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We investigated the dissolution-modulating mechanism of alkalizers and polymers in nanoemulsifying
Gelucire 44/14 (GUC)-based solid dispersions (SDs) for controlled release. Aceclofenac (AFC), an ionizable
and poorly water-soluble drug, was chosen because of its extremely low solubility at low pH. Nanoemul-
sifying SD systems containing alkalizers and/or polymers were prepared by the melting method. Drug
crystallinity, microenvironmental pH (pHy), dissolution rate, and droplet size in the media from nano-
emulsifying SD were then characterized. Ternary SD containing alkalizers, mainly Na,CO3; and NaHCO3,
enhanced the initial release rate of AFC in simulated gastric fluid (pH 1.2), but resulted in spring-like pre-
cipitation. However, adding a secondary polymer, Poloxamer 407, prevented precipitation in the quater-
nary SD system. Poloxamer 407 and alkalizer (Na,COs) facilitated nanoemulsion formation (80-140 nm)
with a smaller droplet size in a medium of pH 1.2 as visualized by TEM. The surface and inner pHy, were
also modulated by the alkalizers, but not by the polymers. The drug’s crystalline structure was further
changed to partially or almost amorphous form by the alkalizers and polymers in SD as characterized
by instrumental analysis. The synergistic effects of alkalizers and secondary polymers in SD on reduction
of drug crystallinity and modulation of pHy; via molecular interactions could modulate dissolution rates
of ionizable and poorly water-soluble model drug without spring-like precipitation by providing more
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favorable nanoemulsion-forming environment.
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1. Introduction

Poorly water-soluble drugs have limited dissolution rates due to
their highly ordered crystalline structures. Solid dispersions (SDs)
are effective for enhancing their dissolution rate via structural
changes of crystalline drugs into amorphous forms [1-3]. However,
the solubilization capacity of SD systems is limited in many cases,
resulting in recrystallization or precipitation in a spring-like man-
ner upon exposure to an aqueous solution. Therefore, pharmaceuti-
cal strategies require more detailed dissolution-controlling
mechanisms of SDs.

One solution is to utilize a self-emulsifying carrier when ex-
posed to aqueous media. Gelucire 44/14 (GUC), a solid waxy
amphiphilic material with a melting point of 44 °C and an HLB va-
lue of 14, is used as an SD carrier [4]. Gelucire 44/14 was used in an
SD formulation as a carrier to improve the solubility of poorly
water-soluble drugs, due to its surface-active and self-emulsifying
properties upon contact with aqueous fluid [5,6].

Alternatively, incorporation of pH modifiers is a common strat-
egy to enhance the dissolution rate of weakly acidic or basic drugs
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if the solubility of the drug is dependent on pH. These pH modifiers
can alter the microenvironmental pH (pHy) within and surround-
ing a dissolving solid to an optimal pH for controlled solubility
[7-13]. Finally, secondary pharmaceutical excipients, such as sur-
factants and polymers, can be simultaneously combined and incor-
porated in SD systems for the complete solubilization of poorly
water-soluble drugs by limiting spring-like precipitation in solu-
tion [1].

We recently reported that incorporating pH modifiers, mainly
alkalizers in non-emulsifying polyethylene glycol 6000-based SD,
could readily modify drug crystallinity and pHy [14]. However,
there have been no detailed studies for dissolution-modulating
mechanisms and on how these pH modifiers and/or secondary
pharmaceutical excipients in a nanoemulsifying SD can modulate
drug crystallinity, pHy and the molecular interactions of ionizable
and poorly water-soluble drug. This information may provide basic
solution for pharmaceutical scientists to solubilize many ionizable
and poorly water-soluble drugs from a SD system at early formula-
tion stages.

The objective of this study was to investigate dissolution-con-
trolling mechanisms of alkalizers and/or polymers in nanoemulsi-
fying GUC-based SD systems containing ionizable and poorly
water-soluble drug. Aceclofenac (AFC), a weakly acidic drug
(pK, = 4-5), was chosen as a model drug. AFC is used for the relief


mailto:bjl@kangwon.ac.kr
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb

84 T.Truong-Dinh Tran et al./ European Journal of Pharmaceutics and Biopharmaceutics 72 (2009) 83-90

of pain and inflammation in osteoarthritis and rheumatoid arthri-
tis. AFC exhibits extremely low solubility in water and acidic pH
conditions, but high solubility in high pH solutions [15,16]. Nine
commonly used alkalizers, Na,CO3, NaHCO3, meglumine, arginine,
MgO, CaCOs, bentonite, Na,HPO,4, and K;HPO,4, were selected as pH
modifiers. Three polymers: Poloxamer 407, PEG 6000, and
Cremophor RH40, were also chosen as secondary pharmaceutical
excipients. Drug crystallinity, pHy, dissolution rate, and droplet
size in media from nanoemulsifying SD were characterized to elu-
cidate dissolution-modulating mechanisms. Drug crystallinity was
studied by differential scanning calorimetry (DSC) and powder
X-ray diffraction (PXRD). Fourier transform infrared (FTIR)
spectroscopy was used to study the molecular interactions of func-
tional groups between the drug, pH modifiers and excipients. Dis-
solution rate was investigated in simulated gastric fluid (pH 1.2).
Droplet size and nanoemulsion images were characterized by laser
light scattering and transmission electron microscopy (TEM),
respectively.

2. Materials and methods
2.1. Materials

AFC was obtained from Dae Woong Pharmaceutical Co. Ltd.,
(Seoul, Korea). Gelucire 44/14 and Cremophor RH40 were pur-
chased from Gatteffosse (France). Poloxamer 407 (Pluronic F-127)
was purchased from BASF (Germany). PEG 6000 was purchased
from Yakuri Pure Chemicals Co., Ltd., (Osaka, Japan); magnesium
oxide (MgO) was purchased from Junsei Chemical Co., Ltd., (Japan);
sodium bicarbonate (NaHCOs3), sodium carbonate (Na,COs3), argi-
nine, meglumine, and calcium carbonate (CaCOs) were purchased
from (Sigma-Aldrich, USA); bentonite was purchased from Mineral
and Pigment Solutions, Inc., (USA); and disodium hydrogen phos-
phate (Na,HPO,4) and dipotassium hydrogen phosphate (K;HPO,4)
were purchased from Showa Chemical Co., Ltd., (Japan). The sol-
vents used were of high-performance liquid chromatography
(HPLC) grade. All other chemicals were of analytical grade and
were used without further purification.

2.2. Methods

2.2.1. HPLC analysis

AFC concentration was determined by HPLC system (Water,
USA) with Luna 5 Cyg analytical column (150 x 4.6 mm). A mobile
phase of methanol and 0.02 M potassium dihydrogen phosphate
(65:35 v/v) was used at a flow rate of 1.2 ml/min. The UV detector
was set at 282 nm to analyze the column effluent. The entire solu-
tion was filtered through a 0.45 ptM membrane filter (Millipore
Corp., Bedford) and was degassed prior to use. Twenty microliters
of samples were injected into HPLC system for analysis.

2.2.2. Solubility studies of AFC with various alkalizers

An excess amount of AFC was added to snap-cap Eppendorf
tubes (Hamburg, FRG) containing 1 ml of various media (deion-
ized water; pH 1.2; pH 6.8 or 1% (w/v) alkalizer in deionized
water) according to the method reported previously [14]. All
the solutions prepared in the whole study were surely degassed
prior to use. The resulting mixture was shaken in a shaking water
bath at 37°C (100 rpm) for 24 h. Tubes were centrifuged at
15,000 rpm for 10 min. The supernatant was adjusted with a
proper dilution and injected for the determination of drug
concentration by HPLC.

2.2.3. Preparation of GUC-based SD
GUC-based SD was prepared by the melting method in an oil
bath. First, the carrier (70 mg) was melted at 60 °C and then the

drug (70 mg) was incorporated. The resulting binary mixtures
were constantly stirred with a glass agitator for 15 min until a uni-
form mixture was obtained. Alkalizer (Na,CO3, NaHCO3, meglu-
mine, arginine, MgO, CaCOs3, bentonite, Na,HPO,, or K;HPO,) and/
or secondary polymer (Poloxamer 407, PEG 6000, or Cremophor
RH40) was then added to obtain a uniform ternary or quaternary
SD. The melted mixture was homogeneously mixed with a glass
agitator for 15 min and poured into a hard gelatin capsule equiva-
lent to 70 mg AFC. The weight ratio of the drug, GUC, and alkalizer
used to prepare ternary SD was kept at 70:70:28. The quaternary
SD consisted of drug, GUC, Na,CO3 and polymer at a weight ratio
of 70:70:28:70 (or 100 for Poloxamer 407). A binary SD consisting
of drug (70 mg) and GUC (35, 70, or 115 mg) in weight ratios
(1:0.5, 1:1, or 1:1.5) was also prepared to investigate drug/carrier
ratio effects as a reference for comparison. Codes in this paper
are named according to the type of alkalizer or polymer in the
SD formulation.

2.2.4. Dissolution test

The GUC-based SD in a No. 1 hard gelatin capsule equivalent to
70 mg AFC was exposed to dissolution media. Dissolution tests
were performed in triplicate with a DST-810 dissolution tester
(Labfine, Seoul, Korea) in 900 ml simulated gastric (pH 1.2) or
intestinal fluid (pH 6.8) at 37 °C using the paddle method at a rota-
tion speed of 100 rpm according to the USP 26 pharmacopoeia [14].
At 5, 10, 15, 30, 45, 60, 90, and 120 min, samples were withdrawn
and replaced with an equal volume of dissolution media. The ali-
quot was immediately filtered through 0.45 pum membrane (regen-
erated cellulose) and was immediately diluted with the mobile
phase for the prevention of drug precipitation. The drug concentra-
tion was then determined by HPLC.

2.2.5. Thermal analysis (DSC)

The raw materials of AFC, GUC, binary SD (GUC:AFC=1:1) and
ternary and quaternary SD containing alkalizer and/or polymer
were analyzed by DSC (TA Instruments, Model 2910, USA). An
approximate sample (0.2-0.5 mg) was weighed in a standard open
aluminum pan. An empty pan of the same type was used as a ref-
erence. Dry nitrogen was used as purge gas. Samples were heated
from 20 to 200 °C at a heating rate 10 °C/min. Calibration of tem-
perature and heat flow was performed with indium.

2.2.6. Powder X-ray diffraction (PXRD)

All the samples characterized by DSC were also investigated for
their crystallinity by PXRD. The technique could be described
briefly as follows: the samples were scanned in steps of 0.02° from
5° to 60° (diffraction angle 20) at a rate of 1 s per step, using a zero
background sample holder through a D5005 diffractometer (Bru-
ker, Germany) using Cu-K radiation at a voltage of 40 kV, 50 mA.

2.2.7. Fourier transform infrared (FTIR) spectroscopy

The spectra of the raw materials of AFC, GUC, binary SD (GU-
C:AFC=1:1), and ternary and quaternary SD containing alkalizer
and/or secondary polymer by using an FTIR spectrophotometer
(Model Excalibur Series UMA-500, Bio-Rad, USA). The wavelength
was set from 500 to 4000 cm~! were recorded with a resolution
of 2cm™! to characterize KBr pellets which had been prepared
by gently mixing 1 mg of the sample with 200 mg KBr.

2.2.8. Measurement of pHy

GUC-based SD systems in a hard gelatin capsule were used to
investigate the effect of pHy. The non-disintegrated capsule was
removed from the dissolution media at 5 min (or 15 min in case
of quaternary SD containing Poloxamer 407) and was frozen
immediately at —40 °C in a deep freezer for 30 min. The surface
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and inner pHy, of the capsule were then determined potentiomet-
rically using a surface pH electrode (Metoxy pH Meter HM-17MX,
DKK-TOA Corp., Japan). In the case of quaternary SD containing
Poloxamer 407, pHy was measured at 5, 10, and 15 min.

2.2.9. Particle size measurement in dissolution media

To identify the formation of nanoemulsion, GUC-based ternary
and quaternary SD containing alkalizer and/or polymer were ex-
posed to gastric fluid of pH 1.2 for 2 h, and then about 3 ml of
the sample was withdrawn. The droplet sizes were analyzed by
Electrophoretic Light Scattering 8000 (Photal Otsuka Electronics,
Japan). All measurements were performed in triplicate with a
He-Ne laser light source (5 mW) at a 90° angle.

2.2.10. Transmission electron microscopy (TEM)

Transmission electron microscopy (LEO 912AB-100, Carl Zeiss,
Korea Basic Science Institute, Chuncheon) was used to investigate
the formation of self-nanoemulsion from quaternary SD containing
Poloxamer 407. Samples were placed onto a copper grill covered
with nitrocellulose. They were dried at room temperature and then
examined using a transmission electron microscope without being
negative stained.

3. Results and discussion
3.1. Drug solubility in different alkaline solutions

In theory, a weakly acidic drug shows low solubility in an acidic
medium but has a good solubility in a basic medium. Based on the
degree of AFC ionization (pK, = 4-5), it could be deprotonated at a
high pH, resulting in the formation of a soluble compound. The pH
modifiers can modulate AFC solubility and produce a much higher
dissolution rate. The solubility of weakly acidic AFC was dependent
on pH, being highly soluble in basic conditions but relatively insol-
uble in deionized water and acidic pH conditions (Table 1). These
results were also matched with those of a previous report [17].
Interestingly, incorporating 1% alkalizers in deionized water
greatly increased drug solubility. Moreover, among alkalizers,
Na,CO3 showed the best enhancement. For this reason, Na,CO3
was chosen to be the model alkalizer in the SD formulations.

3.2. Dissolution modulation by formulation parameters

In preliminary studies, dissolution rates of the pure AFC were
determined in simulated gastric (pH 1.2) and intestinal fluid (pH
6.8). The release of AFC, a weakly acidic drug, was 100% at pH
6.8 after 15 min, but was almost negligible for 2 h in gastric fluid
(pH 1.2). Therefore, dissolution-modulating behaviors were further
investigated in gastric fluid.

Table 1
Solubility of AFC at 37 °C in gastric and intestinal fluid, deionized water, and 1% (w/v)
solution of pH modifiers.

Media Solubility of AFC in
media (pg/ml)

Deionized water 55.46 +0.14

Gastric fluid (pH 1.2) 11.77 £ 0.64

Intestinal fluid (pH 6.8)

1% Na,COs in deionized water

1% NaHCOs in deionized water
1% bentonite in deionized water
1% arginine in deionized water
1% K;HPO, in deionized water

1% Na,HPO, in deionized water
1% MgO in deionized water

1% CaCOs in deionized water

1% meglumine in deionized water

4962.00 + 4.54
46538.05 +0.28
20385.24 £2.95

876.48 £ 0.29
19271.42 +0.32
13794.03 £ 0.36
16634.14 +0.28

1242.82 £0.22

638.47 £3.10
19042.06 + 3.45

In general, drug dissolution rates and crystallinity of SD can be
governed by the carrier-to-drug ratio. The more the amount of car-
rier added, the more the drug’s structure was changed into amor-
phous form, resulting in increased dissolution rate of drug [18]. For
weakly acidic AFC, effect of drug and carrier ratio affected dissolu-
tion rate of SD-loaded capsule in gastric fluid (Fig. 1). The enhanc-
ing effect of carrier was maximized around 12-15% release at drug
to carrier ratio (1:1.5). Addition of more carriers was not efficient
and would rather inhibit initial release. Dissolution enhancement
of binary SD by itself was unsatisfactory. To modulate these disso-
lution behaviors, nine alkalizers were selected according to their
basic strength and were combined in binary SD to modulate the
pH dependency of AFC. Except for bentonite, the incorporation of
alkalizers in SD enhanced drug release rates in gastric fluid, but
the extent of this enhancement depended on the type of alkalizer
(Fig. 2). The addition of Na,COs led to the highest drug release, fol-
lowed by NaHCO3, meglumine, CaCOs, and the others, which had
almost the same influence on the drug release rate. In general,
Na,CO3 showed the greatest potential in increasing AFC release
rates.

However, the enhanced dissolution by alkalizers rapidly de-
creased due to spring-like precipitation in gastric fluid. For this rea-

18 - —e— AFC:GUC=1:0.5
—O0— AFC:GUC=1:1
16 1 —w— AFC:GUC=1:1.5

—&— pure AFC

% drug released

T |
0 20 40 60 80 100 120
Time (min)

Fig. 1. Effect of drug and carrier ratio on drug dissolution rate of binary SD-loaded
capsule in gastric fluid.

100
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Fig. 2. Effect of alkalizers on drug dissolution rate of ternary SD-loaded capsule in
gastric fluid.
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Fig. 3. Effect of secondary polymers on drug dissolution rate of quaternary SD-
loaded capsule containing Na,COs.

son, secondary polymers were incorporated in the GUC-based ter-
nary SD system containing Na,COs to prevent spring-like precipita-
tion. The incorporation of a secondary polymer in the formulation
containing surfactant may help prevent precipitation [19]. Three
polymers, Cremophor RH40, PEG 6000, and Poloxamer 407, were
incorporated in the ternary SD containing Na,CO3 to see whether
they would improve AFC dissolution rates as well as prevent
spring-like drug precipitation. Cremophor RH40 and Poloxamer
407 are non-ionic solubilizing and emulsifying agents, and PEG
6000 is composed of hydrophilic polymers. They have been widely
used to enhance poorly soluble drugs in SD systems [20-22].

In general, when using the same amount of drug, the addition of
a secondary polymer to ternary SD containing Na,COs3 significantly
improved the drug dissolution rate (Fig. 3). The maximum drug re-
lease obtained was approximately 90%, or even 100% in the case of
Poloxamer 407, and the minimum amount of drug dissolved after
precipitation was about 60%. Meanwhile, SD alone without second-
ary polymers had about 75% maximum and 20% minimum drug re-
leases. Specifically, Cremophor RH40 enhanced the drug release
rate up to 90% within 5 min, but it decreased to 40% after 2 h
due to spring-like precipitation. In the case of PEG 6000, drug re-
lease reached 90% within 5 min and was sustained over 2 h with
slight (10%) precipitation. Poloxamer 407 (70 mg or 100 mg) also
improved AFC dissolution with a release rate over 100%, but it
was not as effective in preventing precipitation at 70 mg loading.
Surprisingly, as the amount of Poloxamer 407 increased to
100 mg, the drug release rate increased gradually up to 100%, with
negligible precipitation. For this reason, we evaluated the detailed
dissolution-modulating mechanisms of alkalizer and secondary
polymers in the nanoemulsifying SD system, and how pHy, drug
crystallinity, and nanoemulsion formation are correlated with drug
dissolution without showing spring-like precipitation.

3.3. Measurement of microenvironmental pH (pHy)

The modulation of pHy for SD incorporated with alkalizers is a
factor in enhancing dissolution rates of weakly acidic AFC. Effect of
alkalizers on pHy of SD-loaded capsule is shown in Fig. 4. The pHy
of the SD capsule without alkalizer was also determined for com-
parison. Because the SD-loaded capsules completely disintegrated
after 5 min, we determined the surface and inner pHy at 5 min.
In contrast, the pHy, of the SD-loaded capsules containing Polox-
amer 407 was measured for 15 min because capsules could stand
their form until 15 min. The SD-loaded capsule without alkalizers
showed a pHy around 5 and 5.5 on the surface and inside of the
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Fig. 4. Surface and inner pHy, of SD-loaded capsule. Top: binary SD (AFC:GUC = 1:1)
and ternary SD containing alkalizer; bottom: quaternary SD containing AFC, GUC,
Na,CO3 and polymer.

capsules, respectively, indicating that GUC alone had no effect on
modulating pHy. The presence of an alkalizer consistently in-
creased the pHy. As the dissolution fluid penetrated into the SD-
loaded capsules, alkalizers leached out and increased the pHy; of
the vicinity of drug particles. However, the loss of alkalizers on
the surface and the effect of the pH in the bulk medium resulted
in slightly decreased pHy, of the surface of capsules as compared
to the inner distance, except for Na,HPO4 and bentonite. The mod-
ulating power of pHy by these alkalizers was in the following
decreasing order: Na,COs, meglumine, arginine, and MgO. Na,CO3
led to the highest pHy; of 7.38 and 7.52 on the surface and the in-
side of the SD-loaded capsules, respectively, which corresponded
to the highest dissolution profile. The pHy of CaCOs, NayHPO,,
K;HPO,4, and bentonite did not create a basic environment and re-
mained around 6.5 or less. Therefore, their effects on drug dissolu-
tion rates were almost negligible. Interestingly, the incorporation
of secondary polymers such as PEG 6000, Poloxamer 407, or Crem-
ophor RH40 in SD-loaded capsules containing Na,CO3; gave almost
identical pHy. The pHy decreased slightly as a function of in-
creased time, but changes were almost negligible.

Alkalizers incorporated in ternary SD produced a more basic
pHy, increasing the initial dissolution rates of AFC at pH 1.2 but
then immediately decreasing in a spring-like manner. The dissolu-
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tion rates of quaternary SD-loaded capsules containing Na,CO3 and
secondary polymers could be improved without showing spring-
like precipitation (see Fig. 3). We therefore performed instrumen-
tal analysis to characterize the molecular interactions and to inves-
tigate drug crystallinity.

3.4. DSC thermograms

DSC thermograms of various SD systems incorporated with
alkalizer and secondary polymer are shown in Fig. 5. The DSC
curves of GUC and pure AFC exhibited their single endothermic
peaks at 44 °C and 153 °C, respectively, which corresponded to
their intrinsic melting points. The characteristic melting point peak
of GUC existed in all the cases, but varied via its molecular interac-
tion with other components. In the binary SD system, no AFC peak
was observed, indicating that AFC existed in an amorphous form.
Moreover, most of the SDs containing alkalizer and/or polymer
had no distinct AFC melting peak and changed the drug’s crystal-
line structure into an amorphous form, except for meglumine,
which was shifted left at 138 °C in the ternary SD. The enhanced
AFC dissolution rate seemed to result from this transformation of
drug’s crystalline structure. However, these DSC thermograms
could not completely explain the differences in drug dissolution.

3.5. PXRD diffractograms
PXRD diffractograms of various SD systems incorporated with

alkalizer and secondary polymer were investigated (Fig. 6). The
PXRD diffractogram of pure AFC was highly crystalline, with many
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Fig. 5. DSC thermograms. From the bottom: pure drug, GUC, binary SD (AFC and
GUC), ternary SDs (AFC, GUC and an alkalizer in the following order: Na,COs,
NaHCO3, meglumine, CaCOs;, arginine, K;HPO4, NaHPO4, MgO, bentonite), and
quaternary SDs (AFC, GUC, Na,CO3; and polymer in the following order: 70 mg
Poloxamer, 100 mg Poloxamer, 70 mg PEG 6000, 70 mg Cremophor).
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characteristic peaks. The incorporation of GUC as a carrier with AFC
in the binary SD decreased some of these peaks, indicating that the
drug’s crystalline structure was changed into a partially crystalline
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arginine, meglumine, K;HPO,4, NaHCO3, Na,COs), and quaternary SDs (AFC, GUC, Na,CO3 and polymer in the following order: 100 mg Poloxamer, 70 mg Poloxamer, 70 mg PEG
6000, 70 mg Cremophor).
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form. Furthermore, ternary SDs, including bentonite, MgO,
Na,HPO,4, K;HPO,4, CaCOs, and arginine, also changed the drug’s
crystalline structure into a partially amorphous form. The drug
peaks at 8.75°,12.19°, and 12.97° disappeared or peak intensity de-
creased. Moreover, the number of peaks in the range between 30°
and 40° decreased, indicating an amorphous state [23]. In contrast,
the ternary SDs incorporating meglumine, NaHCOs, and Na,CO;
and quaternary SD systems containing Na,COs; and polymers
showed that AFC existed in an almost totally amorphous form.
Most of AFCs characteristic peaks disappeared, although there
were peaks at 25.95° and a few peaks between 30° and 40°. These
peaks decreased in intensity and even disappeared at 25.95° when
the secondary polymers were incorporated.

The binary SD based only on GUC could slightly enhance the
AFC release rate due to changing of the AFC structure into a par-
tially amorphous form. Incorporation of an alkalizer further in-
duced structural changes into a partially amorphous form.
Na,CO; promoted the strongest structural changes among alkaliz-
ers, resulting in the best enhancement of drug dissolution. Further-
more, these PXRD diffractograms clearly elucidated the roles of the
secondary polymers in changing the drug’s crystalline structure
into an almost totally amorphous form, improving the drug disso-
lution rate without showing spring-like precipitation.

3.6. FTIR characterization

We measured FTIR spectra to investigate the molecular interac-
tions among functional groups (Fig. 7). Structural changes and the
lack of a crystal structure can lead to changes in the molecular
bonding energy between functional groups which can be detected
by FTIR spectroscopy [24].

The spectrum of pure AFC showed a distinct absorption band for
the carbonyl group C=0 at 1716.64 cm~' and the O-H, N-H band
at 3265.47 cm™~ . These positions were observed throughout all the
spectra. The spectra of binary and ternary SDs, including the alkal-
izers, bentonite, MgO, Na,HPO,4, CaCOs, arginine, meglumine, and
K,HPO,, still showed these distinct absorption bands. Interestingly,
C=0, N-H, and O-H bands in the spectra of ternary SDs incorpo-
rated with NaHCO; and Na,CO; and quaternary SDs containing
Na,CO3 and polymers disappeared, indicating an interaction be-
tween drug and alkalizers that enhanced drug dissolution rate.
The disappearance of the carboxylic acid O-H peak indicated that
it could be deprotonated by some alkalizers via a Bronsted acid-
base interaction [25]. FTIR spectra showed a molecular interaction
between AFC and alkalizers, resulting in changes in pHy,, drug crys-
tallinity, and dissolution.

3.7. Droplet size in dissolution media

In addition to pHy and changes in drug crystallinity, nanoemul-
sion formation in SD systems might affect how the alkalizer and
secondary polymer enhance dissolution rates and prevent spring-
like drug precipitation. GUC itself creates a self-emulsifying sys-
tem, which can improve the solubility of poorly water-soluble
drugs [4]. Moreover, a self-emulsifying system should form an
emulsion upon dilution in aqueous media to allow distribution of
droplet size [26]. In this study, GUC alone was not efficient due
to its limited solubilization capacity.

Droplet size of dissolution fluid from SD-loaded capsules con-
taining Na,CO3 and secondary polymers was measured by dynamic
light scattering method (Electrophoretic Light Scattering 8000) in a
range of nanoscale (Fig. 8a). The increasing order of droplet size
was Cremophor RH40 (101 nm), Poloxamer 407 (125 nm), ternary
SD without polymers (138 nm), and PEG 6000 (144 nm). In case of
Poloxamer 407, the droplet size further decreased (about 85 nm) as
the amount increased from 70 mg to 100 mg. Images of nanoemul-

sion were also observed by TEM (Fig. 8b). These nanoemulsion
droplets were attributed to the exposure of the ternary and quater-
nary SD systems upon aqueous fluid. However, these differences in
droplet size of the nanoemulsions did not predict the best dissolu-
tion of AFC for Poloxamer 407.

In quaternary SD system, Cremophor RH40 and Poloxamer 407
function as co-surfactants, while PEG 6000 acts as a hydrophilic
co-solvent. Poloxamer and Cremophor RH40 have hydrophilic-
lipophilic balance (HLB) values of 22 and 14, respectively. HLB
describes the relative composition of a hydrophilic group and a
lipophilic group within an emulsifier. Hence, a higher HLB of a
secondary polymer could lead to a higher solubility of the formu-
lation in aqueous phase, which forms micelles or nanoemulsion
from the quaternary SD system to maintain the drug in a soluble
form [27,28]. It may explain the reason why Cremophor RH40 with
relatively lower HLB did not produce dissolution as efficiently as
Poloxamer 407. PEG 6000 showed better dissolution rates than
Cremophor RH40 due to its high hydrophilicity despite the larger
droplet size. Poloxamer 407 produced the best modulation of
dissolution rates due to its high HLB and surface-active properties,
and this explains why the AFC dissolution profile was more pro-
nounced as the concentration of Poloxamer increased (see Fig. 3).
The increased surfactant concentration also decreased interfacial
tension and droplet size [29].
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Fig. 8. Droplet size of dissolution fluid from quaternary SD-loaded capsule
containing Na,CO; and polymers. (a) Average droplet size; (b) TEM image of
quaternary SD-loaded capsule containing Na,CO3 and 100 mg poloxamer.
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4. Conclusions

Modulation of pHy and changes of drug crystallinity into an
amorphous form by alkalizers enhanced the dissolution rate of
weakly acidic drug such as AFC in SD systems. Furthermore, incor-
poration of secondary polymers combined with alkalizer could in-
crease these efficiencies and maintain the drug in solubilized
nanoemulsion droplets without spring-like precipitation. Among
the SD systems, the incorporation of Na,CO3; combined with Polox-
amer 407 gave the highest potentials, and was a promising ap-
proach for AFCs dissolution enhancement. The current SD
systems containing pH modifiers and polymers can enhance disso-
lution rates of ionizable and poorly water-soluble drugs by the
three major mechanisms: modulating pHy, changing drug crystal-
linity into an amorphous form via molecular interactions and pro-
viding more favorable nanoemulsion-forming environment in
solution.
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