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Abstract. The objective of this study was to develop proliposomal formulation for a poorly bioavailable
drug, tacrolimus. Proliposomes were prepared by thin film hydration method using different lipids such as
hydrogenated soy phosphatidylcholine (HEPC), soy phosphatidylcholine (SPC), distearyl phosphatidyl-
choline (DSPC), dimyristoylphosphatidylcholine (DMPC), and dimyristoylphosphatidylglycerol sodium
(DMPG) and cholesterol in various ratios. Proliposomes were evaluated for particle size, zeta potential,
in vitro drug release, in vitro permeability, and in vivo pharmacokinetics. In vitro drug release was carried
out in purified water using USP type II dissolution apparatus. In vitro drug permeation was studied using
parallel artificial membrane permeation assay (PAMPA) and everted rat intestinal perfusion techniques.
In vivo pharmacokinetic studies were conducted in male Sprague-Dawley (SD) rats. Among the different
formulations, proliposomes with drug/DSPC/cholesterol in the ratio of 1:2:0.5 demonstrated the desired
particle size and zeta potential. Enhanced drug release was observed with proliposomes compared to pure
tacrolimus in purified water after 1 h. Tacrolimus permeability across PAMPA and everted rat intestinal
perfusion models was significantly higher with proliposomes. The optimized formulation of proliposomes
indicated a significant improvement in the rate and absorption of tacrolimus. Following a single oral
administration, a relative bioavailability of 193.33% was achieved compared to pure tacrolimus
suspension.
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INTRODUCTION

The oral route is the most commonly preferred route of
administration because of its convenience in dosing and pa-
tient compliance. However, drugs administered by oral route
may often result in suboptimal therapeutic response because
of the drug’s poor solubility, inadequate permeation, and ex-
tensive first-pass effect. Proliposomes are reported as drug
delivery carriers for enhancing the oral bioavailability of drugs
with poor bioavailability (1–7). Proliposomes are dry, free
flowing powders that can form multilamellar vesicles upon
hydration. Liposomes can either be formed in vivo upon
contact with physiological fluids or preformed by hydration
with water before administration (8). Due to structural simi-
larity between phospholipid bilayers and biological mem-
branes, liposomes play an imperative role in facilitating the
oral absorption of the poorly soluble drugs (9). The lipid-
based systems following oral administration, especially the
formulations with long chain fatty acids, promote the

absorption of lipophilic drugs by simulating the formation of
low-density lipoproteins and chylomicrons which are
transported via the intestinal lymphatic system, circumventing
the first-pass effect resulting in improved oral bioavailability
(10). Proliposomes is an emerging platform technology for
improving the oral delivery of drugs with poor bioavailability
(11). In this study, we made an effort to improve the oral
bioavailability of tacrolimus by formulating into proliposomes.

Tacrolimus is a potent immunosuppressive drug used in
transplanted patients to minimize the risk of organ rejection.
Tacrolimus is also a drug of choice for atopic dermatitis in
reducing the side effects related with topical corticosteroids.
Tacrolimus is classified as a class II drug according to the
biopharmaceutical classification system (12). Tacrolimus ex-
hibits poor aqueous solubility, P-gp efflux, and extensive
presystemic metabolism resulting in low bioavailability follow-
ing oral administration (13–16). The reported mean bioavail-
ability is approximately 21% with large intersubject
variability. The therapeutic application of tacrolimus is com-
plex because of its narrow therapeutic index (5–15 ng/mL) and
large inter/intrasubject variability in pharmacokinetic profile.
The half-life of tacrolimus is 8.7 to 11.3 h and the mean time to
achieve the peak plasma concentrations was reported as 1.5 to
2.0 h (17–19). Tacrolimus is a known P-gp and P450 3A4
(CYP3A4) substrate; therefore, any P-gp or CYP3A4 modu-
lator can alter the pharmacokinetic properties of tacrolimus
(20).
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Several formulation approaches have been reported to
improve the oral bioavailability of tacrolimus. Most of these
techniques have been focused on improving the solubility and
absorption of tacrolimus from the GI tract or reducing P-gp
efflux and CYP-450-mediated metabolism, with limited suc-
cess. The reported approaches include prodrug (21), cyclodex-
trin complexes (22), solid dispersions (23,24), liposomes (25),
self-microemulsifying drug delivery system (26–28),
nanocapsules (29), micelles (30), nanosomes (31), micro-
spheres (32), and nanoliposomes of dry powder inhaler (33).
However, these investigational findings have not effectively
translated into human clinical trials except solid dispersions.
The commercial formulation (Prograf Capsules®) developed
using solid dispersion technology requires about 2 h for com-
plete drug release and exhibits 25% bioavailability (17).
Therefore, there is a requisite for a versatile drug delivery
system that can resolve formulation issues associated with
tacrolimus and improve its therapeutic efficacy. To the best
of our knowledge, there is no study reported comparing the
in vivo pharmacokinetic performance of tacrolimus drug prod-
uct developed using proliposomal formulation technology.
Our investigation was primarily focused on developing an
improved formulation for tacrolimus using proliposomes that
are capable of enhancing the oral bioavailability of tacrolimus
by increasing the GI transport and avoiding the first-pass
metabolism (34).

Lipids can promote the transport of drugs through the
lymphatic route (35,36). Many of the possible mechanisms of
uptake include increasing transcellular absorption of the drug by
increasing the membrane fluidity, enhancing the paracellular
transport by opening the tight junction, and inhibiting the
P-glycoprotein and cytochrome P450 to increase intracellular
concentration and formation of lipoprotein/chylomicron by the
lipid (37). Lipid-based systems are also known to improve and
normalize the drug absorption which might be beneficial for a
drug with narrow therapeutic window, e.g., tacrolimus. There-
fore, proliposomes are evaluated for improving the pharmaco-
kinetic performance of tacrolimus. In this study, the prepared
proliposomes containing tacrolimus were measured for particle
size, zeta potential, in vitro drug release, in vitro permeability,
and in vivo pharmacokinetics.

MATERIALS AND METHODS

Materials

Tacrolimus was purchased from Tecoland Corporation
(Irvine, CA, USA). Soy phosphatidylcholine (SPC),

distearoyl-phosphatidylcholine (DSPC), hydrogenated soy
phosphatidylcholine (HSPC), dimyristoylphosphatidylcholine
(DMPC), and dimyristoylphosphatidylglycerol sodium
(DMPG) were purchased from Avanti Polar Lipids (Alabas-
ter, AL, USA); cholesterol and Krebs-Hensleit buffer (pH
7.4) were purchased from Sigma Aldrich (St. Louis, MO,
USA); and 96-well plates were purchased from Millipore
(Millipore, Billerica, USA). Cannulated Sprague-Dawley
(SD) rats were purchased from Harlan Laboratories (India-
napolis, IN, USA). Blank rat plasma was purchased from
Valley Biomedical (Winchester, VA, USA). Hard gelatin cap-
sules (size 1) were purchased from Capsugel Inc (Morristown,
NJ, USA), and all reagents used were of analytical grade.

Preparation of Proliposomes

Tacrolimus proliposomes were formulated using SPC,
DSPC, DMPG, HSPC, DMPC, and cholesterol in various
ratios. The formulation details and their respective composi-
tions are summarized in Table I. Briefly, the required amounts
of tacrolimus, phospholipid, and cholesterol were weighed and
dissolved in ethyl alcohol. The solvent from the resultant
solution was removed using a rotavapor (Buchi R-210, Buchi
Corporation, New Castle, DE, USA) to obtain dry
proliposomes (11). The proliposomal formulations were then
passed through a sieve (50 mesh; 300 μm) to obtain free
flowing powders. The proliposomal formulations were filled
into glass scintillation vials and stored at 4°C for further
studies. The prepared formulations were filled into size 1, hard
gelatin capsules for in vitro dissolution studies.

Analysis of Tacrolimus

Drug content, encapsulation efficiency, in vitro drug re-
lease, and in vitro permeation sample analysis was carried out
by an HPLC analytical method developed using a Waters
Alliance 2695 HPLC (Waters Corporation, Milford, MA,
USA) instrument. Chromatographic separation of the samples
was attained by Inertsil ODS-3, C18, 250×4.6 mm, 5 μm stain-
less steel column (GL Sciences Inc., Torrance, CA, USA). The
mobile phase consists of acetonitrile and water. The mobile
phase was pumped in a gradient fashion at 1 mL/min with
detection at 213 nm. The injection volume was 20 μL and the
column temperature was maintained at 25°C. A calibration
curve was prepared in the concentration range of 0.25–50 μg/
mL in acetonitrile. The method has been validated for inter
and intraday differences.

Table I. Formula Composition, Particle Size, and Zeta Potential of Proliposomal Formulations

Formula code Lipid used Drug/lipid/cholesterol ratio Mean vesicle size (nm±SD) PDI (mean±SD) Zeta potential (mV±SD)

F-I SPC 1:2:0.5 1070.6±64.4 0.531±0.029 −4.20±1.12
F-II DSPC 1:2:0.5 858.2±49.1 0.650±0.024 −6.90±2.21
F-III HSPC 1:2:0.5 2345.7±71.5 0.514±0.018 −1.05±0.85
F-IV DMPC 1:2:0.5 1091.8±69.6 0.621±0.021 −3.29±1.33
F-V DMPG 1:2:0.5 2465.4±78.3 0.625±0.031 −6.23±2.42

PDI polydispersity index, SPC soy phosphatidylcholine, DSPC distearyl phosphatidylcholine, HSPC hydrogenated soy phosphatidylcholine,
DMPC dimyristoylphosphatidylcholine, DMPG dimyristoylphosphatidylglycerol sodium
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Characterization

Particle Size

The average particle size of the prepared proliposomes
was measured by dynamic light scattering (DLS) technique
using a zeta-sizer (Nano ZS-90, Malvern Instruments,
Malvern, Worcestershire, UK). All measurements (n=3) were
conducted at 25°C, using a refractive index of 1.33. Vesicle size
of the prepared proliposomes was determined following hy-
dration of the proliposomal formulations using purified water
at 25°C under sonication for 10 min using a bath sonicator
(Branson Ultrasonics, Danbury, CT, USA).

Zeta Potential Measurement

The zeta potential of tacrolimus proliposomes was mea-
sured using a Malvern Zeta-sizer (Malvern Instruments, UK).
The electrophoretic mobility of the particles under an applied
electric field is measured using laser interferometric tech-
nique. The proliposomal formulations were diluted to 100
times using purified water, and zeta potential was measured
by placing the diluted samples in an electrophoretic cell.

Encapsulation Efficiency

Samples of proliposomal formulations were reconstituted
with a solvent mixture of water and acetonitrile (90:10) at
room temperature. The hydrated proliposomal formulations
of known concentration were transferred to Centrifree® tubes
(molecular weight cutoff of 30,000) (Merck Millipore Ltd.,
Cork, Ireland). The sample tubes were centrifuged at
2500 rpm for 20 min at room temperature. The encapsulated
tacrolimus liposomes remain on the surface of the filter mem-
brane, and free drug was collected into the bottom tube of the
filter (38). The separated phase was transferred to a 10-mL
flask, diluted to volume with ethanol, and analyzed using the
HPLC method. The amount of tacrolimus in the separated
phase represented the amount of free drug. The experiment
was performed in triplicate. The encapsulation efficiency was
determined by calculating the difference between the initial
amount taken and the amount recovered in the aqueous phase
using Eq. (1) (39).

%drugencapsulated

¼ Totalamountof drugadded−freedrugð Þ
Totalamountof drugaddedð Þ � 100 ð1Þ

Differential Scanning Calorimetric Analysis

Differential scanning calorimetric (DSC) analysis was
conducted to investigate the solid-state properties of the se-
lected formulation. DSC profiles of pure tacrolimus, opti-
mized proliposomal formulation, and its physical mixture
containing drug, phospholipid, and cholesterol were carried
out using a DSC-823 (Mettler Toledo Instruments Columbus,
OH) connected to a RTE-140 (Neslab, Newington, NH) re-
frigeration unit. About 3 to 5 mg of sample was placed in an
aluminum pan and sealed. The experimental runs for each

sample were set from 0 to 200°C at a ramping speed of
10°C/min, under a stream of nitrogen.

Formation of Liposomes

Cryogenic-transmission electron microscopic (cryo-
TEM) was used to study the formation of vesicles upon
hydration with purified water. The liposomal dispersion was
shaken for 5 min at room temperature to enable the forma-
tion of liposomes. A drop of the liposomal dispersion was
placed on a sample grid (Formvar/carbon 300 mesh copper
grids). The samples were then frozen using Vitrobot Mark IV
(FEI Company, Eindhoven, Netherlands) (40). The prepared
samples were observed under a cryo-TEM (TF20, FEI Com-
pany, Netherlands) at a magnification of 15,000 at 100 kV.

In Vitro Dissolution Studies

The release studies for the prepared formulations were
conducted in USP Type II dissolution apparatus (Agilent 708-
DS, Santa Clara, CA, USA) connected to an autosampler
(Agilent 850-DS, Santa Clara, CA, USA). The paddle speed
was set at 75 rpm and temperature of the media was adjusted
to 37±0.2°C. The dissolution medium used was 900 mL of
purified water. Pure tacrolimus and proliposomal formulations
equivalent to 5 mg dose filled into size 1 hard gelatin capsules
were tested for dissolution. Samples were collected at
predetermined time intervals up to 1 h, filtered using a 0.45-
μm filter, and analyzed using HPLC. The percentage drug
released from the formulations was estimated, and the aver-
age of the three measurements was used for analyzing the
data.

Parallel Artificial Membrane Permeation Assay Studies

A 96-well filter plate was used for performing the parallel
artificial membrane permeation assay (PAMPA) study. The
filter plate assembly consists of two parts, a receiver pate and a
donor plate. Five microliters of 1% w/v solution of lecithin in
dodecane was added to each donor plate well to enable for-
mation of an artificial membrane. The selected proliposomal
formulation was diluted with purified water to obtain a known
concentration of the drug (1 mg/mL). Pure drug suspension of
equivalent strength to the formulation was prepared using
0.5% methyl cellulose solution. One hundred fifty microliters
of the prepared formulation was added into the donor plate
well and 300 μL of phosphate buffer (pH 7.4) was added in to
each of the receptor plate well. The donor plate containing the
sample was placed on the receptor cell plate carefully and
incubated for 16 h at room temperature. Samples from the
respective plates (donor and receptor) were collected at
predetermined time intervals and analyzed using the HPLC
method. The permeation of the drug across the membrane
was estimated using Eq. (2) (2).

Pe ¼
−In 1−

CA tð Þ
Cequilibrium

� �

A
1
VD

þ 1
VA

� �
t

ð2Þ

Where Pe is the permeability in centimeters per second,
A is the effective filter area (0.24 cm2), VD is the well volume
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(0.3 mL) of the donor plate, VA is the well volume (0.2 mL) of
the receptor plate, t is the incubation time (s), CA (t) is the
amount of drug in the receptor plate well at time t, CD (t) is the
amount of drug in the donor plate well at time t, and
Cequilibrium was estimated using Eq. (3).

Cequilibrium ¼ CD tð Þ*VD þ CA tð Þ*VA½ �
CA þ VD

ð3Þ

Everted Rat Intestinal Perfusion Studies

Everted rat intestinal perfusion studies (ex vivo) were
conducted according to the method reported by Ravis and
Feldman (41). The anesthetized nontreated SD rats were
taken and insertion was made in the midline of the abdomen
to remove the intestine. The first 15 cm of the intestine portion
was discarded and the isolated intestine was cleaned using
saline solution (cold) to discard its contents. The cleaned
intestine was then everted using a glass rod. The everted
intestine was cut into small portions of 6 cm long. Each por-
tion of the intestine was mounted in the perfusion apparatus
housed with two ports. One port was used for addition and
removal of serosal fluid (42) and the second port was used to
maintain continuous circulation of carbon dioxide (5%) and
oxygen (95%) during the study. The perfusion apparatus was
filled with the test solution, which served as the mucosal fluid
(outer compartment) for the experiment. All the test solutions
were prepared in Krebs-Hensleit buffer (pH 7.4). Samples
were withdrawn at regular time intervals for 1 h. The collected
samples were centrifuged at 1500 rpm for 10 min and analyzed
for tacrolimus content using the HPLC method.

Permeability Analysis

The absorption rate constant (Ka) of tacrolimus from
pure drug suspension and proliposomes was estimated by
plotting the slope of drug amount remaining versus time.
The effective permeability coefficient (Peff) of tacrolimus
across the membrane was estimated using Eq. (4).

Peff ratð Þ ¼ − Qin⋅In Cin

.
Cout correctedð Þ

� �h i.
A ð4Þ

where Qin is the rate of the intestinal fluid (0.2 mL/min), and
A is the intestinal surface area which is considered to be the
area of a cylinder (2πrl) with the length (l) and radius (r) of
0.18 cm. Cin and Cout are the concentrations at the inlet and
corrected outlet, respectively. The Cout (corrected) was measured
using Eq. (5) (43).

Cout correctedð Þ ¼ Cout⋅ Qout

.
Qin

� �
ð5Þ

Where Qout is the estimated flow of the intestinal fluid
(mL/min) at a specific time point. The enhancement ratio
(ER) was estimated using Eq. (6) (44).

ER ¼ Peffof formulation
.

Peffof pure drug suspension ð6Þ

Quantification of Tacrolimus in Plasma Using LC/MS/MS

A stock solution of 1 mg/mL of tacrolimus was pre-
pared by dissolving pure tacrolimus in methanol, and a
series of working solutions in the concentrations of 31.25,
62.5, 250, 500, and 1000 ng/mL were prepared using meth-
anol. The plasma samples for plotting the standard curves
were spiked with these working standard solutions.
Sirolimus was used as the internal standard (IS). A pro-
tein precipitation method was employed for the extraction
of tacrolimus and IS. Briefly, the working standard and IS
solutions were added to 100 μL of plasma and mixed well.
To the sample, 500 μL of methanol was added and shaken
vigorously using a vortex mixer, followed by centrifuga-
tion at 10,000 rpm for 10 min at 4°C. The organic super-
natant was transferred and evaporated to dryness by
flushing nitrogen at room temperature. The final residue
was reconstituted using 100 μL of methanol and 5 μL was
injected into the LC/MS/MS system for analysis.

The chromatographic separation was achieved using a
Zorbax SB-C18 column (Agilent, Santa Clara, CA, USA,
particle size 5 μm; 2.1×150 mm) protected with a guard
column (12.5×2.1 mm) at room temperature. The mobile
phase consisted of acetonitrile and 0.1% formic acid in
water (80:20). The flow rate used was 0.30 mL/min. The
LC/MS/MS system (API 3200, Framingham, MA, USA)
was used as the detector. The mass spectrometric condi-
tions were as follows: gas 1, nitrogen (40 psi); gas 2,
nitrogen (20 psi); ion spray voltage, −4500 V; ion source
temperature, 450°C; and curtain gas, nitrogen (25 psi).
Multiple reaction monitoring (MRM) scanning in negative
ion mode was used to monitor the transition of 802.3–
167.0 for tacrolimus and 958.4–166.9 for IS. Accuracy and
precision within run and between the run was carried out
using three different series at concentrations of 62.5, 250,
and 1000 ng/mL of a mixture of tacrolimus and sirolimus.

Pharmacokinetic Study

Male SD rats with jugular vein cannulation (230–
250 g body weight) were used for the pharmacokinetic
study. The SD rats were distributed into two subgroups
each containing five animals. Prior to the experiment, all
animals were fasted for 18 h with free access to water.
Group 1 animals were administered with 0.5 mL of pure
tacrolimus suspension at a dose of 10 mg/kg with an oral
gavage, and group 2 animals were administered with
proliposomal formulation. Following oral administration,
0.3 mL of blood samples were collected from the cannula
at 0.5, 1, 2, 4, 6, and 24 h and transferred into a heparin-
ized Eppendorf tube. A Bzero^ time sample was collected
prior to administration of the dose. The collected samples
were centrifuged at 13,000 rpm for 8 min at 4°C, and the
supernatant plasma was collected and stored at −80°C
until analysis. Food was provided to the rats 4 h after
the dosing. The protocol for animal study was approved
by the IACUC, Western University of Health Sciences,
Pomona, CA, USA. Animals were sacrificed after comple-
tion of the study according to the procedure defined in
the IACUC protocol.
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Statistical Analysis

Statistical analysis of the drug release was conducted by
one-way analysis of variance (ANOVA) and by evaluating the
data using a model-independent method (45). The mean dis-
solution time (MDT) of the proliposomes was calculated and
evaluated using ANOVA to investigate the statistical variance.
The MDT values were estimated using Eq. (7).

MDT ¼
X n

j¼1
bt JΔMjX n

j¼1
ΔMj

ð7Þ

Where j represents the sample number, n is the number
of sampling time intervals, tj is the time at midpoint between tj
and tj−1 (calculated by using the expression (tj+ tj−1)/2), and
ΔMj is the excess amount of drug released between tj and tj−1.
Similarly, the effective permeability values (Pe) of PAMPA
and the permeability values (Peff) of rat intestine study were
also analyzed using one-way ANOVA. A P value less than
0.05 was considered statistically significant and the theoretical
and estimated values of F (Fcritical and Fcalculated) were com-
pared for interpreting the results and to study the statistical
variance. The in vitro dissolution profiles were analyzed for f2
factor to measure the difference or similarity in the drug
release profile (46).

Formulation Stability

Tacrolimus proliposomal formulation stability was evalu-
ated by analyzing the physical appearance, particle size, and
drug content upon storage at room temperature (25°C) and
refrigerated (5±3°C) conditions for 3 months. The samples of
proliposomes were analyzed at predetermined time intervals
for particle size distribution and drug content.

RESULTS AND DISCUSSION

Preparation of Proliposomes

Proliposomes are novel drug carriers that can be used for
improving the permeation and absorption of drugs with poor
oral bioavailability (47). In order to study the effect of phos-
pholipid composition on the physicochemical properties of
liposomes, different phospholipids with varying acyl chain
lengths, degree of saturation, and bilayer fluidity were evalu-
ated for preparing the proliposomal formulations. Gregoriadis
et al. in 1979 showed that inclusion of cholesterol in the
liposomal formulation enhances the in vivo stability by in-
creasing the membrane rigidity (48). This factor is of utmost
importance as liposomes are unstable in the presence of acidic
pH, bile salts, and enzymes. Various formulations with
drug/lipid/cholesterol in the ratios of 1:0.5:0.25, 1:1:0.25,
1:2:0.25, and 1:2:0.5 were prepared and characterized for par-
ticle size, zeta potential, and encapsulation efficiency (data not
shown). Among the evaluated compositions, the formulation
with drug/lipid/cholesterol in the ratio of 1:2:0.5 has demon-
strated the desired properties. Therefore, this ratio was select-
ed for screening the formulations. The compositions of lipid,

drug, and cholesterol selected for formula optimization are
summarized in Table I.

Characterization

Particle Size

The particle size of proliposomal formulations is shown in
Table I. The mean particle size of the liposomal formulations
was in the range of 858±49.1 to 2465±78.3 nm. The liposomal
formulation F-II containing drug/DSPC/cholesterol in the ra-
tio of 1:2:0.5 showed the smallest particle size (858±49.1 nm)
and the largest particle size was observed with formulation F-
V (2465±78.3 nm) containing drug/DMPG/cholesterol in the
ratio of 1:2:0.5. These results indicated that the size of vesicles
formed differs based on the nature of the lipid used in the
formulation. Packing of lipid in the liposome membranes has a
major role on the physical membrane properties such as per-
meability, membrane elasticity, surface charge, and binding
properties of proteins (49). The particle size range (858±49.1
to 2465±78.3 nm) indicates that upon hydration, proliposomal
formulations predominantly resulted in multilamellar lipo-
somes. The advantages of multilamellar liposomes are that
they exhibit high encapsulation efficiency for water-insoluble
compounds and also are known to enhance the lymphatic
transport of drugs (50). Polydispersity index (PDI) gives a
measure of the width of particle size distribution (51). A PDI
greater than 0.1 is considered to indicate a heterogeneous
system. From Table I, it is evident that PDI of the particle
size produced from the proliposomal formulation ranged
from 0.514±0.018 to 0.650±0.024 indicating a polydisperse
system.

Zeta Potential

Formulations having high zeta potential will oppose ag-
gregation and remain stable due to the net charge on the
dispersed particles (52). Zeta potential of the selected
proliposomal formulations is summarized in Table I. The re-
sults indicate that formulation F-II containing tacrolimus/
DSPC/cholesterol has the highest zeta potential (−6.90±2.21)
as compared to the other formulations. The observed negative
potential may be attributed to the negative charge on the
polar head group of the phospholipid. The advantage of such
negative charge is that they may prevent aggregation of vesi-
cles and thus maintain a homogenous suspension (53).

Encapsulation Efficiency

The encapsulation efficiency of the selected formulations
is shown in Fig. 1. The results envisage that encapsulation
efficiency of the proliposomal formulations ranged between
44.8±8.4% and 85.8±7.2%. The encapsulation efficiency is
determined by the physicochemical properties of the drug,
lipid composition, and amount of cholesterol used in the for-
mulation. The results indicated that liposomal formulation F-
II containing drug/DSPC/cholesterol in the ratio of 1:2:0.5
showed the highest encapsulation efficiency (85.8±7.2%) as
compared to other proliposomal formulations. This difference
in entrapment values might be due to the bonding forces
between tacrolimus and phospholipid (head group) with
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varying carbon chain lengths. The increase in the fatty acid
chain length improves the stability of the vesicle membrane
and prevents the expulsion of the drug from vesicles leading to
greater efficiency (49). Formulation F-V containing
drug/DMPG/cholesterol in the ratio of 1:2:0.5 showed the
lowest encapsulation efficiency (44.8±8.4%), and this could
be due to a weak bilayer structure and decreased packaging
space for accommodating the drug molecule which might have
resulted in drug leaking (44). It has been reported that
proliposomes prepared using DSPC and higher molar ratios
of cholesterol demonstrated enhanced stability in acidic pH
(pH 1.2) and bile solution (54). Based on the particle size, zeta
potential, encapsulation efficiency, and proliposomal formula-
tion, F-II was selected for further studies.

Formation of Liposomes

The cryo-TEM images of hydrated proliposomes showed
the presence of multilamellar and oligolamellar vesicles in
polynomial distribution (Fig. 2a, b) correlating with our results
from particle size analysis (Table I).

Differential Scanning Calorimetric Analysis

The DSC thermograms of pure tacrolimus, proliposomal
formulation (F-II), and physical mixture (containing drug,
DSPC, and cholesterol) are depicted in Fig. 3. The reported
phase transition temperature (Tc) of DSPC is in the range 54–
56°C. For tacrolimus, the melting transition appears at 128–
132°C. However, for proliposomal formulation F-II, the endo-
therm peak was found to be broad with a significant shift in
the melting temperature (68–72°C) when compared to pure
tacrolimus and physical mixture, indicating a possible interac-
tion between the DSPC and tacrolimus. This interaction
might be an indication of the changes in the solid state of the
drug from native crystalline to amorphous or molecular state
(1)

Drug Release Study

The in vitro drug release profiles of pure tacrolimus and
proliposomes in purified water are depicted in Fig. 4. After

60 min, the amount of drug released in purified water from
the capsules containing proliposomes was significantly higher
as compared to pure drug. The release of the drug from
proliposomal formulation was 4.6-fold higher as compared
to pure tacrolimus (Fig. 4). The dissolution results were
further assessed by analyzing the MDT using ANOVA to
study the statistical variance (45). The ANOVA analysis of
MDT data of proliposomes (P<0.05, Fcritical =5.3 and
Fcalculated=7.5) demonstrated a significant enhancement in
drug release compared to pure tacrolimus. The enhanced
dissolution with proliposomes may be attributed to the pres-
ence of DSPC in the composition or due to change in the
solid-state property of the drug (55). The similarity factor (f2)
estimated on the dissolution data of proliposomes versus pure
tacrolimus was 11.06 in purified water indicating dissimilarity
between the formulations. Due to the poor solubility of
tacrolimus in purified water, dissolution studies were per-
formed in water to discriminate the dissolution of tacrolimus
from different formulations. In our study, using proliposomes,
we have demonstrated that the dissolution of tacrolimus can
be significantly improved in purified water within 1 h
(P<0.05).

Fig. 1. Encapsulation efficiency of proliposomal formulations

Fig. 2. a Cryo-TEM image showing the multilamellar vesicles of
tacrolimus proliposomal formulation (bar=100 nm). b Cryo-TEM
image showing the oligolamellar vesicles of tacrolimus proliposomal
formulation (bar=100 nm)
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Parallel Artificial Membrane Permeability Assay Studies

PAMPA is an in vitro drug permeability model (noncell
based) that gives information on permeability of drug through
passive transcellular mechanism. The PAMPA model lacks
pores and transporters for drug permeability and a logP
(lipophilicity) of higher value (>3) is a prerequisite for passive
diffusion of drug through the membranes. The effect of
proliposomes on tacrolimus permeability in the PAMPA mod-
el is depicted in Fig. 5. The results show enhanced permeabil-
ity of proliposomes indicating improved passive permeation of
drug across the simulated membrane barrier. The effective
permeability (Pe) values for the pure drug and proliposomal
formulation was found to be 0.9×10−5 and 1.9×10−5 cm/s,
respectively, which indicates that liposomes have shown

higher permeability when compared to pure tacrolimus
(Fig. 5). The ANOVA results further demonstrated that
proliposomes (P<0.05, Fcritical=7.7 and Fcalculated=150.1) sig-
nificantly enhanced the permeability in comparison to pure
tacrolimus. The increased permeability of proliposomes may
be attributed to encapsulation of the drug in the lipid core
which might have resulted in improved passive diffusion (56).

Everted Rat Intestinal Perfusion Studies

In order to confirm the data obtained from in vitro per-
meation studies, an ex vivo rat intestinal perfusion model was
performed. The studies indicated a 4.8-fold increase in the
transport with proliposomal formulation against the pure drug
(Fig. 6). ANOVA analysis indicated that proliposomes
(P<0.05, Fcritical=4.9 and Fcalculated=12.9) significantly in-

Fig. 3. DSC thermograms of pure tacrolimus, physical mixture (drug, DSPC, and cholesterol), and
proliposomal formulation (F-II)

Fig. 4. Comparative dissolution profile of pure tacrolimus and
proliposomes in purified water (n=3, mean±SD)

Fig. 5. PAMPA membrane transport profile of tacrolimus from pure
drug suspension and proliposomes (n=3, mean±SD)
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creased the permeability compared to pure drug. Drug per-
meability across the intestine is the determining factor for
overall absorption of the drug administered orally. The esti-
mation of drug transport using everted rat intestine has been
extensively studied and reported to be an excellent model for
predicting the drug transport across the intestinal membrane
(57).

The everted rat intestinal perfusion studies showed that
the amount of drug perfused across the serosal membrane
increased exponentially over time as compared to pure tacro-
limus. The increased concentration across serosal membrane
clearly indicates that the proliposomal formulation showed
improved passive diffusion as compared to pure tacrolimus.
The increased permeation of the drug with the proliposomes
may be due to the increased dissolution of the drug to perme-
ate across the membrane.

The Peff,Ka, and ER of pure drug and proliposomes were
estimated and the results were summarized in Table II. The
estimated Peff values for pure drug and proliposomes were
3.20±0.25×10−6 and 5.15±0.43×10−6 cm/s, respectively. The
higher Peff for tacrolimus from proliposomes in comparison to
pure drug demonstrated the potential for overcoming the
membrane barriers of the GI tract and facilitating the absorp-
tion of tacrolimus. The rate of absorption, Ka, for
proliposomes was 4.2-fold higher compared to the pure tacro-
limus. An ER value greater than 1 generally indicates an
improved permeation (44), and in our investigation,
proliposomal formulation has an ER value higher than 1
which indicates the role of proliposomes as carriers for im-
proving the oral bioavailability of drugs with poor solubility.

PAMPA provides an estimate transcellular diffusion of
the drug across lipid bilayers (58) and is considered to be a
passive absorption model since it is an artificially prepared
membrane and does not contain cellular tight junctions and
transporters, whereas the rat intestinal perfusion model com-
prises various influx and efflux transporters or paracellular
pores for effective transportation of the drug across the mem-
branes. In vitro transport studies in PAMPA and everted rat
intestinal perfusion models revealed that liposomal formula-
tion showed increased permeability of tacrolimus. The en-
hanced in vitro drug permeability appears to be due to the
combined effect of improved dissolution and increased uptake
of liposomes through intact cell membranes. It has been re-
ported that small polar molecules are permeated across the
intestinal barriers predominantly through the paracellular
pathway (59). The transport of drugs from this route is con-
trolled by the tight cell junctions; therefore, widening of these
tight junctions may provide a path to improve paracellular
transport (60). Cholesterol and bile salts are reported to facil-
itate the uptake of drugs transported through the transcellular
route (61).

Pharmacokinetic Study

Formulating tacrolimus into proliposomes resulted in an
improved in vitro dissolution and in vitro permeation. To
confirm these findings, in vivo pharmacokinetic studies were
conducted in male SD rats. The mean plasma concentration
versus time profiles of tacrolimus after oral administration of

Fig. 6. Everted rat intestinal perfusion profile of tacrolimus from pure
drug suspension and proliposomes (n=3, mean±SD)

Table II. In Situ Parameters of Tacrolimus from Pure Drug Suspension and Proliposomal Formulations Across the Rat Intestine (Mean±SD;
n=3)

Formulation Peff (cm/s)×10−6 (mean±SD) Ka (h
−1) (mean±SD) ER (mean±SD)

Pure drug suspension 3.20±0.25 0.017±0.002 –
Proliposomes 5.15±0.43 0.071±0.004 1.59±0.41

Peff effective permeability coefficient, Ka absorption rate constant, ER enhancement ratio

Fig. 7. Mean plasma concentrations of tacrolimus following oral ad-
ministration of pure drug suspension and proliposomes to male SD

rats (n=5, mean±SD)
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proliposomes and pure drug suspension at a dose of 10 mg/kg
are depicted in Fig. 7. The pharmacokinetic parameters ob-
tained from the study are summarized in Table III. The results
indicate that Tmax from pure tacrolimus formulation was 0.75
±0.12 h, whereas for proliposomes, it was 2.10±0.68 h. The
Cmax of proliposomes was 2.50-fold higher as compared to
pure tacrolimus. The t1/2 of pure tacrolimus and proliposomal
formulations was 26.90±2.42 and 17.33±3.18, respectively.
The decrease in t1/2 of proliposomal formulation indicates less
accumulation of the drug that may result in reduced toxicity
compared to pure tacrolimus. The systemic exposure (AUC0–

24) of proliposomes and pure tacrolimus suspension was
601.63±92.42 and 1163.14±221.78 ng/mL/h, respectively,
showing nearly a 2-fold increase for proliposomes in compar-
ison to pure tacrolimus suspension. This increase in the overall
exposure of the proliposomal formulation correlates with the
increase in their relative bioavailability, which was 193.33%.

The increased Cmax observed with proliposomal formula-
tion further substantiates the in vitro and ex vivo findings. The
delay in Tmax with the proliposomal formulation (2.10 h) when
compared to pure tacrolimus (<1 h) may be attributed to the
time taken for the release of the drug from the multilamellar
or oligolamellar liposomes. The increased AUC0–24 by
proliposomes indicates improved absorption of tacrolimus
from the GI. The in vivo pharmacokinetic results confirm
our in vitro findings that by formulating proliposomes, we
can deliver the drug in a well-dispersed form in the upper
GI, to enable rapid absorption of the drug from the site. The
in vivo pharmacokinetic results revealed that there is a poten-
tial for improving the dissolution of tacrolimus by formulating
as proliposomes, thereby enhancing the transportation across
the intestinal membrane. In addition, the increased lipophilic-
ity of the encapsulated drug may also further influence the
absorption of the drug in vivo.

The improved pharmacokinetic performance of tacroli-
mus proliposomes may be attributed to the enhanced absorp-
tion of tacrolimus from the liposomes. In addition, lymphatic
uptake of the drug bypassing the first-pass metabolism in the
GI might also have resulted in increased bioavailability. The
study results indicate that by designing an optimal formula-
tion, the oral bioavailability of tacrolimus can be improved
which may further translate into reduced dose and dose-
related toxicity.

Formulation Stability

The stability results of the selected proliposomal formu-
lation stored at room temperature (25°C) and refrigerated (5±
3°C) conditions are summarized in Table IV. There were no
significant changes observed in the particle size distribution
and drug content values indicating the stability of the devel-
oped formulation on storage at room temperature and refrig-
erated conditions.

CONCLUSIONS

The present investigation reports the development of
proliposomal formulation for a poorly bioavailable drug,
tacrolimus. The developed formulation showed a signifi-
cant increase in drug release as compared to the pure
tacrolimus under the same conditions. The in vitro trans-
port studies in PAMPA and everted rat intestine perfusion
models revealed a significant enhancement in drug perme-
ation. The in vivo pharmacokinetic results are promising
and convincing in demonstrating the improved oral bio-
availability of tacrolimus using proliposomes. Further,
studies are warranted to establish the proof of concept
and clinical relevance of the developed formulation.

Table III. Pharmacokinetic Parameters of Tacrolimus Suspension and Proliposomal Formulations (Mean±SD; n=5)

PK parameters Pure drug suspension (mean±SD) Proliposomal Formulation (mean±SD)

Tmax (h) 0.75±0.12 2.10±0.68
Cmax (ng/mL) 57.02±0.25 154.75±31.04
AUC0–24 (ng/mL/h) 601.63±92.42 1163.14±221.78
t1/2 (h) 26.90±2.42 17.33±3.18
Relative bioavailabilitya (%) – 193.33

PK pharmacokinetic, Tmax time to maximum plasma concentration, Cmax maximum concentration, AUC area under the curve, t1/2 half-life
aRelativebioavailability ¼ AUCproliposomes½ �. AUCpure drug suspension

� 	
*100

Table IV. Stability Results of Proliposomal Formulations

Time (months) Proliposomes

Particle size (nm) Assay (%)

25°C/60% RH 5±3°C 25°C/60% RH 5±3°C

Initial 858.2±49.1 98.6±2.1
0.5 886.1±72.8 882.4±72.2 98.6±1.6 98.1±1.9
1 894.7±81.3 891.4±52.1 97.2±2.8 97.1±1.1
3 906.5±68.2 896.4±62.4 96.1±1.3 98.1±1.5

RH relative humidity
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