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This study focused on the encapsulation of vancomycin (VAN) into liposomes coated
with a red blood cell membrane with a targeting ligand, daptomycin-polyethylene glycol-
1,2-distearoyl-sn-glycero-3-phosphoethanolamine, formed by conjugation of DAPT and N-
hydroxysuccinimidyl-polyethylene glycol-1,2-distearoyl-sn-glycero-3-phosphoethanolamine.
This formulation is capable of providing controlled and targeted drug delivery to the
bacterial cytoplasm. We performed MALDI-TOF, NMR and FTIR analyses to confirm the
conjugation of the targeting ligand via the formation of amide bonds. Approximately 45% of
VAN could be loaded into the aqueous cores, whereas 90% DAPT was detected using UV-vis
spectrophotometry. In comparison to free drugs, the formulations controlled the release of
drugs for > 72h. Additionally, as demonstrated using CLSM and flow cytometry, the resulting
formulation was capable of evading detection by macrophage cells. In comparison to free
drugs, red blood cell membrane-DAPT-VAN liposomes, DAPT liposomes, and VAN liposomes
reduced the MIC and significantly increased bacterial permeability, resulting in > 80% bacterial
death within 4h. Cytotoxicity tests were performed in vitro and in vivo on mammalian cells,
in addition to hemolytic activity tests in human erythrocytes, wherein drugs loaded into the
liposomes and RBCDVL exhibited low toxicity. Thus, the findings of this study provide insight
about a dual antibiotic targeting strategy that utilizes liposomes and red blood cell membranes
to deliver targeted drugs against MRSA.
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1. Introduction

Nanotechnology has been used in various fields over the
last decade, including cosmetics, food technology, and
pharmaceuticals [1,2]. The imminent threat of widespread
methicillin-resistant Staphylococcus aureus (MRSA), or in the
worst-case scenario, vancomycin-resistant S. aureus (VRSA),
has compelled pharmaceutical scientists to design and
develop a long-term, cutting-edge drug delivery technology
to halt the spread of antibiotic resistance. Skin and soft
tissue infections account for most MRSA infections, and
in some cases, bacteria can enter the circulation directly
through a break in the skin or another infection site, causing
bacteremia and right-sided endocarditis. A ground-breaking
antibiotic drug delivery platform is in high demand for
combating antibiotic resistance. Nanocarriers (NCs) such
as organic/metal nanoparticles have been developed for
encapsulation of biologically active drugs against MRSA [3].
Existing artificial NCs in clinical use are often recognized
as foreign objects, eventually initiating immune responses,
owing to their non-self-properties [4]. Hydrophilic polymers,
such as polyethylene glycol, have been widely used to
improve biological retention; however, their efficacy may
reduce when used frequently [5,6]. Moreover, unfavorable
immunological reactions to PEGylated-based formulations
might be dangerous, as they could lead to the initiation of
anti-PEG IgG and IgM hypersensitivity reactions [7,8], which
may cause severe allergic symptoms, and in rare cases,
fatal anaphylaxis [9]. For exerting the maximum therapeutic
effect against MRSA, NCs such as liposomes are designed to
directly target the bacteria and subsequently hinder immune
system recognition for a timed release of their cargoes [10-13].
Surface modifications using various functional components
and immune antagonists have enabled immune response
regulation, ensuring effective treatment.

Daptomycin (DAPT) is well-known for its potent
bactericidal activity against Gram-positive pathogens
that are notoriously difficult to treat. It has a 13-member
amino acid cyclic lipopeptide with a decanoyl side chain.
The antibacterial effect of DAPT is achieved by preventing
the synthesis of lipoteichoic acid (LTA), which acts as a
membrane receptor or DAPT-binding molecule [14,15]. LTA
works as both a regulator of muramidase and an adhesion
amphiphile [16], and upon attaching to the bacterial cell
wall, DAPT causes the cell membrane to be perturbed and
depolarized. One hypothesis proposes that DAPT binding
affects membrane fluidity, leading to the dissociation of cell
wall biosynthesis enzymes such as glycosyltransferase, MurG
and acyl-ACP:phosphate transacylase, PlsX [17]. According to
the recent study, calcium-bound DAPT, phosphatidylglycerol
(PG) and other undecaprenyl-coupled cell envelope precursors
form tripartite complexes, which then incorporate lipid II
This complex is thought to prevent cell division, disrupt
cell wall synthesis machinery, and finally cause membrane
bilayer lysis at the septum, resulting in cell death [17,18].
Another notable hypothesis is based on early discoveries that
DAPT caused potassium ion leakage and membrane potential
loss in treated bacterial cells, in a calcium-dependent manner
[19]. Acetyl-L-alanine and peptidoglycan are two other direct

inhibitors of the cell wall/membrane; however, there are no
detailed studies examining their mechanisms of action, with
respect to the targeting of LTA synthesis.

MRSA in the bloodstream can secrete gamma-hemolysin, a
leukotoxin with strong hemolytic activity against erythrocytes
[20-22]. In the current study, the preparation of the
formulation involved coating the liposomes with red blood
cell (RBC) membranes to impart biomimetic effects and
improve their immune-evading capability. Contact with the
toxin released by MRSA would lead to the surface engineered
liposomes being exposed to the targeting ligand, consisting
of DAPT attached to polyethylene glycol-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DAPT-PEG-DSPE), which
is capable of binding to the cell wall of S. aureus via its
hydrophobic tail for site-specific delivery against MRSA.
In the current study, we developed biological interfaces by
combining liposomes and RBC membranes; the model drug
vancomycin (VAN) was loaded in the inner core of liposomes
and drug effect was further enhanced by loading DAPT, for
achieving a dual drug delivery targeting strategy against
MRSA. The surface of the developed “stealth liposome”
was modified to prevent opsonization, improve systemic
circulatory time, and enhance the half-life of the drugs.
While treating potentially multidrug-resistant microbes, it is
critical to reduce the antibiotic dosages while maintaining
antibacterial activity. Thus, the dual drug delivery targeting
strategy developed in this study has the potential to assist
in overcoming MRSA infections and prolonging antibiotic
lifespan.

2. Materials and methods
2.1. Materials

All the reagents and formulations used in the experiment
were prepared with ultrapure water from a Milli-Q Plus
apparatus (Millipore, Billerica, USA). The antibiotics DAPT and
VAN were obtained from Cayman Chemical (Michigan,USA).
We purchased NHS-PEG3400-DSPE, m-polyethylene glycol2000
(mPEG2000)-DSPE, Triton X-100, dimethyl fumarate (DMF),
fluorescein amine isomer II (FAM), 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (DIL), phosphate-
buffered saline (PBS) tablet, and 3-[4,5-dimethylthiazol-2-
yl]—2,5-diphenyltetrazolium bromide (MTT) from Sigma-
Aldrich Chemie GmbH (Taufkirchen, Germany). SnakeSkin™
Dialysis Tubing [molecular weight (MW) cut off =3500Da]
and Invitrogen™ egg yolk phosphatidylcholine (EPC) were
obtained from Lipoid GmbH (Ludwigshafen, Germany);
Mueller-Hinton broth (MHB) and MH were obtained from
Oxoid (Hampshire, United Kingdom); Eagle’s minimum
essential medium (EMEM), Addexbio (San Diego, USA);
SimplyBlue™  SafeStain, penicillin/streptomycin, fetal
bovine serum (FBS) and trypsin-EDTA were obtained from
Thermo Fisher (Gaithersburg, USA); Annexin V-APC Reagent
and Annexin V Binding Buffer (10 x) was obtained from
Elabscience (Texas, USA); cell viability kit was obtained
from BD Biosciences (New Jersey, USA); and the human
embryonic kidney cell line HEK293, RAW 264.7, and MRSA
(Mu50) were obtained from American Type Culture Collection
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Table 1 - Parameters Involved in Experimental design of I-optimal (combined).

Component/Factor Name Unit Type Minimum Maximum
A EPC g Mixture 0.55 0.70

B Cholesterol g Mixture 0.25 0.40

G mPEG2000-DSPE g Mixture 0.00 0.05

D Ultrasonic Intensity % Numeric 30.00 90.00

E Sonication Time min Numeric 5.00 15.00

(ATCC; Virginia, USA). Human hepatocellular carcinoma cells
(HepG2) and MRSA clinical isolates were a gift from Universiti
Kebangsaan Malaysia Medical Center. All other reagents were
of analytical grade.

2.2.  Synthesis and characterization of targeting
compound

To produce the targeting compound DAPT-PEG-DSPE through
amide reaction, DAPT was coupled with NHS-PEGss00-
DSPE at a molar ratio of 1.2:1, wherein distilled DMF
was used as the solvent [12]. The pH was adjusted to
8.0-8.5 with an equivalent proportion of triethylamine;
the solution was stirred continuously for 72h at 25°C
before dialysis (MW cut-off =3500Da) against sterile water
for 48h. Lyophilization was performed to preserve the
product. To verify the coupling of DAPT with NHS-PEG3400—
DSPE, the product was analyzed using matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS; Autoflex pace, Bruker, Bremen Germany),
fourier-transform infrared spectroscopy (FTIR, Perkin Elmer
Spectrum 100 FTIR spectrometer, USA), and nuclear magnetic
resonance (NMR; AVANCE III HD 400 MHz, Bruker, USA).

2.3.  Preparation of liposomes via experimental design

An I-optimal (combined) design from the Design Expert®
software was selected to accommodate a mixture of
components and numeric or categorical factors involved
in the formulation process. This flexible design incorporates
one mixture (three components), two numeric factors, and
two responses.

Preliminary experiments and data from existing research
were used to identify and estimate the ranges of the minimum
and maximum limit [23-27]. The mixture components
consisted of EPC (A), cholesterol (B), and mPEG2000-DSPE (C),
whereas the processing factor incorporated ultrasonication
intensity (D) and sonication time (E). The effects of these
five parameters were evaluated on two response variables: ¢-
average (R1) and polydispersity index (R2). The total number
of design points according to the I-optimal (combined) was
43. The design points included three replicated points and
four lack-of-fit points. The I-optimal design (combined) had
more runs in the center and focused on prediction. The
formulations were prepared in random order. The design
points are listed in Table 1. The validation optimal condition
model was proved by repeating it six times. Moreover,
95% of the two-sided prediction intervals (95% Pls) were
generated from the observed data for the validity test of the

proposed models. PI is a range of values that reflects a future
outcome from the same population with a predetermined
confidence level. Hence in this study, the optimum level of
mixture components and processing factors was established
to produce liposomes with desirable responses, and we
estimated that only 5% of liposomal formulation will not be
included in this range.

2.4.  Preparation of liposomes using the dehydration
rehydration vesicles (DRV) method

EPC was used because it is a natural source with better
oxidation stability compared to other types of lipids [28].
The mixture compositions were optimized according to the
generated ratios. Liposomes were prepared according to a
previously established method [29]. Briefly, EPC, cholesterol,
and (mPEG2000)-DSPE were mixed at different molar ratios
with chloroform in a round-bottomed flask. The organic
solvent was evaporated above the transition temperature at
40°C using a rotary evaporator for 15 min until the formation
of a thin film, which was dried under vacuum for 24h to
remove remaining traces of organic solvents and mixed with
physiological saline (blank liposomes) or saline containing
DAPT /VAN (drug: lipid =1:10, w/w) to produce drug-loaded
liposomes. The optimized drug mass ratio of DAPT:-VAN was
1:1.3, selected based on the fractional inhibitory concentration
(FIC) study. The liposomes formed were further subjected to
sonication using a QSONICA500 Probe Sonicator (Connecticut,
USA) with a maximum power output of 500 W. After each
Smin run, the ultrasonic processor was paused for 5min.
A thermometer was used to keep track of the temperature
maintained at 30 °C and adjusted using an ice-water bath.
The effects of lipid, cholesterol, mPEG2000-DSPE, and
fixed DAPT-PEG-DSPE were examined on ¢-average (R1) and
polydispersity index value (R2) in the same optimal processing
environment. The aim was the encapsulation of the drug in
the final liposomes. The mean ¢-average and polydispersity
index (PDI) were analyzed using a ZetaSizer NanoZS (Malvern
Instruments, United Kingdom). A dilution factor of 1:100 with
PBS was used before analysis [30,31].
2.5.  Preparation of ghost erythrocytes
Ghost erythrocytes were prepared using the hypotonic
hemolysis method [32]. Whole blood was obtained via the
cardiac puncture of male Sprague Dawley rats, and RBCs
were separated using centrifugation (400 x g, 10 min), followed
by three washes with cold PBS (300 mOsm, pH 7.4). The
isolated RBCs were suspended in 1 ml of 0.25 x PBS hypotonic
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lysis buffer and stored at 4°C (pH 7.4). Hypotonic lysis was
performed for 20 min, and the RBC-derived ghost erythrocytes
were centrifuged two times at 17 000 x g for 5min each
time before washing with ice-cold PBS for extraction and
eradication of excess hemoglobin, followed by incubation
with an antibiotic-containing solvent for 2 h. Unencapsulated
drugs were removed via centrifugation at 17 000 x g for 5min.
The ghost erythrocytes were viewed under a Nikon TS100
inverted phase-contrast microscope (Nikon Instruments,
Tokyo, Japan) at 40 x magnification.

2.6.  Transmission electron microscopy (TEM)

PBS was used to prepare 100-fold diluted solutions of
ghost erythrocytes, VAN-L, and RBCDVL. For 90s, the diluted
samples were dropped onto a formvar carbon film-coated 300
mesh copper grids (FCF 300-Cu). Next, for another 90s, the
copper grids were immersed in a few drops of uranyl acetate
(2%) solution. The grids were analyzed at 120 kV using a Tecnai
G2 Spirit BioTWIN electron microscope (FEI Co., Oregon, USA).

2.7.  Determination of minimum inhibitory concentration
(MIC), minimum bactericidal concentration (MBC), and FIC

The broth microdilution method was used to assess the
MIC of free drugs and liposomal formulations according to
the Clinical and Laboratory Standards Institute (CLSI, 2009)
[33]. Each formulation was applied to 96-well plates at two-
fold dilutions, yielding concentrations ranging from 0.0625
to 4pg/ml. Subsequently, 100pl MRSA strain in MHB was
applied to each well, resulting in a final inoculum of 1 x 10°
colony-forming units (CFU)/ml. Ca?*-supplemented Mueller-
Hinton broth (50 mg/ml) was used to evaluate the MIC of DAPT
[34,35]. The 96-well plates were cultured at 37 °C for 24 h. The
MIC was defined as the minimum concentration of antibiotic
that caused no MRSA growth after 24 h. The experiment was
repeated three times.

After the MIC values were identified, a total of 10 pl from
each well that showed no bacterial growth after the incubation
process was spread on top of the agar plate and incubated
at 37°C for 24h. MBC is determined when bacteria cannot
grow after incubation with the test compound and cannot
be rescued when plating in compound-free agar. Hence,
concentrations that killed >99.9% of the bacterial population
and indicated no bacterial colonies above agar after 24h of
the incubation period were recorded as MBC values. Each
experiment was repeated three times.

The enhanced antibacterial effect was further assessed
using BD FACSCanto flow cytometry machine (BD Biosciences,
USA) [36]. At 35°C, liposomes were combined with a bacterial
suspension (1 x 10® CFU/ml) with agitation according to the
MIC dose. As a control, a solvent was used to dilute the
formulations. At predetermined time intervals (0, 2 and 4h),
aliquots were washed with 1ml of PBS and centrifuged at
2000 x g for 5min to remove free liposomes. Bacteria and
liposomes attached to the bacteria were included in the pellet,
while the remaining supernatant contained free liposomes.
For the flow cytometry study, the bacterial pellet was diluted in
200 pl PBS. Labeling using an equal amount (5 pl) of propidium

iodide (PI) and thiazole orange (TO) was used to monitor
bacterial viability.

The dynamic checkerboard procedure was used in 96-well
plates, with two-fold dilutions of DAPT-L and VAN-L dispensed
in a checkerboard pattern [37]. For each liposome, the serial
concentrations of DAPT-L and VAN-L ranged from 1/64 to
1 x MIC. Bacterial inoculum was added (1 x 10° CFU/ml). The
FIC index was determined after 24 h incubation at 37 °C [38].

2.8.  Determination of encapsulation efficiency (EE)

EE was calculated using the percentage difference between
the total antibiotic (encapsulated and nonencapsulated) and
the free antibiotic. The lyophilized liposome powder was
used to efficiently encapsulate the VAN into liposomes to
generate liposomal VAN. Then, with a weight ratio of VAN to
liposomes of 1:10, VAN was added to the lyophilized powder
of liposomes. The following formulas were used to calculate
the EE and drug loading capacity (DLC):

EE (%) = (‘%) x 100%

DLC (%) = (%) x 100%

where Wt is the total mass of the drug loaded in liposomes,
Wi is the total mass of the drug (VAN or DAPT) initially added
during preparation, and Wo is the total mass of the purified
liposomes containing the drug (VAN or DAPT).

Liposomal formulations and the RBC-coated liposomes
were ruptured by the membrane-disruption method
using 2% Triton X-100 [39]. The amount of drug
released was determined using the GENESYS™ 180 UV-
Visible Spectrophotometer (Thermo Scientific™, USA).
Absorption was measured at 280nm for VAN and 221nm
for DAPT. Increased antibiotic concentrations indicated
further disruption, while lower antibiotic concentrations
suggested that certain liposomes did not completely release
their contents. The absorbance readings were converted
to concentration values using a calibration curve created
specifically for each antibiotic to determine concentration
based on absorbance.

2.9.  Encapsulation confirmation via flow cytometry

Flow cytometry was used to validate the successful
encapsulation of RBCDVL and VAN-L [32]. RBCs were washed
twice with ice-cold PBS. The percentage of the volume of
RBC membrane accessible by liposomes in preparation before
incubation was determined by mixing the same volume
of RBC membrane preparation and liposome preparation.
Liposomes loaded with fluorescent probes were prepared
using a procedure similar to that used to produce liposomes
containing VAN and DAPT, with VAN replaced by FAM
(Ex/Em, 493/517 nm) and DAPT by DIL (Ex/Em, 549/565 nm). To
determine the EE, 5ul FAM/DIL was dissolved in chloroform
with a mixture of EPC, cholesterol, mPEG2000-DSPE, and
DAPT-PEG-DSPE before being subjected to evaporation
and drying under vacuum. Rehydration was subsequently
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performed with the FAM solution before incubation with
the RBC membrane to allow the transition of liposomes
loaded with VAN into the RBC membrane’s pores across the
concentration gradient. The RBC membrane was suspended
in 1 x PBS to close the pores and then centrifuged at 400 x g.
The RBC membrane was washed three times with cold
PBS and centrifuged at 400 x g for removing unloaded drug
molecules. The supernatant was removed, and the pellets
were collected and diluted with 200pl of isotonic solution.
The final formulation results were validated using the BD
FACSCanto flow cytometry machine and TEM imaging.

2.10. Cumulative drug release of VAN and DAPT

We used the dialysis method to investigate the kinetics
of in vitro drug release [38]. DAPT-L/VAN-L, RBCDVL (2ml,
donor solution) was placed into a dialysis tube (MW = 3500 Da)
and immersed in 30ml PBS solution at pH 7.4. For DAPT-
based formulations, 50 mg/ml Ca?* was added as the release
medium. The medium was stored at 37 °C under continuous
magnetic stirring at 100 rpm. At predetermined time intervals
©, 2, 4, 6, 8 12, 24, 48, 96, 120 and 144h), 200pl the
receiver solution was collected, and the same amount of new
medium was replaced. The percentage of drugs obtained was
analyzed using a UV spectrophotometer, and these tests were
performed in triplicate. The calculated average values were
used to express the results as the mean + standard deviation
(SD).

2.11.  Stability study of liposomes after reconstitution

The effect of temperature on the stability of the optimized
liposomal studied by storing the
formulations after reconstitution at 4+2°C for 21 d [40].
All formulations were sterilized with a 0.22 pm nylon syringe
filter (Merck & Co., New Jersey, USA) and filled in an autoclaved
glass sample bottle before storage. Morphological changes of
the formulations were observed at several time points (0, 14
and 21 d) by TEM imaging, as described in Section 2.6.
Another method for evaluation of stability involved
determining the presence of proteins in the RBCDVL via
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) with Coomassie Brilliant Blue staining on Days
0, 14 and 21. RBCDVL was prepared as per the procedure
described previously and placed in an Eppendorf tube
before centrifugation at 13 000 x g for 5min. The supernatant
was removed, and the pellets were washed with cold
PBS containing 2mM EDTA and left for 60s before being
subjected to a re-centrifugation process. Cell pellets were re-
suspended in 50yl radio immune precipitation assay buffer
(RIPA, Merck & Co., New Jersey, USA) containing protease
and phosphatase inhibitor (Pierce) for 30min on ice. The
mixture was re-centrifuged at 13000 x g for 15min at 4°C.
Cell supernatants were collected and evaluated using the
Bradford assay to determine protein concentration in the
cell lysate: protein standard curves were constructed using
bovine serum albumin (BSA) (Bio-Rad, USA) diluted in distilled
water at different concentrations (15.6, 31.25, 62.5, 125, 250,
500 and 1000 pg/ml). Cocktails (100 pl) containing phosphatase
inhibitors (PIC) and RIPA (1:99; v/v) were inserted into cell

formulation was

pellets and pellet dissolution was performed repeatedly with
the tip of a pipette on ice before incubation for 10 min. SeeBlue
Plus2 Pre-staining (Thermo Fisher, USA), served as a molecular
ladder. Electrophoresis was performed at 100V for 1.5h in a
TBST running buffer (Bio-Rad, USA).

The gel was rinsed with 100 ml of ultrapure water three
times for 5 min. Water was removed from each rinse, and the
gel was stained with SimplyBlueTM solution (approximately
20ml) until the gel was covered for 1h at room temperature
with moderate shaking (YR407 / YR406 Orbital Shaker,
Kalstein, France). We rinsed the gel two times with 100 ml of
water for 1h to increase the intensity of the band and reduce
the background.

2.12. Macrophage uptake

Flow cytometry and fluorescence microscopy were used to
assess the macrophage uptake [41]. RAW264.7 Cells (ATCC TIB-
71) were cultured in a complete growth medium (DMEM). The
cells were split at 80% confluency, and after separation, the
cells were seeded into 6-well plates (10° cells/well) in a cell
culture medium. After 24 h, the medium was replaced with a
serum-free medium. VAN-L, DAPT-L and RBCDVL were added
to the cell culture medium, and the mixture was incubated for
2h at 37°C. The cells were then detached using 2.5% trypsin
for flow cytometric analysis.

For experiments using confocal laser scanning microscopy
(CLSM), RAW264.7 cells (10° cells) were seeded in ibidi Treat
p-dishes (ibidi GmbH, Germany) for 24h. Next, at 50 pg/ml
concentrations, formulations encapsulated with a fluorescent
dye or coated with an antibody were added to be cell culture
and incubated for 2h. PBS was used to wash the cells before
analysis.

2.13. Cytotoxicity

Human RBCs were used to test the hemolytic activity of
liposome formulations based on a previously established
protocol [42]. Fresh blood samples were inserted into tubes
containing EDTA to prevent coagulation. The sample was
then flushed at a speed of 750 x g for 15min and washed
with sterile PBS three times for serum separation. The serum
was replaced with the same quantity of sterile PBS for
preparation of 1% RBC suspension. Each formulation (100 pl;
final concentrations =1mg/ml, 0.5mg/ml, 0.125mg/ml) was
combined with 100pul RBC into a microcentrifuge tube and
incubated using an incubation shaker at 37 °C for 2h. Triton
X-100 (0.5%, v/v) was selected as the positive control, while
sterile PBS was used as a negative control. After incubation,
all samples were dispersed at 750x g for 15min. Then,
50pl supernatant was collected and placed on a 96-well
plate. Absorbance was read at 540nm using a microplate
spectrophotometer (NanoQuant Infinite M200 PRO, Tecan,
Switzerland); the measurement was repeated three times.
MTT-based toxicity studies were conducted on two cells,
HEK293 and HepG2, according to a previously reported method
[43]. HEK293 and HepG2 cells were cultured in a complete
growth medium (EMEM) at 37°C with 5% CO,. The cells
(200 1l per well; concentration adjusted to 1.0 x 10* cells/well)
were incubated in a 96-well plate for 24h with 5% CO, at
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37°C to promote cell adhesion. Each formulation produced
was diluted in series at concentrations in the range 0.00469-
0.6 mg/ml using EMEM. After 24h, the old media in each
cell well was replaced with 200pl media containing the
formulation. The experiment was conducted at intervals of 24,
48 and 72 h. After the incubation period at each specific time,
the old media was removed and replaced with 20 pl 5 mg/ml
MTT and re-incubated for 4h. Then, MTT was replaced with
100pl DMSO to dissolve the resulting formazan crystals.
Untreated cells were used as the negative control, while
the free antibiotics DAPT and VAN were used as positive
controls. Empty liposomes and RBC membranes were used as
normal controls. Absorbance was measured at 570 nm using a
microplate spectrophotometer.

2.14. Biodistribution study

All animal experiments were conducted in compliance with
the guidelines for the care and use of laboratory animals
published by the National Institutes of Health. Biodistribution
studies were performed as outlined by Hu et al. [44], with slight
modifications [12,45]. Twenty-eight male Sprague Dawley
rats (6-8 weeks old) from the Laboratory Animal Resource
Unit, Faculty of Medicine University Kebangsaan Malaysia
(UKM) were randomly assigned to two groups: those treated
with FAM-loaded liposomes alone and those administered
liposomes with RBC membrane coating intravenously. In
each group, the dosage was equivalent to approximately
92.5 mg/kg VAN. Rats were sacrificed by cardiac puncture, and
the spleen, liver, kidney, brain, heart, and lungs were harvested
at predetermined intervals (24, 48 and 72h). The organs
were weighed carefully and homogenized in 1ml PBS. The
overall blood weight of the rats was 6% of their body weights.
A Synergy™ HTX Multi-Mode Microplate Reader (BioTek
Instruments, USA) was used to calculate the fluorescence
intensity of each sample.

2.15. In vivo safety evaluation

We used a completely automated biochemical analyzer to
perform a preliminary safety evaluation of the formulations
by examining the biochemical parameters related to alanine
aminotransferase, creatinine, aspartate aminotransferase,
uric acid, and blood urea nitrogen (TMS-1024i, BOEKI, Japan).

Two groups were used in the in vivo cytotoxicity study,
wherein six treatment groups of 72 Sprague Dawley rats (n=6)
were administered a single-dose treatment via tail vein with
one of the following preparations: DAPT-L, VAN-L, RBCDVL,
or saline. The dose of DAPT-L or RBCDVL was approximately
25mg/kg DAPT, which is less than half of the previous dose
[46]. Normal rats were administered saline injections into
the tail vein. Kidney and liver samples were obtained on the
third day post-injection from the rats receiving VAN, DAPT,
VAN-L, DAPT-L, RBCDVL, and saline. Histological analysis was
performed by two independent pathologists using a Nikon
Eclipse Ci microscope (Nikon Instruments, Japan).

2.16. Ethical declaration

The experiments involving animals, including the method
of withdrawing blood and preparation of ghost erythrocytes,
was approved by the animal ethics committee of Universiti
Kebangsaan Malaysia (FF/2019/CAIRUL IQBAL/24-JULY/1023-
AUG. 2019-AUG.—2020).

3. Results and discussion
3.1.  Synthesis and characterization of targeting
compound

DAPT contains an active amino group that may interact
with succinimide to produce the target compound DAPT-
PEG-DSPE. The process of synthesis involves conjugating
DAPT (MW =1620.68Da) with NHS-PEGssp0-DSPE in DMF
through an amide bond formed by a nucleophilic substitution
reaction [12]. The experimental MWs determined by MALDI-
TOF-MS for NHS-PEGsyqo-DSPE and DAPT-PEG-DSPE were
approximately 3700 and 5300 Da, respectively (Fig. 1). These
observed values were in line with the theoretical MW,
confirming the identity of the synthesized product.

From the FTIR spectra (Fig. S1), it was inferred that the
incorporation of DAPT with NHS-PEG-DSPE was successfully
conjugated via covalent bonding because all the relevant
peaks of DAPT and NHS-PEG-DSPE were present in DAPT-
PEG-DSPE. For DAPT, the peaks at 3311.6, 2346.6, 1651.30, and
1531.63 cm™? correspond to -NH str.,, >C=NH+ str., >C=0
str. of -CONH, and amide II of the primary amide linkages,
respectively. The >C=NH+ linkage arising from the resonance
contribution of the amide group appeared in the DAPT-PEG-
DSPE spectrum because DAPT and PEG-DSPE formed an amide
linkage.

The conjugation was further confirmed by NMR for
molecular recognition (Fig. $2-S4). From the NMR spectrum,
the presence of DAPT in the conjugated moiety, DAPT-PEG-
DSPE, can be confirmed from the specific peaks of DAPT. In
DAPT, the aromatic rings, benzene, and indole rings present
values in the region 6.80-7.34ppm, which are also present
in DAPT-PEG-DSPE, in addition to PEG-DSPE-specific peaks.
The conjugation of DAPT with NHS-PEG3400-DSPE, generating
an NH-CH, linkage [47], can also be confirmed based on the
peaks in the region 3.46-3.67 ppm, which were absent in peaks
for PEG-DSPE [48] and present in those for the conjugated
moiety, while the NH-CH, peak, which was inherent for DAPT,
was present at 3.76 ppm. Hence, from both NMR and IR, the
conjugation of DAPT with NHS-PEGs40-DSPE was verified. The
degree of substitution (DS) of DAPT in the DAPT-PEG-DSPE
targeting ligand was reported to be 28%.

3.2.  Preparation of liposomes via experimental design

Response surface methodology (RSM) is a set of statistical
and mathematical techniques for establishing, enhancing,
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Fig. 1 - (A) Synthesis of targeting components
DAPT-PEG-DSPE by amide reaction. The molecular weight of
each component and the final conjugation were determined
by MALDI-TOF mass spectrometry analysis. (B) DAPT was
confirmed at MW 1620.68 Da. (C) NHS-PEG3400-DSPE at
MW 3400 Da. (D) Formation of DAPT-PEG-DSPE with an
approximate molecular weight of 5300 Da, similar to the
sum molecular weights of the two components.

and optimizing processes. Processes involved in multistep
pharmaceutical products greatly benefit from RSM, as they
reduce the cost and time from the limitation of one factor
at time approach during optimization. In this experiment,
the I-optimal (combined) design was used to minimize the
prediction variance over the experimental conditions while
maintaining efficient runs [49].

Liposomes can be designed for the treatment of bacterial
infections and delivery of biologically active components
into bacteria by fusion with bacterial membranes, thus
enhancing the bactericidal activity of entrapped antibiotics.
The driving factor in liposome-bacteria fusion is the existence
of the bacterial membrane; divalent cations, pH, liposome
fluidity, and temperature affect the rate and degree of
fusion. Nevertheless, liposome size is an equally crucial

aspect in determining the clinical success of the formulation.
Considering that the size of S. aureus cells (< 1.6 pm) is notably
smaller than that of eukaryotic cells [50], it may be essential to
regulate the size of liposomal particles for improving liposome
fusion. Previous studies indicated that liposomes with particle
size < 100nm interact less with plasma proteins, thus
avoiding uptake by the reticuloendothelial system (RES) and
increasing its shelf life in the blood, while larger liposomes are
eliminated faster from the circulatory system [51]. However,
the drawback of the small size of liposomes is their limited
drug storage capacity.

As high VAN concentrations should be used to achieve
therapeutic effects in the MRSA infection area, the liposome
size selected is generally approximately 100-200nm.
According to the average reaction result from 43 trials
for particle size, ¢(-average was 100-674.86nm and the
polydispersity index value was 0.0396-0.794. The DOE
program proposes a model based on the selection of the
highest polynomial, and the quadratic x quadratic model was
selected because it corresponded to the ¢ -average and value of
the polydispersity index. The forecast R-squared (R?) statistics
show the amount of variability in the new data, which can
be explained by the model. The final model used for the two
reactions is presented in Table S1. When several reactions
are considered simultaneously, the response variables must
not be analyzed individually to avoid a possible correlation of
reactions [52].

The first step involved in model selection and fitting
is performing an ANOVA and selecting the appropriate
model type. R? was used as a measure of fit of the model
(Table S1). Based on the fit statistic summary, the final
reduced quadratic x quadratic model was determined to be
appropriate for navigating the design space. The adjusted and
predicted R? values were in reasonable agreement, wherein
the difference between both was less than 0.2. The non-
significant lack-of-fit (LOF) test is suitable, as it compares the
deviation of actual points from the fitted model.

Among sonication, extrusion, and high-pressure
homogenization [26], ultrasound produced via an ultrasonic
end processor is used to reduce the liposome size because it is
more convenient than other methods. Exposure to ultrasound
or sonication is widely used to produce liposomes; however,
little is known regarding the mechanism of liposomal
formation related to ultrasound. The oscillation or cavitation
of small gas bubbles in various fields of pressure is responsible
for most of the biophysical impact of ultrasound on cells
[53]; hence, the greater the volume of streaming from the
ultrasound source, the better the mixing, and consequently,
homogeneity of the solution. The results of the investigation
on the parameters used for sample preparation, the total
mixture components of cholesterol (B), mPEG2000-DSPE
(C), and processing factor, ultrasonic intensity (D), played a
significant role in obtaining the ¢-average value as desired.
In contrast, for PDI, the same mixture components were
significant except that the processing factor affected was
the sonication time (E). As shown in Fig. 2, to obtain the
average size at the optimal level of 100nm, the sonication
time range proposed by the model is 9-11 min, while the best
ultrasonic intensity was in the regulation range of 70%-80%.
For the polydispersity index, Fig. 3 shows that to obtain a
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0.2 PDI, the best ultrasonic time is 9-11min, with 70%-80%
ultrasonic intensity. During the ultrasonication process, the
liposome is exposed to energy-efficient ultrasonic waves,
which capable of breaking down large-sized liposomes into
smaller ones. The results of this study are consistent with
those of a previous study [27].

3.3.  Formulation optimization and validation test
The desirability function in the Design Expert® software

(version 12.0.) was set to be in the range for each component
in the mixture, the response target of ¢-average of 100nm

with no specific PDI target. The program suggested several
solutions with different combinations of mixtures and
process parameters. The combinations chosen for the
optimized formulation are shown in Table S2. The validity of
the response surface models was confirmed, as all measured
values of the three responses were within their 95% PIs.

The production of liposomal formulations using RBC
membrane coatings as camouflage requires a lack of physical
and chemical interactions with cell membranes to prevent
load leakages that lead to toxicological problems. Therefore,
liposomes must be created at the nanoscale and have high
stability, and membranes must be used as a biomimicking-
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Fig. 4 - Images of liposome production and RBC membranes that use as a disguise concealing for the dual antibiotic delivery
strategy against MRSA. (A) Image of RBC through an inverted microscope at 40 x magnification. (B) The use of colored
contrast on red blood cell image. (C) Formation of ghost erythrocytes (D) The use of red contrast showed the formation of
pores on the RBC. (E) Resulting pores on a scale of 100 nm via TEM imaging (F, G) Morphology and uniformity of liposome

size produced by the dehydration-rehydration method.

based strategy to avoid being targeted by the immune system.
The selection of an appropriate method, for preparing RBC
membranes, contributes to maintaining biomarkers; thus,
the process for membrane production in this study did
not use chemicals aggressively. Liposomes produced using
EPC were selected owing to their natural source. The use
of TEM, in addition to dynamic light scattering analysis,
can provide an estimate for liposome measurements. All
liposome morphologies obtained via TEM negative staining
imaging were spherical. The liposomes showed an absence of
aggregation, uniform size, and narrow distribution (< 200 nm)
with an EE of 39.76% + 6.17% (VAN) and 86.65% + 6.13% (DAPT)
in RBCDVL. In addition, RBC membranes were identified via
TEM and observation under an inverted microscope because
of their biconcave shape and the existence of pores formed
due to immersion in a hypotonic solution (Fig. 4). The
optimized liposomes were then used as NCs for encapsulating
dual drugs and coated with the RBC membrane (Fig. 5),
owing to which triple layers were observable; the layers were

denoted as follows: RBC membrane (outer layer), liposomes
(second layer), and the loaded drugs existing in the core. The
characterization of all formulations is reported in Table 2.

The low EE of VAN could be explained by the fact that
VAN is a very hydrophilic antibiotic [54,55]. Despite employing
various strategies [56], prior studies have managed to yield an
EE of 9% for conventional liposomes and 13% for PEGylated
liposomes. An identical EE result of 9% was also noted by
Pumerantz et al. [54]. The EE achieved for VAN in the current
study liposomes is similar to that established by Liu et al.
(40.78% + 2.56%) [57]; however, the EE achieved in the current
study is slightly higher (45.36%+4.17%).

Another method to improve stability is the modified
reverse-phase evaporation (MRPE) method to generate
liposomes, which provides a wide internal aqueous area that
is appropriate for encapsulating hydrophilic medicines [58].
To improve the EE, the hydration period in the MRPE method
was decreased, and a microinjector was used to increase
liposomal dispersion. The impact of each component, such
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Table 2 - Characterization and encapsulation efficiency of all formulations produced by using DRV method. Data were

expressed as mean + SD, n=3.

{-average (nm) PDI ¢-potential (mV) EE (%) DL (%)
Blank Liposome 108.13+1.16 0.214+0.10 —5.4240.96 = =
VAN-L 128.00+0.77 0.124+0.02 —7.46+0.85 45.36+4.17 5.99+0.44
DAPT-L 124.534+0.99 0.1540.01 —5.004+0.91 90.53+3.90 12.00+0.61
RBCDVL 176.80+3.47 0.32+0.01 —7.69+0.21 39.76+6.17(VAN) 5.04+0.89 (VAN)
86.65+6.13(DAPT) 11.04+0.99(DAPT)
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Fig. 5 - Characterization and validation of the efficiency of
drug encapsulation into the resulting formulation. Flow
cytometer data showed (A) VAN-L and (B) RBCDVL. TEM
imaging of (C) VAN-L and (D, E) RBCVL formulations, in
which red blood cell membranes appear to coat the
produced liposomes and are around 20-40 nm in size.

as the cholesterol-to-lipid or drug-to-lipid ratio, on the EE of
the medication encapsulated in liposomes can be assessed
using RSM or an artificial neural network (ANN) [59,60].

3.4. Cumulative drug release and stability assessment

The in vitro release profiles of the VAN solution, VAN-L, DAPT-
L, and RBCDVL were investigated in PBS at 37°C (Fig. 6).
All formulations showed initial bursts; for example, VAN-
L released almost 50% of its content within the first 4h,
which was consistent with the number of unencapsulated
drugs. Sixteen percent of DAPT was also released from DAPT-
L with an EE of 90.53% =+ 3.90%. Thus, it can be concluded
that the drugs released in the first 4h were drugs that
could not be loaded into the resulting formulation. This
also shows that dialysis is a viable albeit time-consuming
approach for cleaning formulations by filtering the content
across a membrane to separate the unencapsulated drug
from an encapsulated drug [39]. After the cleaning steps, all
formulations released residual drugs in a steady stream before
plateauing. In the subsequent time interval, 84.55% + 0.99%

and 77.27% =+ 0.88% of VAN was released from VAN-L and
RBCDVL, respectively, and 88.2% =+ 2.57% and 84.15% =+ 1.27%
of DAPT was released from DAPT-L and RBCDVL, respectively.
However, owing to charge deposition on the membrane
[61] and the physical barrier of NCs [62], drug release does
not occur entirely. The presence of VAN in the liposomal
core makes it difficult for this antibiotic to cross the lipid
bilayer, as opposed to the DAPT conjugated to the membrane.
RBCDVL and RBCDVL displayed a reasonable time-dependent,
sustained-release behavior, which was attributed to the
double coating of the liposome vesicles and RBC membranes.
These data suggest that coating with RBC membranes can
be utilized to mimic the natural circulating RBCs, thereby
avoiding recognition of the RES and improving the targeting
efficiency of VAN and DAPT to the site of bacterial infection.

The physical stability of the obtained NCs was further
evaluated by examining morphological changes via TEM
and SDS-PAGE after reconstitution. On Day 0, the liposomal
formulation was considerably more polydisperse compared to
Day 14 and above, and aggregation had begun. Aggregation of
liposomes, which might occur because of liposomal leakage
of drugs, indicating hydrolytic lipid degradation [63], can be
visualized via imaging. Ester-linked hydrocarbon chain lipids
are more susceptible to acids; therefore, base hydrolysis will
disrupt the membrane and render the liposome conformation,
which may cause the fusion of vesicles in the solution. The
presence of surface proteins in the formulations was further
confirmed by SDS-PAGE, performed over 21 d The presence of
protein bands was clear on Day 0 and slowly faded from Day 14
to Day 21 when compared to the RBC membrane, most likely
because of the leakage of the formulation, which eventually
rips off the essential protein markers on the surface of the
RBC [45].

To improve the stability of the liposomes, further studies
need to be performed by incorporating glycerol and using
various carbohydrates such as lactose, maltose [64], sucrose,
mannitol, trehalose, and mannitol as cryoprotective agents
[65,66]. Saccharides can maintain the liposomal membrane
integrity during liposome dehydration or rehydration, and
thus, are more preferred [67]. The prevention of liposomal
fusion or disintegration during freezing and rehydration
processes is accomplished via the establishment of a stable
glassy state and connection between the polar head groups of
phospholipids and sugars [68,69]. Nevertheless, optimization
of the type and concentration of lyoprotectant/cryoprotectant
in the formulation is required, as a higher amount of
saccharides may result in instability and may lead to further
drug leakage [66].
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release. (B) The drug release profile of VAN-L, DAPT-L, RBCVL, RBCDL. In vitro stability was performed by TEM and SDS-PAGE
on Day 0, 14, 21. (C) TEM images of liposomal preparation starting to aggregate and causing an increase in the particle size.
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Table 3 - MIC, MBC and FIC of free drugs and each formulation against MRSA.Data were expressed as mean + SD, n=3.

MIC/MBC (ug/ml)

FIC* Index

MICcombined (vg/ml) Synergism Ratio

VAN VAN-L DAPT DAPT-L  RBCDVL

MRSA* (Mu50) 1.0 0.75 1.0 0.75 0.25 = = =

MRSA‘clinical isolates (blood) 1.5 1.0 1.0 0.75 0.50 0.1875 (DAPT-L) 4 (DAPT-L) 0.25
0.25 (VAN-L) 4 (VAN-L) 0.25

* Methicillin-resistance Staphylococcus aureus.

** FIC = [(MIC ompined Of drug A/MICgione of drug A) + (MIC ompinea of drug B/MICon. of drug B)]. FIC index of <0.5 indicated synergistic effects.

3.5.  MIC, MBC, FIC, and cytotoxicity

A low-dose liposomal formulation can provide better VAN
penetration into eukaryotic cells than free VAN, thereby
targeting intracellular and extracellular MRSA [36]. The
MIC findings in a study by Sande et al. demonstrated that
liposomal VAN was twice as effective as free VAN [70].
The results obtained in the current study are concordant
with those in clinical literature, wherein a low dose of
VAN and daptomycin liposomes yielded an amplified
antibacterial activity (lower MIC), compared to the free

form (Table 3). The findings were identical for RBCDVL,
which may be attributed to a dual drug targeting strategy
that increases bacterial specificity. Lysis of the bacterial cell
wall occurs when daptomycin binds to the bacterial surface,
thus accelerating VAN release, leading to the intensified
effect of VAN. Moreover, there was no bacterial recovery
throughout the full incubation period in the MBC assay
when disseminated on an agar plate, suggesting that the
liposomal formulation exhibited antibacterial activity for a
longer period than free drugs. The results of flow cytometry
confirmed the liposome-bacterium interactions indicated
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Fig. 7 - Cytotoxicity of formulations towards mammalian cells and antibacterial activity against MRSA. (A) VAN-L, DAPT-L
and RBCDVL showed more than 80% cell viability than the free drugs. The drug carriers (normal control) can be considered
safe with only a <10% reduction reported in HEK293 and HepG2 cells. Data were expressed as mean + SEM, n =3, (B) All the
formulations showed low hemolysis to the human cells compared to the positive control. Data were expressed as mean =+
SD, n=3 (C) Enhanced antibacterial activity was observed when comparing RBCDVL to the control group, VAN and DAPT.
Data were expressed as mean =+ SD, n =3; one-way ANOVA followed by post-hoc Dunnett or Tukey’s multiple- comparison

test, *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

by the percentage of bacterial death, which increased
during the incubation period. The bactericidal effect of
targeted and RBC-coated liposomes was significantly higher
than that of free drugs, with VAN-L, DAPT-L, and RBCDVL
killing more than 50% of bacteria in 2h and about 80%-—
90% of bacteria in 4 h, whereas free DAPT and VAN killed
< 50% of bacteria in 2h (Fig. 7). Compared to free drugs,
RBCDVL showed maximal membrane disruption, in addition
to enhanced bacterial death, within 4h, which might be
attributable to efficient targeting and penetration of bacterial
cells (P < 0.0001). While both forms achieved bacterial
eradication within 24h, VAN and DAPT concentrations
were considerably lower in encapsulations than in the free
form.

In managing MRSA, VAN is considered the mainstay
treatment, despite the side effects of systemic VAN therapy.
The rate of hemolysis activity was determined to evaluate
the safety of the developed formulation against human
RBCs. Formulations with hemolysis values <10% were
considered non-hemolytic, while those with values >25%
were considered at risk of hemolysis [71]. Even when
tested at the highest concentrations, all formulations showed
negligible hemolysis activity (less than 5%). In cytotoxicity
studies, low toxicity was recorded in mammalian cells,
HEK?293, and HepG2 until 72 h, which is in agreement with the

results of Liu et al., wherein the encapsulation of VAN inside
the liposomes reduced drug-induced toxicity [57].

3.6. Macrophage uptake

The effect of various formulations, having FAM and
DIL entrapped, on macrophage cell uptake (RAW264.7)
were evaluated via flow cytometry and CLSM. Decreased
macrophage uptake reduces immune system clearance,
leading to a longer circulation time in the bloodstream, with a
greater likelihood of the NC reaching its target location.
Incubation with VAN-L, DAPT-L, and RBCDVL reduced
macrophage uptake by < 10% compared to incubation
with the free drugs, suggesting that inhibition of scavenger
receptor-mediated uptake could lead to decreased cellular
uptake, as reported previously [72]. PEG may block the
scavenger pathway and reduce the cellular uptake of
liposomes [29]. In addition, when compared to DAPT-
L and VAN-L, RBCDVL was barely internalized by the
macrophage cells, suggesting that the RBC membrane
coating could successfully resist immune cell recognition
(Fig. 8). Opsonins such as immunoglobulins (antibodies)
and other blood proteins (e.g., laminin and fibronectin),
as well as complement proteins, are adsorbed onto the
surface to initiate phagocytosis [73]. Related ligand-receptor
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Fig. 9 - Biodistribution study of FAM and formulated DVL
and RBCDVL in vivo. The fluorescence-labeled formulations
were given to mice by intravenous injection. Organs were
collected, homogenized and fluorescence counted at each
time point (24, 48 and 72 h). Data were expressed as mean
+ SD, n =4; two-way ANOVA followed by post-hoc Tukey’s
multiple- comparison test.

interactions enable the recognition of opsonized formulations
by phagocytes and attachment of the former to the latter.
A signaling cascade is initiated, leading to actin assembly,
cell surface extension formation, and particle engulfment

and internalization, resulting in a “phagosome.” Based on
the particle surface and composition, the above events
can take 30min to several hours. As previously mentioned,
complement receptors, Fc receptors, and other receptors such
as scavenger receptors are involved in phagocytosis [72].

Stains of FAM and DIL were observable in the CLSM images,
indicating that the VAN and DAPT free drugs and liposomal
formulations may be taken up via the endolysosomal
pathway. DAPT-L, VAN-L, and RBCDVL exhibited decreased
cellular uptake compared to the free drugs, as observed
through CLSM, and quantified using flow cytometry. As
liposomes are self-assembled, the specific mechanism of
the interaction pathway with the cells, either via membrane
fusion or engulfment by macrophages, is not clear. In
particular, enhanced drug release, hydrophobicity, cellular
uptake of liposomes, and colloidal stability may result
from increased rigidity [74]. High cholesterol content may
have a significant impact on liposomal rigidity. A study
by Wu et al. proved that cellular uptake decreased as the
liposomal cholesterol content increased (40%-50%) Despite
undergoing intense sonication and ultracentrifugation
processes, liposomes can still be considered stable and rigid,
as they can retain their morphology, which may be due to
the considerable amount of cholesterol used to produce
liposomes (0.306) [75]. The ability to avoid macrophages was
further investigated in an in vivo study.

3.7. Biodistribution

In the biodistribution study, FAM-loaded liposomes were
injected into the tail veins of the 24 rats. Eight rats were
euthanized, and the kidneys, blood, liver, heart, brain, spleen
and lungs were removed at designated time points of 24,
48 and 72h after treatment. The organs were washed,
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Fig. 10 - In vivo cytotoxicity/safety evaluation of the formulations. (A) Serum biochemical parameters of alanine
aminotransferase; lactic acid dehydrogenase, aspartate aminotransferase; urea nitrogen and creatinine were observed over
time in rats. Each data point represents the mean + SD, n = 6; two-way ANOVA followed by post-hoc Tukey’s multiple-
comparison test. (B) The histopathological assessment of the kidney and liver on Day 3 post-treatment. Kidney & Liver (H&E
and CD68, 20 x): () indicates infiltration of inflammatory cells including lymphocytes; (¥) indicates granular
degeneration and ( ); indicates Mesangial/Kupffer cells. Each data point represents the mean +SD, n=6.

weighed, and homogenized in 1 ml of PBS and then analyzed
using a fluorospectrometer for fluorescence quantification.
Fig. 9 depicts the liposomal content per gram of tissue and
the relative signal in each organ when compared to the total
liposomes. The liver and spleen, two main organs of the RES,
contained the most liposomes. However, at all three time
points, a significant amount of fluorescence was detected
in the blood, accounting for 6% of the total body weight.
Liposomes were mainly found in the blood and liver, similar
to previous studies [44].

The majority of intravenously injected untargeted
liposomes are eliminated from the bloodstream and are
located predominantly in the spleen and liver [76-78|. As
the fluorescence in the blood decreased, the signal in the
liver increased, indicating that the RES acquired fluorescence
from the blood. Drugs encapsulated in a double coating of
liposomes with RBC membranes exhibited a significantly
increased systemic circulation time compared to previous
studies [43]. Greater particle stability, higher structural
rigidity, and more stable cargo/dye encapsulation of the RBC-



116 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 102-119

membrane-coated liposomes resulted in a more extended
circulation period than that reported in previous studies
on liposome circulation in murine models [12], most of
which reported attainment of insignificant blood retention
within 24 h. The RBC-membrane-coated liposomes exhibited
prolonged in vivo residence time and less toxicity, indicating
that they have great potential as delivery vehicles.

3.8. In vivo safety evaluation

The biochemical parameters of the treatment groups were not
substantially different from those of the saline control group;
therefore, no apparent toxicity was observed following a single
dose of the liposome formulations. In contrast to free drugs, a
slight increase in the serum biochemical levels was observed
in the formulation groups because the drugs were released
over time. Nevertheless, the increased serum level was still
lower than that of the free drugs.

On the third day after administration, histopathological
evaluation was performed (Fig. 10). The dose in humans
for treating susceptible pathogens was converted to the
corresponding rat dose and injected accordingly. In a previous
study, the human dose (mg/kg) was calculated by multiplying
the animal dose (mg/kg) by the term “animal Km/human
Km”, while in the current study, we knew that human
Km =37 and rat Km=6 [79,80]. Accordingly, the rat dosage
(half of human dose) of DAPT was calculated as follows:
4.0mg/kg x 37/6 =24.67 mg/kg. Similarly, the rat dosage of
VAN was calculated to be 15mg/kg, based on the human
dose being 92.5mg/kg. Based on the optimized ratio as per
an in vitro trial, in this study, the quantity of VAN in the
liposomes for co-delivery was one-third of that in the VAN-
only liposomes. When DAPT was present, the amount of
VAN used could be reduced while maintaining the same
clinical effect. The DAPT-L and VAN-L groups exhibited less
lymphocytic infiltration and lesions than the free drug groups,
as determined by hematoxylin and eosin (H&E) staining.
Immunohistochemical analysis of cluster of differentiation 68
(CD68) expression was performed for validation by utilizing
markers to detect abnormalities absent in normal mucosal
tissue. CD68 is routinely used as a histochemical marker for
macrophage/monocyte inflammatory involvement because
these receptors are found in the endosomes and lysosomes of
macrophages. Macrophages respond to inflammatory stimuli,
leading to increased expression of CD68 because the primary
function of macrophages is to eliminate pathogens and dead
cells [81,82]. In the kidneys, macrophages help maintain
homeostasis; however, they can also cause indirect injury to
the kidneys or stimulate chronic fibrosis. Nikolic-Paterson et
al. noted the presence of macrophages in individuals with
renal fibrosis (CD68+), while macrophages were absent in
those without renal fibrosis (CD68-) [83]. The presence of
macrophages was noted in both organs (kidney and liver);
nevertheless, according to the results of H&E staining, the
number of macrophages present decreased in the groups
treated with the NCs DAPT-L, VAN-L and RBCDVL. The
presence of macrophages is intended to remodel areas of
damage caused by fibrosis [84,85]. Reduced lymphocytic
infiltration and tubular dilatation in the kidney and lesser

lesions in the liver were more prominent in the RBCDVL
group, as double coating using liposomes and RBC membranes
has been reported to help protect the loaded formulation, as
well as provide a more sustained release for the delivery of
antibiotics [86].

4, Conclusion

The current study examined the efficacy of a DAPT-VAN
combination against MRSA infections and established a novel
liposomal formulation that incrated these two antibiotics in
the optimal drug ratio.

A combination of egg yolk phosphatidylcholine (EPC),
cholesterol, and mPEG2000 and processing factors as the
as determined as the main component that will form the
phospholipid bilayer of the ‘stealth’ liposomes. DAPT-PEG-
DSPE synthesized by an amide reaction between DAPT, and
NHS-PEG will be conjugated together with the other three
components but excluded from the optimization step as
the amount inserted will be fixed according to the previous
literature. High energy ultrasonication processing method
was enhanced by using I-optimal (combined) with two-factor
at five levels. The effects of processing factors such as the
ultrasonic intensity, sonication time, and component mixture
on liposomal carrier preparation were investigated. The
impact of the aforementioned factor, especially the sonication
time (B), significantly influences the polydispersity index
value. A favorable size of nanoliposomes can be obtained with
78.038% ultrasonic intensity and sonication time of 9.019 min.
An average size of 108.13 + 1.16 nm with a polydispersity index
of 0.205 +0.10 was produced. The encapsulation efficiency of
the coating with RBC membrane and a dual drug combination
is 39.76+6.17 (VAN-L) and 86.65+6.13 (DAPT-L). Stability
study of reconstituted RBC-coated DAPT and VAN liposomes
(RBCDVL) reported some changes in physicochemical aspects
such as the fading of the natural biomarker on the surface
of the formulation by SDS-PAGE and agglomeration by
using TEM on only when approaching 14 d above, however,
showed good antibacterial activity against MRSA compared
to free drugs and less toxicity in the in vitro and in vivo
model. Overall, the ultrasonication process offered a helpful
but straightforward method for formulating a desirable
dual drug delivery liposome with reasonable encapsulation
efficiency, considerable stability, and increased bactericidal
effect.
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