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ABSTRACT

Quality by design (QbD) principles were explored in the current study to gain a comprehensive under-
standing of the preparation of superoxide dismutase (SOD) containing liposome formulations prepared
using freeze-and-thaw unilamellar vesicles (FAT-ULV). Risk analysis and D-optimal statistical design
were performed. Of all the variables investigated, lipid concentration, cholesterol mol%, main lipid type
and protein concentration were identified as critical parameters affecting SOD encapsulation efficiency,
while the main lipid type was the only factor influencing liposome particle size. Using a model generated
by the D-optimal design, a series of three-dimensional response spaces for SOD liposome encapsulation
efficiency were established. The maximum values observed in the response surfaces indirectly confirmed
the existence of a specific SOD-lipid interaction, which took place in the lipid bilayer under the follow-
ing optimal conditions: (1) appropriate membrane thickness and curvature (DPPC liposomes); and (2)
optimal “pocket size” generated by cholesterol content. With respect to storage stability, the prepared
SOD liposomes remained stable for at least 6 months in aqueous dispersion state at 4°C. This research
highlights the level of understanding that can be accomplished through a well-designed study based on

Design space

) ; the philosophy of QbD.
Risk analysis

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Owing to their unique biological and physico-chemical proper-
ties, liposomes are established yet still very promising drug delivery
system (Xu and Burgess, 2011). In several areas, including small
molecule anti-cancer and anti-fungal therapy (Lasic et al., 1992;
Maurer et al., 2001), liposome formulations have been proven
extremely effective. In other areas, they show great promise, such
as in gene therapy (Web-source, 2011), vaccination (Gregoriadis,
1995; Zhuang et al., 2012), and protein therapeutics (Torchilin and
Lukyanov, 2003). In particular, liposomal protein therapeutics have
generated great interest. From a clinical point of view, the poten-
tial ability of liposomes to deliver protein/enzyme directly into
the cytoplasm or lysosomes of live cells is of crucial importance
for the treatment of inherited diseases caused by the abnormal
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functioning of some intracellular enzymes and cancer (Torchilin,
2005). However, from a manufacturing perspective, the extremely
low protein encapsulation efficiency has been limiting the broad
use of liposome delivery systems, especially in the predominantly
used small vesicle size range (50-150 nm). In addition, poor protein
stability during preparation elicits concern over the use of harsh
processing conditions and/or organic solvents. Furthermore, man-
ufacturing variability as a result of a lack of understanding of the
preparation process means a much more stringent review is nec-
essary in terms of product safety (Rathore and Winkle, 2009; Vogt,
1992). Hence, it is the objective of this study to utilize quality by
design (QbD) principles to assist formulation and process design to
improve the protein encapsulation efficiency and protein stability
as well as understand the sources of variability in order to improve
product quality.

Superoxide dismutase (SOD) was used as the model protein in
this study. Itis one of the most potent antioxidants known in nature.
SOD catalyzes the dismutation of the superoxide radical into hydro-
gen peroxide and oxygen and it has been used for the treatment
of oxidative stress diseases such as rheumatoid arthritis, cancer,
and respiratory distress syndrome. While SOD has demonstrated
great potential as an alternative to conventional therapies (Keele
et al,, 1971; McCord and Fridovich, 1969; Okado-Matsumoto and
Fridovich, 2001; Zhang et al., 2002), its current use is limited by
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several key drawbacks, such as its extremely short circulation time,
non-specific tissue distribution, and inability to penetrate through
the cellular membrane to the intracellular targets. Accordingly, a
liposomal SOD formulation is expected to provide a better thera-
peutic index due to carrier-facilitated intracellular transportation
as well as the targeting effect.

Previously (Xu et al.,, 2012a), an improved freeze-and-thaw
cycling technique was reported where the protein containing
liposome preparation process was separated into two steps: the
generation of unilamellar vesicles, and freeze-thaw cycling to
encapsulate protein. Because the liposomes obtained using this
approach remained as unilamellar vesicles and no significant
change in particle size was observed, they are referred to as
freeze-and-thaw unilamellar vesicles (FAT-ULV). Compared with
traditional preparation methods, the FAT-ULV method is very effec-
tive in improving protein encapsulation efficiency (up to 50%).
However, this process is relatively new. Hence it is very crucial
to use the QbD approach to help understand the formulation and
processing design space.

Pharmaceutical QbD emphasizes that the product quality should
be built (designed) into the product rather than tested (Yu, 2008).
This requires that quality-improving scientific methods be used
upstream in the beginning stages of the research, development
and design phases (Wu et al., 2007). QbD identifies characteris-
tics that are critical to quality from the perspective of patients,
translates them into the attributes that the drug product should
possess, and establishes how the critical process parameters can
be varied to consistently produce a drug product with the desired
characteristics (Yu, 2008). A complete QbD study usually involves
the following five stages: (1) define target product quality profile
based on scientific prior knowledge and appropriate in vivo rele-
vance, (2) design product and manufacturing processes to satisfy
the pre-defined profile, (3) identify critical quality attributes, pro-
cess parameters, and sources of variability (risk assessment), (4)
use a design of experiment (DOE) approach to screen and obtain
variable response surfaces in order to establish the product design
space (the range of process and/or formulation parameters that
have been demonstrated to provide assurance of quality), and (5)
control manufacturing processes to produce consistent product
quality over time through operation within the established design
space, thus assuring that quality is built into the product (ICH Q8).

The current study focused on the first four stages of QbD imple-
mentation in a laboratory setting. Briefly, the desired product
quality profiles were defined and risk assessment was conducted
to identify potential high risk factors. Subsequently, a D-optimal
experimental design was used to screen high-risk variables and to
obtain the variable response surfaces (Bodea and Leucuta, 1997;
El-Hagrasy et al., 2006). The optimal criterion for D-optimal design
is that the determinant of the X'X matrix is maximized, where X is
the design matrix (Atkinson et al., 2007). Compared with standard
designs (e.g. factorial designs), the D-optimal design gives the most
precise estimate of the factor effects; however, it requires statis-
tical software to calculate the determinant of the X'X matrix. For
this reason, JMP software (SAS Institute) was used to create the
design. After obtaining the response surface, the optimal formula-
tion and process conditions were identified. Further experimental
tests were performed to test the robustness and accuracy of the
generated model.

2. Material and methods
2.1. Material

Superoxide dismutase (bovine erythrocytes, 4054 units/mg
solid), HEPES sodium salts, stearylamine (SA) and Triton X-100

were purchased from Sigma Aldrich (St. Louis, MO). 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), and cholesterol were pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL). Chloroform,
acetonitrile and methanol were purchased from Fisher Scientific
(Pittsburgh, PA). Amicon Ultra-0.5 and Ultra-15 centrifugal filter
units (50, and 100 kDa) were purchased from Millipore (Billerica,
MA). Nanopure™ quality water (Barnstead, Dubuque, IA) was used
for all studies.

2.2. Experimental methods

2.2.1. Preparation of empty unilamellar liposomes

Empty unilamellar liposomes were prepared using a film hydra-
tion method (Xu et al., 2011). Briefly, the desired amount of lipids
was weighed into a 50 ml pear-shape flask and ~2 ml of chloroform
were added to dissolve the lipids. Chloroform was then evaporated
under vacuum at room temperature for 2 h, after which the flask
was maintained under vacuum overnight to completely remove
any residual solvent. The dry lipids were then hydrated with 10 mM
pH 7.4 HEPES buffer at 65 °C for 2 h, and this process was followed
by four freeze-thaw cycles (10 min at —196 °C and 10 min at 65 °C).
Finally, the samples were put into a LIPEX™ extruder (Northern
Lipids Inc., Canada) and passed through a stack of polycarbonate
membranes (200 nm pore size) to obtain empty unilamellar lipo-
somes with the desired particle size (Z-Ave was approx.150 nm and
PDI<0.1).

2.2.2. Encapsulation of SOD into freeze-and-thaw unilamellar
vesicles (FAT-ULV)

Encapsulation of SOD into the empty unilamellar liposomes was
achieved using a previously developed freeze-thaw cycling tech-
nique (Xu et al., 2012a). Briefly, the desired amount of protein
solution was mixed with preformed empty unilamellar liposomes.
The mixture was subjected to two to three freeze-thaw cycles
(5min at —196°C and 5min at 65°C), which caused the lipid
bilayer to break upon cooling and reform upon heating. After
freeze-thaw cycling, samples were extruded using a 200 nm filter
(LIPEX extruder) to obtain mono-dispersed liposome samples.

2.2.3. Determination of encapsulation efficiency (EE%)

20 uL of prepared liposomes were withdrawn and diluted
with 1ml 10mM pH 7.4 HEPES buffer (working-dispersion). To
assess the total protein concentration (Crota), 500 L of working-
dispersion was mixed with 100 L of 6% (v/v) Triton X-100 and
maintained at 65 °C for 5 min to disrupt all the vesicles. To assess the
concentration of encapsulated protein (Cgncap), 400 WL of working-
dispersion was transferred into an Ultra-0.5 centrifugal device
(100 kDa MWCO) and centrifuged at 14,000 rpm for 10 min (Eppen-
dorf MiniSpin Plus Microcentrifuge). After the first centrifugation,
another 400 pL of fresh HEPES buffer was added on top of the
filter and the centrifugation process was repeated (14,000 rpm
for 10 min). The final retenate (~20 L) was transferred to a test
tube together with 200 L of rinse solution (used to clean the fil-
ter) as well as 100 L of 6% (v/v) Triton X-100. The mixture was
then maintained at 65 °C for 5 min to disrupt all the vesicles. Note
that the volume of these solutions was determined using a Met-
tler Toledo XS205 balance (assuming a density of 0.997 mg/u.L at
25°C). Both Cgncap and Cropy Were assessed after encapsulation
using high-performance liquid chromatography (HPLC). The encap-
sulation efficiency was calculated as:

G
EE% — -1 100% (1)
Total
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Table 1

D-optimal design table and results. X; =lipid concentration; X, = DPPC% in the main lipid component; X3 = cholesterol%; X4 = SOD concentration; and Xs = freeze-thaw cycles.

Particle size is reported as Z-ave mean + distribution width.

ID X1 (mM) X, (mol%) X3 (mol%) X4 (mg/ml) X5 (cycle) EE% Particle size (nm) Zeta-potential (mV)
DOE-1 30 0 20 1 3 133 +£ 0.8 156.57 + 35.61 53.30 £ 9.78
DOE-2 30 0 36 1 2 213+ 05 145.60 + 21.29 48.43 + 8.94
DOE-3 30 25 32 3 3 14.9 £ 0.8 155.47 + 41.72 51.07 + 6.29
DOE-4 30 75 24 3 3 124+ 0.3 140.00 + 43.50 48.83 + 6.69
DOE-5 30 100 20 1 2 17.1 £ 0.7 134.07 + 19.50 57.70 + 9.54
DOE-6 30 100 36 1 3 340+ 1.2 135.57 + 25.40 45.47 + 9.99
DOE-7 70 0 36 3 3 341+1.2 151.13 £+ 25.33 43.50 + 8.77
DOE-8 70 25 24 1 3 18.1 £ 05 145.37 + 29.79 53.30 + 6.73
DOE-9 70 75 32 1 2 41.8 £ 0.7 143.20 + 12.20 44.67 +9.97
DOE-10 70 100 20 3 3 204 + 0.3 138.80 + 21.13 54.97 + 9.59
DOE-11 110 0 20 3 2 9.1+12 157.27 + 37.63 54.53 + 7.66
DOE-12 110 0 32 1 3 41.7 £ 1.5 154.63 + 28.36 47.97 + 8.84
DOE-13 110 25 36 1 2 37.6 £ 0.7 153.77 + 27.67 43.10 + 8.15
DOE-14 110 75 20 1 3 23.7+25 139.20 + 24.32 53.03 + 8.38
DOE-15 110 100 24 1 2 483 + 1.5 137.47 + 23.31 55.27 +9.14
DOE-16 110 100 36 3 3 443 + 1.0 143.30 + 40.16 46.33 +£9.11

2.2.4. Purification of SOD liposomes

Prepared liposomes were purified with an Amicon Ultra-15®
centrifugal filtration device (Millipore, Billerica, MA) 100kDa
MW(CO. Briefly, 1.5 ml liposome suspension was added to the upper
chamber of the ultrafiltration tube and diluted with 13.5ml of
HEPES buffer, which was followed by centrifugation to approxi-
mately 3 ml at 4000 x g (16°C) using a Beckman Coulter Allegra®
X-15R centrifuge. This resulted in approximately a 5 times concen-
trating effect, or approximately 80% of free protein removal. Fresh
buffer was then added to the upper chamber of the ultrafiltration
tube to dilute the partially purified liposomes to 15ml, and cen-
trifuged to about 3 ml for the second time. In order to remove ~99%
of the free protein, at least three passes were required. After the
last centrifugation, the purified liposome suspension was collected
from the upper chamber and diluted to the desired concentration
before storing at 4°C.

2.2.5. Chromatographic equipment and conditions

The HPLC system consisted of a Flexar System (Perkin Elmer
Inc., US) equipped with a quaternary pump, a peltier autosam-
pler (maintained at 4°C), a UV/vis detector, and a Chromera 3.1
chromatography data system. The analytical column was a Symme-
try300 C18 column (3.5 pum, 4.6 mm x 75 mm, Waters Corporation,
USA) protected with a Symmetry300 C18 guard column (3.5 pm,
2.1 mm x 10 mm, Waters Corporation, USA). The mobile phase A
consisted of 100% DI water with 0.1% (v/v) trifluoroacetic acid (TFA).
The mobile phase B consisted of 100% acetonitrile with 0.1% (v/v)
TFA. The flow rate was 1 ml/min, the injection volume was 50 L,
and the detection wavelength was 220 nm. Prior to each injection,
the column was equilibrated at 20% B for 12 min. The elution gra-
dient was as follows: (1) 3 min linear gradient from 20% B to 36% B,
(2) 7 min linear gradient to 43% B, (3) 3 min linear gradient to 95%
B, and (4) 3 min isocratic at 95% B to elute out all the content.

2.2.6. Particle size and zeta-potential analysis

Particle size and zeta-potential analysis were conducted using
a Malvern ZS90 zeta-sizer. Prepared liposome formulations were
diluted at least 50 times to obtain a suspension that was approx-
imately 0.5 mg/ml. All measurements were conducted at 25°C in
triplicate, and were reported as mean =+ SD (Z-Ave +distribution
width for particle size)

2.2.7. Risk analysis
Several Ishikawa diagrams (also known as fish-bone dia-
grams, or cause-and-effect diagrams) were constructed to identify

the potential risks and corresponding causes. Specifically, three
major quality attributes (particle size, drug encapsulation effi-
ciency, and liposome stability) were defined and further delineated
to identify all potential risks. After the analysis, five key vari-
ables were identified for a D-optimal design in the subsequent
studies.

2.2.8. D-optimal design

D-optimal design gives the most precise estimate of the fac-
tor effects and reduces the number of runs compared to standard
factorial design, but it requires statistical software to compute
the design. In the current study, JMP software (SAS Institute) was
used to create the 16-run custom design. Note that all formula-
tions contained three lipid components: main lipid (DPPC, DSPC,
or a mixture of two), cholesterol, and stearylamine (charged lipid).
The percentage of charged lipid was fixed in all formulations at
10mol% and the main lipid component percentage was varied
according to the percentage of cholesterol. With respect to the
design, two responses were evaluated, namely the SOD encapsu-
lation efficiency and SOD liposome particle size. Based on the risk
analysis results, five key variables (main effects) were identified:
total lipid concentration (X;), DPPC% in the main lipid compo-
nent (X), cholesterol percentage (X3), SOD concentration (X4 ), and
freeze-thaw cycling (Xs). Three two-way interactions of the main
effects that may be significant were also included: X; X5, X;X3, and
X,X3. Moreover, three second-order terms of lipid concentration,
DPPC%, and cholesterol% were also included (X?, X7, X2), where
curvatures were observed in a previous study (Xu et al., 2012a).
These eleven terms together with the coefficient of the intercept
were deemed as “necessary” terms in JMP software and all the other
terms (including three third-order terms X3, X3, X3) were set as
“if possible”. Overall, this design is not saturated (estimation of 12
necessary terms using 16 runs). The end result of the JMP generated
design is a priori model based on the main effects, quadratic terms,
cubic terms, and interactions that can be used to form a response
surface (Table 1):

Y = 0o+ a1X1 + a2X5 + a3X3 + a4Xy + a5X5 + a12X1 X2 + a13X1X3

+ay3XX3 + 011X12 + a22X§ + (133X§ (2)

2.2.9. SOD liposome storage stability

To test the stability of SOD liposomes (in terms of protein leak-
age, particle size and zeta-potential change), one representative
formulation was selected (purified DPPC:cholesterol:SA=6:3:1
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Fig. 1. An Ishikawa diagram illustrating factors that may have impact on the encapsulation efficiency of SOD liposomes.

liposome containing 283.7+1832pug/ml SOD, particle
size and distribution width=130.20+15.77nm, and zeta-
potential=55.57+10.10mV) and was diluted to c.a. 30 pg/ml
with respect to SOD in a 6ml testing tube (n=9). These nine
samples were then divided into three groups (3 for each group)
to be kept at 37°C, 25°C and 4 °C, respectively. At predetermined
times, 1ml samples were withdrawn from each tube and the
amount of remaining protein was determined (same method as
that used for determination of the encapsulation efficiency).

3. Results
3.1. Risk assessment

Risk identification and risk analysis are two basic components
of risk assessment as outlined in the ICH Q9 document. The goal of
these two assessments is to obtain the highest risk factors that will
be subjected to a more complex DOE study to establish a product or
process design space. In the current study, SOD encapsulation effi-
ciency, liposome particle size, and SOD liposome stability are three
very critical product qualities and an understanding and awareness
of the potential risks is very important. To accomplish this, three
cause-and-effect diagrams (Ishikawa diagram) were constructed
to identify the potential causes of product variability, as shown in
Figs. 1-3.

3.2. Statistical analysis on SOD encapsulation efficiency

As shown in Table 1, SOD encapsulation varied from 9.1% to
48.3% for various factor combinations. Statistical analysis revealed
that a good correlation was obtained between the observed and
predicted values. The correlation coefficient (r?) value is 0.9258.
Further analysis using ANOVA indicated a significant effect of vari-
ables on the response (EE%) (p<0.05) as shown in Table 2. The

overall equation describing the effect of various factors on the SOD
encapsulation efficiency is:

lipid conc — 70) 4 5.85 x (DPPC/o - 50)

27.71 + 7.64 x ( = =

+9.50 x (CMVQJ) _3.86 x (SOD conc — 2) — 3.58
lipid conc — 70\ 2 DPPC% — 50\ 2
x (T) +10.24 x (T)
o 2
_ 8.85 x (LOVQ’ZS) 3)

In comparison to the priori model (Eq. (2)), in Eq. (3) none of the
interaction terms are present, as they do not show any statistical
significance. As shown in Fig. 4a, all the two-way interaction pro-
files are parallel curves, indicating absence of interactions between
factors. Table 3 listed the coefficient and statistical analysis results
of all the factors included in Eq. (3). Out of five investigated main
factors, four showed statistical significance: cholesterol percent-
age, lipid concentration, main lipid type, and SOD concentration.

3.2.1. Cholesterol¥

Out of all the factors investigated, cholesterol% had the highest
impact on SOD EE% (p<0.001) as shown in Table 3. Overall, a neg-
ative curvature (concave shape) was observed (Figs. 4b and 5-7),
with maximum encapsulation occurring at around 30-32% choles-
terol.

3.2.2. Main lipid component (DPPCX%)

As shown in Table 1, two types of main lipids (DPPC and
DSPC) were evaluated at four different mixing ratios (DPPC:DSPC):
100%:0%, 75%:25%, 25%:75%, and 0%:100%. It was observed that the
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Table 2

Analysis of variance for encapsulation efficiency.
Source Degree of freedom Sum of squares Mean square Fratio
Model 7 2344.9320 334.990 14.2676
Error 8 187.8332 23.479 Prob>F
C. Total 15 2532.7652 0.0006
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SOD EE% in DPPC liposomes (100% DPPC) is much higher than that
in DSPC liposomes (0% DPPC) (Fig. 4b). This was attributed to a
preferential interaction between SOD and DPPC/cholesterol lipid
(Xu et al.,, 2012a). Additionally, a positive curvature (convex shape)
was observed in the EE% vs. DPPC% as shown in Fig. 4b, suggesting
a threshold amount of DPPC (>50%) is required in the DPPC:DSPC
mixture before SOD-lipid interaction takes place.

3.2.3. Lipid and SOD concentration
As shown in Fig. 4b, SOD EE% was linearly correlated with
the lipid concentration at relatively low lipid concentration, but

eventually a plateau was reached. This is in agreement with pre-
vious findings (Xu et al., 2011, 2012b). With respect to the SOD
concentration effect, an increase in SOD concentration slightly
reduced the SOD EE%; however, this effect is very insubstantial
despite being statistically significant.

3.3. Validation of the model with additional data

To evaluate the accuracy and robustness of the obtained model
(Eq. (3)), some additional tests were performed. As shown in Fig. 8,
very good correlation was obtained between the experimental data

Table 3

Estimated regression coefficients for encapsulation efficiency (uncoded units).
Term Estimate Std error t ratio P
Intercept 27.711 3.472 7.98 <0.0001
Cholesterol% (20,36) 9.503 1.451 6.55 0.0002
Lipid conc. (30,110) 7.642 1.399 5.46 0.0006
DPPC% (0,100) 5.847 1.451 4.03 0.0038
Protein conc. (1,3) -3.861 1.272 -3.03 0.0162
DPPC% x DPPC% 10.240 3.794 2.70 0.0271
Cholesterol% x cholesterol% —8.846 3.794 -2.33 0.0480
Lipid conc. x lipid conc. -3.578 2.881 -1.24 0.2494
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Table 4

355

Results of additional tests. X; =lipid concentration; X, = DPPC% in the main lipid component; X3 = cholesterol%; X4 = SOD concentration; Xs = freeze-thaw cycles. Particle size

is reported as Z-ave mean = distribution width.

X1 (mM) X5 (%) X3 (%) X4 (mg/ml) X5 (cycle) EE% Pred. value Particle size (nm) Zeta-potential (mV)
107.7 100 30 1.7 2 519 £28 50.8 147.23 £+ 34.58 48.13 + 8.18
69.2 100 30 1.7 2 50.0 &+ 0.9 46.6 139.47 + 31.91 4393 + 11.11
53.9 100 30 13 2 415 + 1.0 44.7 134.70 + 23.03 50.10 + 9.29
53.9 100 30 1.7 2 424 +27 43.1 135.83 + 24.50 51.70 + 8.99
107.7 50 30 2.6 2 32.8 +4.38 31.2 137.57 + 25.76 50.07 + 9.22
53.9 50 30 2.6 2 319 +23 23.6 140.20 + 32.76 46.93 + 8.60
107.7 0 30 2.6 2 324+ 12 35.6 150.57 + 19.49 52.0 £ 7.61
53.9 100 20 2.6 2 17.7 £ 0.6 19.5 151.17 + 43.56 54.37 + 6.38

Fig.5. Response surfaces for predicting EE% with respect to DPPC% and cholesterol%.
The top surface represents lipid concentration of 110 mM, while the bottom one
represents lipid concentration of 30 mM. SOD concentration is 2 mg/ml.

and predictions (values inside the white disk are experimental val-
ues), and the model was robust and accurate (Table 4). Due to
their high prediction accuracy, the countour plots (Fig. 8) that are
obtained here for SOD encapsulation also serve as the design space
for predicting and controlling SOD encapsulation efficiency.
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Fig. 6. Response surfaces for predicting EE% with respect to lipid concentration and
cholesterol%. The top surface represents 100% DPPC, while the bottom one repre-

sents 100% DSPC. SOD concentration is 2 mg/ml.

80
Lipid Cone.

0

Fig. 7. Response surfaces for predicting EE% with respect to lipid concentration and
DPPC%. The top surface represents 30% cholesterol, while the bottom one represents
20% cholesterol. SOD concentration is 2 mg/ml.

3.4. Statistical analysis on SOD liposome particle size

As shown in Fig. 9, out of all the variables studied, only DPPC%
(i.e. type of the main lipid) had a significant effect on SOD lipo-
some particle size. In general, liposome particle size decreases as
the DPPC% increases, as shown in Table 5.

3.5. SOD liposome stability

As shown in Fig. 10a, at 37°C after just 1 week, a sub-
stantial amount of protein leaked out into the solution (from
99.23% to 73.20%), accompanied by a dramatic decrease in the
liposome surface potential (from 55.57 to 13.87mV) and an
increase in the particle size distribution (from +15.77nm to
+42.85nm). After 3 weeks, near 50% of the protein leaked out,
and zeta-potential dropped to near zero and significant parti-
cle aggregation was observed (PDI>0.3). Decrease in the storage
temperature to 25°C increased the stability and no leakage
was observed until 70 days later (Fig. 10b). Further decrease
in the storage temperature to 4°C resulted in a much stable
formulation, showing no protein leakage even after 6 months

Table 5
Effect of DPPC% on SOD liposome particle size.

DPPC% Particle size (nm)
0 153.04 £+ 4.79
25 151.54 + 541
75 140.80 £ 2.12
100 137.84 &+ 3.54
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40

Fig. 8. Contour plot (design space) for EE% (a) with respect to cholesterol% and DPPC% (lipid concentration is 110 mM and SOD concentration is 2 mg/ml); (b) with respect to
cholesterol% and lipid concentration (100% DPPC, SOD concentration is 2 mg/ml); and (c¢) with respect to DPPC% and lipid concentration (cholesterol% is 30%, SOD concentration
is 2 mg/ml). Additional data points (white disks) are included to evaluate the accuracy and robustness of the design spaces.

(Fig. 10c), and no change in zeta-potential or particle size was
observed.

4. Discussion

The current study focused on three key product qualities:
(1) protein encapsulation efficiency, (2) liposome particle size,
and (3) SOD liposome stability. A higher percentage of protein
encapsulation could significantly reduce the manufacturing cost
and increase drug concentration in the final formulation allowing
greater flexibility in dosing. Accordingly, the first goal of the current
study was to maximize drug encapsulation, in doing so, liposome
formulations that resulted in encapsulation efficiencies below 5%
were excluded from further analysis. The second goal was to
achieve a product particle size range between 100 and 200 nm
since this size range would allow sterile filtration of the final
product. The third goal was to maintain SOD liposome stability,
especially in terms of protein retention inside liposomes, both
in vitro and in vivo. This is very important because for in vivo
applications, free SOD by itself has very limited access to the
intracellular space due to its large size and polarity whereas
liposome-encapsulated SOD can be internalized along with the
liposome carrier. It is therefore very crucial for SOD to remain inside

Pareto Chart of the Standardized Effects
(response is Particle size, Alpha=0.05)

DPPC%-

DPPC%"Cholesterol%

DPPC%*Freeze-thaw cycles

Protein concq

Lipid concq

Lipid conc*Cholesterol%

Lipid conc*Lipid conc

Protein conc*Cholesterol %

Lipid conc*Freeze-thaw cycles

DPPC%*DPPC%1

DPPC%"Protein conc

Chaolesterol %

Protein conc*Lipid conc

Freeze-thaw cycles

DPPC%*Lipid conc

-6 -4 -2 0 2 4 6
Standardized Effect

t=1.75

Fig. 9. Pareto chart of the standardized effects of various formulation and process
factors on SOD liposome particle size.

the liposome throughout circulation before internalization. It is
equally important that prepared SOD liposomes possess reasonable
storage stability. For these reasons, a complete risk analysis was
performed to assess the risks associated with the three key product
qualities.
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4.1. Risk analysis

4.1.1. Risk analysis: SOD encapsulation efficiency

Factors affecting SOD encapsulation efficiency were divided
into four categories: formulation, process, analytical method, and
instrumentation reliability, as shown in Fig. 1. Overall, five key fac-
tors were identified as having high impact on SOD encapsulation
efficiency (marked bold): four of these were formulation param-
eters and one was a process parameter. No factors were selected
from the “analytical method” and “instrument reliability” cate-
gories, mostly because all of these can be very well controlled.
However, the importance of factors from these two categories
should not be overlooked. For instance, under the “analytical
method”, using an inappropriate method will result in an erroneous
calculation of encapsulation efficiency, and this would jeopardize
any subsequent statistical experimental design aimed to optimize
encapsulation efficiency. For non-adsorptive small molecules, it
was concluded that calculation based on free drug are more accu-
rate and robust (Xu et al., 2011). However, for very adsorptive
proteins, using free drug can result in significant under-estimation
of the free protein concentration due to protein adsorption. Indeed,
itwas discovered that as much as 30% of the protein may be retained
(Fig. 11) by ultrafiltration filter (100 kDa). This can cause significant
over-estimation of the SOD encapsulation efficiency. For this rea-
son, in this study the SOD encapsulation efficiency was calculated

260+ X . L
Dimer dissociation

2401

290 33 pg/ml SOD

2001

180-+
1007

95.98 +1.67 %

77176 £4.78 %
804 I

Recovery (%)

401
201

L] T T
50 kD 100 kD 300 kD
Fig. 11. Effect of ultrafiltration membrane molecular weight cut-off on SOD recov-
ery.
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based on encapsulated drug (Eq. (1)) and extra-attention was taken
to ensure that the remaining free SOD was washed away thoroughly
to avoid any erroneous results (Xu et al., 2011). In addition, using an
inappropriate ultrafiltration filter can also sacrifice protein stabil-
ity; for example, when using a 50 kDa filter, SOD dimer dissociation
was observed (Fig. 11). With respect to instrumentation reliabil-
ity, for example, the temperature of the extruder should be kept
under at least 10 °C above the main lipid phase transition tempera-
ture so that the lipid bilayers were flexible enough to pass through
the filter pores. In addition, appropriate container material should
be selected to avoid container cracking and sample leakage during
freeze thaw cycling.

4.1.2. Risk analysis: liposome particle size

As shown in Fig. 2, factors potentially affecting liposome parti-
cle size were divided into three categories: formulation, process,
and analytical method. Note that it has been demonstrated that
the extrusion membrane pore size greatly affects the final prod-
uct size (Xu et al., 2011). However, in the current study, only one
extruder membrane size was suitable; hence, the membrane pore
size was not considered a variable here. For this reason, the same
variables identified for the D-optimal design were selected to eval-
uate their effect on SOD liposome particle size, i.e. main lipid type
(lipid length), and cholesterol%.

4.1.3. Risk analysis: SOD liposome stability

Factors affecting the stability of SOD containing liposomes were
separated into two categories, those affecting the protein and those
affecting the liposome carrier. Factors in the first category are
beyond the scope of the current research and our focus was mainly
on the liposome carrier stability, in particular the physical stability
of the protein containing liposomes. Due to time and cost con-
straints, no statistical design study was performed with respect
to the liposome physical stability. Instead, various strategies were
combined together to achieve a stable formulation. These strate-
gies include: (1) saturated long alkyl chain PC lipids such as DPPC
or DSPCwere used as the main lipid component to increase physical
stability as well as reduce possible chemical degradation (mainly
oxidation), (2) a minimum of 20% cholesterol was used in the for-
mulations to reduce the membrane permeability, and (3) positively
charged lipids such as SA or DPTAP were used to introduce charge
to the liposome surface preventing particle aggregation.

4.2. Influence of various factors on SOD encapsulation efficiency

The generated statistical model (Eq. (3)) suggests that the SOD
encapsulation efficiency of FAT-ULV liposomes is mainly depen-
dent on four main effects (in the order of significance level from
high tolow): cholesterol% (X3), lipid concentration (X7 ), DPPC% (X>2),
and SOD concentration (X4); as well as three second-order terms:
X2, X2, and X7. Note that X7 was included in the model despite
having a p-value of 0.25. This is because in a previous study, the
evidence for the curvature of lipid concentration effect response
surface was very substantial (Xu et al., 2012a). It is speculated that
the reason for lack-of-significance of response surface curvature in
this study was due to insufficient data levels with respect to lipid
concentration. Indeed, after including eight additional data points
(Table 4) into the existing model, the p-value for the X12 dropped to
p<0.1 (results not shown).

4.2.1. Effect of cholesterol%

Itis widely known that incorporation of cholesterol into the lipid
bilayer can increase liposome stability as it reduces bilayer fluidity
and hence permeability (Kirby et al., 1980; Lee et al., 2005). This
may contribute to higher protein retention inside the liposomes
and a higher degree of encapsulation. In addition, it was observed

that SOD containing liposomes had a much higher EE% than our
mathematical model predicted, suggesting the presence of strong
lipid-protein interaction (Xu et al., 2012b). For example, at 30%
cholesterol content, DPPC liposomes exhibited a 26% higher EE%
than predicted (assuming no interaction). This strong interaction
was explained previously using a “pocket” theory (Xu et al., 2012a),
which states that inside the lipid bilayer various sizes of pockets
are generated in between the cholesterol molecules. These pockets
allow for a favorable interaction of the lipid with SOD since the
structure of cholesterol is similar to a flat sheet, which enables a
better interaction with the protein. One critical property of these
pockets is that their sizes are largely defined by the percentage
of cholesterol. Higher cholesterol content leads to smaller pocket
size while lower cholesterol content generates larger pockets. It
is reasonable to believe that the SOD-lipid interaction requires an
optimal sized pocket (relative to the size of the protein). This may
explain why the encapsulation exhibited a maximum with respect
to cholesterol percentage (Figs. 4b and 5).

4.2.2. Effect of main lipid component (DPPC%)

The main lipid component accounts for more than 50 mol% of
the total lipid in a liposome formulation. Lipids that are suitable for
the main lipid component are mostly saturated long chain neutral
lipids, such as DMPC (14 carbons), DPPC (16 carbons), and DSPC
(18 carbons). A lipid with a longer chain length will have a higher
lipid phase transition temperature. Normally, the difference in the
bilayer thickness does not translate to variation in the drug encap-
sulation efficiency (Xu et al., 2011, 2012c); however, as shown in
Fig. 6, the response surface for DPPC liposomes (100% DPPC) is
much higher than DSPC liposomes (0% DPPC). This was attributed
to a strong interaction between SOD and DPPC/cholesterol, which
may not exist (or is very weak) between SOD and DSPC/cholesterol.
This specific lipid-protein interaction is speculated to arise from
the “hydrophobic coupling” between the protein’s hydrophobic
domains and the bilayer hydrophobic core (Andersen and Koeppe
I, 2007). A variety of lipid bilayer properties might be respon-
sible for this “hydrophobic coupling”, such as bilayer thickness,
intrinsic lipid curvature, the elastic compression and bending
moduli.

4.2.3. Effect of lipid concentration

Generally, a higher lipid concentration leads to higher drug
encapsulation efficiency. This is attributed to its positive impact
on the total internal volume of liposomes (Xu et al, 2011,
2012c) that is determined by two factors, the entrapment vol-
ume of individual vesicles and the total vesicle number. It was
shown previously that protein containing FAT-ULV liposomes
had a similar entrapment volume to the empty liposomes (Xu
et al., 2012a). Therefore, the increase in the protein encapsula-
tion efficiency as a result of an increase in lipid concentration
was primarily attributed to an increase in the total vesicle num-
ber. The plateau occurred at relatively high lipid concentrations
(Figs. 4b, 6 and 7) was attributed to the loss of protein sam-
ples as well as lipid on the extruder filter due to high sample
viscosity.

4.3. Influence of various factors on SOD liposome particle size

As shown in Fig. 9, the particle size of SOD containing lipo-
somes is dependent on the type of the main lipid used (i.e. DPPC%).
Based on the mechanics of thin materials, it is well known that
the bending modulus (K;) of the material is proportional to the
area compression modulus (K;) multiplied by the square of thick-
ness (h), i.e. K. cKgh? (Halet et al., 1993; Rawicz et al., 2008).
Under normal conditions, the area compression moduli of the
lipid bilayer remain almost constant, while the square root of the



X. Xu et al. / International Journal of Pharmaceutics 434 (2012) 349-359 359

bending modulus (stiffness) varies proportionally to the thickness
of the bilayer. In this study, DSPC liposomes (0% DPPC) have a
relatively thicker bilayer in comparison to DPPC liposomes (100%
DPPC). This may result in a stiffer DSPC lipid bilayer, and sub-
sequently a lower surface curvature as compared to the DPPC
liposomes, which can explain the differences in their particle
size.

4.4. SOD liposome stability

At low temperatures, the prepared SOD liposomes remained
stable (no leakage, no particle size change, and no zeta-potential
change) at 4°C for at least 6 months. In comparison, at an elevated
temperature (37°C), a substantial amount of the protein leaked
out after two weeks storage (~40%), accompanied by near neu-
tral surface charge and larger aggregated particles (Fig. 10a). It is
believed that the cause of the instability (protein leakage) is due
to the high lipid molecular mobility at higher temperatures (close
to the phase transition temperature, Tp,, of the lipid, e.g. 41 °C for
DPPC). The enhanced lipid mobility can result in an increased lipid
bilayer permeability (Xu et al., 2012c) that may lead to higher
protein partitioning and faster diffusion; hence, rapid protein leak-
age. In addition, the increased lipid mobility can also accelerate
collision and coalescence rates of liposome particles. For charged
lipids, this translates to a much faster dissipation of the liposome
surface charge that is necessary for electrostatic stabilization. Con-
sequently, particle aggregation and lipid fusion occurs leading to
more protein leakage. In addition, it is speculated that the leaked
protein content is largely from inside the lipid bilayer. Due to the
relatively large size of the protein molecule, leakage from the lipo-
some internal aqueous compartment is less likely to occur (slow
diffusion) unless the liposome bilayer integrity is lost under stress
(such as sonication, freeze-thaw cycling, or enzyme/surfactant
degradation).

5. Conclusions

The current study demonstrated the usefulness of the applica-
tion of quality by design to gain a comprehensive understanding
of formulation and processing parameters affecting protein lipo-
some formulations prepared via FAT-ULV. Lipid concentration,
cholesterol mol%, main lipid type and protein concentration were
identified as critical parameters affecting SOD encapsulation effi-
ciency. Moreover, the D-optimal statistical design was shown to
be very beneficial as a highly predictive model was obtained from
a small number of experiments. Using the generated model, a
design space for SOD liposome preparation was established, within
which preparation variability is minimized and product quality
can be assured. Furthermore, the maximum values observed in the
response surfaces indirectly confirmed the possibility of the exis-
tence of a specific SOD-lipid bilayer interaction under the following
optimal conditions: (1) appropriate membrane thickness and cur-
vature (DPPC liposomes), and (2) optimal “pocket size” generated
by cholesterol content. With respect to storage stability, at 4 °C stor-
age temperature, the prepared SOD liposomes remained stable for
at least 6 months in the aqueous dispersion state. This is signifi-
cant since expensive and potentially damaging lyophilization of the
liposomes can be avoided. At room temperature, the SOD liposomes
are expected to have at least one-month stability. Further increase
in storage temperature may greatly compromise liposome stabil-
ity. Lastly, the methods and principles used in the current study
can be applied to liposomes containing other protein molecules
and can provide time and cost savings to industrial formulation
scientists, which will result in a more robust liposome preparation
process.
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