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Abstract

Glyceryl monooleate/water cubic phase systems were investigated as drug delivery systems, using salicylic acid as a model
drug. The liquid crystalline phases formed by the glyceryl monooleate (GMO)/water systems were characterized by polarizing
microscopy. In vitro drug release studies were performed and the influences of initial water content, swelling and drug loading
on the drug release properties were evaluated. Water uptake followed second-order swelling kinetics. In vitro release profiles
showed Fickian diffusion control and were independent on the initial water content and drug loading, suggesting GMO cubic
phase gels suitability for use as drug delivery system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ferent solubilities and molecular weighté/att and
Dorschel, 1992 and have been studied as sustained
Glyceryl monooleate (GMO) is a polar lipid that drug delivery systems for several drugs, including pep-
forms several liquid crystalline phases in the presence tidic and proteic onesGhang and Bodmeier, 1997a;
of water (arsson, 198p This amphiphilic molecule  Engstbm and Engstim, 1992; Geraghty et al., 1996;
can arrange itself into different ordered arrays and the Lee and Kellaway, 2000; Sadhale and Shah, 1999
formation of liquid crystalline phases depends on the Recently Turchiello et al. (2003)nvestigated a po-
water content, temperature and the presence of solutestential of GMO/water cubic phase systems to deliver
GMO/water systems can incorporate drugs with dif- pro-drugs and a photosensitizer for topical applica-
tion in photodynamic therapy. Cubic phase gels can
_— be formed at defined conditions and have been con-
* Corresponding author. Tel.: +55 16 6024301; . . . .
fax: +55 16 6024301 sidered as pot_erjnal Qrug carrier to be used in several
E-mail addressvbentley@usp.br (M.V.L.B. Bentley). routes of administrationdash et al., 1999; Mallone
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et al., 2000; Norling et al., 1992; Sallam et al., 2002;
Shah et al., 2001 Cubic phase gels of GMO/water

are formed at body temperature, are physically stable
upon contact with excess of water, as physiologic con-
ditions and have interesting characteristics for drug de-

livery (Chang and Bodmeier, 199//&or pharmaceu-
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2.2. Polarizing light microscopy

Polarizing light microscopy, using an Axiolab
microscope (Carl Zeiss) fitted with a hot stage
plate Linkan, identified the liquid crystalline phases.
GMO/water systems with known amounts of water

tical applications, some aspects should be consideredwithin the range of 5.0-40.0% (w/w) were observed
such as the presence of drugs, which can modify the by polarizing light microscopy between 20 and°@
cubic phase structure and alter the drug release profileat a heating rate of IC/min and a binary phase dia-

of the system. Additional factors such as initial water
content, the type of liquid crystalline phase formed,
swelling upon contact with water, drug loading and
its solubility in the system, as well as possible inter-
actions of the drug with the lipid phase may also in-
fluence the drug releasBirrows et al., 1994; Chang

and Bodmeier, 1997a; Carr et al., 1997; Sallam et al.,

2002.
The aim of this work was to investigate the potential

of GMO/water gels as drug delivery systems character-

izing the liquid crystalline phases formed in the pres-
ence of a model drug (salicylic acid) as well as to study
the effect of swelling and drug loading on the release
mechanism.

gram was constructed. A partial ternary phase diagram
was also constructed to determine the influence of the
presence of drug and it's loading on the phase proper-
ties. For this purpose, GMO/water systems with known
amounts of water within the range of 5.0—40.0% (w/w)
and salicylic acid content of 0-20.0% (w/w) were ob-
served by polarizing light microscopy at 3C. An in-
dication of the salicylic acid solubility in the systems
was determinated by the presence of suspended drug
crystals in the systems when observed microscopically.

2.3. Swelling studies

GMO/water systems containing 0, 20.0 and 35.0%

Further studies will be addressed to develop cubic (w/w) of water were moulded as matrices of 1.7 cm

phase GMO/water systems for delivering drugs with

of diameter and 0.8 cm height. The matrices were pre-

different physico-chemical characteristics and thera- pared as described Ieraghty et al. (1996)veighed

peutic use.

2. Materials and methods

The following reagents were used as received: a

commercial grade of GMO, Myverol 18-99dis-
tilled monoglycerides (Eastman Chemical Company)
and salicylic acid from Sigma Chemical Co., reagent
grade.

2.1. Preparation of GMO/water systems

and placed in 300.0 ml of isotonic phosphate buffer pH
7.4 maintained at 37C. At fixed time intervals, the
samples were removed and re-weighed. The water up-
take data were analyzed with the first-order kinefigs
and second-order kineti¢2) equation:

W,
In —=_ —kr (1)
Woo — W
t 1 t
e E 2
w kW§O+WOO @

whereW,, is the maximum water uptak#&y the wa-
ter uptake at a timg (W, —W) the unrealized water

GMO/water systems were prepared at several wa- Uptake and is the proportionality constant. For the

ter contents by melting Myverol 18-89at 42°C
followed by the addition of the required amount of

water at the same temperature. Drug loaded sys-

tems were prepared by mixing the salicylic acid
in the molten Myverol 18-99 prior to the addi-
tion of water. The systems were maintained in well-

second-order kinetics, the initial rate of swelling is the
reciprocal of they-intercept in the plot of/W versus
t. The reciprocal of the slope indicatéé,,, which is
the maximum or equilibrium water uptake. The units
of W, are grams of buffer absorbed per gram of matrix
and the units of the initial swelling rate are grams of

closed containers at room temperature for 7 days for buffer absorbed per gram of dry matrix per hadh@ng

equilibration.

and Bodmeier, 1997a; Schott, 1992; Lee et al., 2003
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2.4. Invitro drug release The influence of swelling on salicylic acid release
was characterized usingigter and Peppas, 1987
Drug release was assessed by dissolution stud- M
ies performed in triplicate based on the USP —!
rotating-basket method. The samples evaluated were Moo
GMO/water systems, containing 35.0% (w/w) of wa- whereM/M, is the fraction of drug releaseld,a con-
ter, moulded with the same dimensions described be- stant dependent on the systdrthe release period and
fore. Drug loads in the range of 2.0-8.0% (w/w) were nis the diffusional exponent, indicative of the release
studied. mechanism for matrices of varying shape and swelling
The influence of initial water content on drug re- or non-swelling systems. For moderately swelling sys-
lease was also investigated with samples of 20.0% tems (equilibrium swelling ratio not greater than 1.33
(w/w) initial water content and similar drug loads. equivalentto anincrease in volume of 25.0%) of cylin-
The dissolution media was 300.0 ml of isotonic phos- der shape, a value of 0.45 indicates Fickian diffusion,
phate buffer, pH 7.4, maintained at 32 and 100rpm  where drug is released by the usual molecular diffusion
agitation. Samples of the dissolution media were through the system. A value between 0.45 and 0.89 is
taken at specified time intervals and salicylic acid re- indicative of anomalous transport in which there must
leased amounts were assayed spectrophotometrically abe some influence of swelling and/or erosion. A value

— Kt" 3)

296 nm. of 0.89 indicates Case Il relaxational mechanism, asso-
ciated with the stresses and state-transitions that occur
2.5. Evaluation of the release mechanism in the swelling.

The salicylic acid release mechanism was also char-

The release data were analyzed to describe theacterized byPeppas and Sahlin (1989)hich explores
release mechanismTgble ) and could be fitted the relationship between Fickian diffusional release
to both Higuchi and first-order models. In order to and Case Il transport. The two mechanisms were con-
distinguish between diffusion control and first-order sidered to be additive and follow the equation:
models, the data were analyzed by the method pro-
posed bySchwartz et al. (1968)According to this
method, plots of the ratio of release as function of
the amount of drug released are linear in first-order where the first term of the right side is the Fickian con-
kinetics models, whereas plots of the ratio of re- tribution and the secondterm being Case Il relaxational
lease as function of the reciprocal of the amount contribution andKy andKy are the Fickian and relax-
of drug released are linear in diffusion control re- ational kinetic constant, respectively. The coefficient

L — K™ + Kpt?" (4)

lease. mis the Fickian diffusion exponent for a device of any
Table 1
Kinetics parameters of the salicylic acid release profiles from GMO/water systems with selected drug loads
Formulations Higuchi mod2l First-order modé
Gradient Correlation coefficient Gradient Correlation coefficient

GMO/water systems with 35.0% (w/w) of water

2.0% (w/w) of salicylic acid 2 0.99 -0.04 098

4.0% (w/w) of salicylic acid 13 0.99 —-0.04 098

8.0% (w/w) of salicylic acid 26 0.99 —0.04 098
GMO/water systems with 20.0% (w/w) of water

2.0% (w/w) of salicylic acid vl 0.99 —0.03 098

4.0% (w/w) of salicylic acid B 0.99 —0.03 098

8.0% (w/w) of salicylic acid 18 0.98 —0.03 096

2 Milligrams of drug released as a function of square root of time.
b Log of the amount of drug remaining in the samples as a function of time.
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geometrical shape exhibiting controlled release and is phase was found in samples with 10.0% (w/w) of wa-

dependent of the aspect ratio of the device. ter, while in the samples with 15.0% (w/w) of water
both lamellar and cubic phase were observed that is in-
dicative of a phase transition region. A cubic phase was

3. Results and discussion found in the samples containing 20.0, 25.0, 30.0 and
35.0% (w/w) of water. These results were found for all
3.1. Polarizing light microscopy the drug loads evaluated and they are in agreement with

the expected liquid crystalline phases for GMO/water

The liquid crystalline phases of GMO/water sys- systems without drugs, indicating that the presence of
tems were identified according fRosevear (1954) salicylic acid had no effect on the phase behavior of the
Lamellar, cubic, L2 and reversed hexagonal phases systems at the conditions studied.
were found in the systems. Binary phase diagrams of  Several authors have found modifications on the lig-
GMO and water prepared with systems containing sev- uid crystalline phase of GMO/water systems as well as
eral water contents as a function of increased tempera-changes on the systems properties due the addition of
ture were prepared and is presentefdig 1A. Alamel- drugs and solventg\{fons and Engstim, 1998; Caboi
lar phase is found at low water contents in systems et al., 2001; Chang and Bodmeier, 1998; D’Antona et
prepared at 20C. It consists of planar lipid bilayers al., 2000; Geraghty et al., 1996; Mallone et al., 2000;
stacked in a one-dimensional lattice separated by lay- Nielsen et al., 1998; Norling et al., 1992; Sallam et
ers of water. This bilayer conformation is formed when al., 2003. The polarity and molecular structure of the
layers of water interpenetrate polar heads groups. Onadditive determines whether it is located at the polar
heating these lamellar phase systems became isotropidnterface or in the apolar region of the lipid bilayer,
and fluid, indicative of L2 structure. With increased which led to different effects on the mesophase pre-
hydrocarbon chain disorder due heating or increasing sented by the system. Generally hydrophilic drugs fa-
the water content, there is a transition from lamel- vored lamellar phases, while non-polar solutes which
lar to cubic phase and finally into reverse hexagonal partition strongly into the lipid phase will tend to favor
phase $hah et al., 2001 An increase in water con-  the formation of inverted non-lamellar phas8&s@don,
tent produces gels with cubic phase structure which 1990. It was demonstrated bghang and Bodmeier
are transparent, optically isotropic and very stiff, con- (1997b)that the addition of oleic acid, which dissolved
sisting of two congruent networks of water channels in the lipid bilayer, increases the apparent hydropho-
surrounded by curved lipid bilayers extending in three bic volume of lipid transforming the mesophase. Elec-
dimensions. The GMO/water systems reach their max- trostatic interactions due the presence of oleic acid or
imum hydratation at water content of 40.0% (w/w), the pH of dissolution media can affect the curvature
showing a cubic phase, which is stable in the presenceof the lipid bilayer and change the average area of the
of excess of water. At temperatures greater thatt5  lipid headgroup thereby changing the monoglyceride
samples became anisotropic with characteristic of re- molecular packing and favoring a transition from cubic
versed hexagonal phase structure at the microscopeto hexagonal phasé\6ta-Nakano et al., 1999; Caboi
This mesophase consists of water cylinders arrangedet al., 2001; Chang and Bodmeier, 1997b
in atwo-dimensional lattice separated by lipid bilayers
(Tate et al., 199)1 Several authors reported phase dia- 3.2. Swelling studies
grams of glyceryl monooleate/water syste@kgston
et al., 2000; Geraghty et al., 1996; Qiu and Caffrey, GMO absorbs water until it reaches its equilibrium
2000; Shah et al., 2001 water content when it goes through an inverted micel-

In order to verify if salicylic acid has any influence lar phase (L2), a lamellar phaseo(Land a viscous
in the mesophases of the GMO/water systems a ternaryisotropic phase, which was demonstrated to be cubic
phase diagram was constructédty. 1B). Drug crystals phaseFig. 2presents the plots of increase of weight of
were observed in the samples loaded with more than GMO/water gels with initial water contents of 0, 20.0
10% (w/w) of salicylic acid indicating that saturation and 35.0% (w/w), expressed as a function of time. The
concentration of the drug had been reached. Lamellar samples with 35.0% (w/w) showed a minimal swelling
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Fig. 1. Phase diagrams: (A) binary phase diagram of GMO/water systems with known water contents within the range of 5.0-40.0% (w/w)
observed between 20 and 90 at a heating rate ofIC/min. (B) Partial ternary phase diagram showing the lyotropic liquid crystalline phases
formed by GMO/water/salicylic acid mixtures at 3C.

because they are almost fully hydrated. Samples with dimensions of the matrix used, since smaller matrices
lower water content presented a rapid absorption of with the same initial water content reached the water
water to reach this water content equilibrium. Samples content of 40.0% (w/w) in similar studie&géraghty et
prepared in the absence of water reached the expectedil., 199§. The water uptake initially increased rapidly
equilibrium water content of 40.0% (w/w). Samples and approached the equilibrium, where the systems
with an initial water content of 20.0% (w/w) increased present cubic phase structut@h@ang and Bodmeier,
their weight by 12%, which is lower than the expected 1997a; Geraghty et al., 19p6

water uptake necessary to reach a fully hydrated sys-  Swelling kinetics of the samples presenting initial
tem. An explanation for this finding can be related tothe water content of 0 and 20.0% (w/w) were identified
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Fig. 2. Plots of the percentage increase in the weight of GMO/water
gels with initial water content of @) 0% (w/w), (@) 20% (w/w) and

(A) 35% (w/w), as a function of time when placed in excess isotonic
phosphate buffer (pH 7.4,=3).

as following the second-order model, since a linear re-
lationship was obtained by plotting the swelling data
according to Equatio(®), which describes this kinetic
model Fig. 3A). Linear correlation coefficients were
0.99 and 0.98 for the samples with initial water contents
of 0 and 20.0% (w/w), respectively. These results are in
accordance with other data report€théing and Bod-
meier, 1997a; Lee etal., 2003; Schott, 1p9he initial
rate of swelling could be calculated by second-order
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swelling kinetics and values of 0.64 and 0.08 g/(g h)
were obtained for samples with initial water contents
of 0 and 20.0% (w/w), respectively. The maximum
water uptake was calculated as 0.42 and 0.10g/g for
samples containing initial water contents of 0 and 20%
(w/w), respectively. Both the initial rate of swelling and
the maximum water uptake increased with decreasing
initial water content of the liquid crystalline systems.
Similar results were reportetié¢e et al., 2008

3.3. Invitro drug release studies

3.3.1. Influence of initial water content

In vitro drug release from GMO/water systems with
specified water contents and drug loadings were stud-
ied. Fig. 4 presents the plots of the salicylic acid per-
centage released as a function of time from GMO/water
systems containing 20.0 and 35.0% water content, at
drug loadings of 2.0, 4.0 and 8.0% (w/w). Samples
with 35.0% (w/w) water content are almost completely
hydrated, while samples with 20.0% (w/w) were not
fully hydrated. There was no evidence of erosion of
the matrices in the drug release studies, as no parti-
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Fig. 3. Swelling isotherms of GMO water systems non-hydratepldnd 20% (w/w) initial water conteni{) according to: (A) the second-order

kinetics (Equatior{2)) and (B) the first-order kinetics swelling (Equati
100
80

60

40

SA released (%)

15

20 25

Time (hours)

SA released (%)

(). Swelling data were obtained froRig. 2 (n=3).

100
80
60
40
20

15

20
Time (hours)

10 30

Fig. 4. Plots of the cumulative amount of salicylic acid (SA) released from GMO/water systems with water content of 20.0% (w/w) (A) and
35.0% (w/w) (B) at the drug loadings®) 2.0% (w/w); @) 4.0% (w/w) and &) 8.0% (w/w) 6=3,£S.D.).
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cles of the matrices were observed in the dissolution function of time from a GMO/water cubic phase sys-
media. tem containing 35.0% (w/w) of water content and ini-
The fraction of salicylic acid released after 27 h and tial drug loadings between 2 and 8% (w/w) were similar
its rate of release from the samples containing 20.0% for all the samples studie&ig. 4A), indicating that the
(w/w) of water were slightly lower (around 80.0% of drug release was independent of the initial drug load-
drug released) when compared with the samples with ing. The fraction of drug released from GMO/water
35.0% of water content (around 90% of drug released systems with lower water content (20.0%, w/w) was
after 27 h). An explanation for these findings can be also independent of the initial drug loadirfgid. 4B).
related to the swelling of the samples with lower initial ~ Similar results were found for oxibutinitGeraghty et
water content that may have increased the diffusional al., 1996 and pseudoephedrine hydrochlorigzhéng
path of the drug thereby retarding its release slightly. and Bodmeier, 1997an vitro release. The solubility
Anincreased hydrophilic domain, which is achieved at and concentration of the incorporated drug influences
higher water contents, can also influence drug release,the release profile from the GMO/water system accord-
as observed bghang and Bodmeier (1997a) ing toNorling et al. (1992andBurrows et al. (1994)
Several authors have studied the influence of initial Location of the drug is an important parameter af-
water content on the drug release from GMO/water fecting release and kinetics. For example, lipophilic
matrices:Lee and Kellaway (2000jound a greater  drugs become incorporated in the lipid bilayers, and
drug release in samples initially fully hydrated prob- thus partition into the aqueous channels becomes the
ably because hydrophilic channels available during the rate-limitating step. Therefore, the effect of drug load-
drugrelease increased with increasing initial water con- ing on the drug release profile depends also on the
tent;Chang and Bodmeier (1997also reported anin-  drug partitioning between the GMO and aqueous phase
creased drug release with increasing initial water con- (Kumar et al., 2004; Shah et al., 2001
tent due to an increased hydrophilic domain in these  Other workers using GMO/water systems reported
samples and the difference occurred within the initial that drug release followed square root of time de-
release period. However, no significant difference in pendence, indicative of a diffusion controlled release
the drug release characteristics has been reported froomechanismChang and Bodmeier, 1997a; Geraghty et
GMO/water matrices as a function of several initial al., 1996. However, depending on the drug studied, its
water contentsRurrows et al., 1994; Geraghty et al., solubility becomes the rate-limitating step of the re-
1996, due to the rapid water uptake of the samples. lease. In this case, the systems presented zero-order re-
These contrasting findings on the influence of the ini- lease Allababidiand Shah, 1998; Burrows etal., 1994
tial water content on the release profile for different
drugs studied could be related to the drug partition- 3.3.3. Evaluation of the drug release mechanism
ing between the GMO and aqueous pha&3arr et al. The release data obtained in the present work were
(1997) reported that increasing the water content of analyzed to describe the release mechanigblé J).
the vehicle increased the apparent diffusion coefficient The amount of salicylic acid released was found to be
of drugs, which show a significant partitioning in the linear with the square root of time, indicative of Higuchi
GMO phase, whereas for drugs, which do not parti- model or diffusion controlled releasHiguchi, 1962.
tion in to this phase, the apparent diffusion coefficient However, plots of the log of the amount of drug re-
usually decreased. In the first case, the increase in themaining in the samples as a function of time were also
initial water content would decrease the concentration linear, possibly indicative of first-order release kinet-
inthe GMO phase, and hence increase drug release. Foics. In order to distinguish between diffusion controlled
drugs with no affinity for the GMO phase the increase and first-order models, the data were analyzed by the
in water content simply reduced the concentration of method proposed bgchwartz et al. (1968yhich had
the drug, and hence resulted in a reduced release. been used bBurrows et al. (1994andGeraghty et al.
(1996) Fig. 5 presents the plots of release data from
3.3.2. Influence of drug loading a sample containing 4.0% (w/w) of salicylic acid ana-
Fig. 4presents drug release data expressed as a perlyzed by this method. Linearity was obtained by plot-
centage base. The salicylic acid fraction released as ating the ratio of release as a function of the reciprocal
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Fig. 5. Plots of the rate of salycilic acid (SA) release from a GMOJ/water cubic phase system containing 35% (w/w) water content and 4.0%
(w/w) of salycilic acid as a function of: (A) amount of drug released and (B) 1/(amount of drug released). The rates values were obtained from
the release profiles representedrig. 4 (n=3).

Table 2
Diffusional exponents, Fickian and relaxational constants for the release of salicylic acid from GMO/water systems
Formulation Diffusional exponent, Fickian kinetic Relaxational kinetic
constantKa (h=249) constantKp, (h~0-8)

GMO/water systems with 35% of water

2.0% of salicylic acid o1 027 0008

4.0% of salicylic acid 2 027 0006

8.0% of salicylic acid o1 029 —0.012
GMO/water systems with 20% of water

2.0% of salicylic acid o2 023 —0.007

4.0% of salicylic acid o3 023 —0.007

8.0% of salicylic acid (B8 030 —0.028

of the amount of drug released, confirming that the sal- distance that the drug must diffuse through the ma-

icylic acid release was diffusion controlled. trix to the exterior that occurs with time, retarding its
In order to characterize the influence of swelling on release.

salicylic acid release, an exponential equation (Equa-

tion (3)) proposed byRigter and Peppas (198Was

employed. The values af found in the present study 4. Conclusions

are shown inTable 2, with a value of 0.41 indicative

of Fickian diffusion controlled release mechanism. GMO forms lamellar, L2, cubic and reversed hexag-
For a better characterization of salicylic acid release onal lyotropic liquid crystalline phases in the presence

mechanismPeppas and Sahlin (1988pdel (Equation  of water. The presence of salicylic acid at the con-

(4)) was used. Values &f; andK, for the salicylic acid centrations studied did not alter the liquid crystalline

release from GMO/water systems are also presented instructures of the GMO/water systems, whether solu-

Table 2 where it can be noted thit, is greater con-  bilized or suspended in the system. When placed in

sistently tharKy, confirming that the release followed contact with water the GMO/water systems absorbed

a Fickian diffusional mechanism. water following second-order swelling kinetics. The
These results indicate that the presence of drug atdrug release was independent of the initial water con-

the loadings studied had no influence on the fraction tent, drug loading, swelling and it was demonstrated

of drug released or on the release kinetics, which can that the release mechanism was Fickian diffusion. The

be described satisfactorily by the diffusion-controlled GMO/water cubic phase showed a very well defined

model. It is proposed that the rate of drug release is drug release profile, characterized by diffusion process,

controlled by the diffusion of molecules through the whichis aninteresting behavior for drug administration

system and it decreases with time due an extendedby several routes.
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