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ABSTRACT

A novel dialysis adapter has been developed for USP apparatus 4 for in vitro release testing of dispersed
system dosage forms. This USP apparatus 4 method was optimized and compared with currently used
dialysis and reverse dialysis sac methods. Optimization studies for the USP apparatus 4 method showed
that release from solution, suspension and liposome formulations was not flow rate limited and was
not affected by change in the dialysis adapter sample volume from 250 .l to 500 w.l. The USP apparatus
4 method could discriminate between solution, suspension and liposome formulations of dexametha-
sone. On comparing the different methods, only the USP apparatus 4 method provided discrimination
between dexamethasone release from extruded and non-extruded liposomes, as well as among non-
extruded DMPC, DPPC and DSPC liposomes. The dialysis sac method could not discriminate between
the release profiles of non-extruded DMPC and DPPC liposomes. The reverse dialysis sac could not dis-
criminate between the release profiles of extruded and non-extruded DMPC liposomes. In addition, the
USP apparatus 4 method provided the highest release and the smallest variation in the data. This novel
adapter might address the problem of the lack of a compendial apparatus for in vitro release testing of

dispersed system dosage forms.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The last decade has witnessed a rapid development in the
area of novel drug delivery systems such as microspheres, lipo-
somes, nanosuspensions, and microemulsions (Kostarelos, 2003).
The advantages of these systems include: (1) controlled/modified
delivery, (2) targeted delivery, (3) localized delivery, (4) decreased
dose, (5) reduced toxicity, and (6) protection of labile drugs (such
as proteins) from degradation prior to and after administration.
Eleven microsphere and 14 liposome formulations have already
been approved by the United States Food and Drug Administra-
tion (FDA). With the advances in protein and gene therapeutics,
the number of such products is likely to continue to increase.

In order to assure the performance and safety of these novel
delivery systems, as well as to assist in the product development
process, in vitro testing methods must be developed. In vitro release
is an important indicator of in vivo product performance. Accord-
ingly, in vitro release tests are used for: (1) routine assessment of
process quality control, (2) formulation optimization in product
development, and (3) development of in vitro—in vivo relationships
(IVIVR). In addition, in vitro release method(s) can also be applied
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for evaluation of scale-up and post approval changes (SUPAC) (Shah
et al,, 2002; Siewert et al., 2003).

At present, there is a lack of standard pharmacopeial/regulatory
tests for controlled release parenteral products, and this poses
a major obstacle in their development and regulatory processes.
A number of workshops have been conducted by the American
Association of Pharmaceutical Scientists (AAPS), the International
Pharmaceutical Federation (FIP), the European Federation of Phar-
maceutical Scientists (EUFEPS), the Controlled Release Society
(CRS), the United States Pharmacopeia (USP), the European Phar-
macopeia (EP), the US FDA and the European Agency for Evaluation
of Medicinal Products (EMEA), in order to develop standard quality
and performance parameters for controlled release parenteral for-
mulations (Burgess et al., 2002, 2004; Shah et al., 2002; Siewert et
al., 2003; Martinez et al., 2008). In particular, the need for standards
for in vitro release methods, for guidance on in vivo release testing
and in vitro-in vivo relationship/prediction has been emphasized.
While in vitro release testing methods have been recommended for
some controlled release formulations, suitable compendial meth-
ods have not yet been identified for liposomes (Martinez et al.,
2008).

A variety of methods have been used for in vitro release test-
ing of controlled release parenterals (Washington, 1990; Clark et
al., 2005). Currently used methods for in vitro release testing from
these dosage forms can be broadly divided into three categories: (1)
membrane dialysis methods (such as dialysis sac (Glavas-Dodov et
al., 2002; Sezer et al., 2004; Ruozi et al., 2005), reverse dialysis sac
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(Chidambaram and Burgess, 1999), micro-dialysis (Hitzman et al.,
2005), and Franz-diffusion cells), (2) sample and separate meth-
ods (vial/tube/bottle method with centrifugation or filtration after
sampling (Vemuri et al., 1991; Kokkona et al., 2000; Xiao et al.,
2004)), and (3) flow-through cell methods (USP apparatus 4 (Kaiser
et al,, 2003; Zolnik et al., 2005)). These techniques are required
to isolate the dosage form from the release media for analytical
purposes. An agar gel method (Peschka et al., 1998) has also been
reported in which liposomes are embedded in agar gel for sepa-
ration from release medium. However, none of these methods use
official USP dissolution/release apparatus, except the flow-through
method with USP apparatus 4. In addition, the procedures and
apparatus used vary among laboratories. As a result of the lack
of a standard method, results from different sources are usually
not comparable. Moreover, some of the methods used are subject
to high variability and have limitations such as violation of sink
conditions.

The FIP/AAPS report on in vitro release testing of novel dosage
forms (Siewert et al., 2003) emphasized the need to avoid unnec-
essary proliferation of equipment and method design and states
that compendial method(s) should be the first approach for in
vitro release testing. This report also suggests that if a compendial
method is not suitable (such as for colloidal dosage forms), modifi-
cations of compendial method(s) can be considered. Development
of amodified USP dissolution apparatus 4 method forin vitro release
testing of microsphere formulations has been reported in an earlier
study (Zolnik et al., 2005). It has been shown that for microsphere
formulations, USP apparatus 4 offers advantages over conventional
release testing methods such as sample and separate (Zolnik et al.,
2005) and USP dissolution apparatus 2 (Voisine et al., 2008). How-
ever, colloidal disperse systems such as liposomes, microemulsions
or nanosuspensions, could either block the filter in USP apparatus 4
or pass through it. Moreover, liposomes present a unique challenge
in that they can be designed to release their contents: immediately;
in a sustained manner; after uptake in macrophages; or following a
trigger mechanism such as change in pH or temperature (Martinez
et al.,, 2008). Therefore, it may not be possible to develop a single in
vitro release testing method for these different types of liposomes.
In addition, liposomes given by different routes (IM, SC or IV) may
require different release testing methods that can simulate the dif-
ferent in vivo conditions for IVIVC purposes. However, in product
development and quality assurance, a method that can discriminate
between different formulation variables may be sufficient.

The present work attempts to address the problem of lack of
standard in vitro release method(s) for liposomes and other col-
loidal dosage forms. A novel dialysis adapter that can be used with
the compendial USP dissolution apparatus 4 (flow-through) was
designed, developed and evaluated. This adapter will render USP
apparatus 4 suitable for in vitro release testing of colloidal dosage
forms such as nanosuspensions, liposomes, and emulsions. Opti-
mization and evaluation studies were performed with solution,
suspension and liposome dosage forms of dexamethasone to ana-
lyze the feasibility of this novel dialysis adapter. Development of
liposome formulations of hydrophobic drug, dexamethasone, with
different release kinetics has been reported in an earlier study
(Bhardwaj and Burgess, 2010). The discriminatory ability of this
novel USP 4 based method was tested using these different formu-
lations. In addition, in vitro release of dexamethasone from these
liposomes formulations was also investigated with two commonly
used methods, dialysis sac (DS) and reverse dialysis sac (RDS), for
comparison with the novel USP 4 method.

A dialysis-based method was selected since it is more suitable
for deformable formulations such as liposomes. Sample and sepa-
rate methods pose the following two limitations. First, an artificially
higher release might result from disruption and/or fusion of vesicles
as a consequence of the separation process (high speed centrifuga-

tion or filtration). Second, an erroneous release would also result
if the separation method is of the same time scale as the release
study (Washington, 1990).

2. Materials and methods
2.1. Materials

Dexamethasone, sodium azide, sodium dodecyl sulfate (SDS)
and HEPES, sodium salts 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) and choles-
terol were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Maxidex® ophthalmic suspension of dexamethasone (0.1%, w/v)
was purchased from Alcon Laboratories (Fort Worth, TX). Chlo-
roform, acetonitrile and methanol were purchased from Fisher
Scientific (Pittsburgh, PA). Spectra/Por DispoDialyzer (50kDa
molecular weight cut off (MWCO); volume, 2 ml) and Spectra/Por
Biotech (50kDa MWCO) cellulose ester dialysis membranes
were purchased from Spectrum Labs (Rancho Dominguez, CA).
Nanopure™ quality water (Barnstead, Dubuque, 1A) was used for
all studies.

2.2. Preparation of liposomes

A thin-film hydration method was used to prepare
dexamethasone-loaded liposomes as reported previously
(Bhardwaj and Burgess, 2010). Briefly, a chloroform solution
of lipid, and a methanol solution of dexamethasone were mixed in
a pear-shaped flask and evaporated in a Biichi® rotary evaporator
at a temperature above the phase transition temperature(s) (Tm)
of lipids to form a thin-film (lipid:drug ratio, 1:0.2 M). This film was
dried overnight under vacuum for complete removal of the sol-
vents. The lipid film was then hydrated in 10 mM HEPES buffer, pH
7.4 (with 0.1% (w/v) sodium azide as a preservative; at T>Tm) fol-
lowed by vortexing for 2 min (final lipid concentration 1.2 mg/ml).
These vortexed vesicles were used as large multilamellar ‘non-
extruded’ liposomes (referred to as ‘non-extruded liposomes’
henceforth). For preparation of small ‘extruded’ liposomes, non-
extruded liposomes were sonicated (for 4 min) using an Avanti
Ultrasonic Cleaner® bath sonicator (T>Tm) followed by extrusion
(11 times) through a 400 nm polycarbonate membrane (T>Tm)
using an Avanti MiniExtruder® for size homogenization (referred
to as ‘extruded liposomes’ henceforth). Non-entrapped drug was
removed from liposomes as described previously (Bhardwaj and
Burgess, 2010).

2.3. Invitro release studies

2.3.1. Dialysis sac method

The pore size of the dialysis membrane can limit diffusion
across the membrane. Therefore, a 50kDa MWCO (Spectra®/Por
CE DispoDialyzer) dialysis membrane was selected after screening
different MWCO dialysis membranes for diffusion of dexametha-
sone. Liposome suspensions (1.3 ml) were added to Spectra®/Por
CE DispoDialyzer 50 kDa MWCO membranes (total volume of 2 ml;
exposed surface area of 1360 mm?). The dialysis sacs containing
the liposome suspensions were placed in glass tubes (Kimax® glass
culture tubes; 25 mm x 200 mm) containing 50 ml HEPES buffer
maintained at 37 °Cin a shaker water bath (New Brunswick, Edison,
NJ) and rotated at 50 rpm. One milliliter aliquots were withdrawn
at each time point for release estimation and replaced with fresh
buffer. Sink conditions were maintained throughout the experi-
ment. Dexamethasone was analyzed using the HPLC method as
described below. In case of incomplete release or if a plateau was
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reached, SDS was added to a final concentration of 0.5% (w/v) to
disrupt the liposomes and confirm complete recovery. Addition of
SDSisindicated by an arrow in all figures. The results were reported
as mean £ SD (n=3).

2.3.2. Reverse dialysis sac method

Release was performed in glass tubes (Pyrex®; 38 mm x
200 mm) containing 125 ml HEPES buffer maintained at 37°C in
a shaker water bath and rotated at 50 rpm. Spectra®/Por CE Dispo-
Dialyzer 50 kDa MWCO dialysis sacs (total volume of 2 ml; exposed
surface area of approximately 1360 mm?) containing HEPES buffer
were placed in each glass tube. Liposome suspensions (2 ml) were
added to the media outside of dialysis sacs. At each time point, a
dialysis sac was removed from each tube and 1 ml aliquot was with-
drawn from interior of the dialysis sac for release estimation. The
buffer inside the dialysis sac was replenished with fresh buffer after
sampling. Sink conditions were maintained throughout the exper-
iment. In case of incomplete release or if a plateau was reached,
SDS was added to a final concentration of 0.5% (w/v) to disrupt
the liposomes and estimate complete recovery. Dexamethasone
was analyzed using an HPLC method (see below). The results were
reported as mean +SD (n=3).

2.3.3. USP dissolution apparatus 4 method

2.3.3.1. Design of dialysis adapter for USP apparatus 4. A novel dial-
ysis adapter was designed for USP apparatus 4 to be used in
conjunction with 22.6 mm sample cells. Fig. 1A is a schematic of
the dialysis adapter design and Fig. 1B shows the placement of the
adapter in USP apparatus 4. The design of the dialysis adapter is
a hollow cylinder and the base and top of the cylinder are made
of circular Teflon with groves for O-rings seals. The top and base
are supported by three metallic wires that provide the framework
for the adapter. The Teflon top has an opening that can be closed
with a screw. A dialysis membrane is placed over this frame and
sealed with O-rings at the top and bottom. The adapter cell with a
dialysis membrane was fixed on a cross shaped platform which fits
the 22.6 mm USP apparatus 4 cell dimensions. This final assembled

A O
—>» Top Opening

Membrane
E—>Base O-ring
Front Adapter with
membrane

(B)
Filter system
Sample
Holder Media

Fig. 1. (A) Schematic of the dialysis adapter design. (Left) the front of the dialysis
adapter, (middle) top and bottom parts, (right) adapter with dialysis membrane
sealed with O-rings. (B) The placement of the adapter in USP apparatus 4.

adapter is placed in the upright position inside the USP apparatus
4 sample cells. The apparatus 4 can be operated in both the open
and closed configurations and the flow rate varied as required. The
specifications of the dialysis adapter are: height, 33 mm; diameter,
9 mm; top and base thickness, 3.5 mm; total volume, 1.7 ml; and
exposed surface area, ~832 mm?.

2.3.3.2. Release studies. For the USP 4 method, a Sotax™ CE7 USP
apparatus 4 equipped with 22.6 mm diameter cells was used at
37°C. A ruby bead (5 mm diameter) was placed at the base of the
22.6 mm sample cell and 4g of 1 mm diameter glass beads were
added tofill the bottom conical part of the sample cell. Formulations
(solution, suspension, or liposomes) were added to the dialysis
adapter and the opening was sealed with a screw. For release stud-
ies, ~1.4ml of liposome suspensions was added to the dialysis
adapter. 250 wl and 500 i of Maxidex® suspension were used to
evaluate effect of sample volume in dialysis adapter (Fig. 3). The
adapter was placed in the USP 4 sample cell as shown in Fig. 1B
for release studies. 100 ml of HEPES buffer maintained at 37 °C was
used as release media in these studies. The effect of flow rate on
drug release from suspension and liposome formulations was eval-
uated by varying the flow rates between 8 ml/min and 16 ml/min.
USP 4 release studies conducted at a flow rate of 16 ml/min were
used for comparison of the USP 4 dialysis adapter method with
the dialysis and reverse dialysis sac methods. At each time point,
1 ml samples were withdrawn from the media reservoir containers
of the USP apparatus 4. The samples were replenished with fresh
media. Sink conditions were maintained throughout the experi-
ment. Dexamethasone was analyzed via HPLC (see below). The
results were reported as mean 4 SD (n=3).

2.4. Dexamethasone analysis

Dexamethasone was analyzed using an HPLC method as
described previously (Bhardwaj etal., 2007). In brief, HPLC was per-
formed using acetonitrile/water/phosphoric acid (35:65:0.5, v/v/v)
mobile phase with a Zorbax® Rx Cqg column (4.6 mm x 15 cm) at
a flow rate of 1 ml/min. Dexamethasone was detected at 242 nm
using a Perkin-Elmer 785 UV-Vis detector.

3. Results
3.1. Optimization studies for the USP 4 dialysis adapter

Increase in the flow rate from 8 ml/min to 16 ml/min and
20 ml/mindid not have any significant effect on the diffusion of dex-
amethasone solution from the dialysis adapter to the bulk media
with most of the drug diffusing out in 4h (Fig. 2A). Increase in
the flow rate from 8 ml/min to 16 ml/min also did not have any
significant effect on dexamethasone release from the Maxidex®
suspension (Fig. 2B) or the non-extruded DMPC (Fig. 2C) and DPPC
liposomes (Fig. 2D). Release from the non-extruded DMPC lipo-
somes was faster compared to that from the non-extruded DPPC
liposomes at 37 °C.

Reducing the sample volume of the Maxidex® suspension, from
500 plto 250 pl, in the dialysis adapter did not have a marked effect
on therelease rates as evident on comparing the normalized release
profiles (Fig. 3). However, concentration vs. time release profiles
showed that equilibrium was reached by 12 h for the 250 .l and by
24 h for 500 pl sample (secondary y-axis; Fig. 3).

3.2. Discrimination between different formulations using the USP
4 method

Dexamethasone release profiles (at 16 ml/min) from the
solution, suspension and non-extruded DPPC liposomes were com-
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Fig. 2. Effect of different flow rates on dexamethasone release from (A) solution, (B) suspension, (C) non-extruded DMPC liposomes and (D) non-extruded DPPC liposomes
using the USP 4 dialysis adapter in 10 mM HEPES buffer, pH 7.4 at 37 °C. The addition of SDS is indicated by an arrow. Each value represents mean +SD (n=3).

pared to investigate the discriminatory ability of the novel method.
Distinct release profiles were observed from the three formu-
lations (Fig. 4). Drug release from the solution was the fastest
(Fig. 4). Dexamethasone release from the Maxidex® suspension
was slower than that from the solution and released over a
period of 24h. Release from the non-extruded DPPC liposomes
was fast initially (12h) and then a slower release phase was
observed.
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Fig.3. Effect of different sample volumes on release from the Maxidex™ suspension
inthe USP 4 dialysis adapter. Release profiles were evaluated in 10 mM HEPES buffer,
pH 7.4 at 37°C at a flow rate of 16 ml/min. Each value represents mean +SD (n=3).

3.3. Evaluation of discriminatory ability of different release
methods for liposome formulations

The discriminatory ability of the dialysis sac, reverse dialysis
sac and dialysis adapter based USP 4 method was evaluated using
non-extruded and extruded liposome formulations of phospho-
lipids DMPC, DPPC and DSPC. The physico-chemical properties of

1201
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Fig. 4. Discrimination between release profiles from different formulations using
the USP 4 dialysis adapter. Release profiles were evaluated in 10 mM HEPES buffer,
pH7.4at37°Cand a flow rate of 16 ml/min. Each value represents mean & SD (n=3).
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Fig.5. Discrimination between release profiles from the extruded and non-extruded
liposome formulations of DMPC, DPPC and DSPC using the dialysis sac method.
Release profiles were evaluated in 10 mM HEPES buffer, pH 7.4 at 37 °C at a flow rate
of 16 ml/min. The addition of SDS is indicated by an arrow. Each value represents
mean=+SD (n=3).

these liposomes have been reported earlier (Bhardwaj and Burgess,
2010). The non-extruded liposomes showed slower release com-
pared to the extruded liposomes of the same phospholipid. In
addition, the phase transition temperatures of DMPC, DPPC and
DSPC are ~23.5°C, 41.4°C and 54.5°C, respectively (Bhardwaj
and Burgess, 2010). Therefore, they are expected to have differ-
ent release properties at 37 °C. A reliable in vitro release testing
method should be able to distinguish between these formulation
variants.

3.3.1. Dialysis sac

The dialysis sac method could discriminate between the non-
extruded and extruded liposomes of the same lipid (Fig. 5). The
release profiles of the extruded liposomes were faster compared
to the non-extruded liposomes for all three lipids. Release profiles
of the extruded DMPC and DPPC liposomes were similar and DSPC
was slightly slower (Fig. 5). Release from all the extruded liposomes
was complete within 72 h. The non-extruded liposomes showed an
initial faster release followed by a slower release phase (Fig. 5).

Among the non-extruded liposomes of the three lipids, the dial-
ysis sac method was not able to discriminate between the release
profiles of the DMPC and DPPC liposomes (Fig. 5). At 12 h, 68.8% and
64.2% release was observed from the non-extruded DMPC and DPPC
liposomes, respectively (Table 1). Release from the non-extruded
DSPC liposomes was the slowest (30.5% in 12 h; Table 1). The dex-
amethasone release profiles plateaued for all the non-extruded
liposomes. To achieve complete release, SDS at a final concentration
0.5% (w/v) was added to disrupt the liposome membranes (Fig. 5).

3.3.2. Reverse dialysis sac

The reverse dialysis sac method was not able to discriminate
between the release profiles of the non-extruded and extruded
DMPC liposomes (Fig. 6 and Table 1). At 12h, release from the
non-extruded and extruded DMPC liposomes was 76.4% and 77.6%,
respectively. However, discrimination was observed between the

120

1]
]
3]
Q@
(7]
4
t —+— OMFCExt
g 40 1 —=—CFRCEd
o : —4— DSFCExt
- DAAFC Non-Ext
i —e— DOFFC Nen-Ext
: —a— CSFC Non-Ext
0+ T T T T 1
(] 100 200 300 400 500
Time (h)

Fig.6. Discrimination between release profiles from the extruded and non-extruded
liposome formulations of DMPC, DPPC and DSPC using the reverse dialysis sac
method. Release profiles were evaluated in 10 mM HEPES buffer, pH 7.4 at 37°C
at a flow rate of 16 ml/min. The addition of SDS is indicated by an arrow. Each value
represents mean=+SD (n=3).

release profiles of the non-extruded and extruded DPPC and DSPC
liposomes (Fig. 6 and Table 1). For DPPC and DSPC, release from the
extruded liposomes was much faster (within 72 h) compared to the
non-extruded liposomes.

The reverse dialysis sac method was able to discriminate among
the release profiles of the non-extruded liposomes of three lipids.
The dexamethasone release from the non-extruded liposomes
using the reverse dialysis sac method was faster for DMPC lipo-
somes (within 24 h), while DSPC liposomes showed the slowest
release (39.2% in 12 h) (Fig. 6 and Table 1). A plateau was reached
for the non-extruded DSPC liposomes after 168 h. The addition
of SDS increased the release from the non-extruded DSPC lipo-
somes. Release from DPPC liposomes was intermediate (48.6% in
12 h), releasing slowly after day 3 until completion (Fig. 6). Unlike
the dialysis sac method, release from the non-extruded DPPC lipo-
somes was slower than the non-extruded DMPC liposomes using
the reverse dialysis sac method.

3.3.3. USP apparatus 4 method

The USP 4 method was able to discriminate between the non-
extruded and extruded liposomes of the same lipid (Fig. 7). Unlike
the reverse dialysis sac method, release from the non-extruded
DMPC liposomes (70.4% at 12 h; Table 1) was slower than that from
the extruded liposomes (83.5% at 12 h; Table 1) using the USP 4
method. A faster release of dexamethasone was observed from the
extruded liposomes (Fig. 7) with most of the drug released in the
first 12 h (Table 1).

The USP 4 method was also able to discriminate among the
release profiles of the non-extruded liposomes of the three lipids.
The rank order of the release from the non-extruded liposomes
was DMPC>DPPC>DSPC. At 12 h, 70.4%, 61.1% and 43.8% drug was
released from the non-extruded DMPC, DPPC and DSPC liposomes,
respectively. The non-extruded DPPC and DSPC liposomes did not
release all their contents and reached a plateau by day 4 (Fig. 7).

Table 1
Percent release at 12 h from the extruded and non-extruded DMPC, DPPC, and DSPC liposomes (lipid:drug - 1:0.2 M).
Liposomes Dialysis sac Reverse dialysis sac USP apparatus 4
Extruded Non-extruded Extruded Non-extruded Extruded Non-extruded
DMPC 921 +1.2 68.8 + 4.3 764 £ 2.5 776 £2.0 835+19 704 £ 39
DPPC 96.3 + 1.2 64.2 £ 3.6 88.2 £ 0.6 48.6 + 2.2 929 £ 0.6 61.1 £ 1.5
DSPC 79.5 £ 1.7 30.5 + 10.0 718 £ 1.8 39.2 +£3.2 812+ 24 43.8 + 2.6

Each value represents mean +SD (n=3).
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Complete release was obtained following addition of SDS to the
release medium.

3.3.4. Comparison of release from the non-extruded liposomes
among different methods

The release profiles of the non-extruded liposomes of each phos-
pholipid obtained using the three methods were plotted together
for comparison between the methods (Fig. 8). Initial 12 h release
from the non-extruded liposomes of the low transition tempera-

ture lipid DMPC was faster using the dialysis sac and reverse dialysis
sac methods compared to the USP 4 method (Fig. 8A and Table 1),
however the dialysis sac and reverse dialysis sac methods slowed
down at the later time points. However, higher total release was
achieved with the USP 4 method without addition of SDS. In the case
of the dialysis sac method, addition of SDS was required to achieve
complete release. The complete release profiles from the non-
extruded DMPC liposomes were in the order USP 4 > reverse dialysis
sac > dialysis sac. For the intermediate transition temperature lipid
DPPC, the release profiles from the non-extruded liposomes using
the dialysis sac and USP 4 methods appeared similar, while the
reverse dialysis sac method showed slightly slower release (Fig. 8B).
The trend was the same for the initial release (Fig. 8B and Table 1).
The addition of SDS led to complete release using the dialysis
sac and USP 4 methods after a plateau was reached. Complete
release was observed using the reverse dialysis sac method without
addition of SDS. For the high transition temperature lipid DSPC non-
extruded liposomes, the overall dexamethasone release using the
reverse dialysis sac and USP 4 methods was similar, while the dialy-
sis sac method was slower and lower (Fig. 8C and Table 1). However,
asimilar plateau level was reached eventually for all three methods
(dialysis sac ~48%; reverse dialysis sac ~49% and USP 4-48%). The
addition of SDS was required for complete recovery from the DSPC
liposomes using all three methods.

4. Discussion

Optimization studies for the USP 4 dialysis adapter showed that
the release of dexamethasone from the solution, suspension and
liposome dosage forms was not flow rate limited (Fig. 2). This
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Fig. 8. Dexamethasone release profiles from the non-extruded liposomes using dialysis sac, reverse dialysis sac and USP 4 dialysis adapter methods. (A) DMPC, (B) DPPC,
and (C) DSPC. Release profiles were evaluated in 10 mM HEPES buffer, pH 7.4 at 37 °C and a flow rate of 16 ml/min. The addition of SDS is indicated by an arrow. Each value
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indicates that adequate agitation was obtained around the dialy-
sis adapter in the 22.6 mm USP 4 sample cell at both flow rates.
Similarly, the suspension sample volume in the dialysis adapter
did not influence the percent release (Fig. 3), however the method
was sensitive enough to show a difference in the time to reach the
plateau concentration for the higher sample volume (Fig. 3; sec-
ondary axis). The USP 4 method was also able to distinguish drug
release from the solution, suspension and non-extruded DPPC lipo-
some formulations of dexamethasone (Fig. 4). These studies proved
the feasibility of the dialysis adapter design and its utility for USP
apparatus 4 for release testing of colloidal dosage forms.

For product development and quality control, an in vitro method
should be able to discriminate between different formulation vari-
ants. Previously, it was observed that the non-extruded liposomes
of DMPC, DPPC and DSPC had different physico-chemical proper-
ties compared to the sonicated and extruded liposomes (Bhardwayj
and Burgess, 2010). The multilamellar non-extruded liposomes had
larger particle size and approximately twice the drug encapsula-
tion efficiency. Moreover, DMPC, DPPC and DSPC liposomes have
different phase transition behavior (Bhardwaj and Burgess, 2010).
Therefore, different in vitro drug release profiles can be expected
from liposomes prepared using these three lipids at 37 °C.

Only the dialysis adapter based USP 4 method was able to dis-
criminate among all three liposome formulations, extruded and
non-extruded (Fig. 7). For each lipid used, dexamethasone release
from the non-extruded liposomes was slower compared to the
release from the extruded liposomes. However, the dialysis sac and
reverse dialysis sac methods could not discriminate between the
different liposome formulations. The dialysis sac method could not
discriminate between the non-extruded DMPC and DPPC liposomes
(Fig. 5). Dexamethasone release from the fast releasing DMPC lipo-
somes appeared to be slower when using the dialysis sac method
compared to the USP 4 and reverse dialysis sac methods (Fig. 8A).
This may be attributed to violation of sink conditions within the
dialysis sacs as the drug is released rapidly from the liposomes. The
drug release from dialysis sac method is a two-step process: (1)
the drug is released from liposomes to media inside dialysis sac,
and (2) the drug molecule diffuses across the dialysis membrane
to sink medium (where it is analyzed). The volume of media inside
dialysis sacis limited (step 1). Hence, if the release is faster than dif-
fusion across the membrane, sink conditions will not exist inside
dialysis membrane slowing down the release from liposomes. This
may be due to inadequate agitation in the dialysis sac method.
Chidambaram and Burgess (1999) have earlier reported similar vio-
lation of sink conditions using the dialysis sac method for the in vitro
release testing of emulsions.

The reverse dialysis sac method could not discriminate between
non-extruded and extruded DMPC liposomes (Fig. 6). It appears
that the higher dilution in the reverse dialysis sac method masked
the difference in the physico-chemical properties of the non-
extruded and extruded DMPC liposomes. Therefore, both dialysis
sac and reverse dialysis sac methods might have limitations when
used for in vitro release testing of fast releasing formulations.

Comparison of the dialysis sac, reverse dialysis sac and USP 4
methods for non-extruded liposomes prepared using the same lipid
showed that the percent release for the USP 4 method was the
highest or similar to the next highest method (Fig. 8). Moreover,
release profiles obtained using the novel USP 4 method showed
low variation among the replicates (as indicated by smaller error
bars). These results underscore the robustness of flow-through USP
apparatus 4 in providing adequate agitation and maintaining tem-
perature uniformity in the sample cells. For extruded liposomes,
similar release profiles were observed for all three methods using
liposomes of a particular lipid. In addition, none of the methods
showed a clear trend for three types of extruded liposomes stud-
ied. It was not possible to select one method over the other for

extruded liposomes. This may be due to the fast release from all
extruded liposomes.

The novel dialysis adapter utilizes the advantages of the com-
pendial USP dissolution apparatus 4. The dialysis adapter based
USP 4 method also presents a platform to mimic in vivo conditions
easily. Release conditions can easily be changed during a run to pro-
vide biorelevant conditions such as addition of serum or enzymes,
change in temperature or pH, and addition of a surfactant to trigger
release. It might also be possible to use this method for formula-
tions where a membrane dialysis based method is recommended
at present (for example, semisolid topical formulations for which a
Franz-diffusion cell is recommended) (Siewert et al., 2003). In addi-
tion, this method can also find application in purification of proteins
(and other macromolecules) providing advantage of continuous
buffer replenishment.

5. Conclusions

This study showed the feasibility and discriminatory ability of
the dialysis adapter USP apparatus 4 method for in vitro release
testing of liposomes and other dispersed system formulations.
This novel USP 4 method was able to discriminate between dif-
ferent dosage form and between different liposome process and
formulation variants. Whereas, the dialysis and reverse dialysis sac
methods were not able to discriminate between all the formulation
variants tested. This novel dialysis adapter method fulfills the need
for a method based on a compendial apparatus for in vitro release
testing of liposomes and other dispersed systems.
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