomes to the bacteria
surface of MRSA.*® Lysostaphin also destroys the (in the green channel) and cell viability (in red channel)
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Lysostaphin conjugated liposome and vancomycin

oh

=\

P
‘o

MRSA bacteria

-

Lysostaphin

Vancomycin

Targeting MSRA with lysostaphin conjugated liposome

Figure 2 Schematic principle of how lysostaphin conjugated with liposomal vancomycin bind to MRSA cell wall. Binding of lysostaphin molecules to pentaglycine cross-
bridges of the peptidoglycan leads to disruption of MRSA cell wall while, the release of vancomycin from the liposomes occurs, which subsequently kills or inhibits the

growth of the bacteria.

were demonstrated by flow cytometry (Figure 1).
Labeled liposomes without vancomycin and lysostaphin
were utilized to avoid bacterial death and use as a
control. The binding signal was increased in all the
formulations after 2 hrs (p<0.05). LysL and LysLV
reached 67% and 78.3% at 5 mins and 86.5% and
91.3% at 2 hrs, respectively, while, the empty liposome
(L) reached 31.8% and 53.5% in 5 mins and 2 hrs,
respectively. These results showed a maximum binding
level of LysLV and LysL in comparison with other
formulations which is due to the targeting of liposomes
with lysostaphin (p<0.05) (Figure 1C). Further, bacter-
icidal effect of all the formulations using flow cytometry
in present PI was showed that they could lead to the
death of bacteria (p<0.05) in compression with control
liposome. Bacteria effect of free lysostaphin could lead
to the death of bacteria to 65.8% after 2 hrs. When
lysostaphin was conjugated with liposomal vancomycin,
its bactericidal effect increased. On the other hand,
vancomycin and LV needed more than 2 hrs to kill the
most of the bacteria (Figure 1D). The comparison with

the bacterial effect of all formulations confirmed an
effect of dual attacking to the bacteria. When lysosta-
phin bounded to the bacteria surface, lysing bacteria cell
wall occurred and then vancomycin releasing was facili-
tated, so vancomycin's effect could accelerate in com-
parison with the other formulations.

In vitro liposomal vancomycin release

To study the mechanism of vancomycin releasing from
different formulations of liposomes and the effect of a-
toxin pore-forming activity on phospholipids mem-
branes which involved in the interaction between a-
toxin and liposome, we evaluated the membrane-dama-
ging effect of a-toxin on LV and LysLV formulations
in the presence and absence of MRSA bacteria. a-
Toxin is one of the most common and important
pore-forming toxins secreted by S. aureus which
makes pores in biological or artificial membranes.'®
Susceptibility of liposomes containing phosphatidyl-
choline and cholesterol to a-toxin has been previously
reported by Pornpattananangkul et al.>’ In our study,
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LV and LysLV formulations were incubated with
MRSA bacteria (1x10° CFU/mL) at 35°C for 2 and
18 hrs. In the presence of MRSA, the vancomycin
release in both formulations was significantly higher
in comparison with the absence of MRSA (p<0.05)
(Figure 1B). The vancomycin releasing and real-time
PCR results indicated that the employed MRSA bac-
teria had a high a-toxin expression. This confirms that
likely vancomycin was released from liposomes due to
pores forming on the liposomal membrane which was
made by a-toxin secreted by MRSA bacteria. The hla
monomers bound to phosphatidylcholine head group
and cholesterol then assemble as a heptamer form to
make pores in liposome membranes, resulting in
increased membrane permeability following increase
in the vancomycin release.®’ In the presence of
MRSA, the vancomycin releasing from LV formula-
tions was higher than LysLV in comparison with the

absence of MRSA bacteria condition. Actually, the

vancomycin release on LysLV formulations which
might be because of the following two reasons: 1)
coupling of lysostaphin on the liposomal surface
could make strict barriers on the surface of liposome
which leads to less pores forming on this kind of
liposomes and 2) while 90% of bacteria has died
before 2 hrs (Figure 1D), which they could not nor-
mally react against inappropriate conditions and secret
a-toxin. Thus, the secreted a-toxin was probably less
than the same condition which all bacteria were alive.

Cell viability assay

The results of cell viability assay using MTT dye are shown in
Figure 3. The formulations free Lys/Van* till <5.85 ng/mL, free
vancomycin and LysLV* till <23.4 pg/mL, and LV till <46.87
pg/mL did not show toxicity after 24 hrs of treatment (Figure
3A). The formulations free Lys, LysL, LysLV**, and free Lys/
Van** also have not shown toxicity till <10.9<21.8, <2.7, and
<0.68 pg/mL, respectively (Figure 3B). This shows that all the

presence of MRSA did not affect the increasing formulations were noncytotoxic till 4-6x MIC dosage.
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Figure 3 Cytotoxicity assay of the percent mean absorbance at 570 nm after incubating human epidermoid carcinoma epithelial cell line (A431) with all formulations at
different concentrations. Cell viability was measured by MTT assay. (A) Free van, LV, Free Lys/Van* and LysLV*. (B) Free Lys, LysL, Free Lys/Van** and LysLV**.
Abbreviations: LV, liposomal vancomycin; LysL, lysostaphin-conjugated liposomes without vancomycin; LysLV, lysostaphin-conjugated liposomal vancomycin; Van, vanco-

mycin; Lys, lysostaphin.
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Table 4 Bacterial counts (CFU/g) of mice skin section at 4, 9, and 14 days after treatment.

Day | MRSA | Free VantMRSA | LV+MRSA Free Lys+tMRSA | LysL+MRSA LysLV+MRSA Free
Lys+Van+MRSA
0 3x107 | 5.5x%107 5.5x107 5.4x107 5.4x107 5.4x107 5.4x107
Fatal 5.7x107 +4.4x107 1.8%107 £2.7%x107 | 6.4x10° £1.8x10° | 4.2x10° +2.7x10° | 3.7x10° £1.1x10° | 5x10° +2.1x10°
9 Fatal 43x10° £2.8%x10° | 3.2x10* £2.8x10* | 2.5x10° +50 10* +8.8x10° 2x10%+10% 9x10%+1.3% 102
14 Fatal 295+22 20519 101£11 16511 1243 6148

Notes: A skin region of about 7 mm was removed from the back of the mice, and the wound was infected with 10 pL of broth mix containing 10’ CFU of MRSA alone, or
together with free vancomycin, free lysostaphin, LV, LysL, free Lys/Van, and LysLV. All mice treated with various formulations were treated at the end of the 4nth day in
comparison with the Ist day (p<0.05). The most effective results belonged to the mice treated with LysLV and it significantly reduced the number of bacteria in the surgical
site in compression with other formulations at the end of the 9th and 14th days (p<0.05).
Abbreviations: LV, liposomal vancomycin; LysLV, lysostaphin-conjugated liposomal vancomycin; LysL, lysostaphin-conjugated liposomes without vancomycin; Van, vanco-

mycin; Lys, lysostaphin.

In vivo study and MRSA mortality

We investigate the efficiency of all the formulations against
MRSA in a mouse surgical wound model. Mice receiving
10,” 10%, and 107 FU, died after 2, 3, and 4 days, respectively.
After their death, MRSA was isolated from blood, liver, and
spleen of all groups, indicating sepsis. Mice that were not
infected stayed alive (Figure S2). According to these findings,
10" CFU of MRSA was employed in subsequent experiments
to infect all groups of mice. Finally, the effect of each for-
mulation on MRSA infection was evaluated. All mice treated
with various formulations were treated at the end of the 14th
day in comparison with the Ist day (p<0.05). The most
effective results belonged to the mice treated with LysLV
and then free Lys/Van (Table 4). LysLV significantly reduced
the number of bacteria in the surgical site in compression with
other formulations at the end of the 9th and 14th days
(»<0.05). But there was no significant reduction in the num-
ber of bacteria in compression with free lysostaphin and free
Lys/Van groups at the end of the 4th day. After treatment, no
bacteria were isolated from blood, spleen, and liver in all the
groups, indicating effective prevention of postsurgical infec-
tion. We propose that targeting of the cell wall by lysostaphin
maximizes exposure of the bacteria to the liposomal vanco-
mycin. Additionally, the lysostaphin component may contri-
bute to antibacterial activity. The nanoliposomal delivery
vehicle used in the present work has several attractive fea-
tures. Applied topically, it can penetrate the infected area,
eliminating the need for systemic drug administration,
thereby reducing adverse side effects.*® Moreover, it can
improve the therapeutic effect by prolonging vancomycin
release during treatment and also it leads to better vancomy-
cin penetration into the eukaryote cells in compassion with
the other formulation leading to killing of all intracellular and
extracellular MRSA. The antibacterial activity of free

lysostaphin was more effective than liposome-conjugated
lysostaphin (LysL) in both in vitro and in vivo (Tables 3 and
4) indicating that the antibacterial properties of some of the
lysostaphins became inactivated during the process of con-
jugation. The presence of functional groups of cyanur-PE on
the surface of liposomes could have interfered with some of
the lysostaphins binding to the S. aureus cell wall, or the
lysostaphin active site could have been blocked by them.
Further research could focus on improving the lysostaphin
conjugating method to minimize the loss of lysostaphin activ-
ity. That means the lysostaphin-binding site and active site
remain intact during conjugation. Vancomycin resistance in
MRSA strains has been reported,***°
femA gene confer lysostaphin resistance.*' ** A special nano-

and mutations in the

particle construction, such as the one described here, includ-
ing both lysostaphin and vancomycin, may encounter less
clinical resistance than a single drug.

Conclusions

We developed vancomycin nanocarriers which their sur-
face decorated with lysostaphin as a new platform to be
efficiently and safely applied for topical administration to
treat skin or surgical site infections. We showed that lipo-
somes loaded with vancomycin and targeted with the anti-
staphylococcal protein lysostaphin are superior to other
formulations and its confirmed the synergetic effect of
dual attacking to the bacteria. When lysostaphin bounded
to the bacteria surface, lysing bacteria cell wall occurred
while, vancomycin releasing was facilitated by MRSA
bacteria a-toxins that make pore on liposomal membrane,
so vancomycin's effect could accelerate in comparison
with other formulations. And also, we believe that the
results of this study could lead to less resistance in clinical
MRSA strains.
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Figure S| Agarose Gel Electrophoresis for the detection of the femA gene (132 bp) (A) and mecA gene (297 bp) (B) hla gene (209 bp) (C) in MRSA clinical isolate by PCR.
Lanes: L, molecular marker (100 bp DNA ladder); |, Staphylococcus aureus ATCC 3591 as positive control; 2, MRSA clinical isolate; 3, E. coli ATCC 25922 as negative control.
The Real Time PCR amplification curve (D) and gene expression for hla gene (E) in which gmK gene was used as internal control.
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Figure S2 Mortality in mice caused by MRSA wound infection. A region of the skin was excised by biopsy punch and the wound infected through different CFU counts of
MRSA including 107, 10% and 107 then survival of mice on a daily basis was observed detected. Mice, receiving 10° 10° and 107 CFU, died after 2, 3 and 4 days respectively.
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