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a  b  s  t  r  a  c  t

A  mathematical  model  has  been  developed  to predict  the  encapsulation  efficiency  of  hydrophilic  drugs
in  unilamellar  liposomes,  and will  be useful  in formulation  development  to rapidly  achieve  optimized
formulations.  This  model  can  also  be used  to compare  drug  encapsulation  efficiencies  of  liposomes  pre-
pared via  different  methods,  and  will  assist  in  the  development  of  suitable  process  analytical  technologies
to  achieve  real-time  monitoring  and  control  of  drug  encapsulation  during  liposome  manufacturing  for
hydrophilic  molecules.  Liposome  particle  size  as  well  as size  distribution,  lipid  concentration,  lipid  molec-
ular surface  area,  and  bilayer  thickness  were  used  in  constructing  the  model.  Most  notably,  a  Log-Normal
probability  function  was  utilized  to  account  for  sample  particle  size  distribution.  This is  important  to
avoid  significant  estimation  error.  The  model-generated  predictions  were  validated  using  experimental
results  as  well  as  literature  data,  and  excellent  correlations  were  obtained  in  both  cases.  A  Langmuir  bal-
angmuir balance
og-Normal distribution

ance  study  provided  insight  regarding  the  effect  of  media  on  the  liposome  drug  encapsulation  process.
The  results  revealed  an  inverse  correlation  between  media  ionic  strength  and  lipid  average  molecular
area,  which  helps  to explain  the  phenomenon  of inverse  correlation  between  media  ionic  strength  and
drug  encapsulation  efficiency.  Finally,  a web  application  has  been  written  to  facilitate  use  of the  model
allowing  calculations  to be  easily  performed.  This  model  will  be  useful  in  formulation  development  to
rapidly  achieve  optimized  formulation.
. Introduction

Encapsulation of hydrophilic active pharmaceutical ingredients
APIs) into liposomes presents unique challenges during formu-
ation design and processing. Due to the high aqueous solubility
f hydrophilic drugs, they are dissolved in the external aqueous
hase during liposome preparation, and become entrapped in the
queous compartment(s) within the formed liposomes. The pro-
ortion of the drug that is entrapped within liposomes is difficult to
redict and may  depend on the preparation method, the lipid con-
entration, the media conditions, as well as the liposome size and
amellarity. Typically, liposomes are formed upon hydration of a dry
ipid film (Bangham and Papahadjopoulos, 1966; Bangham et al.,

965), upon precipitation of lipids (Du and Deng, 2006; Jahn et al.,
007; Kremer et al., 1977), or upon adsorption of dissolved lipids at

iquid interfaces (Peschka et al., 1998; Szoka and Papahadjopoulos,
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1978). Depending on their hydrophilicity or hydrophobicity, drugs
can either be dissolved in the aqueous medium (hydrophilic) or be
dispersed in the lipids (hydrophobic). This manuscript focuses on
the encapsulation of hydrophilic molecules, where encapsulation
efficiencies are usually very low.

The earliest liposome preparation method (film hydration) uti-
lizes passive diffusion of hydrophilic molecules into the inner
aqueous compartment of the liposomes during the vesicle for-
mation process (Bangham et al., 1965). However, because of
the presence of large amounts of external aqueous medium,
very little drug content can be encapsulated (Szoka and
Papahadjopoulos, 1978). To improve the encapsulation efficiency
of hydrophilic molecules inside liposomes, various preparation
procedures have been developed, such as reverse phase evapo-
ration (Cortesi et al., 1999; Szoka and Papahadjopoulos, 1978),
dehydration–rehydration of preformed empty liposomes (Grant
et al., 2001; Simıes et al., 2005; Zadi and Gregoriadis, 2000),
and freeze–thaw cycling (Mayer et al., 1985). However, lack
of understanding of the preparation process as well as inad-
equate reporting make it extremely difficult to compare the
encapsulation efficiency values obtained from different prepa-

ration methods, and may  even lead to biased conclusions in
some cases. It is therefore very important to understand the
basic principles behind liposome preparation processes, and
more specifically the factors that govern the drug encapsulation
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All measurements were conducted at 25 ◦C and it was  assumed
that the suspensions had similar viscosities to that of water at the
X. Xu et al. / International Journal

rocess. With such knowledge, it may  be possible to establish
ommon ground for comparison of various preparation methods,
nd more importantly to improve drug encapsulation efficiency
or hydrophilic molecules. In addition, it would be desirable to
redict drug encapsulation for a given formulation and process
efore conducting any experiments, as this would have signifi-
ant cost-saving benefits. Therefore, it is the goal of the current
ork to develop a mathematical model linking formulation specific
arameters with product quality attributes (i.e. drug encapsulation
fficiency). Such a predictive mathematical model will facilitate
nderstanding of the product design space, as well as assist in
he development of appropriate process analytical technologies
PAT) (Yu, 2008).

It should be noted, that in addition to passive drug encapsu-
ation, pH induced trans-membrane transport of the drug (also
nown as the pH remote loading technique) has also been devel-
ped (Lasic et al., 1995, 1992). The most successful example of this
echnique is the commercial product Doxil®, which can encapsu-
ate as much as 95% of the drug into liposomes. However, this active
oading approach is only effective for a relatively small group of

olecules where the diffusion of the unionized drug molecules is
ependent on the pH conditions, and does not apply to all drug
andidates (such as nucleic acids, peptides, and enzymes). Hence,
t is not suitable for molecules lacking an amine group or larger

olecules (such as peptides and proteins). Under these circum-
tances, passive encapsulation is still the best available method,
espite being less effective in terms of encapsulation. The current
anuscript focuses on the passive drug loading process, and the

roposed model provides accurate prediction of the percentage of
rug encapsulation for most hydrophilic molecules prepared via
he various passive loading techniques (including direct hydra-
ion, reverse phase evaporation, and organic solvent injection

ethod as long as the model assumptions are met  as detailed
n Appendix A).

To predict the percentage of water-soluble drugs inside small
nilamellar liposomes, a simple mathematical method has been
reviously reported (Szoka and Papahadjopoulos, 1978). However,

n the simple model it was assumed that all liposome particles
re of exactly the same size, which is an over simplification as
ost samples are heterogeneous in size. While this previous model

s suitable for approximation purposes, it is incompetent for the
urpose of product quality control, which requires a more accu-
ate and predictive tool. In addition, because this simple model
nderestimates the effect of particle size distribution on drug
ncapsulation, the model cannot provide a satisfactory explana-
ion regarding the relationship between the solution ionic strength
or media type), lipid molecular area, and drug encapsulation effi-
iency (Colletier et al., 2002; Szoka and Papahadjopoulos, 1978).
t is a hypothesis of the current work that this relationship is
ue to changes in the lipid polar head group surface area in
he presence of various media conditions. Hence a quantitative

easure of surface area changes under different media condi-
ions, could potentially confirm the underlying mechanism of

edia effect on drug encapsulation efficiency, using the proposed
odel.
In this manuscript, a mathematical model was devel-

ped and software was written to predict the encapsulation
f hydrophilic APIs in liposomes. Experimentally, Tenofovir
iposome formulations were prepared and their drug encap-
ulation efficiency values were compared with the model
redicted values. Tenofovir is a nucleotide reverse-transcriptase

nhibitor (NRTI), and is highly water soluble. Lastly, litera-
ure reported drug encapsulation efficiency values were used
o demonstrate the feasibility of applying the model to pre-

ict encapsulation for liposomes containing other hydrophilic
PIs.
rmaceutics 423 (2012) 410– 418 411

2. Materials and methods

2.1. Materials

Tenofovir was  purchased from Resource Technique Cor-
poration (Laramie, Wyoming). HEPES sodium salts, Triton
X-100, were purchased from Sigma–Aldrich (St. Louis,
MO). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-
3-trimethylammonium-propane (chloride salt) (DPTAP) and
cholesterol were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Chloroform, acetonitrile and methanol were
purchased from Fisher Scientific (Pittsburgh, PA). Ultracel YM-50
centrifugal devices (50 kDa) were purchased from Millipore (Bil-
lerica, MA). PD-10 desalting columns (SephadexTM G-25) were
purchased from GE Healthcare (Piscataway, NJ). NanopureTM

quality water (Barnstead, Dubuque, IA) was  used for all studies.

2.2. Experimental methods

2.2.1. Preparation of Tenofovir liposomes
All the liposome formulations were prepared using a modi-

fied thin-film hydration method. Briefly, the desired amount of
lipids was  weighed into a 50 ml  pear-shaped flask and ∼2 ml  of
chloroform was  added to dissolve the lipids. The chloroform was
then evaporated under vacuum at room temperature for 2 h, after
which the flask was  kept under vacuum overnight to completely
remove any residual solvent. Encapsulation of Tenofovir into lipo-
somes was accomplished during the hydration step where dry
lipids were hydrated with 10 mM pH 7.4 HEPES buffer or 10 mM
pH 7.4 phosphate buffer (containing the desired amount of drug)
at 65 ◦C for 2 h (vortexed for 30 s every 30 min). After hydration,
1 min  of sonication (80 W)  was applied to break down bigger par-
ticles. Subsequently, the samples underwent several freeze–thaw
cycles (10 min  at −196 ◦C and 10 min  at 65 ◦C) to facilitate encap-
sulation of the drug (30 s vortexing between cycles). The samples
were subsequently put into a LIPEX extruder (Northern Lipids Inc.,
Canada) and passed through a stack of polycarbonate membranes
with defined pore sizes to obtain liposomes with the desired par-
ticle size characteristics. Finally, the liposomes were purified using
two  PD-10 gel columns to remove any free drug.

2.2.2. Determination of encapsulation efficiency (EE%)
10 �L of prepared liposomes (before purification) were with-

drawn and diluted with 2 ml  buffer (n = 3). 500 �L of this diluted
solution was placed into an Ultracel YM-50 centrifugal device
(50 kDa MWCO) and centrifuged at 13,000 rpm for 12 min. The fil-
trate was collected to determine the free drug concentration (CFree).
To assess the total drug concentration (CTotal), 1 ml  of the same
diluted solution was mixed with 200 �L of 6% (v/v) Triton X-100 and
the mixture was kept at 65 ◦C for 10 min  to disrupt all the vesicles.
Both CFree and CTotal were assessed using HPLC. The encapsulation
efficiency was  calculated as:

EE% =
(

1 − CFree

CTotal

)
× 100 (1)

2.2.3. Particle size analysis
Particle size analysis was conducted using a Malvern ZS90 zeta-

sizer. Prepared liposome formulations were diluted at least 50
times to obtain liposome suspensions that were below 0.5 mg/ml.
same temperature (� = 0.89 cP). All measurements were performed
in triplicate.



412 X. Xu et al. / International Journal of Pharmaceutics 423 (2012) 410– 418

F zes di
a

2

s
o
i
(
i
v
o
O
a
m
o
t
w
a
t
a
f
1
E
t

3

3

w
l
m
i
t
t
l
t
l
s
a
m
t
t
e

y

ig. 1. Schematic drawing of a unilamellar vesicle (right) and vesicles of various si
rea;  2ri , mean particle size; vi , internal volume; V2, external volume.

.2.4. Measurement of lipid molecular surface area
A Langmuir mini-trough (KSV instrument) was used in this

tudy to measure the lipid molecular surface area. The effect
f media condition on lipid molecular surface area was  stud-
ed for two groups of lipids: (1) a mixture of three lipids
DSPC:cholesterol:DPTAP in 6:3:2 molar ratio) and (2) three lipids
ndividually (DSPC, cholesterol, and DPTAP). The lipids (either indi-
idually or as a mixture) were dissolved in chloroform and spread
ver the surface of the sub-phase using a 50 �L micro-syringe.
nce the lipid was pipetted onto the surface, the chloroform was
llowed to evaporate, approximately 10 min, before initiating the
ovement of the barrier using software. Lipid molecular area was

btained by extrapolating the solid phase isotherm (linear region)
o the x-axis (molecular area). Nine different media (sub-phases)
ere tested for the lipid mixture. These include: DI water, 10 mM

nd 20 mM pH 7.4 HEPES buffer, 10 mM pH 7.4 HEPES buffer con-
aining 5 mg/ml  Tenofovir, 5 mM and 20 mM NaCl solution, as well
s 10 mM,  50 mM,  and 100 mM pH 7.4 phosphate buffer. Three dif-
erent media were used for testing the individual lipids: DI water,
0 mM pH 7.4 HEPES buffer, and 10 mM  pH 7.4 phosphate buffer.
ach test was performed in triplicate except for the sub-phase con-
aining Tenofovir due to the cost of this material.

. Results and discussion

.1. Development of the mathematical model

For simplicity, the model proposed in this manuscript deals
ith spherical unilamellar liposomes (with only one membrane

ayer separating the internal aqueous compartment and the outer
edium) as shown in Fig. 1. Since hydrophilic drug is encapsulated

nside the inner aqueous compartment of these liposomes, one can
heoretically calculate the drug encapsulation efficiency (EE%) if
he internal volume information (or volume distribution across the
iposome bilayer) is known. As shall be demonstrated below (refer
o Appendix A), the liposome internal volume is directly corre-
ated to liposome particle size, size distribution, lipid molecular
urface area, lipid concentration and bilayer thickness. These vari-
bles can be measured (e.g. sample particle size and distribution,
olecular surface area) or can be easily obtained from the litera-

ure (e.g. bilayer thickness). Hence, it should be possible to calculate

he internal volume of liposomes of various sizes and predict drug
ncapsulation efficiency.

Typically, lipid bilayer thickness can be measured via X-ray anal-
sis (Lewis and Engelman, 1983), neutron scattering (Lemmich
stributed in sample medium (left). d, bilayer thickness; a, average lipid molecular

et al., 1996), or NMR  techniques (lpsen et al., 1990) due to the
presence of highly ordered trans-bilayer profiles within the lipid
bilayers. The thickness of a lipid bilayer is affected by four factors:
(1) the length and degree of saturation of the fatty-acid chains:
the longer the fatty-acid chains and the more saturated they are,
the thicker the bilayer will be. (2) The hydration state of the lipid
head groups: the less hydrated the thicker the bilayer will be,
because dehydration causes the head groups as well as the chains
to get closer together and stretch out. (3) The temperature: the
higher the temperature, the thinner the bilayer, especially during
the gel–liquid phase transition. (4) The presence of cholesterol:
at temperatures below the phase transition temperature choles-
terol has a negative impact on lipid bilayer thickness, while at
higher temperatures it has a positive correlation with lipid bilayer
thickness. Despite the fact that these four factors do contribute
significantly to the thickness variation of liposomes, their effect
on drug encapsulation efficiency is only marginal. It has been
demonstrated using an excel program that a 1.2 nm increase in
bilayer thickness would only decrease the EE% by 0.73% (refer
to the excel program in Supplementary Material), and this is not
statistically significant compared with the other factors. Hence, lit-
erature reported values could be used for the purposes of these
calculations. Bilayer thickness information for lipids with fatty acid
chains of 14–18 carbons is summarized in Table 1. Note that all
the reported bilayer thickness values are mostly for individual
lipids. However, in most liposome formulations, mixtures of two
or more lipid components are normally used. Therefore, for cal-
culation purposes, in this study only the main lipid component
thickness information was  used. For example, for a liposome for-
mulations containing DSPC:cholesterol:DPTAP = 6:3:2, the bilayer
thickness of DSPC (5.1 nm)  was used.

As shown in Eq. (10) (Appendix A), the obtained model for drug
encapsulation efficiency is a function of four material and formula-
tion specific parameters (ri, d, c, a), and with the help of a computer
program one can easily calculate the EE%. As an example, a web
application was  written to facilitate the calculation of drug encap-
sulation (www.LiposomeModel.com) and various parameters were
measured and used in the above equations to calculate the EE%. As
shown in Fig. 2, the particle size of the liposomes in the example
is 155.8 ± 19.4 nm as determined by dynamic light scattering. The
bilayer thickness is set to 5.1 nm (Table 1) and the average molecu-

lar area is 37.56 Å2 (or 0.3756 nm2) as determined using a Langmuir
balance. The total sample volume is 3 ml  and the lipid concentra-
tion is 120 mM.  The obtained result shows that out of a 3 ml  sample,
only 0.964 ml  is internal volume, which gives an EE% value of 32.13%

http://www.liposomemodel.com/
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Table 1
Summary of lipid bilayer thickness data for various lipids.

Lipid Carbon number Tm (◦C) Bilayer thickness (nm) Method Condition Reference

DSPC 18 55 5.1 ± 0.3 Refractive Index 21 ◦C Marra and Israelachvili (1985)
5.15  ± 0.1 X-ray 60 ◦C Lewis and Engelman (1983)

DPPC 16 41 4.6 ± 0.3 Refractive Index 21 ◦C Marra and Israelachvili (1985)
4.8  ± 0.1 X-ray 44 ◦C Lewis and Engelman (1983)
4.8  X-ray 20 ◦C Nagle and Tristram-Nagle (2000)
3.9  X-ray 50 ◦C Nagle and Tristram-Nagle (2000)

DMPC  14 23 3.8 ± 0.3 Refractive index 30 ◦C Marra and Israelachvili (1985)
3.7  X-ray 30 ◦C Nagle and Tristram-Nagle (2000)
4.2  ± 0.3 Refractive index 16 ◦C Marra and Israelachvili (1985)

DSPG  18 53.6 5.28 ± 0.04 Small angle X-ray scattering pH 7.4, room temperature Pabst et al. (2008)
DPPG 16 40.2 5.02 ± 0.04 Small angle X-ray scattering pH 7.4, room temperature Pabst et al. (2008)
DMPG  14 22.4 4.84 ± 0.04 Small angle X-ray scattering pH 7.4, room temperature Pabst et al. (2008)
DPPS  16 5.2 ± 0.8 AFM Zhang et al. (2009)
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5.55  ± 0.01 X-ray 

DPTAP 16 45.4 4.0 AFM 

SOPC 18 −14 4.9 ± 0.1 X-ray 

he experimental result is 32.5 ± 1.5% as shown in Table 3. The sig-
ificance of the developed model is that a probability function (P)

s introduced into the calculation for the first time, permitting a
ore accurate prediction of drug encapsulation efficiency. It is well

nown that larger vesicles have much higher internal volume than
maller vesicles (∼r3). This results in the larger vesicles being able to
ccommodate more drug than their smaller counterparts. In a lipo-
ome formulation, there exists a distribution of sizes around the
ean particle size (typically a Log-Normal distribution for parti-

les that have undergone extrusion or sonication). Therefore, if not
sing this parameter, significant error would occur in predicting
he drug encapsulation efficiency.

In addition, an excel program was developed to demonstrate
he statistical significance of each of the four parameters, i.e.
article size, bilayer thickness, lipid molecular area, and lipid con-
entration. The distribution value was fixed at 20% of the mean
article size value. This is very similar to a typical factorial design
ut only it is simulated without performing any experiments.
ach of the four factors has 4 different levels covering the usual
ange of formulation conditions. For example, the particle size has
00 nm,  130 nm,  160 nm,  and 190 nm;  the bilayer thickness has

 nm,  4.4 nm,  4.8 nm,  and 5.2 nm;  the lipid molecular area has
.36 nm2, 0.39 nm2, 0.42 nm2, and 0.45 nm2; the lipid concentra-
ion has 50 mM,  80 mM,  110 mM,  and 140 mM.  This resulted in a

otal of 256 possible combinations. After testing them in the math-
matical model, it was discovered that out of the four parameters,
ipid bilayer thickness has the least statistical significance on the

ig. 2. Program interface for prediction of the liposome drug encapsulation effi-
iency (www.LiposomeModel.com).
pH 3.7 Fanucci et al. (2001)
Mckiernan et al. (2008)

20 ◦C Lewis and Engelman (1983)

drug encapsulation efficiency (P > 0.05) while all the other three
factors contribute significantly toward the drug encapsulation pro-
cess.

3.2. Media effect on lipid molecular surface area

Among the four variables identified in Eq. (10), lipid molecular
surface area is a key parameter that is sensitive to environmental
changes. For example, the lipid area may  change under different
media ionic strength conditions since most lipids are ionic in nature
(negative, positive or zwitterions). Therefore, it is crucial to exper-
imentally determine the lipid molecular area and use this value
in the mathematical model to predict potential changes in drug
encapsulation efficiency as a result of changing the liposome prepa-
ration medium. To accomplish this, a Langmuir mini-trough was
used for this purpose and the results are summarized in Table 2.
As mentioned earlier, due to the ionic nature of most lipids, dif-
ferent buffer systems may  affect the head group size of the lipids
differently, which may  or may  not change the drug encapsulation
efficiencies. To address this question, the effect of various media on
lipid molecular surface area was studied, for both the lipid mixture
and the individual lipids.

For the lipid mixture, in the presence of HEPES buffer, the lipid
molecular surface area increased significantly (∼3 Å2) as compared
to that in the DI water (Table 2). Addition of 5 mg/ml of Tenofovir
and doubling of the HEPES buffer concentration both caused a slight
decrease in the molecular area. Replacing the HEPES buffer system
with phosphate buffer resulted in a significant decrease in the lipid
molecular area. However, it is interesting to note that increase in
the ionic strength of the inorganic buffer had no effect on the lipid
molecular area but only on the inter-molecular pressure (Fig. 3) at
intermediate distance (approximately 40–80 Å2 in terms of inter-
molecular area or 6.4–9 Å in terms of distance).

Regardless of the medium used, all of the individual lipids exhib-
ited a larger molecular surface area than the mixtures as shown
in Table 2. This may  be attributed to the following: (1) packing
of molecules of different sizes results in a smaller void area, and
hence tighter packing and (2) the presence of cholesterol in the mix-
ture contributes to a tighter packing due to the compression effect.
Various media conditions had very different effects on these indi-
vidual lipid molecular areas. Changing the medium from DI water
to 10 mM phosphate buffer resulted in a significant decrease in the
surface area of DPTAP (P < 0.05), while the surface area of the other

two  lipids remained almost the same. On the other hand, a change
of medium from DI water to 10 mM HEPES buffer resulted in a slight
increase in the molecular surface area of cholesterol and DSPC, but
not that of DPTAP.

http://www.liposomemodel.com/
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Table  2
Molecular surface area of the lipid mixture and individual lipids in various sub-phases at 25 ◦C.

Lipid sample Sub-phase Mol  area (Å2)

DSPC:cholesterol:DPTAP, 6:3:2 DI water 36.92 ± 0.37
DSPC:cholesterol:DPTAP, 6:3:2 10 mM 7.4 HEPES 39.76 ± 0.56
DSPC:cholesterol:DPTAP, 6:3:2 10 mM HEPES with 5 mg/ml  Tenofovir 39.13
DSPC:cholesterol:DPTAP, 6:3:2 20 mM HEPES 38.79 ± 0.62
DSPC:cholesterol:DPTAP, 6:3:2 5 mM NaCl 37.81 ± 0.81
DSPC:cholesterol:DPTAP, 6:3:2 20 mM NaCl 37.28 ± 0.72
DSPC:cholesterol:DPTAP, 6:3:2 10 mM phosphate 37.56 ± 0.35
DSPC:cholesterol:DPTAP, 6:3:2 50 mM phosphate 37.64 ± 0.10
DSPC:cholesterol:DPTAP, 6:3:2 100 mM phosphate 37.65 ± 0.45
DSPC DI water 50.00 ± 0.34
DSPC 10 mM HEPES 51.15 ± 0.16
DSPC  10 mM phosphate 50.09 ± 0.19
Cholesterol DI water 37.62 ± 0.73
Cholesterol 10 mM HEPES 39.85 ± 0.39
Cholesterol 10 mM phosphate 37.94 ± 0.09

t
i
l
w
d
t
h
g
s
D
p
p
a
a
a
a
t
q
t
o
d
a
h
i
i

F
m

DPTAP DI water 

DPTAP  10 mM HEPES 

DPTAP 10 mM phosphate

To explain the phenomenon observed above, it is necessary
o understand the various forces involved in these systems. It
s well known that the following forces may  be present at the
ipid/aqueous interface: hydrophobic, hydration, electrostatic as

ell as van der Walls forces. Among them, hydrophobic and van
er Walls forces are attractive in nature, while hydration and elec-
rostatic forces are normally repulsive. Of the two  repulsive forces,
ydration forces are short-range force (operating between the head
roups at a distance of a few water molecules) while electro-
tatic interaction is relatively long range. For the positively charged
PTAP used in this study, a bigger head group may  form in the
resence of a larger counter ion (e.g. HEPES ion compared with
hosphate ion) and hence cause an increase in the lipid molecular
rea. On the other hand, for neutral lipids as well as cholesterol,
s the concentration of the buffer increases, the ionic strength
lso increases, which inversely reduces the lipid molecular surface
rea due to shrinking of the hydration sphere (lipid head group
ogether with tightly bound immobile water molecules). Conse-
uently, addition of 5 mg/ml  Tenofovir (ionized drug) or increasing
he buffer concentration both decreased the molecular surface area
f the lipid mixture. Further increase in the medium ionic strength
id not significantly reduce the molecular surface area (Table 2
nd Fig. 4). The combination of these two effects is believed to

ave resulted in the observation of a slightly higher surface area

n HEPES buffer and an inverse correlation between the medium
onic strength and the surface area.

ig. 3. Langmuir isotherm of the lipid mixture (DSPC:cholesterol:DPTAP, 6:3:2
olar ratio) in various sub-phases (25 ◦C).
56.78 ± 0.48
57.04 ± 0.88
53.54 ± 0.69

The significance of these findings lies in the fact that they can
help to explain how media conditions affect drug encapsulation
efficiencies. For example, for Tenofovir liposomes prepared using
DSPC:cholesterol:DPTAP (6:3:2 molar ratio) at a concentration of
120 mM/L, a change in the preparation media from 10 mM pH 7.4
phosphate buffer to 10 mM pH 7.4 HEPES buffer resulted in an
increase in the drug encapsulation efficiency by ∼4% (Table 3). This
can be attributed partly to a change in the lipid molecular area (from
37.56 Å2 in phosphate buffer to 39.76 Å2 in HEPES buffer). Of course,
it should be noted that the decrease in the drug encapsulation effi-
ciency in this example is not solely caused by the surface area
change, since the particle size of the formulation also decreased
slightly.

3.3. Evaluation of the mathematical model

To test the mathematical model, experimentally obtained drug
encapsulation efficiency values as well as literature reported values
were compared with the model-generated results. Using Tenofovir
as a model compound, various liposome formulations were pre-
pared. To ensure that the prepared liposomes are unilamellar and
hence satisfy the assumptions of the model, several techniques
were used. These include sonication, freeze–thaw cycles, and extru-

sion repeatedly through a stack of filters with uniform pore size.
As shown in various publications (Hope et al., 1986; Szoka et al.,
1980), after the extrusion most of the vesicles should be unilamel-
lar. For all the formulations, sample particle sizes as well as size

Fig. 4. Effect of buffer ionic strength on the Langmuir isotherm of the lipid mixture
(DSPC:cholesterol:DPTAP, 6:3:2 molar ratio) at 25 ◦C.
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Table 3
Comparison of model predicted EE% with experimental data.

Drug conc. (mg/ml) Lipid conc. (mM)  Buffer Particle size
(distribution) (nm)

Area (nm2) Bilayer
thickness (nm)

Model
prediction (%)

Experimental
EE (%)

0.5 30 10 mM pH 7.4 HEPES 147.4 (30.7) 0.3976 5.1 8.66 9.2 ± 1.4
2.5  76.45 10 mM pH 7.4 HEPES 153.6 (25.0) 0.3976 5.1 22.02 24.3 ± 1.9
1  76.45 10 mM pH 7.4 HEPES 111.9 (17.5) 0.3976 5.1 15.15 14.9 ± 1.9
1  76.45 10 mM pH 7.4 HEPES 157.4 (30.5) 0.3976 5.1 23.37 29.0 ± 1.8
6.9  49.04 10 mM pH 7.4 HEPES 163.5 (32.7) 0.3976 5.1 15.76 14.4 ± 2.1
1  49.04 10 mM pH 7.4 HEPES 166.9 (35.6) 0.3976 5.1 16.38 21.7 ± 1.8
0.5  95 10 mM pH 7.4 HEPES 131.0 (34.4) 0.3976 5.1 25.85 29.1 ± 1.3
0.5  95 10 mM pH 7.4 HEPES 170.6 (36.8) 0.3976 5.1 32.61 35.5 ± 1.9
1  152.9 10 mM pH 7.4 HEPES 162.1 (39.3) 0.3976 5.1 51.34 45.7 ± 1.7
1  120 10 mM pH 7.4 HEPES 169.4 (15.9) 0.3976 5.1 36.68 36.5 ± 2.0
1  120 10 mM pH 7.4 Phosphate buffer 155.8 (19.4) 0.3756 5.1 32.13 32.5 ± 1.5
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istributions were determined by dynamic light scattering, aver-
ge lipid surface areas were measured using a Langmuir balance,
nd membrane thickness values were obtained from the litera-
ure (Table 1). All the information was input into the software and
he results are shown in Table 3. A very good correlation between
he experimental and predicted values was obtained (r2 = 0.933) as
hown in Fig. 5. Note that the buffer effect on drug encapsulation
fficiency can be predicted if the changes in the lipid molecular
urface area can be accurately measured.

The feasibility of applying the developed model to other small
nilamellar vesicles (SUVs) or large unilamellar vesicles (LUVs)
ontaining water-soluble agents was also evaluated, and the results
re summarized in Table 4. Note that only limited information could
e obtained from the literature data (such as particle size and lipid
oncentration), other information was approximated (such as lipid
olecular area and bilayer length). In some cases where no dis-

ribution data were reported, it is assumed that the distribution is
bout 20% of the mean particle size value. This is a very typical of a
nimodal size distribution. As shown in Fig. 6, a very good correla-

ion was obtained between the reported and predicted values.

It is interesting to note that the developed model can make very
ccurate predictions for liposome formulations prepared via differ-
nt processing methods. Most notably, accurate predictions were

ig. 5. Comparison of model predicted drug encapsulation efficiency values with
xperimental data for Tenofovir liposomes. All the formulations were prepared
sing a modified thin-film hydration method and all the data are summarized in
able 3.
observed for liposomes prepared via the reverse phase evaporation
method (Szoka and Papahadjopoulos, 1978). As mentioned by the
authors (Szoka and Papahadjopoulos, 1978), a typical formulation
should contain ∼66 �mol  lipid in 1 ml  aqueous medium mixed with
3 ml  organic solvent to form a w/o  emulsion. After evaporation of
the organic solvent, phase inversion occurs following which LUVs
form. At this point in the processing the lipid concentration is very
high (≥66 �mol/ml) which makes possible the encapsulation of
large amount of drug. Subsequent dilution with buffers reduces the
lipid as well as the drug concentration. However since dilution does
not disrupt the structure of the formed LUVs, it has minimal effect
on the drug encapsulation efficiency. This analysis brings an inter-
esting comparison of the reverse phase evaporation method with
liposomes prepared via the film-hydration–extrusion process. For a
film-hydration–extrusion liposome formulation, the concentration
of lipid depends on the volume of buffer added into the dry lipid
film, and remains constant throughout the processing. Therefore,
when comparing the two  methods with formulations containing
the same final lipid concentration, much higher drug encapsula-
tion efficiency would be obtained for the reverse phase evaporation
method. Another very important parameter that should be con-
sidered when comparing the two methods is the size and size

distribution of the final liposome product. Liposomes prepared via
reverse phase evaporation are generally heterogeneous LUVs while
extrusion of film hydrated MLVs can produce either SUVs or LUVs

Fig. 6. Comparison of model predicted drug encapsulation efficiency with literature
data (refer to Table 4 for detailed experimental conditions).
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Table  4
Comparison of model predicted EE% with literature data.

Particle
size (nm)

Area (nm2) Bilayer thickness
(nm)

Lipid conc.
(mM)

Experimental
EE (%)

Model
prediction (%)

Drug Reference

450 0.4000 4.8 66 64.6 63.40 Sucrose Szoka and
Papahadjopoulos
(1978)

∼200  0.4000 4.8 66 30.1 26.82 Sucrose Szoka and
Papahadjopoulos
(1978)

138.6  0.4000 4.2 30 6.51 8.25 Hemoglobin blood substitutes Arifin and Palmer
(2003)

91.4  0.4000 4.2 30 5.95 5.12 Hemoglobin blood substitutes Arifin and Palmer
(2003)

71.4  0.4000 4.2 30 2.33 3.79 Hemoglobin blood substitutes Arifin and Palmer
(2003)

∼115  0.4000 5.1 150 ∼27 32.39 Calcein Berger et al. (2001)
∼105  0.4000 5.1 150 ∼28 29.08 Calcein Berger et al. (2001)
229  ± 35 0.4000 4.8 20 4.5 8.99 5,6-CF Elorza et al. (1993)
189  ± 5 0.4000 4.8 20 3.24 6.84 5,6-CF Elorza et al. (1993)
109  ± 5 0.4000 4.8 20 2.3 3.65 5,6-CF Elorza et al. (1993)
99  ± 32.3  0.4000 5.1 150 mg/g 39.6 44.33 Iodine Schneider et al.

(1995)
107  ± 30.3 0.4000 5.1 150 mg/g 41.4 44.83 Iodine Schneider et al.

(1995)
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110  ± 60 0.4000 4.8 16 7

hat are both homogeneous. As a consequence of their size dif-
erences and therefore enclosed volumes, LUVs have much higher
rug encapsulation efficiencies than SUVs. Therefore, size and lipid
oncentration information should be provided in order to make

 comparison regarding which method is better in terms of drug
ncapsulation efficiency. As demonstrated in the model, the drug
ncapsulation efficiency is mainly dependent on: the geometry of
he prepared vesicles (size and lamellarity), the lipid concentra-
ion used, and drug–lipid interactions (if applicable). Accordingly,
or a sample of unilamellar liposomes of size 450 nm (assuming a
0% deviation in the size distribution) and with lipid concentra-
ion of 66 �mol/ml, the drug encapsulation efficiency should be
pproximately 64% regardless of the method used.

It is also worth mentioning that the model developed here not
nly can provide a prediction of the drug encapsulation efficiency
or unilamellar liposomes, but may  also provide additional insight
nto other aspects of the formulation characteristics and process.
irst, the model can provide insight with regard to “interactions
ith the lipids” despite the fact that the model assumes that there

s no drug–lipid interaction (a necessary simplification to calcu-
ate the volume distribution of the solute (drug) inside and outside
he liposome vesicles). This is because in the event of a lipid–drug
nteraction (mostly attractive in nature), the model would gener-
te a significantly lower value for encapsulation efficiency due to
ailure to account for the drug that is present in the lipid bilayer.
he lack of correlation between the predicted and actual encapsu-
ation efficiency would suggest a potential lipid–drug interaction to
he researcher. Secondly, the model can facilitate formulation opti-

ization. For example, formulation changes (such as addition of
holesterol, or PEGylation to enhance stability) may  result in alter-
tion of the lipid molecular area and lipid bilayer thickness, which
n turn may  change the encapsulation efficiency. Through using
he model provided here, the formulation scientist can quickly
ssess the impact of such formulation changes on the encapsula-
ion efficiency without the need to perform many labor intensive
xperiments thus saving time and expense. Thirdly, if it is necessary
o account for the osmotic pressure induced by the encapsulated

gent, researchers can modify the model. Since the current model
an already predict the concentration and volume of the encap-
ulated agent inside the liposomes, the researchers only need to
upply the MW of the molecule and the buffer concentrations, etc.
6.88 SOD Corvo et al. (1999)

4. Conclusions

The mathematical model presented in this work will be useful
during early stage formulation and processing design to predict
drug encapsulation efficiency for hydrophilic molecules in unil-
amellar liposomes. The model is most accurate when there is no
interaction between the drug molecule and the lipid. Otherwise
deviation can occur if there is significant drug–lipid association
(charge–charge interaction) or if the drug has a relatively high Log P.
However, even under these circumstances, the model provides
relative trends for changes made to the formulation. In addition,
depending on the degree of deviation of experimental results from
the model predicted values, it may  be possible to detect the exis-
tence of drug–lipid interactions and this will help researchers to
understand the encapsulation processes. One of the findings of
the present work is that lipid concentration and liposome parti-
cle size are the two most critical variables in determining the final
formulation drug encapsulation efficiency, and should always be
reported together with the drug encapsulation efficiency to avoid
any biased comparison of the preparation method. Unfortunately,
many publications do not report both the lipid concentration and
the liposome particle size. The model can be used to compare vari-
ous liposome preparation methods as long as the assumptions are
met. Moreover, the Langmuir balance study together with the use
of the mathematical model provided insight regarding the media
effect on the liposome drug encapsulation process. Most impor-
tantly, from a manufacturing perspective, the model described in
this manuscript can be useful in designing suitable PAT tools for
monitoring and controlling the liposome preparation process. For
example, appropriate instrumentation can be developed to moni-
tor the sample particle size and size distribution changes during the
preparation process through inline size measurement. This type of
PAT implementation would allow an accurate estimation of formu-
lation changes during preparation in real-time, and would provide
enormous cost–benefit as well as improve product quality.
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ppendix A. Derivation of the mathematical model

The model is developed for unilamellar liposomes containing a
ydrophilic drug. The system is schematically illustrated in Fig. 1.
he assumptions of the model include the following:

1) all liposomes (vesicles) are spherical in shape;
2) each individual vesicle contains an inner aqueous core sepa-

rated from the outer medium with a single lipid bilayer;
3) there are no drug–lipid interactions at the interface;
4) the drug is water soluble and distributes evenly across the lipid

bilayer, i.e. the inside drug concentration is identical to the out-
side drug concentration;

5) the particle size follows a Log-Normal distribution, f (�, �),
which is very typical for systems prepared through size reduc-
tion processes, e.g. sonication and extrusion.

Given the above assumptions, for a liposome vesicle i with
nown size (2ri) and membrane thickness (d), the outer and inner
urface are, respectively,

outer = 4�ri
2 (2)

inner = 4�(ri − d)2 (3)

With known average lipid molecular area (a), one can calculate
ow many lipid molecules (ki) are required to form a vesicle of this
ize:

i = Ainner + Aouter

a
= 4�[ri

2 + (ri − d)2]
a

(4)

Given the liposome formulation mean particle size �, and the
ize distribution �, the probability (Pi) of vesicle in this size can be
btained,

i = 1

� · ri · √
2�

e−(1/2)((ln ri−ln �)/�)2
(5)

With known lipid molar concentration (c), the total sample vol-
me  (V) the total vesicle number (m)  can be calculated:

 = c  · V · NA∑
ikiPi

(6)

Using again the probability function, the exact number of vesi-
les for each particle size can be obtained:

i = m · Pi (7)

This allows calculation of the total internal volume (Vin):

in =
∑

i

vi · ni (8)

here vi is the internal volume of vesicle

i = 4
3

�(ri − d)3 (9)

Since the volume of the sample is V (V = Vin + Vout), the encapsu-
ation efficiency (EE%) is the ratio of the internal volume and total
ample volume as shown below:

E% = Vin

V
× 100%

=

∑
i

(
(4/3)�(ri − d)3 · (c · V · NA) /

∑
i

(
4�
[

r2
i

+ (ri − d)2
]

· Pi/a
)

· Pi

)
V

× 100% (10)

s shown in Eq. (10), the drug encapsulation efficiency is pro-
ortional to the vesicle particle size (distribution), lipid molecular
rmaceutics 423 (2012) 410– 418 417

surface area, and lipid concentration, and is inversely proportional
to the lipid bilayer thickness.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ijpharm.2011.12.019.
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