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The therapeutic potential of saquinavir, a specific inhibitor of human immunodeficiency
virus (HIV)-1 and HIV-2 protease enzymes, has been largely limited because of a low
solubility and consequnt low bioavailability. Thus, we aimed to design a supersaturated self-
microemulsifying drug delivery system (S-SMEDDS) that can maintain a high concentration
of saquinavir in gastro-intestinal fluid thorugh inhibiting the drug precipitation to enhance
the lymphatic transport of saquinavir and to increase the bioavailability of saquinavir
considerably. Solubilizing capacity of different oils, surfactants, and cosurfactants for
saquinavir was evaluated to select optimal ingredients for preparation of SMEDDS.
Through the construction of pseudo-ternary phase diagram, SMEDDS formulations were
established. A polymer as a precipitation inhibitor was selected based on its viscosity
and drug precipitation inhibiting capacity. The S-SMEDDS and SMEDDS designed were
administered at an equal dose to rats. At predetermined time points, levels of saquinavir
in lymph collected from the rats were assessed. SMEDDS prepared presented a proper self-
microemulsification efficiency and dispersion stability. The S-SMEDDS fabricated using the
SMEDDS and hydroxypropyl methyl cellulose 2910 as a precipitation inhibitor exhibited
a signficantly enhanced solubilizing capacity for saquinavir. The drug concentration in a
simulated intestinal fluid evaluated with the S-SMEDDS was also maintained at higher
levels for prolonged time than that examined with the SMEDDS. The S-SMEDDS showed a
considerably enhanced lymphatic absoprtion of saquinavir in rats compared to the SMEDDS.
Therefore, the S-SMEDDS would be usefully exploited to enhance the lymphatic absorption
of hydrophobic drugs that need to be targeted to the lymphatic system.
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1. Introduction

Saquinavir is an antiretroviral drug that specifically inhibits
human immunodeficiency virus (HIV)-1 and HIV-2 protease
enzymes. The oral bioavailability of saquinavir has been
known to be very low because of its hydrophobic property
and consequent low aqueous solubility and dissolution rate.
In addition, saquinavir undergoes the extensive first pass
metabolism when absorbed into the systemic circulation
via the gastrointestinal (GI) tract [1]. For these reasons, the
therapeutic potential of saquinavir has been considerably
limited.

Intestinal lymphatic drug transport can be useful to
enhance the bioavailability of saquinavir because drugs
absorbed through the intestinal lymphatic pathway avoid
the first pass metabolism [2]. In addition, the lymphatic
transport of saquinavir would be beneficial for treatment of
acute infection of HIV as the viruses actively replicate in the
lymphatic system and colonize lymphoid organs from the
early infection to the latent stage [3] The highly lipophilic
property of saquinavir is also advantageous to be associated
with chylomicrons composed of triglyceride, phospholipids,
cholesterol and proteins in intestinal enterocytes, which
is essential for the intestinal lymphatic absorption of
drugs [2].

To promote the intestinal lymphatic uptake of saquinavir,
lipid-based pharmaceutical formulations could be exploited.
The lipid ingredients of the formulations are used for
the production of chylomicrons when absorbed into the
enterocytes, and in this process drugs dissolved or dispersed
in the lipids would be integrated into chylomicrons [4].
Among diverse lipid-based pharmaceutical formulations,
self-microemulsifying drug delivery systems (SMEDDS), an
isotropic mixture of oil, surfactant, and possibly co-surfactant,
are considered to be promising to enhance the lymphatic drug
absorption [5]. After oral administration of SMEDDS, the oil
ingredients dissolving drugs are spontaneously dispersed in
the GI tract, consequently forming fine oil droplets [6]. Owing
to high solubilizing capacity and large surface area of the oil
droplets, the dissolution and absorption rates of hydrophilic
drugs can be considerably increased. Furthermore, the oil
ingredients may promote the association of lipophilic drugs
with chylomicrons, thereby promoting the lymphatic drug
absorption [4].

However, a metastable saturated state of saquinavir in
SMEDDS formulations possibly causes the precipitation of
the drug due to an insufficient solubilizing capacity of
SMEDDS [7]. In addition, saquinavir could be precipitated in
the GI tract after being exposed to the GI fluid, leading to
the decreased absorption of the drugs into the lymphatic
system [8]. To prevent the precipitation of hydrophobic
drugs in the GI fluid, SMEDDS have been formulated with
polymers capable of inhibiting the drug precipitation, which
are generally called supersaturated SMEDDS (S-SMEDDS).
Many studies have reported that the systemic absorption of
hydrophobic drugs was considerably increased by S-SMEDDS
because drug concentrations in the GI fluid were able to be
maintained at high levels by the polymers contained in S-
SMEDDS [7,9,10]. However, to the best of our knowledge, S-
SMEDDS have not been investigated yet for the purpose of

Table 1 - Solubility of saquinavir evaluated in different

oils, surfactants, and cosurfactants.

Materials Classification Solubility of saquinavir (mg/g)
Water Aqueous phase 2.2+0.3
Triglyceride 0il 1.9+04
Labrafac® CM10 0il 57+4.2
Capryol 90 Oil 145+12.6
Tween® 80 Surfactant 37+43
Cremophor® EL.  Surfactant 55+5.0
Labrasol® Surfactant 105+5.0
PEG 400 Co-surfactant  40+3.4
Transcutol® HP  Co-surfactant  158+17.8
Propylene glycol Co-surfactant  228+19.5

enhancing the lymphatic drug absorption. We hypothesized
that the intestinal lymphatic absorption of saquinavir could
be greatly increased by S-SMEDDS because the elevated
drug levels in the GI fluid would lead to increase in
the drug absorption to the enterocytes and the lymphatic
system.

In the present study, therefore, we aimed to design
supersaturated SMEDDS (S-SMEDDS) for efficient lymphatic
transport of saquinavir. Based on the solubilizing capacity and
the self-emulsification efficiency, we selected components
for preparation of SMEDDS of saquinavir such as suitable
oils, surfactants, and co-surfactants. Polymeric materials
were then employed as a precipitation inhibitor to enhance
the stability of the supersaturated state of saquinavir in
SMEDDS. The lymphatic absorption of saquinavir through the
S-SMEDDS was evaluated using a rat model.

2. Material and methods
2.1. Materials

Saquinavir was purchased from Vivagen Co., Ltd. (Seongnam,
Korea). Capryol™ 90, Labrasol®, propylene glycol, Tween®
80, Labrafac® CM 10, and urethane (ethyl carbamate) were
obtained from Daejung Chemicals & Metal Co., Ltd. (Siheung,
Korea). Cremophor® ELP, polyvinylpyrrolidone (PVP) K90,
PVP K30, hydroxypropyl methylcellulose (HPMC) 2910,
poloxamer 407, poloxamer 188, copovidone, and polyvinyl
caprolactam-polyvinyl acetate-polyethylene glycol graft
copolymer (Soluplus®) were purchased from BASF (Cleveland,
OH, USA). Polyethylene glycol (PEG) 400 was provided by
Samchun Pure Chemical (Pyeongtaek, Korea). Transcutol® HP
was obtained from Gattefosse (Lyon, France). Male specific
pathogen-free/vial antibody-free outbred Sprague-Dawley
(SD) rats (275-300g) were purchased from Orient Bio Inc.
(Seongnam, Korea). All solvents used in the experiments were
of high-performance liquid chromatography (HPLC) grade.

2.2.  Solubility testing of saquinavir in oils, surfactants,
and co-surfactants

Solubility of saquinavir in various oils, surfactants, and co-
surfactants shown in Table 1 was evaluated to select optimal
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Table 2 - Compositions of self-microemulsifying drug

delivery system formulations prepared.

Formulation code  Ingredients (weight%)

Capryol™  Labrasol®  Propylene
90 glycol

A 20 40 40

B 20 53 27

C 20 60 20

components for preparation of saquinavir SMEDDS. Excessive
amount of saquinavir was added to each ingredient, and the
mixtures were agitated at 20°C for 24 h on a magnetic stirrer.
The mixtures were then centrifuged at 2000 x g for 1h. The
level of saquinavir in the supernatants was determined using
Breeze™ 2 HPLC system, (Waters, Milford, MA, USA), Hypersil
GOLD™ (g column (250mm x 4.6mm, 5um particle size,
Thermo Fisher Scientific Inc., Waltham, MA, USA), and the
mobile phase consisting of 0.1% phosphoric acid: acetonitrile
(4: 6) at a flow rate of 1ml/min. The retention time of
saquinavir was 3.8 min, and the detection wavelength was
240 nm.

2.3.  Construction of pseudo-ternary phase diagram

Based on the results of the saquinavir solubility test,
Capryol™ 90, Labrasol® and propylene glycol were chosen
as an oil, a surfactant, and a cosurfactant, respectively, to
design SMEDDS formulation for saquinavir. To establish
the compositions consisting of the oil, surfactant, and
cosurfactant that can spontaneously form a microemulsion,
the self-microemulsification region was evaluated by
constructing pseudo-ternary phase diagrams with varying
the ratio of each ingredient used [11]. The surfactant and
cosurfactant were mixed at five different ratios of 3:1, 2:1, 1:1,
1:2, and 1:3. The mixtures of surfactant and cosurfactant at
ratios of 3:1, 2:1, and 1:1 were then added to the oil at various
weight ratios from 1:9 to 9:1 and homogeneously mixed.
Distilled water was then added to each mixture under gentle
stirring. The appearance of the mixtures was then observed,
and the turbid and clear dispersions were considered as a
coarse emulsion and a microemulsion, respectively [12]. The
compositions of the mixtures that formed the transparent
microemulsion were noted and pseudo-ternary diagrams
were plotted using SigmaPlot 10 (Systat Software, Inc., San
Jose, CA).

2.4. Preparation and in vitro characterization of SMEDDS
formulations

Based on the pseudo-ternary phase diagrams obtained,
SMEDDS formulations with three different compositions
were prepared as shown in Table 2. The oil was used
at a constant percentage of 20%, and the surfactant and
cosurfactant were used at different ratios of 1:1, 2:1, and 3:1.
The surfactant mixtures were prepared first, and the oil was
added to the mixtures and homogeneously mixed. The in vitro
characteristics of the SMEDDS formulations were evaluated as
described below.

Table 3 - Grading system for evaluation of self-
emulsification efficiency of self-microemulsifying drug

delivery systems in vitro

Grade Features Time of self-
emulsification

I Rapid forming microemulsion = <1min
which is clear or slightly bluish in
appearance

I Rapid forming, slightly less clear <2min
emulsion which has a bluish white
appearance

111 Bright white emulsion (similar to <3 min
milk in appearance)

vV Dull, greyish white emulsion with>3 min

a slightly oily appearance that is
slow to emulsify

\4 Exhibits poor or minimal
emulsification with large oil
droplets present on the surface

>3 min

2.4.1. Assessment of self-microemulsification efficiency

The  self-microemulficiation  efficiency of SMEDDS
formulations prepared was assessed by evaluating the
time taken for the emulsification of the formulations. Each
formulation (200mg) was added in a drop-wise manner
to a volumetric flask containing 25ml distilled water, and
the emulsification process was observed for 1h [13]. When
the equilibrium of the emulsification was attained, the
evaluation of self-emulsification was performed according to
the grading system of the self-microemulsification efficiency
as previously reported (Table 3) [14].

2.4.2. Evaluation of dispersion stability of SMEDDS

Each SMEDDS formulation (200mg) was diluted with 25ml
distilled water, and 1 ml of the diluted formulations was used
for the analysis of the oil droplet size and zeta potential
value. The droplet size and zeta potential of the diluted
formulations were measured using Zetasizer Nano ZS
(Malvern Instruments, Ltd., Malvern, UK) at 0.5, 1, 10, and 24 h
after the dilution procedure.

2.4.3. Assessment of solubilization capacity of saquinavir
SMEDDS formulations

An excess amount of saquinavir was added to formulations
A, B, and C and then mixed at 20°C for 24h using a
magnetic stirrer. The mixtures were then centrifuged at
2000 x g for 1h, and the supernatants were appropriately
diluted with acetonitrile and the level of saquinavir in the
diluted supernatants was determined using the HPLC as
described above.

2.5.  Evaluation of viscosity of polymer solutions

Viscosity of aqueous solutions containing seven different
polymers was assessed to select a suitable polymer as a
precipitation inhibitor for preparation of the S-SMEDDS (Table
4). The polymers were dissolved in distilled water to prepare
2% (w/v) polymer solutions, and their viscosity was measured
using a rotational rheometer (HAAKE™ Rheostress™ 1,
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Table 4 - Viscosity of different polymer aqueous solutions
measured at a shear rate of 10/sec. The concentration of

polymers in the solutions was set at 2%.

Ingredients Viscosity
(mPa:s)

PVP K90 10.5
HPMC 2910 9.4

PVP K30 6.3
Poloxamer 407 34
Poloxamer 188 3.0
Copovidone 2.0
Polycaprolactam-polyvinyl 1.7

acetate-polyethylene glycol graft copolymer

Table 5 - Composition and viscosity of S-SMEDDS
formulations. For preparation of S-SMEDDS formulations
formulation A was used as a SMEDDS and

precipitation inhibitors were added to the SMEDDS
and homogeneously mixed.

Formulation code =~ Weight fraction of precipitation inhibitor

in S-SMEDDS formulations (%)

PVP K90 HPMC 2910

Sal
Sa2
Sa3
Sa4
Sa5
Sb1l
Sb2
Sb3
Sb4
Sb5

U b WN R

0 N O Ul

Thermo Fisher Scientific Inc., MA, USA) fitted with a 2° x 6cm
titanium cone (C60/2° Ti L, Thermo Fisher Scientific Inc.,
MA, USA) at 20°C. Each polymer solution was loaded on the
rheometer plate and allowed to equilibrate for 10 min before
the viscosity evaluation. The gap between the cone and plate
was adjusted at 1.00 mm. The viscosity of the solutions was
measured at a shear rate of 10/s.

2.6.  Preparation and in vitro characterization of
S-SMEDDS for saquinavir

To prepare the S-SMEDDS of saquinavir, different amounts
of PVP K90 and HPMC 2910 were added to formulation A as
presented in Table 5. The characteristics of each S-SMEDDS
formulation were then evaluated, such as viscosity, droplet
size, zeta potential, and solubilizing capacity for saquinavir as
aforementioned.

2.7. In vitro drug release from SMEDDS and S-SMEDDS
of saquinavir

The in vitro release behavior of saquinavir from SMEDDS
and S-SMEDDS was assessed according to the United States

Pharmacopeia (USP) dissolution apparatus II method [15].
The formulations equivalent to 200mg saquinavir and the
same amount of saquinavir bulk powders were added to
distilled water (500 ml, pH 6.5) in 900 ml vessels and agitated
at 50rpm and 37°C. The aliquots (2ml) were withdrawn at
5, 10, 15, 30, 60, and 120 min and filtered through a 0.45pm
polyvinylidene difluoride membrane filter. The dissolution
media were replaced with fresh media after taking the
aliquots. The levels of saquinavir in the samples were then
evaluated using the HPLC.

2.8.  Evaluation of drug precipitation inhibiting ability of
S-SMEDDS

The drug precipitation inhibiting ability of S-SMEDDS was
assessed in a simulated intestinal fluid to expect changes
in the solubility of saquinavir in the intestinal fluid in vivo.
Saquinavir SMEDDS (formulation A), saquinavir S-SMEDDS
(formulation Sa3 and Sb4), and saquinavir bulk powders
equivalent to 200 mg saquinavir were added to 10ml of the
simulated intestinal fluid containing 5 mM porcine bile extract
and 1.25 mM phosphatidyl choline (pH 6.5) placed in a round-
bottomed flask [16,17]. The samples were kept in a shaking
incubator at 50 rpm and 37 °C. Aliquots (2 ml) were withdrawn
at 5, 15, 30, 60 and 90 min, and the levels of saquinavir in the
aliquots were analyzed using the HPLC.

2.9.  Invivo assessment of lymphatic absorption of
saquinavir

The assessment of lymphatic absorption of saquinavir in
rats and its protocol were approved by Chung-Ang University
Support Center for Animal experiments. All the procedures
were conducted according to the guidelines and regulations.
The animals were sacrificed using carbon dioxide gas after
finishing the experiments, and all efforts were made to
minimize suffering.

Male SD rats (275-300g) were housed under constant
temperature condition (20°C) in the animal facility center
of College of Pharmacy, Chung-Ang University and fed a
commercial diet, with tap water provided ad libitum. The rats
were acclimatized for 10 days and fasted for 24h prior to
the experiments. The SMEDDS, S-SMEDDS formulations, and
a saquinavir aqueous suspension were administered to the
rats via oral gavage at a dose of 50mg saquinavir/g. One
hour after the administration, the rats were anesthetized
with a urethane solution in pyrogen-free water through
intraperitoneal injection at a dose of 1300mg/kg. Urethane
was used as an anesthetic because of its long duration of
action and excellent depth of analgesia and anesthesia [18,19].
Mesenteric lymphatic duct cannulation on the unconscious
rats was conducted as reported [20,21], and lymph samples
were collected at 2h intervals for 8h. During the lymph
collection procedure, the body temperature and hydration
state of the rats were maintained.

Acetonitrile (1 ml) was added to each lymph sample (200 11)
and vortexed for 10min to extract saquinavir from the
samples. The samples were then centrifuged at 2000 x g for
10min to remove insoluble ingredients in the samples. The
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supernatants were separated and evaporated using a stream
of nitrogen gas. The dried residues were reconstituted with
1ml HPLC mobile phase and the level of saquinavir in the
solutions was analyzed using the HPLC system according to
the procedure aforementioned.

2.10. Statistical analysis

Data are presented as means + standard deviation (means +
standard error of mean for the animal experiment results).
Student’s t-test was performed to determine the statistical
significance (P <0.05, unless otherwise indicated) of result
values between experimental groups.

3. Results and discussion

3.1. Solubility of saquinavir in oils, surfactants, and
co-surfactants

Solubility of saquinavir in different oils, surfactants, and
co-surfactants was examined to choose optimal ingredients
for design of SMEDDS with a maximized solubilization
capacity for saquinavir. The HPLC analysis method used
for quantification of saquinavir was validated and showed
appropriate specificity, linearity, precision, and accuracy.
Thus, the HPLC analysis method was considered to be
suitable for the intended purpose. As presented in Table 1,
among oils the solubility of saquinavir was the greatest in
Capryol™ 90. The reason for this might be attributed to the
amphiphilic structure of Capryol™ 90 with a hydrophilic-
lipophilic balance value of 5.0, which was more appropriate
to enhance the solubility of saquinavir than the other oils
[22]. In case of surfactants tested, the squinavir solubility
was the greatest in Labrasol®, which consists of polyethylene
glycol (PEG) esters, a small glyceride fraction, and free PEG
and has been frequently used as a surfactant for preparation
of SMEDDS formulations [23]. Among co-surfactants tested,
propylene glycol exhibited the highest solubility of saquinavir.
Therefore, Capryol™ 90, Labrasol®, and propylene glycol
were selected to formulate the composition of SMEDDS for
saquinavir.

3.2.  Pseudo-ternary phase diagram

Pseudo-ternary phase diagram provides the information
on phase behaviors under various compositions of lipid-
based formulations, and its construction is thus essential for
evaluation of the self-microemulsification ability of SMEDDS
formulations and establishment of the optimal ratio of the
components of the formulations.

Pseudo-ternary phase diagrams were obtained with
varying the volume ratio of water, oil (Capryol™ 90),
and mixture of surfactant (Labrasol®) and co-surfactant
(propylene glycol) as shown in Fig. 1. The formulations
were considered to possess a high self-emulsification
efficiency when they exhibited a large area of the self-
microemulsifying region [22]. The self-emulsifying region
was generally increased with changing the ratio of surfactant

and cosurfactant from 3:1 to 1:1. However, considerable
phase separations were observed when the proportion of
cosurfactant in the formulations was higher than that of
surfactant, implying that the amount of surfactant was not
sufficient to form microemulsions. The formulation with the
surfactant/cosurfactant ratio of 1:1 was thus considered to
have the best self-emulsifying potential among the tested
formulations.

3.3.  Self-microemulsification efficiency of SMEDDS

Based on pseudo-ternary phase diagrams obtained, three
different SMEDDS formulations (formulation A, B, and C) were
prepared as shown in Table 2. The SMEDDS formulations
were composed of 20% oil and 80% surfactant mixture,
which consisted of surfactant and cosurfactant at three
different ratios of 1:1, 2:1, and 3:1. The self-emulsification
efficiency of the formulations was then assessed using a
grade system of self-emulsification efficiency as presented in
Table 3 [14].

Formulation A and B exhibited the self-emulsification time
less than 1min, while formulation C was self-emulsified
within 2min (Fig. 2). The microemulsions formed from
formulation A and B were clear and transparent, while
the emulsion obtained from formulation C was slightly
turbid. According to the grade system, the self-emulsification
efficiency of formulation A and B was graded I, and that of
formulation C was classified as II. Self-emulsification times of
formulation A and B were not significantly different (P > 0.05).
Thus, formulation A and B showed better self-emulsification
efficiency than formulation C.

3.4.  Dispersion stability of SMEDDS

The droplet size and zeta potential of oil phases of the three
different SMEDDS were assessed for 24h to evaluate the
dispersion stability of the SMEDDS formulations (Fig. 3). The
mean diameters of oil droplets of formulation A, B, and C
at 1h were 154 + 4.7nm, 123 + 2.8nm, and 206 + 5.4nm,
respectively. In general, the droplet sizes of the formulations
were not significantly varied for the tested period, exhibiting
the percentile changes less than 10%. Therefore, the three
different formulations showed proper dispersion stabilities.
The oil droplet sizes ranging from 100nm to 150nm have
been known to be advantageous for the absorption in the GI
tract [24]. Thus, formulation A and B with a mean oil droplet
size of approximately 100-150 nm were considered to be more
suitable self-emulsification ability to promote the intestinal
lymphatic transport of saquinavir.

Zeta potential values of a dispersed phase indicate the
potential stability of a colloidal system [25], and those of +
30mV are widely regarded as a criterion to define stable and
unstable colloids [26]. The zeta potentials of formulations
A, B, and C were —32 + 0.5mV, -37 + 1.6mV, and —30
+ 2.8mV, respectively, 1h after beginning the dispersion
stability testing. The zeta potentials of the formulations were
maintained to be less than —30mV during the whole tested
period, indicating that the dispersion stability of the SMEDDS
formulations was well retained over 24 h.
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Fig. 1 - Pseudo-ternary phase diagrams of formulations composed of Capryol™ 90 (oil), Labrasol® (surfactant) and
propylene glycol (cosurfactant) dispersed in distilled water. The surfactant mixtures (Smix) used consisted of surfactant and
cosurfactant at three different ratios of (A) 1:1, (B) 2:1, and (C) 3:1. The gray area indicates that the formulations formed

oil-in-water microemulsions.
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0 ' : - T
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Fig. 2 - The time taken for self-emulsification of
self-microemulsifying drug delivery system formulations of
A, B, and C, which were composed of Capryol™ 90,
Labrasol®, and propylene glycol at three different weight
ratios of 20:40:40, 20:53:27, and 20:60:20, respectively.
Asterisk (*) indicates a statistical significance of P < 0.05.
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3.5.  Solubility of saquinavir in SMEDDS

The solubilization capacity of SMEDDS for hydrophobic
drugs is crucial to enhance the drug absorption in the
GI tract because it is closely associated with the drug
dissolution rate in the GI tract. The solubilization capacity
of the three different SMEDDS formulations for saquinavir
was therefore evaluated. As shown in Fig. 4, the saquinavir
solubility in formulation A, B, and C was measured to
be 63.2+3.30mg/g, 61.9+0.04mg/g, and 54.4+2.82mg/g,
respectively. In general, a SMEDDS formulation containing a
larger amount of cosurfactant, i.e. propylene glycol, exhibited
a greater solubilization capacity for saquinavir. The reason for
this might be ascribed to the highest solubilizing capacity of
propylene glycol for saquinavir, which was demonstrated
in the solubility testing of saquinavir as described
above.

3.6.  Viscosity of polymer solutions

The precipitation of saquinavir possibly occurs in the GI tract
when the saquinavir SMEDDS is orally administered because
the drug would be released at a fast rate from the oil droplets
formed from the SMEDDS and the drug concentration in the
GI fluid might be rapidly increased up to the saturated state.
The drug precipitation is not desirable to enhance the drug
absorption in the GI tract. Polymers have been known to be
able to inhibit the precipitation of hydrophobic drugs with low
aqueous solubility [27]. They can stabilize the supersaturated
state of the drugs through intermolecular interaction such as
hydrogen bonding, van der Waals force, or steric hindrance
[28] The precipitation inhibiting capacity of polymers depends
on various factors, and among them viscosity of the polymer
solutions is particularly important because the drug diffusion
rate could be decreased by high viscosity, thereby preventing
the crystallization of the drugs [27]. For this reason, we
assessed the viscosity of aqueous solutions of seven different
polymers that have been investigated as a drug precipitation
inhibitor to select the most suitable polymer for preparation
of S-SMEDDS of saquinavir.

As shown in Table 5, the aqueous solution of PVP
K90 presented the highest viscosity, followed by HPMC
2910, PVP K30, poloxamer 407, polxamer 188, copovidone,
and polycaprolactam-polyvinyl acetate-polyethylene glycol
graft copolymer. PVP K90 and HPMC 2910 were chosen to
prepare S-SMEDDS formulations of saquinavir owing to their
comparatively high viscosity.

3.7.  Viscosity and colloidal properties of S-SMEDDS

S-SMEDDS formulations were prepared using formulation
A and precipitation inhibitors selected above as shown
in Table 5 because formulation A exhibited a good self-
emulsification efficiency and the best solubilization capacity
for saquinavir. It has been known that high levels of
precipitation inhibitors in SMEDDS may decrease the self-
emulsification efficiency [29] and therefore, the colloidal
properties of the S-SMEDDS formulations containing different
levels of precipitation inhibitors were examined to determine
an optimal level of the polymers in S-SMEDDS.
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Fig. 3 - Changes in droplet size (A and B) and zeta potential (C and D) of oil phase of self-microemulsifying drug delivery
systems (200 mg) evaluated for 24 h after dilution of the formulations in distilled water (25 mL). Fig. 3(a) and (c) present
changes in original values of the droplet size and zeta potential, and Fig. 3(b) and (d) show percentile changes in the droplet
size and zeta potential. A, B, and C indicate the self-microemulsifying drug delivery system formulations consisting of
Capryol™ 90, Labrasol®, and propylene glycol at three different weight ratios of 20:40:40, 20:53:27, and 20:60:20,
respectively. Asterisk (*) indicates a statistical significance of P < 0.05.
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Fig. 4 - Solubility of saquinavir evaluated in
self-microemulsifying drug delivery systems. A, B, and C
indicate the self-microemulsifying drug delivery system
formulations composed of Capryol™ 90, Labrasol®, and
propylene glycol at three different weight ratios of 20:40:40,
20:53:27, and 20:60:20, respectively. Asterisk (*) indicates a
statistical significance of P < 0.05.

In all the S-SMEDDS formulations, the precipitation
inhibitors could be homogeneously dispersed, and the
viscosity of the formulations increased with increasing the
amount of the polymers used (Table 5). In general, S-SMEDDS
formulations with a viscosity value less than 100mPa-s
exhibited a relatively small droplet size of oil phase without
significant changes over 24 h after dilution with distilled water
as presented in Table 6, indicating good self-emulsification
efficiencies of the formulations. The reason for this was
likely because the oil phase could be dispersed well in the
aqueous phase at comparatively low viscosities. However, S-
SMEDDS formulations with viscosity values greater than 100
mPa-s showed considerably greater droplet sizes of the oil
phase, implying that the self-emulsification of the S-SMEDDS
formulations was inhibited by the high viscosity. Based on
this result, S-SMEDDS formulation Sa3 and Sb4 were selected
for further studies, which presented good self-emulsification
behaviors with relatively high viscosities.

3.8.  Solubilizing capacity of S-SMEDDS for saquinavir

To evaluate the drug precipitation inhibiting capacity of S-
SMEDDS formulation Sa3 and Sb4, the saquinavir solubility in
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Table 6 — Results of evaluation of self-emulsification efficiency and dispersion stability of S-SMEDDS formulations. For
assessment of the dispersion stability of S-SMEDDS formulations, each S-SMEDDS formulation (200 mg) was diluted with

25 ml distilled water, and the droplet size and zeta potential of the dispersed oil phase were measured at 1h and 24 h after
the dilution procedure.

Formulation Grade of self- Droplet size of oil phase Zeta potential
code emulsification efficiency Viscosity (mPa-s) (nm) (mV)
1h 24h 1h 24h
Sal I 34.3+0.5 264+8.4 271+4.3 —38+0.8 —-36+1.7
Sa2 I 85.6+1.2 280+2.3 273+3.3 —30+0.7 —29+0.8
Sa3 I 101.2+1.1 290+4.0 285+3.2 —31+0.5 —28+0.7
Sa4 111 146.6 £2.7 428 +4.6 387 +5.6 —31+0.3 —34+0.5
Sa5 111 2344+43 473+£13.0 418+18.2 —27+0.4 —-23+1.3
Sb1 I 52.2+0.7 162 +3.5 190+5.4 —37+1.6 —25+1.7
Sb2 I 76.1+£0.9 171+2.6 191+£3.9 —35+14 —31+0.4
Sb3 I 88.3+0.5 125+1.9 134+2.3 —28+0.7 —25+0.8
Sb4 I 101.3+2.1 189+2.1 201+4.3 —24+1.9 —27+0.9
Sbs 111 117.7+1.8 273+3.1 291+5.2 —29+0.3 —-33+1.2
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Fig. 5 - Solubility of saquinavir in self-microemulsifying
drug delivery system (formulation A) and supersaturated
self-microemulsifying drug delivery systems (formulation
Sa3 and Sb4). Asterisk (*) indicates a statistical difference of
P <0.05.

the formulations was examined. As illustrated in Fig. 5, the
solubility of saquinavir in S-SMEDDS formulation Sa3 and Sb4
was significantly greater than that in SMEDDS formulation
A devoid of a precipitation inhibitor, meaning that the
supersaturated state of saquinavir was well maintained by
the presence of the precipitation inhibitors in the S-SMEDDS
formulations. The solubility of saquinavir in formulation Sb4
was considerably higher than that in formulation Sa3. It has
been known that HPMC 2910 contained in formulation Sb4
has much more functional groups such as hydroxyl group
that can form hydrogen bonds than PVP K90 in formulation
Sa3 [30]. Thus, it was supposed that HPMC 2910 was able to
interact with saquinavir molecules more strongly than PVP
K90 through forming hydrogen bonds with the drugs and
thereby inhibited the drug precipitation at greater degrees
than PVP K90, leading to the higher solubility of saquinavir
in the S-SMEDDS formulation.

Fig. 6 - In vitro release behavior of saquinavir from
S-SMEDDS (Sa3 and Sb4), S-SMEDDS (formulation A) and
saquinavir bulk powder.

3.9.  Invitro drug release study

In vitro release behaviors of saquinavir from S-SMEDDS
(Sa3 and Sb4), SMEDDS (formulation A), and saquinavir
bulk powders were evaluated. As shown in Fig. 6, the drug
dissolution rate from saquinavir bulk powders was gradually
increased as a function of time, but it was only ~20% at
the end of the experiment, which might be due to the low
aqueous solubility of saquinavir. As for the SMEDDS and
S-SMEEDS formulations, the drug release rate from the
SMEDDS formulation was considerably higher than those
from the S-SMEDDS formulations (Sa3 and Sb4) at early stage,
which might be because the high viscosity of the S-SMEDDS
formulations caused by the precipitation inhibitors delayed
the diffusion of saquinavir from the formulations. However,
thereafter the drug dissolution rates from the SMEDDS and
S-SMEDDS became similar, implying that the oil phase of
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Fig. 7 - Result of the drug precipitation inhibiting ability of
S-SMEDDS (formulation Sa3 and Sb4) evaluated in a
simulated intestinal fluid in comparison with SMEDDS
(formulation A) and saquinavir bulk powders. Changes in
concentration of saquinavir in the simulated intestinal fluid
were monitored for 90 min after adding the samples
equivalent to 200 mg of saquinavir to 10 ml of the simulated
intestinal fluid.

the formulations was self-microemulsifed in the media and
saquinavir was successfully released from the dispersed oil
droplets.

3.10. Drug precipitation inhibiting ability of S-SMEDDS
evaluated in simulated intestinal fluid

Changes in the concentration of saquinavir in an artificial
intestinal fluid were evaluated to simulate the drug
precipitation inhibition by the S-SMEDDS formulation in
the GI tract in vivo. As illustrated in Fig. 7, the concentration
of saquinavir released from S-SMEDDS formulations (Sa3
and Sb4) was rapidly increased at early stage and it was
maintained for the whole tested period without significant
changes. Thus, it was demonstrated that the precipitation
inhibitors contained in the S-SMEDDS formulations
successfully prevented the drug precipitation. Between
formulation Sa3 and Sb4, no considerable changes in the
saquinavir concentration were observed, which might
be attributed to the similar viscosity of the S-SMEDDS
formulations and consequent comparable precipitation
inhibiting ability. However, the concentration of saquinavir
examined with SMEDDS formulation was considerably
decreased from 30min, indicating that saquinavir was
precipitated. In case of saquinaivr bulk powders, the drug
concentration was very low compared to those evaluated
from the S-SMEDDS and SMEDDS formulations. The results,
therefore, implied that the precipitation inhibitors should
be used to prevent the drug precipitation in the GI tract and
to enhance the intestinal lymphatic delivery of saquinavir
because the precipitated drug would not be efficiently
absorbed via the enterocytes.

3.11. In vivo intestinal lymphatic drug absorption study of
S-SMEDDS and SMEDDS

S-SMEDDS, SMEDDS and saquinavir bulk powders dispersed
in distilled water were orally administered to rats at an
equivalent dose of saquinavir, and the intestinal lymphatic
absorption of the drug was assessed. As of now, two types
of pharmaceutical formulations for oral administration of
saquinavir have been marketed by F. Hoffmann-La Roche Ltd.
(Basel, Switzerland) such as hard gel capsules and film-coated
tablets, which are all conventional dosage forms and not
formulated to deliver the drug efficiently to the lymphatic
circulation. The saquinavir suspension was composed of pure
saquinavir powders dispersed in distilled water and did not
contain any pharmaceutical excipients that were expected
to enhance the lymphatic drug uptake. We thus considered
that the saquinavir suspension would show lymphatic drug
absorption behaviors comparable to those of the marketed
dosage forms and used the suspension in the lymphatic drug
absorption study.

As an S-SMEDDS formulation used for this study, Sb4 was
selected because it had a greater solubilization capacity for
saquinavir than that of Sa3. For measurement of levels of
saquinavir in rat lymph, the validated HPLC method used for
in vitro studies was employed. We used an external calibration
method for quantification of saquinavir because the drug in
the lymph samples was completely dissolved in acetonitrile.
Fig. 8A shows the concentration of saquinavir in lymph
evaluated at pre-determined times. In case of the S-SMEDDS
formulation, the concentration of saquinavir in lymph was
the highest at 4 h after oral administration. This result was in
good agreement with a previous study in which the saquinavir
concentration in plasma was measured to be the highest at
2-4h after oral administration of the drug to HIV-infected
patients [31]. However, the time at which the maximum drug
concentration is observed (Tmax) Was not found in case of
the SMEDDS formulation and suspension. Based on the data
obtained, it was supposed that Tmax of the SMEDDS and
suspension was earlier than 2h. However, we were not able
to assess the concentrations of saquinavir in lymph at earlier
than 2h because we could not obtain a sufficient amount of
lymph necessary for the quantification of saquinavir through
the HPLC analysis due to low lymph flow rates of rats. The
reason for the delayed Tmax of the S-SMEDDS formulation
compared to that of the SMEDDS formulation and suspension
was might be because the precipitation inhibitor contained in
the S-SMEDDS sustained the drugrelease in the GI tract of rats,
leading to the later time of maximum drug concentration in
lymph.

The concentrations of saquinavir in the lymph examined
with the S-SMEDDS and SMEDDS were significantly higher
than that evaluated with the saquinavir suspension for
the whole tested period, implying that the S-SMEDDS
and SMEDDS were self-microemulsified in the GI tract of
the rats and the absorption of saquinavir via enterocytes
could be promoted. In addition, the oil ingredients of
the S-SMEDDS and SMEDDS were supposed to be able to
facilitate the association of saquinavir with chylomicron,
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Fig. 8 - (A) Concentration and (B) cumulative amount of saquinavir in lymph obtained from rats evaluated during in vivo
lymphatic drug absorption study. For the experiment, S-SMEDDS (formulation Sb4), SMEDDS (formulation A), and saquinavir
suspension were administered to rats at an equal dose. Data are presented as mean =+ standard error of mean (n=>5).
Asterisk (*) and sharp (#) represents P < 0.05 versus saquinavir suspension and SMEDDS, respectively.

leading to enhanced lymphatic absorption of the drug.
Between the S-SMEDDS and SMEDDS, the S-SMEDDS showed
considerably higher concentrations of saquinavir in lymph
than the SMEDDS. The reason for this might be because the
precipitation inhibitor contained in the S-SMEDDS prevented
the drug precipitation, thereby maintaining high levels of
saquinavir in the GI fluid and enhancing the drug absorption
in the GI tract [32].

When the cumulative amounts of saquinavir contained
in the lymph samples obtained over 8h at 2h intervals were
calculated, the same trend to results described above was
observed as shown in Fig. 8B. The cumulative amount of
saquinavir evaluated from the lymph was found to be the
largest when the drug was administered to the rats as a form
of the S-SMEDDS, followed by the SMEDDS and the saquinavir
suspension. Thus, the lymphatic absorption of saquinavir
was able to be maximized through the SMEDDS combined
with the precipitation inhibitor that could retain high drug
concentrations in the GI fluid.

4. Conclusion

For efficient lymphatic transport of saquinavir, SMEDDS
were designed using Capryol™ 90, Labrasol®, and propylene
glycol as an oil, surfactant, and cosurfactant, respectively,
which showed better solubilizing capacity for saquinavir
than other tested materials. The SMEDDS prepared showed
a good self-emulsification efficiency and dispersion stability.
To maximize the drug absorption in the GI tract and into
the lymphatic system, HPMC 2910 was chosen based on its
miscible property with the SMEDDS, appropriate viscosity and
drug precipitation inhibiting ability. Owing to the precipitation
inhibitor, the S-SMEDDS exhibited the higher concentrations
of saquinavir in a simulated intestinal fluid than the

SMEDDS and saquinavir bulk powders. When examining
the lymphatic transport of saquinavir using rats in vivo,
significantly enhanced lymphatic absorption of saquinavir
was demonstrated from rats administered the S-SMEDDS.
Therefore, the S-SMEDDS designed in this study would be
usefully exploited to enhance the lymphatic absorption of
hydrophobic drugs that need to be targeted to the lymphatic
system.
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