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The  purpose  of  this  study  was  to extend  QbD  principles  to  liposomal  drug  products  containing  a
hydrophilic  active  pharmaceutical  ingredient  (API)  to  demonstrate  both  the  feasibility  and  the  advan-
tages  of  applying  QbD  concepts  to liposome  based  complex  parenteral  controlled  release  systems.  The
anti-viral  drug  Tenofovir  was  selected  as  a  model  compound.  Desired  properties  for  two  of  the  key lipo-
some  drug  product  qualities,  namely  the  particle  size  and  drug  encapsulation  efficiency,  were  defined  and
iposome
bD
enofovir
ncapsulation efficiency
article size

evaluated.  It  was  observed  that  the  liposome  preparation  process  significantly  affects  liposome  particle
size, and  this  resulted  in  considerable  variation  in the  drug  encapsulation  efficiency.  Lipid  chain  length
did not  have  a significant  effect  on drug  encapsulation  efficiency.  However,  lipid  concentration  did  affect
the drug  encapsulation  efficiency  with  higher  lipid  concentrations  resulting  in higher  drug  encapsula-
tion.  The  use  of risk  assessment  in  this  study  assisted  the  identification  of  eight  high  risk  factors  that  may

capsu
isk analysis impact  liposome  drug  en

. Introduction

Since the discovery of liposomes in 1965 by Bangham and his
olleagues (Bangham et al., 1965; Papahadjopoulos and Bangham,
966), scientists have applied liposome systems to various fields

ncluding chemistry, physics, biology, and medicine. Most notably,
he structural similarity of liposome bilayers to cellular mem-
ranes has intrigued scientists to explore the potential of using

iposomes as drug-carriers to deliver therapeutics with different
roperties to specific regions of the body since the early 1970s
Gregoriadis, 1976; Gregoriadis et al., 1974; Papahadjopoulos and
ew York Academy of Sciences, 1978). However, despite the enor-
ous amount of effort spent during the past 44 years (>114,000

cientific publications) and the well formed consensus within the
cientific community about the potential of liposomes as drug car-
iers, currently relatively few products (12 therapeutic products)
Torchilin, 2005) are available on the market and all of these were
pproved between 1995 and 2004. However, considerable research

s underway, and there are several liposome preparations that are
n various stages of Clinical Trials (2011).  There are several factors
hat may  have contributed to the slow pace of commercialization
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lation  efficiency  and  particle  size.
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of liposome drug products during the last decade: (1) the difficul-
ties associated with identifying the formulation and process design
critical quality attributes of these complex systems; (2) the high
manufacturing cost due to low reproducibility and low entrapment
of therapeutic active agents; and (3) the high regulatory burden
associated with product safety of these complex parenteral prod-
uct.

The structural versatility of liposomes allows the incorporation
of lipid-soluble and water-soluble materials into the bilayers and
the aqueous compartment, respectively. Compared to hydropho-
bic drugs, the encapsulation of hydrophilic drugs into liposomes
presents unique challenges. Specifically, the high water solubility
makes it difficult to achieve a high degree of drug entrapment. In
addition, it is unknown how different process and product vari-
ables impact on product quality and performance. Therefore, an
investigation of the application of Quality by Design (QbD) con-
cepts to liposomes containing a hydrophilic compound will provide
valuable information on critical formulation and process variables.

Pharmaceutical QbD is a systematic, scientific, risk-based, holis-
tic and proactive approach to pharmaceutical development that
starts with predefined objectives and emphasizes product and pro-
cess understanding as well as process control (Yu, 2008). QbD
means that quality-improving scientific methods should be used
upstream in the research, development, and design phases, so that

quality is designed into product processing at as early stage as pos-
sible (Vogt, 1992; Wu  et al., 2007). QbD identifies characteristics
that are critical to quality from the perspective of patients, trans-
lates them into the attributes that the drug product should possess,
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nd establishes how the critical process parameters can be varied
o consistently produce a drug product with the desired charac-
eristics (Yu, 2008). A complete QbD study should comprise of the
ollowing four key elements: (1) define target product quality pro-
le (goals) based on scientific prior knowledge and appropriate

n vivo relevance; (2) design product and manufacturing processes
o satisfy pre-defined goals; (3) identify critical quality attributes,
rocess parameters, and sources of variability to obtain the design
pace; and (4) control manufacturing processes to produce con-
istent product quality over time through operation within the
stablished design space, thus assuring that quality is built into the
roduct. In this case study, the first three of these elements were
valuated at a lab scale.

In this case study, a nucleoside reverse transcriptase inhibitor
NRTI), Tenofovir, was selected as the model compound. The cur-
ent Tenofovir formulations have limited efficacy. This is because
he onset of action requires Tenofovir to be intracellularly phos-
horylated to the diphosphate form in order to block viral reverse
ranscriptase (Hawkins et al., 2005). However, due to its high polar-
ty (Log P = −1.71), Tenofovir has very low membrane permeability,
nd therefore its intracellular absorption is extremely low. In an
ffort to overcome this problem, a commercially available pro-
rug formulation (disoproxil form) has been developed, which has

ncreased hydrophobocitiy and therefore enhanced intracellular
ptake (F ≈ 40%) (Barditch-Crovo et al., 2001; Hawkins et al., 2005;
an Gelder et al., 2002). However, this pro-drug formulation suffers

rom plasma instability issues (hydrolysis). Another issue associ-
ted with the current Tenofovir formulations is non-specific drug
istribution. Ideally, this drug should be targeted to lymphatic tis-
ues and macrophage rich regions where the viruses are located.
owever, following parenteral administration of the current for-
ulations, the drug is quickly distributed in the blood stream to

very major organ. This results in considerable toxicity (e.g. nephro-
oxicity due to extensive renal excretion) (Gitman et al., 2007;
ames et al., 2004). Accordingly, a liposomal Tenofovir formulation
s expected to provide a better therapeutic index due to carrier facil-
tated intracellular transportation as well as the targeting effect.

In the present study, various Tenofovir liposome formulations
ere prepared, and the effects of lipid length, lipid concentration,

nd drug concentration on the drug encapsulation efficiency were
xplored. With respect to the preparation process, the impact of
arious processes on the liposome particle size, zeta-potential, as
ell as drug encapsulation efficiency was analyzed. Lastly, risk

nalysis on the formulation particle size as well as drug encapsu-
ation efficiency was performed with the goal to identify potential
igh risk factors for subsequent screening studies.

. Materials and methods

.1. Materials

Tenofovir was purchased from Resource Technique Corporation
Laramie, Wyoming). Sodium dodecyl sulfate (SDS) and HEPES
odium 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),
,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-
ipalmitoyl-3-trimethylammonium-propane (chloride salt)
DPTAP) and cholesterol were purchased from Avanti Polar Lipids,
nc. (Alabaster, AL). Chloroform, acetonitrile and methanol were
urchased from Fisher Scientific (Pittsburgh, PA). Ultracel YM-50

entrifugal devices (50 kD) were purchased from Millipore (Bil-
erica, MA). PD-10 desalting columns (SephadexTM G-25) were
urchased from GE Healthcare (Piscataway, NJ). NanopureTM

uality water (Barnstead, Dubuque, IA) was used for all studies.
armaceutics 419 (2011) 52– 59 53

2.2. Experimental methods

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

thin-film hydration method. Briefly, the desired amount of lipids
were weighed into a 50 ml  pear-shape flask and ∼2 ml  of chlo-
roform were added to dissolve the lipids. 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 liposomes
was  accomplished during the hydration step where dry lipids were
hydrated with 10 mM  pH 7.4 HEPES 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 any larger particles. Then the samples underwent several
freeze-thaw cycles (10 min  at −196 ◦C and 10 min at 65 ◦C) to facil-
itate encapsulation of the drug (30 s vortexing between cycles).
Finally, the samples were put into a LIPEXTM extruder (Northern
Lipids Inc, Canada) and passed through a stack of polycarbonate
membranes with defined pore sizes to obtain liposomes with the
desired particle size.

2.2.2. Chromatographic equipment and conditions
The high-performance liquid chromatography (HPLC) system

consisted of a Perkin Elmer System (Perkin Elmer Inc, US) equipped
with a series 200 pump, a series 200 autosampler, a series 785A
UV/VIS detector, and a Peak SimpleTM 3.79 chromatography data
system for peak identification and integration. The analytical col-
umn  was  a Symmetry C8 column (3.5 �m,  4.6 × 100 mm,  Waters
Corporation, USA) protected with a Symmetry C8 column (3.5 �m,
2.1 × 100 mm,  Waters Corporation, USA). The signal was moni-
tored at 260 nm.  The mobile phase consisted of acetonitrile–10 mM
sodium dihydrogen phosphate (adjusted to pH 6.5 with 1 N sodium
hydroxide) at a ratio of (2.5:97.5; v/v). The flow-rate was  set
at 1 ml/min and the injection volume was 10 �l. The devel-
oped HPLC method was  validated as per the ICH guidance (ICH
2005). Linearity was  obtained for Tenofovir in the concentra-
tion range 0.1–40 �g/ml (r2 = 0.9999) with a calibration curve of
Area = 194.5214 × Conc. + 7.4095. The detection and quantitation
limits were 65.8 ng/ml and 219.2 ng/ml, respectively.

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

drawn and diluted with 2 ml  10 mM  pH 7.4 HEPES buffer (n = 3).
500 �l of this diluted solution was put into an Ultracel YM-50 cen-
trifugal device (50 kDa MWCO) and centrifuged at 13,000 rpm for
12 min. The filtrate was collected to determine the free-drug con-
centration (Cfree). To assess the total drug concentration (Ctotal), 1 ml
of the same diluted solution was mixed with 200 �l of 6% (v/v) Tri-
ton 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)

2.2.4. Purification of liposomes
Prepared liposomes were purified with two  PD-10 columns used

in series and the following procedures were performed: (1) the top
cap of the new column was removed, the column storage solution
was  poured off, and the sealed end of the column was cut at the
notch; (2) each column was  filled with equilibration buffer (10 mM

pH 7.4 HEPES) and the buffer was  allowed to enter the packed bed
completely (this process was  repeated 4 times for each column and
the flow-through was  discarded); (3) a maximum of 2.5 ml  of sam-
ple was  added to the column (for sample volumes less than 2.5 ml,
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quilibration buffer was added accordingly to adjust the volume up
o 2.5 ml  after the sample has entered the packed bed completely)
nd the 2.5 ml  flow-through was discarded; (4) a test tube for sam-
le collection was put under the column, 3.5 ml  of buffer was added
o the column, and the eluate (Tenofovir containing liposomes)
as collected; and (5) steps 3–4 were performed on the second

quilibrated PD-10 column using the eluate collected. This method
two PD-10 column used in series) resulted in very high purification
fficiency of ∼99.9% with a 1.96 times dilution of the sample.

.2.5. Particle size analysis
Particle size analysis was conducted using a Malvern ZS90

eta-sizer. Prepared liposome formulations were diluted at least
0 times to obtain a suspension that was below 0.5 mg/ml. All
easurements were conducted at 25 ◦C and it was assumed that

uspensions would have similar viscosities to that of water at this
emperature (� = 0.89 cp). All measurements were performed in
riplicate. In addition, all particle size data were reported as “mean
article size ± width”.

.2.6. Zeta potential analysis
Zeta potential was measured using a Malvern ZS90 zeta-sizer

nd a folded capillary cell. The same samples used for particle
izing were used for zeta-potential measurement. All tests were
onducted at 25 ◦C and in triplicate.

.2.7. Risk assessment
Several Ishikawa diagrams (also known as the fish-bone dia-

ram, or cause-and-effect diagram) were constructed to identify
he potential risks and corresponding causes. Specifically, two

ajor quality attributes, particle size and drug encapsulation effi-
iency, were defined and further delineated to identify all potential
isks. After the analysis, eight key variables were identified for
creening in subsequent studies.

. Results

.1. Effect of liposome bilayer thickness on drug encapsulation

To evaluate the effect of lipids, more specifically the carbon tail
ength of the lipids, on the drug encapsulation efficiency, three lipo-
ome formulations were prepared containing DSPC (18 carbons),
PPC (16 carbons) and DMPC (14 carbons). The phase transition

emperatures (Tm) of these three lipids are 55 ◦C, 42 ◦C and 25 ◦C,
espectively. As shown in Table 1, the EE% for the three formula-
ions increased in the order of DSPC < DPPC < DMPC with very small
ncrements (20–24%).

.2. Effect of process on drug encapsulation and particle size

To understand how the process would change drug encapsula-
ion inside liposomes, the following experiment was  performed.

 Tenofovir liposome formulation, containing 50 mg/ml  lipid
55:27:18 mole fraction of DSPC:cholesterol:DPTAP) and 1 mg/ml

enofovir, was prepared and the EE% and particle size distribu-
ion were determined after each processing step. As can be seen in
ig. 1, the drug encapsulation was affected greatly by the process,
ith the largest increase in EE% occurring following freeze-thaw

able 1
ffect of lipids on the EE% (n = 3).

Composition Mole fraction (%) Lipid con

DSPC:cholesterol:DPTAP 55:27:18 50 

DPPC:cholesterol:DPTAP 55:27:18 50 

DMPC:cholesterol:DPTAP 55:27:18 50 
Fig. 1. Effect of preparation process on drug encapsulation.

cycling, and the largest decrease in EE% occurring after the extru-
sion step. With respect to the particle size, the liposomes became
smaller after sonication. Further reduction in particle size occurred
following 5 cycles of freeze-thaw cycling, and more importantly
the particle size distribution became more homogeneous. The most
significant size reduction occurred following extrusion. After the
extrusion step, the system exhibited a single particle population of
159.2 ± 28.6 nm (Fig. 2). Note that all the values in Fig. 2 are volume-
weighted means, which correlates to the mass distribution of the
vesicles and the area under the curve of each peak represents the
relative percentage of that peak.

With respect to surface charge, at 18% mole fraction of the pos-
itively charged lipid (DPTAP), the liposomes had a surface charge
of 75.81 ± 6.27 mV.  The preparation process has no effect on the
surface charge.

3.3. Effect of extruder membrane pore size on drug encapsulation

As reported in the previous section, the particle size of the small
unilamellar vesicles (SUV) had a significant impact on the EE%. It
was  therefore crucial to understand how the extruder filter pore
size would change the formulation characteristics. To accomplish
this, the same formulation (as the previous section) was prepared
using the same protocol, except two  stacked 100 nm membranes
were used instead of two 200 nm membranes.

As can be seen in Table 2, the smaller pore size membranes
resulted in a 44 nm decrease in liposome particle size and a 14%
decrease in EE%.

3.4. Effect of lipid and drug concentration on drug encapsulation

As shown in Table 3, an increase in lipid concentration resulted

in an increase in the EE%, however an increase in the drug concen-
tration rendered a decrease in drug encapsulation.

c. (mg/ml) Drug conc. (mg/ml) EE%

5.0 20.15 ± 0.13
5.0 20.25 ± 0.99
5.0 24.50 ± 2.11
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Fig. 2. Particle size distribution (volume weighted) of the liposomes after each step.

Table  2
Effect of extrusion membrane pore size on the EE%.

Composition Lipid conc. (mg/ml) Drug conc. (mg/ml) Membrane pore size (nm) Particle size (nm) EE%

3

r
c
p

T
E

DSPC:cholesterol:DPTAP 50 1 

DSPC:cholesterol:DPTAP 50 1 

.5. Risk assessment
Risk identification and risk analysis are two basic components of
isk assessment as outlined in the ICH Q9 document. Both of these
omponents are of vital importance during the application of QbD
rinciples in drug product development. While risk identification

able 3
ffect of lipid and drug concentration on EE%.

Composition Mole fraction (%) Lipid con

DSPC:cholesterol:DPTAP 55:27:18 50 

DSPC:cholesterol:DPTAP 55:27:18 50 

DSPC:cholesterol:DPTAP 55:27:18 50 

DSPC:cholesterol:DPTAP 55:27:18 100 

DSPC:cholesterol:DPTAP 55:27:18 100 
100 111.9 ± 17.5 14.86 ± 1.87
200 156.0 ± 28.0 29.01 ± 1.76

focuses on the systematic use of information to identify potential
harm, risk analysis deals with qualitative or quantitative linking

of the likelihood of occurrence and severity of harm. The goal of
these two assessments is to obtain the highest risk factors, which
will be subjected to a more complex design of experiment (DOE)
study to establish a product or process design space (see part II). In

c. (mg/ml) Drug conc. (mg/ml) EE%

1 29.01 ± 1.76
2.5 24.29 ± 1.92
5 20.15 ± 1.03
1 45.65 ± 1.55
5 34.96 ± 1.85
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Fig. 3. An Ishikawa diagram illustrating factors t

his section, the risk identification and risk analysis were combined
ogether to identify the potential high risk factors.

As mentioned above, liposome particle size and drug encap-
ulation efficiency are two very critical product qualities, and an
nderstanding and awareness of the potential risks is very impor-
ant. To accomplish this, two cause-and-effect diagrams (Ishikawa
iagram) were constructed to identify the potential causes of prod-
ct variability.

After the risk analysis, the following eight variables were identi-
ed as high risk factors affecting liposome drug encapsulation and
article size: lipid concentration, drug concentration, cholesterol
oncentration, buffer concentration, hydration time, sonication
ime, number of freeze-thaw cycles, and extrusion pressure as
abeled in Fig. 4.

. Discussion

The first (and the most important) element in using the QbD
oncept to assist formulation and process design is to pre-define
he desired final product quality profiles. This study focused on two
ritical formulation qualities, namely the drug encapsulation effi-
iency and formulation particle size. These two product qualities
re very important for both manufacturers and patients. A higher
ercentage of drug encapsulation could reduce the manufactur-

ng cost and increase drug concentration in the final formulation
llowing greater flexibility in dosing. Depending on the pharma-
okinetics, higher drug concentration in the formulation can result
n increased dosing intervals and hence improved patient com-
liance. Accordingly, a goal of the current study is to maximize
he drug encapsulation, and liposome formulations that resulted
n encapsulation efficiencies below 5% were excluded from fur-

her analysis. Another goal was to achieve a particle size range
etween 100 and 200 nm,  since this size range would allow ster-

le filtration of the final product. In addition, a liposome size
ange of 100 and 200 nm has been reported to result in max-
ay  have impact on the particle size of liposomes.

imum uptake by macrophages (Oussoren et al., 1997; Velinova
et al., 1996). Liposome stability (or drug retention inside lipo-
somes) is also a critical product attribute. Since the liposomes used
in this study are intended for targeting to the macrophages and
lymphatic tissues, there should be no drug leakage until cellular
uptake. Therefore, the designed formulation should have reason-
able in vitro and in vivo stability, and resist drug leakage as well
as liposome aggregation. To achieve this, the following formula-
tion design strategies were used: (1) a saturated long alkyl chain PC
lipid, DSPC, is used as the main lipid component to increase physical
stability as well as reduce possible chemical degradation (oxida-
tion); (2) at least 20% of cholesterol was used in the formulations
to reduce the membrane permeability; and (3) positively charged
lipids, such as 1,2-dipalmitoyl-3-trimethylammonium-propane
(DPTAP), were used to increase the drug–membrane association
to reduce drug leakage, since Tenofovir is negatively charged at
neutral pH conditions (pKa1 = 1.61 ± 0.14, pKa2 = 4.11 ± 0.50). As
a result, all the prepared formulations were stable at 4 ◦C over
a 2-year test period, with no change in particle size and no
leakage of drug (data not shown). Finally, the drug concentra-
tion was set at 8 mg/ml  and lower to reduce the possibility of
precipitation and re-crystallization. These desired product charac-
teristics limited the range of formulation and processing conditions
investigated.

4.1. Effect of lipid length

Theoretically, lipids with shorter chain length will contribute
to a thinner liposome membrane, which will result in a higher
internal volume given the same amount of lipid molecules and
the same particle size distribution. However, compared with

other factors that may  also alter the drug encapsulation pro-
cess (e.g. drug concentration, lipid concentration, particle size,
etc.) differences in membrane thickness were not expected to
be significant. This is because a 1 nm change in the membrane
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Fig. 4. An Ishikawa diagram illustrating factors that ma

hickness would only change the EE% by ∼0.7% (according to our
reviously published mathematical model), and in this study the
aximum difference in length among the three lipids is less then

 nm.  However, statistic analysis did show a very small but sta-
istically significant difference in EE% between the formulations
ontaining DPPC and DMPC (p = 0.022). It was considered that
his small difference was not due to the lipid tail length, but due
o variations that may  have occurred during preparation, such
s small differences in lipid concentration, and liposome particle
ize.

.2. Effect of process on drug encapsulation and particle size

In this study, hydration of the dry lipids produced a suspension
f large multilamellar vesicles. These vesicles are heterogeneous
ith regard to their size, since a large portion of vesicles (∼90% by

olume) is in the micron size range (6 �m)  while a small popula-
ion (<1% by volume) of vesicles is smaller than 100 nm.  Because
f their extensive lamellar structures, large particles have very
igh percentage of lipid but very little internal aqueous volume for
rug entrapment. Hence, these freshly formed MLVs typically are
ot suitable for pharmaceutical use and post-hydration process-

ng, i.e. sizing, is required. After one minute of sonication, and five
ycles of freeze-thaw cycling, vesicle particle size decreased, the
ystem become less and less heterogeneous (Fig. 2), and the EE%
ncreased. The reason for the increase in the EE% was speculated
o be due to break-down of the liposome multi-lamellar structure.
onsequently, the lipid molecules rearrange resulting in changes
n the lamellar structures, and this contributes to a higher internal
olume:lipid ratio, which allows higher drug encapsulation. Com-
ared to one minute of sonication, five cycles of freeze-thaw cycling
howed a more significant effect on the EE%. This is considered to
e impact on the encapsulation efficiency of liposomes.

be due to the freeze-thaw cycling process not only breaking down
the multi-lamellar structure but also causing homogenization of
the drug distribution inside and outside liposomes. It is expected
that during freeze thaw cycling, larger vesicles are broken and
smaller vesicles may  fuse together to result in a reduction in particle
size distribution. Finally, after passing through two stacked 200 nm
polycarbonate membranes, the sample became homogeneous and
showed a single particle size distribution of 156.0 ± 28.0 nm.  This
dramatic change in particle size resulted in a decrease in liposome
entrapment volume and hence a reduction in the EE%. In sum-
mary, the preparation process could affect sample particle size as
well as lamellar structure considerably, and both of these played a
very important role in changing drug encapsulation inside the lipo-
somes. It was concluded that a larger particle size and uni-lamellar
structure would result in liposome formulations with higher drug
encapsulation.

4.3. Effect of extruder membrane pore size

From a formulation point of view, it should be noted that the
selection of the appropriate membrane pore size was  critical in
optimizing drug encapsulation efficiency. For an extruded liposome
formulation, the particle size of the final product is mainly deter-
mined by the extruder membrane as well as the pressure applied.
If the selected membranes are too small (≤100 nm), it would be
very difficult to encapsulate a reasonable amount of drug inside
the liposomes. On the other hand, if the membranes are too large

(≥400 nm), then it would be impossible to sterilize the liposomes
using a 0.22 �m filter without losing their structural integrity.
Accordingly, 200 nm is an appropriate membrane pore size to
achieve Tenofovir liposomes with a size range of 150–158 nm.
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.4. Effect of lipid concentration and drug concentration

At high lipid concentrations the population of the vesicles in the
ystem is high, and hence there is more internal volume for drug
ncapsulation. When not considering drug–lipid interactions, the
ncapsulation efficiency was dependent on the internal to exter-
al volume ratio of the liposomes for any drug concentration. A
igher internal to external volume ratio resulted in higher drug
ncapsulation. However, due to drug-lipid interactions, a small por-
ion of the free-drug associates with the liposome surface, causing

 small increase in apparent drug encapsulation. This additional
ncrease in drug encapsulation is largely dependent on the lipo-
ome surface area as well as the free-drug concentration in the
edium. At low drug concentrations, a higher percentage of free-

rug is associated with the liposome surface. At very high drug
oncentrations, the percentage of surface attached drug becomes
egligible, and hence any additional increase in the drug con-
entration would not make any appreciable difference in drug
ncapsulation. This explains the second observation of an inverse
elationship between drug concentration and drug encapsulation
fficiency.

.5. Risk analysis

The liposome formulation was optimized based on the encapsu-
ation efficiency, since the liposome particle size was  determined
y the extruder filter pore size. The following eight variables
ith potential to affect liposome drug encapsulation were identi-
ed in the risk analysis: lipid concentration, drug concentration,
holesterol concentration, buffer concentration, hydration time,
onication time, number of freeze-thaw cycles, and extrusion
ressure as labeled in Fig. 4. This information can be used
y scientists in formulation and process screening studies to

dentify the most significant variables for liposome formula-
ion and process optimization. These significant variables can
hen be evaluated using a response surface methodology to
btain the appropriate design space. Some of the key factors
ffecting particle size and encapsulation efficiency are discussed
elow.

.6. Risk analysis—liposome particles size

As shown in Fig. 3, the three major categories for the Ishikawa
iagram can be divided into formulation, processing and environ-
ent conditions, and under each category all factors were listed.
f these, several key factors were identified and discussed here:

1) lipid shape; (2) lipid charge; (3) processing method; and (4)
embrane pore size. The shape and hence the packing parame-

er of the lipids will affect the intrinsic curvature of the liposome
embrane, and hence the liposome size (the packing parameter

s defined as P = v/(a × l), where v is the molecular volume, a is the
urface area, and l is the molecular length (Kumar, 1991)). How-
ver, this effect will only become dominant when the liposome
article size is small (<100 nm). Liposome surface charge will play
n important role on stability as the electrostatic repulsive force
ill prevents particle aggregation (Nakamori et al., 1993). Surface

harge can be introduced by incorporating charged lipids, such as
PTAP, stearylamine, and DPPG. The mean particle size and the size
istribution of the final liposome product largely depend on the
rocessing method (extrusion, homogenization and sonication). As

hown in Section 3.2,  each of these steps may  cause significant
hange in the mean particle size and size distribution. The final
roduct size is mainly dependent on the extruder membrane pore
ize.
armaceutics 419 (2011) 52– 59

4.7. Risk analysis—drug encapsulation efficiency

The major categories of factors affecting liposome drug encap-
sulation are formulation, manufacturing process, environmental
conditions, and analytical methodologies. Under each category, all
possible factors were identified as shown in Fig. 4. Of these, sev-
eral key factors were identified and discussed here: (1) hydration
time; (2) cholesterol concentration; (3) hydration medium; and (4)
analytical method. To prepare the liposomes, drug-containing solu-
tions are used to hydrate the dry lipids. During this process the
lipid molecules re-arrange into spherical vesicles with the drug
molecules entrapped inside. Therefore, the hydration process is
considered to be a vital step. It is possible that a longer hydra-
tion time may  result in a higher percentage drug encapsulation.
Temperature is also a critical factor during the hydration process,
since hydration only occurs at temperatures above the Tm of the
lipid. Cholesterol is usually used to increase liposome stability,
since it reduces bilayer fluidity and hence permeability (Kirby et al.,
1980; Lee et al., 2005). It is unknown whether increase in stability
will also increase drug encapsulation since this may improve drug
retention inside the liposomes. Lipid molecular surface area is also
believed to have an impact on drug encapsulation. In the case of
lipid molecules with smaller surface area, more molecules will be
required per unit surface area to form the liposomes. Accordingly,
the number of vesicles formed will be reduced compared to lipid
molecules with higher surface area, and this will affect the capac-
ity of the liposomes to entrap drug. The lipid molecular surface
area may  change with change in the ionic strength of the medium,
which may  lead to a change in drug encapsulation. To determine the
EE% of liposome drug products, drug-containing liposomes need
to be separated from free drug; this generally involves a separa-
tion process. There are currently two  different approaches to do
this. The method used in this study (determination of the free
and total drug concentration and the percentage drug encapsula-
tion is calculated based on mass balance) represents one approach.
Another approach involves direct measurement of the amount of
drug encapsulated inside the liposomes (Cencapsulated) and the EE%
is calculated as the ratio of encapsulated drug amount to total drug
amount (EE% = Cencapsulated/CTotal × 100%). To determine the encap-
sulated drug amount, a separation process is needed to obtain the
amount of drug-containing liposomes (same process as purifica-
tion). It is worth noting that the accuracy of this approach largely
depends on the completeness and robustness of the separation pro-
cess. Following incomplete separation, even very small amounts of
free-drug will result in a very inaccurate estimation of the EE% (the
estimation error could reach 120% (data not shown) or even higher
if free-drug concentration or percentage is higher). Consequently,
extra care should be taken when using the second approach to
estimate the EE%, especially during selection of the appropriate
separation method.

5. Conclusions

One of the biggest challenges for designing a liposome formula-
tion for hydrophilic molecules is the low encapsulation efficiency,
which has been limiting the broad use of this type of delivery
systems at a commercial scale. In addition, high manufacturing
variability as a result of lack of understanding in the preparation
process means a much more stringent review process is necessary
for the safety concern. Accordingly, it is the objective of current
study to utilize the QbD principles to assist formulation and process

design, to help understand the sources of the variability in order to
improve the product quality. To accomplish this, in the study the
anti-viral drug Tenofovir was used as a model compound. Desired
profiles for two  of the key product qualities, namely the particle size
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nd drug encapsulation efficiency, were defined and evaluated. The
oals were to achieve as high as possible the encapsulation, while
aintaining the particle size distribution as narrow as possible. It
as observed that the liposome preparation process has enormous

mpact on the liposome particle size, and this results in signifi-
ant variation in drug encapsulation efficiency during preparation.
owever, through appropriate process design, such as optimiz-

ng the extruder filter size and the use of freeze-thaw cycling to
ncrease the homogeneity of the system, very consistent particle
ize distribution as well as drug encapsulation efficiency can be
chieved. With regard to the drug encapsulation efficiency, it is con-
luded that a larger particle size and uni-lamellar structure would
esult in liposome formulations with higher drug encapsulation.
o further increase the encapsulation, higher lipid concentration
hould be used. It is discovered that lipid chain length has a mini-
al  effect on drug encapsulation efficiency. Finally, the use of risk

ssessment assisted the identification of eight high risk factors that
ay  impact liposome drug encapsulation efficiency and particle

ize. This information will be useful for a more comprehensive
xperimental design to better understand the interactions among
ll the variables and to obtain the appropriate design space.
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