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Abstract Keywords

Context: Fusogenic liposomes are unique delivery vehicles capable of introducing their contents Anti-proliferative effect, conventional
directly and efficiently into the cytoplasm. liposome, fusogenic liposome, Sirolimus,
Objective: The objective of this study was to evaluate the potential of fusogenic liposomes T-lymphocyte cells

containing Sirolimus to improve its anti-proliferative effect on T-lymphocyte cells.

Materials and methods: Conventional liposomes containing Sirolimus were prepared from
Dipalmitoylphosphatidylcholine (DPPC) and cholesterol using the modified ethanol injection
method. To prepare fusogenic liposomes, dioleoylphosphatidylethanolamine (DOPE) was
added to the conventional liposome formulation. The liposomes were characterized by
their size, zeta potential, encapsulation efficiency percent (EE%) and chemical stability during
6 months. The in vitro release of liposomes, anti-proliferative effect and liposome uptake of
both types of liposomes with optimized formulations were studied on human T-lymphocyte
cells employing the MTT assay and fluorescein isothiocyanate-loaded liposomes.

Results and discussion: The particle size of the liposomes was evaluated between 138 and
650 nm and mean zeta potential was in the range of —32.95 to —45.60 mV. The average EE%
of the prepared conventional and fusogenic liposomes were 76.9% and 80.5%, respectively.
Liposomal formulations released only 10-20% of encapsulated drug without any burst effect.
In vitro immunosuppressive evaluation on T-cells showed that fusogenic liposomes have the
best anti-proliferative effects and uptake on T-lymphocyte cell compared to the conventional
liposomes.

Conclusion: Our results indicated that fusogenic liposomes can be useful carriers for improving
the inhibition of T-cell proliferation.
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Introduction (FKBP-12), to generate an immunosuppressive complex. This
complex binds to and inhibits the activation of the mammalian
Target Of Rapamycin (mTOR), a key regulatory kinase. mTOR
inhibition prevents cell cycle progression from GI1 to S phase in
T-cells and as a result, T-cell proliferation. Inhibition of mTOR is
a different mechanism of action from that of calcineurin-
inhibiting agents such as cyclosporine. T-cell proliferation is
regulated by cell surface receptor molecules as stimulated by
CD28 and cytokine. The immunosuppressive properties of SRL

T-cell proliferation is a critical step in developing an effective
immune response. To allow transplantation, therapeutic strategies
intended to suppress the immune system through T-cell targeting
and prevention of their proliferati0n1’2. Sirolimus (SRL, also
known as rapamycin, C5S1H79NO13, CAS no: 53123-88-9), a
macrocyclic lactone, was first isolated from the soil bacteria
Streptomyces hygroscopicus by Suren Sehgal, an Indian scientist,
from the soil of the Vai Atari region of Rapa Nui in 1975 (Easter N . . .
Island, Chile). Although initiallygused as anpanti-fungal agent with  °°° due primarily to blockage of interleukin-2 (IL-2)-induced

. G . . roliferation of T-cells. The IL-2 can provide the signals
potent anti-candidiasis activity, subsequent studies revealed P . Pro ¢ SIg
remarkable anti-tumor and immunosuppressive activi tieg!-3  Decessary for T-cell cycle progression and differentiation. The

Sirilimus binds to the immunophilin, FK Binding Protein-12 H.J-Z.receptor can b.e targeted by blocklpg ?mlbOdles in order (o
aid in transplantation and prevent rejection of the allograft.

In addition to its effects on T cell activity, SRL inhibits IL-2
dependent and independent proliferation of purified normal
human B lymphocytes stimulation*®. However, the activity of
SRL is not limited to the immune system cells. Likewise, it has
Address for correspondence: Parvin Zakeri-Milani, Faculty of Pharmacy been shown that it affects the prollf.eratlon of nf)n-]ymp ho,l d fumor
and Liver and Gastrointestinal Diseases Research Center, Tabriz cells, and smooth muscle cells stimulated with basic fibroblast
University of Medical Sciences, Tabriz, Iran. Tel: +98 (411) 339-2593.  growth factor, or platelet derived growth factor. SRL also inhibits

Fax: +98 (411) 334-4798. E-mail: Pzakeri @tbzmed.ac.ir the proliferation of hepatocytes and fibroblasts at higher
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concentrations than in lymphoid cells. Transplantation has
become a standard treatment option in patients with end-stage
renal disease as it enhances the life quality, and dramatically
reduces cost associated with dialysis. Patients administrating
clinically approved transplantation immunosuppressive drugs
suffer from dose-limiting toxic side-effects, including nephrotox-
icity and neurotoxicity. SRL provides acceptable patient survival,
graft survival and acute rejection rates when used as a part of first
line immunosuppressive therapy for renal transplantation. SRL is
currently recommended to be used in combination with cyclo-
sporine (and corticosteroids) to reduce or prevent graft rejection
by the host. Anti-proliferative effect of SRL on lymphocytes,
vascular endothelial cells and renal tubular cells and its inhibition
of fibrosis result in the range of toxicities observed with SRL.
Sirolimus dose-related side effects include increased serum levels
of cholesterol, triglycerides, and creatinine as well as decreased
glomerular filtration rate. Hypertension, rash, anemia, arthralgia,
diarrhea, hypokalemia, leukopenia, and thrombocytopenia also
may occur'*?7'*, These adverse effects can be reduced or even
avoided by using novel drug delivery systems including lipo-
somes. Sirolimus is a strong hydrophobic drug and according to
the difficulties in preparing injectable formulations sirolimus is
only available as oral formulations. Sirolimus bioavailability and
clearance are dependent on intestinal and hepatic metabolism
by cytochrome P-450 (CYP) 3A4 enzyme and transport by the
multidrug efflux pump p-glycoprotein in the intestine. Its oral
bioavailability is only about 17%'>-2°. Therefore, it is restrictively
suitable for low-dosage treatment, such as immunosuppression
in renal and liver transplant recipients. These are the potential
shortcomings of sirolimus delivery by conventional dosage
formulations.

Since the early 1970s, liposomes (lipid-based vesicles) have
been widely studied as drug delivery systems due to their relative
safety, their structural flexibility in size, composition and bilayer
fluidity, and their ability to incorporate almost any molecule
regardless of its structure. Liposomes can be made entirely from
naturally occurring substances and are therefore non-toxic,
biodegradable and non-immunogenic. Many hundreds of drugs,
including anti-tumor and anti-microbial agents, chelating agents,
peptide hormones, enzymes, vaccines and genetic materials, have
been incorporated into the aqueous or lipid phase of liposomes of
various sizes and types’'°. Due to their structure, chemical
composition and colloidal size, all of which can be well controlled
by preparation methods, liposomes exhibit several properties
which may be useful in various applications. These properties
point to several possible applications of liposomes as the
solubilizers for difficult-to-dissolve substances, dispersants, sus-
tained release systems, delivery systems for the encapsulated
substances, stabilizers, protective agents and microencapsulation
systems. Liposomes composition and properties can be finely
modulated to improve their interaction with and/or penetration
through cell membranes. The phospholipids by which liposomes
are conventionally made, lead to the formation of lipid bilayers
that closely resemble the cell and biological membranes. This
allows an easy and deep interaction of these drug carriers with
the cells and an improved release of the drugs encapsulated
in them?’™*. The interactions between the liposomal vesicles
and cells can occur via one or more processes, such as stable
physical adsorption, endocytosis, lipid exchange and fusion.
The fusion event is attractive because it opens the possibility of
easy release of the encapsulated drugs into the cytoplasm or cell
organelles, get away from the endocytotic pathways, which is
potentially dangerous for the stability of drugs. An unusual class
of phospholipid vesicles is known as ‘‘fusogenic’’ liposomes.
In general, their bilayers show an enhanced ability of interacting
in their liquid crystalline phase with cell membranes, leading to
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lipid mix and thus the release of the vesicle content inside
the cytoplasm35*39. Fusogenic liposomes can be produced by
incorporating special lipids such as DOPE, which can promote
destabilization of the bilayer and increase the vesicles fluidity and
able them to promote the destabilization of biological membranes.
Using these liposomes, researchers have delivered intact macro-
molecules such as proteins and DNA into tissue cells as well as
cultured cells for targeting anti-cancer agents, cell labeling,
improving anti-bacterial effect and targeting specific intracellular
organelles. Liposomes made of DOPE mixed with other lipid
components, such as cholesterol, are able to release their load into
the cytoplasm upon a brief contact with eukaryotic cells.

Finally, other phospholipids like DPPC, is necessarily required
to produce stable vesicles, since DOPE alone would form an
inverted hexagonal phase instead of a lamellar phase®>**~.
Sirolimus should be bound to FKBP-12 and made immunosup-
pressive complex to inhibit the activation of the mTOR. Then,
it is well worth delivering SRL directly into the cells to initiate its
therapeutic effect. Therefore, application of fusogenic liposome
type to deliver SRL inside the cells seems to be an interesting
idea. For that reason, in the present study we employed DOPE to
enhance the anti-proliferative effect of SRL conventional lipo-
some on the human T-cell Lymphocytes.

Materials and methods
Materials

Sirolimus was purchased from Poli Pharmaceuticals (Lazio,
Italy). Cholesterol (Chol) was obtained from Merck Company
(Darmstadt, Germany). Dipalmitoylphosphatidylcholine (DPPC)
and dioleoylphosphoethanolamine (DOPE) were purchased from
Lipoid GMBH Company (Ludwigshafen, Germany). Thiazolyl
blue tetrazolium bromide (MTT), L-glutamine, penicillin, strepto-
mycin, phytohaemagglutinin (PHA) dimethyl sulfoxide and
Sorenson buffer were purchased from Sigma-Aldrich (Bedford,
MA). RPMI medium and fetal calf serum (FCS) were purchased
from Gibco Company (NY). Ready-to-use dialyzers and mem-
branes were used for drug release study (Harvard Apparatus,
Holliston, MA). All solvents and reagents were HPLC and
analytical grades and were purchased from Merck Company
(Darmstadt, Germany).

Methods

Quantitative determination of sirolimus by high-performance
liquid chromatography (HPLC)

An HPLC system (Beckman, FL) with a variable wavelength
ultraviolet spectrophotometric detector (166 gold) set at 278 nm
was used. System Gold software was used for data acquisition and
system Gold nouveau software was used for data reporting and
analysis. The separation was achieved using a Knauer column
(C18, 5um, 4.6 x 150 mm). Mobile phase consisted of aceto-
nitrile and ammonium acetate buffer (70:30, v/v %), at flow
rate of 1.5 ml/min. The column temperature was kept at 54 °C.
Response was linear in the range of 125-2000ng/ml
(r*>0.991)*.

Preparation of liposomes

A modified ethanol injection method was used for liposome
preparation. After dissolving different proportion of lipids
mixture and SRL in absolute ethanol, 5 ml of ethanolic solution
of lipids and SRL was continually injected into 95ml of
distilled water under high-speed homogenization (10000 rpm) at
45°C (Heidolph, Germany). Liposomes were formed after
extra 30 min stirring.
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Table 1. Formulation and characteristics of drug-loaded conventional (C1, C2 and C3) and fusogenic (F1, F2 and F3) liposomes.

Formulation Particle size (nm) Zeta potential (mV) Entrapment efficiency (%)

code DPPC:Chol:DOPE mean + SD mean + SD mean + SD Doyn* (%)
Cl 1:1:0 138.55 +0.07 —3295+1.34 91.1+2.2 14.45+2.51
Cc2 1:0.33:0 389.65 +4.45 —45.60 +1.35 779+3.6 15.41 +2.62
C3 1:0.2:0 653.05+23.33 —35.90+0.28 61.8+2.6 18.41+£2.95
F1 1:1:0.5 222.51+0.28 —35.50+2.40 92.0+2.1 1426 +3.12
F2 1:0.33:0.5 337.92 +18.67 —37.85+0.85 824 +3.38 15.45+3.64
F3 1:0.2:0.5 306.61 +7.64 —38.80 +0.07 67.1+1.7 19.55+2.32
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*(D 24 h stands for cumulative percentage of drug release over 24 h).

A 37 full factorial design was applied to examine the individual
and combined effects of two formulation variables, each at three
levels. Experimental factors and factor levels were determined
based on preliminary studies. The molar ratios of DPPC/Chol and
DOPE/DPPC were taken as independent variables. The encapsu-
lation efficiency percent, particle size and cumulative release
percent in 24h were considered as dependent variables or
responses. All other parameters (temperature, homogenizer
speed, amount of ethanol, lipid concentration, etc.) were kept
constant to minimize fluctuations. Following these preliminary
screening experiments, using Minitab 15 software and response
surface methodology (RSM) approach, optimization of formula-
tion was carried out and suggested formulations based on
optimization plots was prepared. Compositions of different
formulations are illustrated in Table 1.

Characterization of liposomes
Farticle size and zeta potential measurements

Particle size and zeta potential were measured by the dynamic
light-scattering method (Zetasizer Nano ZS 90; Malvern
Instruments, Worcestershire, UK) at room temperature in repli-
cate of three by the necessary dilution of liposome suspension
with distilled water.

Encapsulation efficiency

Encapsulation efficiency was measured using dynamic dialysis
diffusion technique at less than glass transition temperature (Tg)
under 100rpm agitation in a water bath for 24h to separate
un-encapsulated drug. After the removal of unbound drug,
liposomes were disrupted by ethanol and the remaining drug in
liposome was considered as encapsulated drug. The amount of
SRL was measured by our previously developed and validated
HPLC method*.

Encapsulation efficiency percent was calculated using the
following equation>*°:

EE(%) = [(Ctotal - Cfree)]/ctotal % 100.

Preparation of fluorescein isothiocyanate
(FITC)-encapsulated liposomes

Fluorescein is a synthetic organic compound available as a
dark orange/red powder slightly soluble in water and alcohol.
It is widely used as a fluorescent tracer for many applications.
Fluorescein has an absorption maximum at 494 nm and emission
maximum at 521 nm (in water). One of the most used derivatives
of fluorescein is FITC. FITC-labeled liposomes were prepared by
the method of ethanol injection. Briefly, lipid solution in absolute
ethanol was injected gently under vigorous vortexing into FITC
solution (1 mM). Liposomes were then dialyzed to separate
unencapsulated FITC.

In vitro release study

One milliliter of liposome suspension was placed into the dialysis
chamber containing polycarbonate membranes (cut-off: 100 nm),
which was then emerged in distilled water in a covered beaker
with a stirring rate of 100 rpm. Preliminary studies demonstrated
the adsorption of Sirolimus to cellulose acetate membrane;
however, there was not any interaction between Sirolimus and
polycarbonate membrane. At various time intervals (1, 2, 4. 6, 8,
12, 24h), 2ml of medium was withdrawn from the receiver
compartment of the beaker and drug content was analyzed by the
HPLC method**. Two milliliters of fresh prewarmed medium was
replaced to maintain the fixed volume.

Physicochemical stability of liposomes

Particle size, encapsulation efficiency, zeta potential and drug
concentration were determined monthly over 6 months.

Anti-proliferative studies with T-lymphocyte Cells

The MTT (3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) test was employed to evaluate lymphocyte proliferation.
Human lymphocytes were isolated by Ficoll density centrifuga-
tion and seeded in triplicate in 96-well plates to make a final
concentration of 2 x 10*cells/well. The T-lymphocytes cell line
was cultured in RPMI-1640 media supplemented with 10% FCS,
1% glutamine, antibiotics (100 U/ml penicillin and 100 mg/ml
streptomycin), stimulated with phytohaemagglutinin and was
incubated at 37°C in a 5% CO,-humidified incubator for 48 h.
After the incubation period, the culture medium was replaced
with fresh culture medium, vehicle of liposomes, blank conven-
tional and fusogenic liposomes, SRL solution in liposome
vehicles, as well as SRL conventional and fusogenic liposomes
containing 25, 50 and 100nM of SRL. Consequently, 50 pl of
MTT staining solution (2mg/ml) was added and after 4h
incubation, the purple formazan product was dissolved in
200 pl/well dimethyl sulfoxide and 25 pl/well Sorenson buffer.
To evaluate the viability of the cells, the absorbance of the
samples was determined at 570 nm using a plate reader (Bio Teck,
Germany). The results of cell proliferation were expressed as a
percentage of the T-cells inhibition (%) in the control condition
without additives*.

Uptake of FITC-encapsulated liposomes by T-cells

T-cells were incubated in vitro for 3 h, at 37 °C, with 200 pl FITC-
loaded conventional and fusogenic liposomes. Blank liposomes
were used as positive control. There were four examination
solutions as below: the first solution was FITC in water, the
second one was unencapsulated liposome solution where the third
and the forth solutions were FITC-labeled conversional and
fusogenic liposomes, respectively, all solutions were made in
1 mM. After incubation, cells were washed two times with PBS,
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rinsed with ammonium chloride (50 mmol/l), washed again with
PBS, and finally incubated at room temperature for 30 min with
paraformaldehyde (4%). The composition of the prepared FITC-
loaded liposomes were similar to the optimized conventional and
fusogenic liposomal formulations which were used for cytotox-
icity study (DPPC:Chol, 2.3:1 for conventional liposomes, and
DOPE:DPPC:Chol, 0.6:2.3:1 for fusogenic liposomes). All cell
uptake experiments were performed in triplicate. For microscopic
examinations, cells were fixed, then washed with PBS and
observed on glass slides using a Zeiss Model 410 microscope
(488ex, 520em).

Statistical analysis

Data analysis was performed using Microsoft Excel software.
Data were expressed as mean + standard deviation. Student’s
paired #-test was used to evaluate significant differences of mean
values. A p value <0.05 was considered to be statistically
significant.

Results
Preparation and characterization of liposomes

Table 1 illustrates the composition of prepared formulations,
particle size, entrapment efficiency (%), and zeta potential
immediately after preparation as well as cumulative drug release
after 24 h.

Results indicated that liposomes with high proportion of
cholesterol had lower particle size, and decreasing the ratio of
cholesterol resulted in increased particle size. Conversely lipo-
somes with high ratio of cholesterol indicated higher EE%. Zeta
potentials of conventional liposomes were negative and in the
range of —32.95 to —45.60; however, the fusogenic liposomes
showed a much narrower range in zeta potential than for the
conventional liposomes (—35.50 to —38.80).

Physicochemical stability study of liposomes

Physical stability study of SRL liposomes was conducted for a
period of 6 months. Tables 2, 3 and 4 present all the data related
to liposome stability study including changes of liposome size,
polydispersity index and zeta potential of liposomes.

Zeta potential values of all liposomes were in the range of —33
to —45.6. The negative charge of liposomes was predictable due
to the negative charge of phospholipids used in liposome bilayer.

Drug encapsulation efficiency of liposomes was assessed
monthly for 6 months. Mean initial EE% for prepared liposomes
was 78.75% and average EE% of SRL in liposomal formulations
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burst effect but also SRL was released from liposomes very slowly
and after 24 h, the percentage of drug released was in the range of
10-20%.

Anti-proliferative study on T-lymphocytes

Anti-proliferative effect of both types of liposomal formulations,
as compared to the SRL hydro ethanolic solution and corres-
ponding blank liposomes, are shown in Figure 2. Cell viability
was expressed as the ratio of the amount of formazan produced by
cells treated with SRL containing formulations to those produced
by control non-treated cells. Figure 2 shows the result of T-cell
proliferation inhibition of SRL solution, blank liposomes of both
type and liposomal formulations of two types, optimized using
factorial design and response surface methodology, containing 25,
50 and 100 nM of SRL. The T-cell proliferation inhibition activity
of SRL hydroethanolic solution was used as a positive control.
The control empty liposomes did not show any significant T-cell
proliferation inhibition activity (p <0.05) compared to negative
control group. T-cells treated with both types of SRL liposomes
had an average (n =3) two- to three-fold increase in non-viable
cells at 96 h compared with hydroethanolic solution of SRL and
non-viable cells increased up to 64.5% and 77.5% in the case of
conventional and fusogenic liposomes containing 100nM SRL,
respectively. Among the two types of liposomal formulations, the
fusogenic liposomes containing SRL had the strongest T-cell
proliferation inhibition activity which was significantly (p <0.05)
more than SRL conventional liposomes. The capacity of
phospholipid-based vesicles of fusing with cell membranes has
been proposed as a way to improve the effect of sirolimus.

Uptake of FITC-encapsulated liposomes

To examine the cellular localization of the FITC-loaded conven-
tional and fusogenic liposomes the liposomes were fluorescently
labeled using water-soluble FITC*. FITC is very hydrophilic and
is practically unable to enter cells unless via liposome endocyto-
sis. In this study, higher penetration was achieved in vitro with
FITC-labeled fusogenic liposomes compared with conventional
liposomes as seen in Figure 3. Results showed that due to the
fusogenicity of fusogenic liposomes, the intensity of fluorescence
in cells treated with these liposomes was higher. On the other
hand, because of the hydrophobicity of FITC, aqueous solution of
FITC cannot penetrate into cells.

Table 3. Polydispersity index during 6 months storage period.

after 6 months were 72.47%. The EE% was predictable due to the  Formulation After 1st 3rd 4th 5th 6th
high lipophilicity and high solubility of SRL in code preparation month month month month month
L 0454748
phospholipids : Cl 0.12 012 012 014 009 0.2
. . C2 0.52 0.32 0.20 0.28 0.25 0.21
Drug-release studies from liposomes 3 0.55 0.52 0.92 0.54 1.00 1.00
. . F1 0.34 0.35 0.39 0.51 0.36 0.43
The release study was performed over a period of 24 h. Figure 1 ¢, 048 028 036 035 040 049
shows the percentage of total SRL in each formulation released 3 0.40 0.34 1.00 094 073 0.71
during 24 h. As indicated in this illustration, not only there was no
Table 2. Changes of liposomes size (nm) during 6 months storage period.
Formulation code After preparation 1st month 3rd month 4th month 5th month 6th month
Cl 138.5+3.0 1473+1.6 147.3 £2.47 150.7+1.4 147.7+0.4 149.8+1.2
C2 389.6 +4.4 275.8+0.4 317.1+0.92 329.9+0.7 311.9+3.9 308.1+4.9
C3 653.2+23.3 2838.5+2274.9 2320.9 +£2073.2 2100.0 +306.4 2119.5+366.9 2136.5+481.5
F1 222.5+13.2 559.1 +333.7 832.5+26.2 829.5+85.0 1029.4+91.2 881.05+130.6
F2 337.9+18.6 557.5+632.8 490.3 +1441.0 1277.1 £ 161.2 701.6 +£58.6 825.1+30.1
F3 306.6 +7.6 631.5+274 751.5+61.6 968.2 +105.3 1670.6 + 140.9 2140.2+144.3
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Table 4. Changes of liposomes zeta potential (mV) during 6 months storage period.

Formulation After

code preparation st month 3rd month 4th month 5th month 6th month
Cl1 —3295+1.34 —-2955+3.18 —-32.60+2.83 —-29.55+10.11 —2220+0.71 —42.15+0.64
Cc2 —45.60+125 —4395+148 —4595+0.92 —45.00+1.27 —3245+092  —40.05+0.35
C3 —3590+028 —26.05+0.78 —24.75+1.34  —27.60+0.35 —36.95+3.54 —28.30+4.10
F1 —-3550+240 —40.55+488 —3885+3.04 —40.15+0.28 —27.10+035 —33.00+1.84
F2 —37.85+085 —-2730+021 —29.70+1.34 —27.70+0.28 —31.35+1.34  —34.65+2.83
F3 —38.80+0.07 —3255+255 —3555+099 —36.30+1.56 —2735+092 —30.70+2.76

Cumulative release (%)

Time (hrs)

Figure 1. Cumulative percentage of drug released versus time from
various liposomal SRL formulations (n = 3).

Discussion

Many methods are available to improve the solubility of poorly
water soluble drugs such as salt formation, micronization,
micellization, solid dispersion, and crystallization. For hydropho-
bic drugs such as Sirolimus, (Log P=15), which can be entrapped
in the hydrophobic environment of phospholipid bilayers, the
liposomal formulation could be suitable as drug delivery
system**™?. The drug to lipid ratio is very important for drug
loading in liposomes for lipophilic drugs like SRL due to the
restriction of drug loading into the hydrophobic region of
liposomes. After preliminary experiments it was found that
5 umol of sirolimus per 100 pmol of total lipid is the best drug to
lipid ratio in the preparation of SRL liposomes and higher
concentrations lead to SRL crystallization, indicating that there
are excess of drug for the lipid to load in higher concentrations.
DPPC is a saturated phospholipid and liposomes made of DPPC
have high chemical stability due to resistance to oxidation. In
preliminary studies, the various ratios of phospholipids and
cholesterol were used to prepare conventional and fusogenic
liposomes and finally the DPPC/Chol ratios of 1, 3 and 5 were
selected to be evaluated for the effect of cholesterol on particle
size, EE% and released drug (%) over 24h. According to the
results of conducted factorial design, DPPC/Chol ratio has
significant effect on particle size and EE%. In low concentration
of cholesterol, particle size was increased and EE% was
decreased. In vitro release study showed that the release of SRL
from liposomes was very slow and incomplete after 24 h which is
in accordance with other studies**®3* Due to the high-phase
transition temperature (Tg) of DPPC (41 °C) which was used as
the main phospholipid in both types of prepared formulations, at
4°C and even at room temperature, it would be in a gel-like solid
state stable liposome form. However, in the in vivo conditions,
these liposomes can destabilize and release SRL slowly. The
fluidity of liposome bilayers is considered as an important
factor influencing the drug release rate where by decreasing the

DPPC/Chol ratio and incorporation of high amount of cholesterol
into liposome formulation, the rigidity of the bilayer was
increased and the drug penetration into medium was reduced.
Consequently, liposomes with low concentration of cholesterol
released higher amounts of SRL in 24 h. Results of release study
indicated that, although D,y of fusogenic liposomes was not
significantly different from corresponded conventional liposomes
with the same DPPC/Chol ratio, our previous unpublished study
showed that the best ratio of DOPE/DPPC in optimized formu-
lation was 0.6. Hence, for anti-proliferative study to compare the
conventional and fusogenic liposome, the ratio of 0.6 for DOPE/
DPPC was used. Stability of liposome is a serious problem and at
higher temperatures liposome instability is a well-established fact.
Size of C1 and C2 formulations were approximately constant with
low polydispersity index (0.12 and 0.21) and did not change
during 6 months which is in accordance with the high zeta
potential (>—40mV) of these formulations. However, formula-
tions C3 and F3 showed larger size increasing after 6 months
(3 folds) and wide size distributions, which was revealed in the
polydispersity index value (0.71-1). This is in accordance with
our previous studies and indicating that with decreasing the molar
ratio of Chol, particle size was decreased*®. The mean encapsu-
lation efficiency percent of conventional and fusogenic liposomes
was reduced from 79.1 and 80.5% to 57.75 and 60.1%, respect-
ively, which is probably due to the leakage of drug through
bilayer. Results indicated that mean SRL content of conventional
and fusogenic liposomes were 92.3 and 90.9% of initial SRL
content. Moreover in our pervious study in lyophilized form, SRL
content at 4 °C was reduced to 92.9% and 91.6% in conventional
and fusogenic liposomes*’. In the present investigation, the MTT
assay, a simple, fast and inexpensive method, was used for the
in vitro T-cell proliferation inhibition activity of the different
liposomal formulations of SRL. In this method, tetrazolium salt of
MTT reduces to blue-colored product (formazan) by the mito-
chondrial enzyme succinate dehydrogenase in live cells. Results
revealed that the fusogenic liposomes have much higher inhibi-
tory effect compared to conventional liposomes and SRL
hydroethanolic solution. The main reason of this significant
difference could be the higher diffusion of SRL into the
cytoplasm of the T-cells when encapsulated in fusogenic
liposomes. As it was mentioned the mechanism of action of
SRL is blockage of interleukin-2 (IL-2)-induced proliferation of
T-cells by formation of FKBP-12 complex and inhibition of the
activation of the mTOR. Therefore, one proposed mechanism for
T-cell proliferation inhibition effect of fusogenic liposomes
containing SRL in vitro could be the direct fusion of this type
of liposomes with the cell membrane. During this process
liposomal bilayers combine with cell membrane, and thereby
the liposomal content is released into the cytoplasm. This type of
liposomes are suitable carriers for delivery of macromolecules,
such as peptides, proteins, DNA, antigens and polysaccharides to
the cell cytoplasm™ 273243557 " Although the improvement of
SRL efficacy employing liposomal formulations on other cell
lines have been reported, different liposomal compositions were
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Figure 2. Anti—proliferative. effects on 100 4 @25 nM
T-lymphocyte cells of conventional and
fusogenic liposomal SRL, Hydroethanol —_
(HE) blank, blank conventional liposomes X 801 @50 nM
(CL.Blank), blank fusogenic liposome Sy
(FL.Blank), SRL in hydroethanol E 2100 M
(HE + Drug) and SRL containing conven- = 60 -
tional liposome (CL + Drug) and SRL con- =
taining fusogenic liposomes (FL + Drug). -E
(Data are the mean values of three replica- ot
tions, *p <0.05 compared with CL 4+ Drug % 40 1
and #p <0.05, ##p <0.01 and #Htp <0.001 (4]
compared with HE + drug). =

20 4

HE.Blank

Figure 3. Uptake of aqueous solution of FITC
(A) Blank (B), FITC-encapsulated conven-
tional (C) and fusogenic (D) liposomes in
T-cells.

used in the previously published studies*’*%3863_1p the present
study, significant improvement of immunosuppressive activity of
SRL was achieved by the addition of DOPE, as fusogenic agent,
to the formulation. Higher inhibition of T-cell proliferation was
obtained in fusogenic SRL liposomal formulations compared to
the conventional ones containing SRL.

Conclusions

In the present study, we used a modified ethanol injection method
as a simple, rapid and reproducible method and statistical design
to prepare SRL conventional and fusogenic liposomes. Prepared
liposomes were characterized and were found to be stable in the
case of physical parameters. In vitro anti-proliferative effect of
optimized formulations of conventional and fusogenic liposomes
were studied on human T-cell lymphocytes. It was shown that
both types of liposomes had higher anti-proliferative effect on

CL.Blank FL.Blank HE+Drug CL+Drug FL+Drug

Test groups

T-cells compared to sirolimus hydroethanolic solution. Our data
suggest that fusogenic liposomes have the higher capacity for
transmission of a lipophilic drug into the T-cells. This work
recommends that the inhibition of T-cell proliferation using
conventional and especially fusogenic liposomes of sirolimus
could be advantageous as an immunosuppressive formulation.
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