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Abstract

In situ cubic phase transforming system of glyceryl monooleate (GMO) has been prepared which offers protection to the
metaloenzyme, seratiopeptidase (STP), in gastric environment and provides delayed and controlled release with no initial burst
after oral administration. Effect of magnesium trisilicate (MTS) on floating, proteolytic activity and drug release was studied.
Gelucir® 43/01 was incorporated in the system to provide prolonged lag time. The drug-loaded matrices required 100 mg of
MTS to overcome floatability of GMO matrix. Plain GMO matrices showed 85.3% loss of proteolytic activity in acidic medium,
whereas matrices containing MTS showed retention of activity (111.6%). The hydrophobic nature of MTS induced formation
of cubic phase at faster rate and the existence of cubic phase was confirmed by polarizing light microscopy. Furthermore, MTS
provided alkaline microenvironment, which prevented acid-catalyzed hydrolysis and protein unfolding. The magnesium ions
restored the activity of STP. The release of STP was decreased with increasing amount of MTS in the matrix. Gelucire did not
affect proteolytic activity. The water uptake of matrices with gelucire was decelerated due to formation of hexagonal phase.
However, the rate of STP release from these matrices was very slow due to incorporation of gelucire into lipid bilayers, which
provided resistance to movement of STP. Thus, microenvironment-controlled in situ cubic phase transforming GMO matrices
provided protection to STP and controlled release.
© 2005 Elsevier B.V. All rights reserved.
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der certain circumstances, are termed as lyotropic lig- cubic phase enhanced chemical stability of drugs like
uid crystals Makai et al., 2003 Different lyotropic cefazolin and cefuroxime.
liquid crystalline phases include lamellar, cubic and In these drug delivery systems, cubic phases were
hexagonal phase. Cubic phase contains water channelgprepared in advance and used as controlled release
surrounded by saddle-like curved bilayer of the am- reservoir for drug substance. However, cubic phase is
phiphile extended in three dimensions. The structure difficult to prepare and process due to the property of
so formed separates two continuous networks of water the raw materials and rheological properties of the lig-
channels$hah et al., 2001 uid crystalline phases themselves. Lipids that form cu-
Glyceryl monooleate (GMO) is a synthetic com- bic phases are typically waxy solids at room tempera-
pound, which is an unsaturated monoglyceride belong- ture. Therefore, cubic phase is prepared by equilibrat-
ing to the class of water-insoluble amphiphilic lipids ing lipid with water at high temperature over many
(Engstrom et al., 1995It forms different lyotropic lig- hours since the transport of water is very slow through
uid crystals depending on the water content and tem- solid lipid. Processes that require longer hold-up time
perature. As water content and temperature increasesat high temperature to prepare cubic phases are not
system forms cubic phase via reversed micellar and economically practicabléMakai et al., 2003; Nessem,
lamellar phasesNessem, 2001; Sallam et al., 2002  2001; Sadhale and Shah, 1999
Cubic liquid crystalline phase is of much interest due Liquid crystalline phases can be produced using pre-
to the fact that it is highly viscous, thermodynamically cursor, which in situ can transform into cubic phase.
stable and coexists in equilibrium with excess of water. Engstrom et al. (1992)sed lamellar phase precursor,
They are isotropic and have good temperature stabil- which in situ transformed into cubic phase and sus-
ity as well as relative insensitivity to salts and solvents tained the release of variety of drugsumar et al.
(Longer et al., 1996 These cubic liquid crystalline  (2004) demonstrated application of GMO matrix in
phases are mechanically robust and resistant to phys-floating drug delivery system, which in situ formed
ical degradation. The interfacial area of cubic phase cubic phase. In situ transformation into cubic phase

is about 400 rf/g and the pore size of fully swollen
cubic phases is about 5nnirfgstrom et al., 1995;
Wyatt and Dorschel, 1992A typical globular protein

proceeds through a low-viscosity lamellar phase. The
lamellar phase is less efficient in controlling drug re-
lease and protection by immobilization of the drug-like

has same size as the dimensions of water channels in thgpeptides.

bicontinuous cubic phases. Protein entrapment in the
cubic phase depends on the type of protein, its interac-

tion with the lipid bilayer and dimensions of the water
channels. It is difficult to incorporate macromolecu-

Present study is an attempt to design a GMO
matrix system, which acts as a cubic phase precur-
sor where its floating in stomach and fast initial re-
lease has been reduced by addition of magnesium

lar enzymes in the cubic phase, since this can modify trisilicate (MTS). MTS made the matrices heavier
the structure of protein and cubic phase. However, the and also provided alkaline microenvironment in the
enzyme-like glucose oxidase (M.W. 160 kDa) has been swollen cubic phase, which was required for stabi-
successfully entrapped in cubic phase. These characdization of model acid-labile enzyme, serratiopepti-
teristics of cubic phase thus make it potentially useful dase (STP; M.W. 52kDa), when subjected to gas-
excipient for peptide drug deliveryNglander et al., tric pH (about 1.2). Hydrophobic lipid Gelucife
1996. 43/01, a commercially available glyceride base,

Various researchers have been working on the cu- was incorporated to achieve desired prolonged drug
bic phase as carrier for drug delivery systeiyatt release.

and Dorschel (1992)emonstrated that the cubic-phase
matrix provided sustained release of different drugs
with varying solubilities in water and molecular weight.
Sadhale and Shah (1998, 1988pwed that liquid crys-
talline cubic phase protected peptide-like insulin from

agitation-induced aggregation and the peptide was bio-

logically active in the cubic gel. They also showed that

The prepared formulations were evaluated for pro-
teolytic activity, water uptake and in vitro drug release.
In vivo non-floatability of the formulation was studied
in healthy human volunteers by gamma-scintigraphy.
The different phases of lyotropic liquid crystals
of GMO were characterized using polarizing light
microscopy.
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2. Materials and methods
2.1. Materials

Glyceryl monooleate (Ryl8" MG Pharma 19)
was a generous gift from Danisco Cultor (Denmark).
Geluciré® 43/01 and STP were gifts from Gattefosse
S.A. (France) and Advanced Biochemicals Ltd. (India),
respectively. MTS was purchased from Loba chemi-
cals (India). Licap® capsules (size 0, hard gelatin cap-
sule specially designed for lipid formulations) were ob-
tained as gift sample from Capsugel (India). All other
chemicals used were of analytical grade.

2.2. Preparation of GMO matrices

2.2.1. Plain GMO matrices
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tion test apparatus (Electrolab TDT-08L, India). Ma-
trices were added in phosphate buffer (pH 7.4) main-
tained at 34 0.5°C and stirred constantly at 100 rpm.
Time required to float was reported. Matrix floatability
and integrity were inspected visually. In this study, the
amount of MTS and gelucire in the matrix was varied
in between 25-100 and 10-30 mg, respectively.

2.3.2. Gamma scintigraphy

Six healthy male subjects of age in between 23 and
30 years and having weight in the range of 55-70kg
participated in the study as volunteers. The purpose
of the study was fully explained to each volunteer.
99mT¢ 0.1 mCi was uniformly mixed with the molten
GMO containing MTS (100 mg) or combination of
MTS (100 mg) and gelucire (30 mg). The molten mass
was filled into Licaf¥ capsules using a preheated glass

GMO (300mg) was taken in a beaker and heated Pasteur pipette and allowed to solidify-a.5°C for

at 50°C on a water bath until it was fluid. To the
fluid GMO, STP (20 mg) was added with stirring. The

5 min. After overnight fasting, volunteers were asked
to swallow one capsule each with 200 ml of water in the

molten mass was poured in fabricated stainless steelmorning. Images were recorded at different time inter-

cylindrical moulds (inner diameter of 8.5 mm, height
of 10 mm) and frozen at15°C for 5 min. The matrices

vals up to 4-5 h using millennium MPR Gamma cam-
era (low-energy high-resolution collimeter integrated

were kept in desiccator at room temperature over silica to ENTEGRA work station). An external marker was
gel for 12—24 h before being subjected to any further used to allow correct alignment of subjects during suc-

evaluation.

2.2.2. GMO matrices containing MTS and
gelucire

MTS containing batches were prepared by melting
GMO (300mg) in a beaker at 5C, and then added

cessive imaging. The subjects were served with light
breakfast after 2 h.

2.3.3. Polarizing light microscopy
The matrices were placed in a USP 24 type Il disso-
lution apparatus (Electrolab TDT-08L, India) contain-

MTS (100, 110, 120, 130, 140, and 150 mg) and STP ing 900 ml of phosphate buffer (pH 7.4) maintained at
(20mg) with stirring. Similarly, gelucire-containing 37+0.5°C and allowed to hydrate under stirring at
matrices were prepared by melting GMO (300 mg) with 100 rpm. The hydrated samples were removed at in-
gelucire (10, 20, and 30 mg), and then, MTS (100 mg) tervals of 1 and 8h and examined under polarizing
and STP (20 mg) were added with stirring. The matri- light microscopy (Nikon, Kanagawa, Japan) usiig4
ces were prepared by the procedure described abovecompensator in order to study the existence of birefrin-
The effect of additives on floatability and water up- gence under crossed polars employing magnification of
take was studied with and without STP. The matrices 200x. Photomicrographs of these samples were taken
were kept in desiccator at room temperature over silica at room temperature. The lamellar, cubic and hexag-
gel for 12—24 h before being subjected to any further onal phases were identified according to classification
evaluation. established byrosevear (1954)
2.3. Evaluation of GMO matrices 2.3.4. Proteolytic activity
This test was carried out in triplicate using USP
2.3.1. Optimization of MTS concentration 24 type 1l dissolution test apparatus (Electrolab TDT-
The matrices were tested for buoyancy lag time 08L, India). The matrices were placed separately in the
and matrix integrity using USP 24 type Il dissolu- vessels containing 900 ml of 0.1N hydrochloric acid
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(pH 1.2) or phosphate buffer (pH 7.4) maintained at placed in 900 ml of phosphate buffer (pH 7.4) main-

37+0.5°C and stirred constantly at 100rpm. After tained at temperature 370.5°C and stirred con-

2 h, the matrices were removed from the vessels andstantly at 100 rpm. Aliquots (5ml) were withdrawn

crushed in a test-tube containing 100 ml of Tris—buffer at pre-determined time intervals and replenished with

(pH 7.0). These samples were then assayed for prote-fresh dissolution medium maintained at8D.5°C.

olytic activity. The aliquots were assayed spectrophotometrically at
The proteolytic activity was determined as per the 220 nm.

method reported ifFood Chemical Codex (2003)he

assay was based on a 30min proteolytic hydrolysis

of casein at 37C and pH 7.0. Unhydrolyzed casein 3. Results and discussion

was removed by filtration and the solubilized casein

was determined spectrophotometrically at wavelength 3.1, Optimization of MTS concentration

of 275 nm. In this method, the protease activity is ex-

pressed as PC units of preparation derived fRawil- The amount of MTS required in the formulation

lus subtilisvar. andBacillus licheniformis/ar. Onebac-  was decided on the basis of its ability to impart non-

terial protease unit (PC) is defined as quantity of en- fioating characteristic to the matrix. It was observed

zyme that produces 1 gg/ml equivalent of.-tyrosine  that matrices without drug containing 25 mg of MTS

per minute under the condition of the assay. floated within 5.5 min, but did not float when 50 mg of
Activity of enzyme was calculated by E€1). MTS was incorporated. MTS has high density and it
PC  [Au)/[ 22
— == )zw (1)
g As 30w

study was performed using USP 24 type | dissolu-
tion test apparatus (Electrolab TDT-06P, India). The
GMO matrices containing different additives were ac-

curately weighted and placed in a dissolution basket.
The baskets were immersed in dissolution vessel con-
taining 900 ml of phosphate buffer (pH 7.4) maintained
at 374+ 0.5°C and rotated at 100 rpm. At regular inter-
vals, the basket-matrix systems were removed from the
dissolution vessels, blotted with tissue paper to remove
excess water and re-weighted. Increase in the weight &
was reported and percent water uptake was calculated. ‘
2.3.6. Drug release studies
2h 4h

whereAy is value obtained by subtracting blank read-
ing from test readingfs absorption of standard solu- @
tion, 22 the final volume in ml of the reaction mixture,
30 the time of the reaction in minutes avtthe weight I
of the original sample taken in ‘g’.
2.3.5. Water uptake studies
Water uptake studies were carried out by equilib-
rium weight gain methodKumar et al., 2004 The : -
Oh 1h

Drug released from the matrices was studied by us-
ing USP 24 type |l dissolution test apparatus (Elec-
trolab TDT-08L, Indla)_' Th_e @ssolutlon test _for each Fig. 1. Gamma scintigraphy of GMO matrix containing magnesium
batch was performed in triplicate. The matrices were {sisilicate.
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is hydrophobic in naturelearney, 200p Presence of
drug in matrix caused significant difference in amount
of MTS required. The drug-loaded matrices required
100 mg of MTS to make it non-floating. Density of
matrix determines its floating ability, and it is depen-
dent on matrix swelling and increase in density due to
MTS. To counteract reduction in density due to high
water uptake, higher amount of MTS was required to
make the matrix non-floating.

The gamma scintigraphy imagesig. 1) obtained
at different time intervals after administration of the
matrices confirmed that matrix did not float in vivo due
to high density and passes to the intestine within 2 h.

Matrix did not show any significant erosion when
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(Fig. 2b). Hydrophobic nature of MTS increased free
water in the aqueous channels, which favored the con-
version of lamellar phase to cubic phase. However,
these matrices after hydration for 8 h showed the ex-
istence of optically birefringent homogeneous hexag-
onal structureKig. 2c). Similar structural transforma-
tion was noted in matrices containing gelucire. After
initial hydration of 1 h, the matrices with 10 and 20 mg
of gelucire indicated the existence of cubic phase. On
the contrary, the matrices with 30 mg of gelucire were
transformed into hexagonal phase but the percentage of
hexagonal phase in the hydrated matrices was very less.
After hydration of 8 h, all the three matrices with gelu-
cire were in hexagonal phase. This effect of hydropho-

amount of MTS was increased up to 150 mg, but above bic gelucire is in confirmation with our previous obser-

this it caused erosion of matrix. It could be due to in-

vation where increase in content of hydrophobic drug

terference in the liquid crystalline structure because of diazepam favored formation of hexagonal phase (Ki-

high solid content. Addition of gelucire did not affect
floating and erosion.

3.2. Polarizing light microscopy

The liquid crystalline structures of different matri-
ces after hydration are presented in fable 1 The
plain matrices hydrated for 1 and 8 h showed the ex-
istence of the lamellar structuresig. 2a). The incor-

porated water-soluble drug had transformed the cubic

ran et al. 2004). SimilarlyCaboi et al. (20013howed
that the incorporation of hydrophobic additive induced
the formation of hexagonal phase with increase in ei-
ther concentration or time after preparati@mang and
Bodmeier (1997)eported that the solubilization of hy-
drophobic additive in the lipophilic domain increased
the apparent hydrophobic chain volume of the lipid,
and therefore, affected topology and shape of the ag-
gregate.

phase into lamellar phase. The matrices hydrated for 3.3. Proteolytic activity

1h containing different amount of MTS revealed the
existence of optically isotropic cubic phase, which was

The proteolytic activity of different matrices was

characterized by dark background under polarized light evaluated separately before and after treating them for

Table 1
Polarizing light microscopic characteristics of liquid crystalline
phases as a function of concentration of additives

Amount of Amount of Structure of liquid
MTS Gelucire 43/01 crystalline phases

1h 8h
Plain matrix - Lamellar Lamellar
100 - Cubic Hexagonal
110 - Cubic Hexagonal
120 - Cubic Hexagonal
130 - Cubic Hexagonal
140 - Cubic Hexagonal
150 - Cubic Hexagonal
100 10 Cubic Hexagonal
100 20 Cubic Hexagonal
100 30 Cubic/Hexagonal Hexagonal

2hinacidic (0.1N HCI, pH 1.2) and basic media (phos-
phate buffer, pH 7.4) and results are presentédgn3.

The plain GMO matrix showed about 85.3% loss of
proteolytic activity in acidic medium. This result seems
to be different from previous studieEricsson et al.
(1991) have reported that cubic phase protected the
oligopeptides form enzymatic degradation. Similarly,
Sadhale and Shah (1998, 199@)e investigated pro-
tection of proteins and peptides by cubic phase. They
showed that cubic phase caused physical and chem-
ical stabilization of peptide molecule due to reduced
mobilization of drug as well as water. The work done
by Ericsson and Sadhale had utilized preformed cubic
phase. In present work, the system in situ attempts to
transform into cubic phase, as it coexists in equilib-
rium with excess of water. Initial rate of water uptake
was higher due to formation of lamellar phase. Further-
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Fig. 2. Polarizing light microphotographs of GMO matrices showing different phases of liquid crystalline systems: (a) lamellar phase; (b) cubic
phase; (c) hexagonal phase.

140
[0 Untreated matrix,
[ Matrix treated with 0.1N HCI,
120 M Matrix treated with phosphate buffer
T I

> L
= 100 4 4
=
|_
<
) 80 A
-
>
-
O 60
w
o
o
o
2 404

20

0 T T
Plain GMO matrices GMO Matrices containing MTS  GMO Matrices containing MTS

and Gelucire 43/01

Fig. 3. Activity of different matrix containing serratiopeptidase.
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more, formation of these low-viscosity lamellar phases the hexagonal phase. The formation of hexagonal phase
allowed burstrelease following Fickian diffusion kinet-  resisted further water uptake, which was in accordance
ics (Kumar et al., 200% which caused peptide degrada- with the report byFarkus et al. (2000)

tionin acidic medium. The formation of lamellar phase

in plain matrix was confirmed by polarizing light mi-  3.5. Drug release studies

croscopy.

In the acidic medium, the proteolytic activity of The drug release profilegigs. 7 and 8 of GMO
matrices containing MTS was 111.6%. This showed matrices containing different amount of MTS and
that inclusion of MTS offered protection to STP. The combination of MTS with gelucire were characterized
water uptake study showed that MTS reduced water by an initial lag of about 60-120 min. It was interest-
uptake and its hydrophobic nature induced the forma- ing to note that less than 10% of total drug released
tion of highly ordered stiff cubic phase at faster rate, during the lag. Thereafter, the rate of drug release
which was rate-limiting step in further water absorp- was increased. This was probably due to hydrophilic
tion. The formation of cubic phase after hydration of channels available during the release of STP increased
1h in MTS-containing matrices was verified by po- with increasing initial water uptake.
larizing light microscopy. MTS provided alkaline mi- It was observed that as the amount of MTS in-
croenvironment and prevented acid-catalyzed enzyme creased, the release of STP was decreased. Release rate
hydrolysis as well as protein unfolding, which caused was in well correlation with the water uptake. MTS de-
aggregationKu et al., 200D As reported byKim and creased the water uptake and drug release as its amount
Kim (1993), magnesium ions restored the activity of increased. Due to the hydrophobic nature, it reduced
inactivated metaloenzyme STP and exhibited increase volume of water in the aqueous channels, thus limited
in initial activity. Inclusion of gelucire does not affect release of drug by diffusion.
the proteolytic activity of matrices. The matrices with Since the proportion of incorporated MTS was
different additives were found to retain proteolytic ac- high (=100mg), it favored the formation of cubic

tivity in basic medium. phase at faster rate, giving initial lag time in drug
release. The formation of cubic phase after hydra-
3.4. Water uptake studies tion of 1h was confirmed by polarizing light mi-

croscopy. Furthermore, polarizing light microscopy

Water uptake profiles of GMO matrices with and data after hydration of 8 h indicated that the hexag-
without drug containing different amount of MTS are onal phase was formed in the matrices containing
shown inFig. 4. Water uptake was significantly higher MTS. This showed that the system was transforming
in drug-loaded matrices as compared to matrices with- from cubic to hexagonal phase. During this transfor-
out drug. Increased water uptake in presence of drug mation, drug release was also increased. In hexag-
was in confirmation with previous reporK@mar et onal phase, the hexagonally packed cylindrical ag-
al., 2009. Water uptake decreased linearly with in- gregates can move freely along their length, which
crease in the amount of MTS in the matrixid. 5). provided faster drug release as compared to three-
This effect was encountered due to hydrophobic nature dimensional arrangement of cubic arrays. In later stage,
of MTS. The rate of water uptake in the matrices with the drug release was controlled by dynamic swelling
and without drug was found to be significantly high in behaviour of hexagonal phase, and such release profile
the initial stages, which was attributed to formation of corresponded to time independent zero-order kinetics
lamellar phase, further water uptake led to formation of (Farkus et al., 2000
viscous cubic phase which restricted additional water ~ Similar structural transformation from cubic to
uptake. hexagonal phase was also noticed in the gelucire-

Similarly, addition of gelucire, hydrophobic mixture  containing matricesHig. 6). The rate of transfor-
of triglycerides, has also caused significant decreasemation of cubic to hexagonal phase was higher in
in water uptake (sefig. 6). Water uptake decreased matrices containing 30 mg of gelucire. However, the
with increase in amount of gelucire. Incorporation of rate of drug release from the GMO matrix containing
hydrophobic material transformed the cubic phase into gelucire was very slow. Gelucire comprises of mix-
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Fig. 4. Effect of amount of MTS on water uptake of GMO matrices with (dotted lines) and without drug (bold lines): 13 mgdmg @);
120mg @&); 130 mg @); 140 mg (J); 150 mg ¢).
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Fig. 5. Effect of amount of MTS on water uptake by GMO matri) (vith drug and @) without drug.
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30
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Fig. 6. Effect of amount of gelucire on water uptake of GMO matrices with (dotted lines) and without drug (bold lines): 4)) &@nig @);
30mg @).
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Fig. 7. Effect of amount of MTS on release of serratiopeptidase: 108nd .10 mg (J); 120 mg @); 130 mg (x); 140 mg @); 150 mg @).
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100
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Fig. 8. Effect of amount of gelucire on release of serratiopeptidase: 1@mg@mg (0); 30 mg @).
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