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Abstract

To improve the dissolution behavior of telmisartan (TMS), a poorly water-soluble angioten-
sin Il receptor blocker, TMS-phospholipid complex (TPC) was prepared by solvent evapora-
tion method and characterized by differential scanning calorimetry and powder X-ray
diffractometry. The crystalline structure of TMS was transited into an amorphous state by
TPC formation. The equilibrium solubility of TPC (1.3—-6.1 mg/mL) in various vehicles was
about 100 times higher than that of TMS (0.009-0.058 mg/mL). TPC-loaded self-microemul-
sifying drug delivery system (SMEDDS) formulation was optimized using the D-optimal mix-
ture design with the composition of 14% Capryol 90 (oil; X), 59.9% tween 80 (surfactant;
X>), and 26.1% tetraglycol (cosurfactant; X3) as independent variables, which resulted in a
droplet size of 22.17 nm (Y), TMS solubilization of 4.06 mg/mL (Y>), and 99.4% drug
release in 15 min (Y3) as response factors. The desirability function value was 0.854, indi-
cating the reliability and accuracy of optimization; in addition, good agreement was found
between the model prediction and experimental values of Y4, Y5, and Y 3. Dissolution of raw
TMS was poor and pH-dependent, where it had extremely low dissolution (< 1% for 2 h) in
water, pH 4, and pH 6.8 media; however, it showed fast and high dissolution (< 90% in 5
min) in pH 1.2 medium. In contrast, the dissolution of the optimized TPC-loaded SMEDDS
was pH-independent and reached over 90% within 5 min in all the media tested. Thus, we
suggested that phospholipid complex formation and SMEDDS formulation using the experi-
mental design method might be a promising approach to enhance the dissolution of poorly
soluble drugs.

Introduction

Telmisartan (2-(4-{[4-methyl-6-(1-methyl-1H-1,3-benzodiazol-2-yl)-2-propyl-1H-1,3-benzo-
diazol-1-yl]methyl}phenyl) benzoic acid; TMS), an angiotensin II receptor blocker, has been
widely used for the treatment of hypertension and prevention of strokes over the last decades
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[1]. TMS has a pKa value of 4.45 and is categorized as a biopharmaceutical classification sys-
tem (BCS) class II drug, indicating that it is highly permeable and practically insoluble in
water [2, 3]. Absorption of TMS from the gastrointestinal (GI) tract is rapid (Tpax = 0.5-1 h);
however, its absolute bioavailability (BA) is relatively low (approximately 43%) because of the
limited and pH-dependent solubility [4, 5]. It is practically insoluble in the range of pH 3-9,
whereas the solubility increases under strong acidic or basic conditions. To overcome this pH-
dependent solubility problem, various approaches, including alkalinization and solubilization,
have been used [2].

Solubilization of poorly soluble drugs involve diverse techniques, such as solid dispersion for-
mulation using various types of polymers [6-9], modulation of the microenvironmental pH
using various alkalinizers [2, 10], complex formation with phospholipids [11-14], and lipid-
based formulation using oils and surfactants [15, 16]. Among those techniques, incorporation of
alkalinizing agents has been recognized as one of the most efficient approaches to solubilize
TMS. A solid dispersion consisting of polyvinylpyrrolidone K30 and sodium carbonate
improved the aqueous solubility and dissolution rate of TMS by approximately 40,000- and
3-fold, respectively [17]. However, modulation of pH using an alkalinizer may be limited by the
low stability and toxicity [18, 19]. Also, during mechanical processing or storage, solid dispersion
formulation containing a pH modifier may undergo recrystallization leading to the low stability
and decreased dissolution rate [20]. Meanwhile, phospholipid complex formation of poorly solu-
ble drugs has been widely investigated to enhance aqueous solubility and/or oral bioavailability
[11-14]. Specifically, Zhang et al. [13] demonstrated the beneficial effects of the phospholipid
complex on increasing the oil solubility of morin, a poorly water-soluble drug, enabling further
development of a lipid-based emulsifying drug delivery system with high drug-payload.

Self-microemulsifying drug delivery system (SMEDDS) has been considered as an alternative
approach to enhance the solubility and drug dissolution. It is defined as an isotropic mixture of
oil, surfactant, and cosurfactant that rapidly forms a fine oil-in-water (o/w) microemulsion by
gentle agitation upon dilution with aqueous medium in the GI tract, extending the interfacial
area and drug distribution [21, 22]. Cho et al. [5] formulated a TMS-containing SMEDDS, con-
sisting of glyceryl monooleate (Peceol), caprylocaproyl polyoxyl-8 glycerides (Labrasol), purified
diethylene glycol monoethyl ether (Transcutol HP), and triethanolamine; this formulation
exhibited a higher dissolution rate than that of raw TMS. To develop an optimized SMEDDS
formulation successfully, selection of the components, such as oil, surfactant, and cosurfactant,
and well-balanced proportion of the constituents are crucial factors. Experimental design
approaches have been widely used in the development of a suitable formulation [23].

Determination of the optimal proportions of SMEDDS components has been empirically
performed based on traditional one-factor-at-a-time approaches. However, not only are these
methods time-consuming, labor-intensive, and inefficient, they also often provide inadequate
data to analyze the effect of each component and their potential interactions [5, 24]. Thus, sta-
tistical optimization approaches have been introduced to estimate the effects of mixture-
related factors and the interaction between multicomponents of independent variables [25-
27]. Recently, a statistical optimization tool based on response surface methodology and exper-
imental designs such as central composite, Box-Behnken, factorial, and mixture designs has
been introduced. The D-optimal mixture design is one of the most popular response surface
methodologies for optimizing SMEDDS formulation, because it minimizes the variance asso-
ciated with the evaluation of coefficients in a model and produces the best-possible subset by
considering the criteria for maximizing information matrix determinants [28]. In addition,
the D-optimal mixture design considers the total system of SMEDDS as 100%, while the cen-
tral composite, Box-Behnken, and factorial designs do not consider the total system of
SMEDDS formulation [29].
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In this study, TMS-phospholipid complex (TPC) was prepared to facilitate the incorpo-
ration of TMS into a SMEDDS formulation, and thus, to overcome the pH-dependent solubil-
ity problem of TMS. Crystalline property of TPC was characterized by differential scanning
calorimetry (DSC) and powder X-ray diffractometry (PXRD). TPC-loaded SMEDDS formula-
tion was optimized using the D-optimal mixture design with the composition of Capryol 90
(oil; X;), tween 80 (surfactant; X,), and tetraglycol (cosurfactant; X;) as independent variables,
and the observation of a droplet size (Y;), TMS solubilization (Y;), and drug release in 15 min
(Y3) as response factors. And the pH-independent dissolution profiles of the optimized TPC-
loaded SMEDDS formulation were further evaluated.

Materials and methods
Materials

TMS was supplied by Daewon Pharmaceutical Co., Ltd (Seoul, Korea). Soy phosphatidylcho-
line (SPC; 95%) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Capmul MCM
was purchased from Abitec Co. (Janesville, WI, USA). Tween 80 and tetraglycol were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Capryol 90 and Transcutol P were pur-
chased from Gattefosse (Saint-Priest, France). Cremophor RH 40 was purchased from BASF
(Ludwigshafen, Germany). High-performance liquid chromatography (HPLC) grade metha-
nol was purchased from J.T. Baker (Phillipsburg, NJ, USA). All other chemicals used were of
analytical grade.

Preparation of TPC

TPC was prepared using TMS and SPC at different molar ratio. Briefly, accurately weighed
amounts of TMS (150 mg) and SPC (150, 225, and 300 mg for 1.5:1, 1:1, and 1:1.5 molar ratio
of TMS:SPC, respectively) were added to dichloromethane (30 mL) in a 100-mL round bottom
flask. The mixture was agitated using a magnetic stirrer (IKA, Staufen, Germany) at 25°C until
a clear solution was obtained, and then the solvent was evaporated using a vacuum rotary
evaporator (N-1300, EYELA, Tokyo, Japan). The remaining white residues were collected as
TPC and stored in the freezer at -20°C. The samples were used for the experiment within 4
weeks and no changes were observed until use.

Characterization of TPC

Solid-state properties of TPC, TMS, SPC, and physical mixtures were investigated using DSC
and PXRD. The DSC thermograms of samples were obtained by using DSC-Q20 (TA instru-
ment, New Castle, DE, USA). Each sample (3-5 mg) was placed in an aluminum pan and heated
at a rate of 5°C/min for a temperature range of 0-300°C under nitrogen flow (20 mL/min). The
PXRD patterns of samples were verified using an X-ray diffractometer (D8 Advance, Bruker,
Germany) with Nickel-filtered Cu Ka: radiation. The X-ray diffractogram was scanned at the 20
range of 5-60° with a scanning speed of 5°/min, and the step angle was 0.02°.

Solubility measurement

The solubility of TMS and TPC in various vehicles was determined by the equilibrium method
and expressed as the equivalent concentration of TMS solubilized. Briefly, an excess amount of
TMS or TPC was added to 1 mL of the selected vehicles of SMEDDS formulation or its compo-
nents. Test tubes containing the mixtures were sealed and kept at 25°C with intermittent shaking
(CM-1000, EYELA, Tokyo, Japan) for 24 h to reach equilibrium. The mixtures were then centri-
fuged (Smart R17, Hanil Science Industrial, Incheon, Korea) at 14,000 x g for 10 min to remove
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the undissolved TMS or TPC. The supernatant was filtered through a 0.45-um polyvinylidene
difluoride (PVDF) membrane filter (Whatman International Ltd., Kent, UK), and the concentra-
tion of TMS in the filtrate was measured using HPLC after appropriate dilution with methanol.

HPLC analysis of TMS

TMS concentration was determined using HPLC as reported earlier [30]. The HPLC system
consisted of a pump (W2690/5; Waters Corporation, Milford, MA, USA), an ultraviolet detec-
tor (W2489; Waters Corporation, Milford, MA, USA), and data station (Empower 3; Waters
Corporation). Chromatographic separation was performed using a C18 column (Agilent
TC-C18, 4.6 x 150 mm, 5 pm; Agilent Technologies, Palo Alto, CA, USA) at a wavelength of
298 nm and a flow rate of 1 mL/min at 25°C. The isocratic mobile phase was composed of
methanol and ammonium dihydrogen phosphate buffer (70:30, v/v), and the pH was adjusted
by adding 10% hydrochloric acid. A certain volume (20 uL) of each sample was injected, and
TMS concentration was calculated from the calibration curve, in which the linearity of the
least-square linear regression was established in the range of 1-100 pg/mL with a coefficient of
determination (r?) value > 0.99.

Formulation of SMEDDS

The microemulsion regions were determined using a pseudoternary phase diagram, composed
of oil, surfactant, and cosurfactant, where each component was indicated at the apex of a trian-
gle. Based on the results of previous studies [27, 29], several vehicles were screened, including
Capryol 90 and Capmul MCM as an oil; Cremophor RH 140 and tween 80 as a surfactant; tet-
ragycol and Transcutol P as a cosurfactant. Considering the solubility and microemulsion
boundary, Capryol 90, tween 80, and tetraglycol were finally selected, and a series of blank
SMEDDS formulations was prepared for each of the three components at various concentra-
tions. For any mixture, the sum of the concentrations of the three components was always
100%. Prepared SMEDDS samples were stored in ambient condition at 25°C and used for the
experiment within 4 weeks. Until use, any appreciable changes in either physical appearance
or drug contents were not observed.

Determination of droplet size

A dynamic light scattering particle size analyzer (Zetasizer Nano-ZS, Marlvern Instrument,
Worcestershire, UK) was used to measure the particle size of emulsion droplets. Aliquots

(10 pL) of each TPC-free SMEDDS formulation were diluted with 10 mL of distilled water and
gently vortexed to obtain a homogenous dispersion. The samples were loaded into a disposable
cuvette placed in a thermostatic chamber at 25°C, and light scattering was monitored using a
50 mV laser at an angle of 90°.

Experimental design for optimizing TPC-loaded SMEDDS

The D-optimal mixture design was used to optimize the composition of TPC-loaded SMEDDS
formulation using the Minitab software (ver. 17.0; Minitab Inc, State College, PA, USA). The
experiment was designed using the three components as independent variables. Based on the
results of the pseudoternary phase diagram, concentrations of Capryol 90 (oil; X;), tween 80
(surfactant; X,), and tetraglycol (cosurfactant; X;) were set within the ranges of 10-30%,
30-70%, and 20-60%, respectively. For any experiment, the sum of the concentrations of X,
X,, and X3 was 100%. Droplet size (Y;; nm), TMS solubilization (Y,; mg/mL), and percentage
of drug released in 15 min (Y3;; %) were evaluated as the response variables to determine the
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optimal TPC-loaded SMEDDS formulation with a high desirability value. The design consisted
of nine experimental points to find a model fit, evaluate the effects of independent variables on
the responses, and estimate the experimental error in the responses.

In vitro dissolution test

Dissolution tests were performed according to the USP apparatus II (paddle) method using a
Vision Classic 6 dissolution tester and a Vision heater (Hanson, Chatsworth, CA, USA) at

37 £ 0.5°C. The revolution speed of paddle and volume of dissolution medium were 50 rpm
and 900 mL, respectively. Distilled water and solutions of pH 1.2, 4, and 6.8 were used as the
dissolution media. As soon as the paddles were rotated, the test formulation equivalent to 5
mg of TMS was introduced into the dissolution medium. Samples (5 mL) were obtained at
predetermined time points (5, 15, 30, 60, 90, and 120 min) and filtered through a 0.45-pm
PVDF membrane filter. The amount of dissolved TMS in the filtrate was measured using
HPLC after appropriate dilution with methanol.

Results and discussion

Solubility of TMS and TPC

The solubility of drugs in SMEDDS formulation is one of the most important factors in the devel-
opment of drug-loaded SMEDDS formulations. In the preliminary screening of the oil compo-
nent, Capryol 90 and Capmul MCM were selected due to the relatively higher TMS solubility
(8.7-9.7 pg/mL) compared with other oils tested, such as olive oil (0.06 pg/mL), corn oil (0.11 pg/
mL), Laurogylcol 90 (3.87 pg/mL), and Labrafil 1944 (2.41 ug/mL). Table 1 presents the equilib-
rium solubility of TMS and TPCs in the selected vehicles, which have been used as potential com-
ponents of SMEDDS formulations in previous studies [27, 29]. Overall, in the majority of the
vehicles tested, the solubility of TPCs was about 100 times higher than that of TMS (solubility
ranges of 1.3-6.1 mg/mL (TPCs) versus 0.009-0.058 mg/mL (TMS)). There was no significant dif-
terence between TPCs prepared with different molar ratio of TMS:SPC. However, TPC of 1:1
molar ratio was somewhat superior to others, subsequently being selected as a representative TPC
for further studies. Phospholipid complex formation generally increases the solubility of poorly

Table 1. Equilibrium solubility of TMS and TPCs in the selected vehicles.

Vehicle TMS (pg/mL) TPCs (mg/mL)*
1.5:1 1:1 1:1.5

Oil

Capryol 90 8.76 + 1.36 1.38 £ 0.06 1.32+£0.03 1.56 + 0.07

Capmul MCM 9.73 + 1.00 1.60 + 0.04 1.60 + 0.04 1.53+0.11
Surfactant

Cremophor RH40 57.76 + 1.49 2.01 £0.19 4.58 +1.29 1.10 £ 0.13

Tween 80 41.42 + 3.67 4.69 £ 0.21 6.14 + 0.60 4.99 +£0.18
Cosurfactant

Tetraglycol 24.29 +0.28 391 +0.13 4.16 + 0.10 4.11+0.14

Transcutol P 34.02 £ 2.04 2.34+0.11 2.39 £ 0.07 2.36 £ 0.03

* Prepared at different molar ratio of TMS:SPC.

The solubility was expressed as the equivalent concentration of TMS solubilized.

Data are presented as the mean + standard deviation (n = 3).

TMS, telmisartan; TPC, telmisartan-phospholipid complex; SPC, Soy phosphatidylcholine

https://doi.org/10.1371/journal.pone.0208339.t001
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soluble drugs [12-14]. Maiti et al. [12] reported the enhanced solubility of curcumin-phospholipid
complex in water and n-octanol (3.2-fold and 11.3-fold, respectively), compared to that of raw
curcumin. Zhang et al. showed that the solubility of morin-phospholipid complex in various oils
and distilled water was significantly higher (3.9- to 6.5-fold and 4-fold, respectively) than that of
the raw drug molecule [13]. In particular, tween 80 and tetraglycol, used as a surfactant and cosur-
factant, respectively, in our experiment, significantly increased the solubility of TPCs; thus, they
were selected as SMEDDS components. However, the solubility of TPCs in oil was lower than
that in other components, showing an insignificant difference between Capryol 90 and Capmul
MCM. Thus, both oils were further compared by the ternary phase diagram study.

Characterization of TPC

To evaluate the effects of complex formation on the crystalline structure of the active pharmaceu-
tical ingredient, different samples (raw TMS, SPC, TPC, and a physical mixture of TMS and
SPC) were subjected to DSC and PXRD analyses. DSC thermograms are shown in Fig 1A. Ther-
mal analysis can provide information related to melting, recrystallization, decomposition, and
change in specific heat capacity that determines the physicochemical properties of a compound
[17]. The DSC curve for raw TMS powder exhibited a sharp endothermic peak at 269.1°C, which
corresponded to its intrinsic melting point (261-263°C) [31]. However, no melting peak of TMS
was identified in TPC, indicating that TMS existed in a non-crystalline state. SPC showed two

(A) (B)

Physical mixture

Physical mixture

pry -

TPC

< Endothermic

i

SPC TPC
W

SPC

TMS

AP

30 60 90 120 150 180 210 240 270 300 5 10 15 20 25 30 35 40 45 50 55 60
Temperature (C) 2 theta

Fig 1. Solid-state properties of different samples: Telmisartan (TMS), soy phosphatidylcholine (SPC), TMS-PC complex (TPC), and the physical mixture of TMS
and SPC. (A) Differential scanning calorimetric thermograms. (B) Powder X-ray diffraction patterns.

https://doi.org/10.1371/journal.pone.0208339.9001
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different endothermic peaks, which were consistent with previous studies, showing that the first
mild endothermic peak at 53.6°C could be attributed to hot movements of the polar parts of the
phospholipid molecule, and the second endothermic peak at 228.3°C might result from the tran-
sition from the gel state to liquid crystalline state and the melting of carbon-hydrogen chain in
phospholipids [32, 33]. The physical mixture of TMS and SPC showed different peak patterns; a
weak shift in the baseline around 60-80°C, which was close to the first melting peak of SPC, and
a sharp peak at 249.5°C, which possibly originated from the TMS peak, although the melting
range was somewhat lowered. PXRD patterns of TMS powder, SPC, TPC, and the physical mix-
ture are presented in Fig 1B. The diffraction pattern of TMS showed numerous intrinsic peaks at
various angles up to 30°, indicating its crystalline nature. In contrast, although the inherent
broad peak of SPC was present, no intrinsic peaks were observed with TPC, indicating the pres-
ence of TMS in the amorphous state in the phospholipid complex. The physical mixture showed
all the major characteristic peaks of raw TMS powder and SPC at various diffraction angles, indi-
cating the crystallinity of the drug in the mixture. These results suggested that the internal struc-
tural transition of TMS into an amorphous state was induced by TPC formation.

Phospholipid complex formation between TMS and SPC might occur by noncovalent inter-
actions, including van der Waals forces and/or hydrogen bonding. Numerous studies reported
the molecular interactions of phospholipids with therapeutic drugs. In the liposomal encapsu-
lation of indomethacin, the negative carboxylate groups of the drug would preferably stay in
the region of the positive trialkylamino groups of phosphatidylcholine [11]. Curcumin-phos-
pholipid complex was previously prepared, in which the hydroxyl groups of the phenol rings
of curcumin were involved in hydrogen bonding, whereas the aromatic rings were involved in
hydrophobic interactions [12]. In morin-phospholipid complex-loaded SMEDDS formula-
tion, morin molecule was entrapped in the polar head group of phospholipid molecules; thus,
the crystalline characteristics of the entrapped molecule were lost [13].

Ternary phase diagram for SMEDDS formulation

After the selection of surfactant (tween 80) and cosurfactant (tetraglycol), both Capryol 90 and
Capmul MCM were used to construct a ternary phase diagram. Selection of the oil component
is a crucial step for SMEDDS formulation because it acts as a main excipient for solubilizing
the hydrophobic drug molecules. In the preliminary study with both oils, Capryol 90-based
SMEDDS formulation showed a larger area of self-microemulsifying region than that of Cap-
mul MCM-based SMEDDS formulation (S1 Fig). Thus, Capryol 90 was finally selected for fur-
ther evaluation of the droplet size and polydispersity index (PDI) (S1 Table). As shown in Fig
2, the light gray area represents the stable microemulsification region with a droplet size < 200
nm. In particular, the SMEDDS region representing a PDI value < 0.3 was designated with
dark gray at a boundary of 10-30% Capryol 90, 30-70% tween 80, and 20-60% tetraglycol, and
was considered the testing range for the experimental design study.

Statistical analysis using D-optimal mixture design

To optimize the TPC-loaded SMEDDS composition, a mixture design method was employed
using Minitab software (Minitab Inc, State College, PA, USA). In this method, responses were
assumed to depend on the proportions of the excipients present in the mixture. Based on the
experimental region of the ternary phase diagram, Capmul MCM, tween 80, and tetraglycol
were selected as independent variables (X;, X,, and X3, respectively; Table 2). Three response
factors were selected: the droplet size (nm; Y;), degree of TMS solubilization (mg/mL; Y,), and
percentage of drug released in 15 min (%; Y3). As shown in Table 3, nine experimental runs
were determined according to the mixture design. Y, ranged from 15.2 to 169.2 nm, Y, from
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Fig 2. Ternary phase diagram of Capryol 90 (oil), tween 80 (surfactant), and tetraglycol (cosurfactant). Light gray
and dark gray areas indicate self-microemulsifying regions and experimental regions, respectively.

https://doi.org/10.1371/journal.pone.0208339.9002

3.13 to 4.15 mg/mL, and Y; from 69.7 to 98.7%. All three responses were fitted to linear, qua-
dratic, special cubic, and full cubic models. The results of goodness-of-fit statistical measures
for the four models are shown in Table 4. The standard error (SE) of regression indicated the
average vertical distance of data values from the fitted regression line. The predicted residual
error sum of squares (PRESS) was used to determine how well a given model fits the data,
where the smaller the value, the better the predictive ability of the model. R* represents the var-
iation in a response variable owing to all the independent variables in a given model. A higher
R? indicates that the model explains all the variability of the response variable. Based on the
values of SE, PRESS, and R?, the full cubic model was considered the best fitted model for each
of the three responses. Therefore, full cubic models were selected for further optimization.

Table 2. Variables and responses used in the D-optimal mixture design.

Independent variables Range (%)
Minimum Maximum
X, Capyol 90 (%; oil)7 10 30
X, Tween 80 (%; surfactant) 30 70
X3 Tetraglycol (%; cosurfactant) 20 60
Responses Goal

Y, Droplet size (nm) Minimize
Y, TMS solubilization (mg/mL) Maximize
Y; DR;5 (%) Maximize

DR;3s, the percentage of drug released in 15 min.

https://doi.org/10.1371/journal.pone.0208339.t002
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Table 3. Mixture design for optimization of TPC-loaded SMEDDS formulation and the associated response data.

Mixture number Capryol 90 Tween 80 Tetraglycol Droplet size TMS solubilization (mg/mL; Y,) DR;5
(%3 Xy) (%3 X5) (%3 X3) (nm; Y,) (%; Y3)
1 30 50 20 136.6 +4.2 3.72+0.08 94.1+3.7
2 25 375 37.5 151.7 + 8.9 3.13+0.13 84.5+5.7
3 15 57.5 27.5 36.1+0.2 4.15 +0.09 96.5+ 1.5
4 30 30 40 169.2 2.5 3.21 £0.07 70.5+0.2
5 25 47.5 27.5 151.3 +2.8 3.79 £0.17 71+2.3
6 10 30 60 106.4 + 22.6 3.76 £ 0.26 82.8+19
7 20 45 35 1554 +1.7 3.81+0.18 79.8+3
8 10 70 20 15.2 0.1 3.93 +£0.08 69.7 £ 1.1
9 15 37.5 47.5 151.1+7.6 3.65+0.16 98.7+0.1

DR;s, the percentage of drug released in 15 min.

https://doi.org/10.1371/journal.pone.0208339.t003

Effects of independent variables on the responses in experimental design

Table 5 shows the results of analysis of variances for the three response variables. For Y, the F-
test for the linear effect parameters (linear parameters in the full cubic model) indicated signif-
icant difference (F(2,18) = 28.8, p < 0.001), suggesting that at least one regression coefficient
for the linear parameters was significantly different from zero. The statistical significance
remained the same for the other two response variables (F(2,18) = 4.5, p < 0.027 for Y, and F
(2,18) = 46.6, p < 0.001 for Y3), indicating that at least one independent variable resulted in a
significant effect on Y, and Y3. The remaining polynomial effect parameters were found to be
statistically significant as well. As shown in Table 5, the p-values of both linear and polynomial
effect parameters were less than 0.05, indicating that they were statistically significant within

Table 4. Summary of results of statistical analysis and model equations for the measured responses.

Models R** | R* (adj)® \ SE \ PRESS* | Remark

Droplet size (nm; Y;)

Linear 79.93 78.26 24.75 17996.4

Quadratic 86.53 83.33 21.67 15288

Special cubic 88.54 85.11 20.49 13960.5

Full cubic 98.13 97.3 8.72 3077.3 Suggested
TMS solubilization (mg/mL; Y,)

Linear 55.08 51.34 0.233896 1.68881

Quadratic 76.73 71.19 0.179977 1.09605

Special cubic 77.7 71.01 0.180531 1.14689

Full cubic 89.39 84.68 0.131233 0.6975 Suggested
Percentage of drug released in 15 minutes (%; Y3)

Linear 2.08 0 11.4817 4090.59

Quadratic 70.59 63.59 6.72686 1398.17

Special cubic 77.87 71.23 5.97921 1170.12

Full cubic 96.83 95.42 2.38522 230.415 Suggested

*Percentage of response variable variation; the higher the value, the better the model fits the data.

PPercentage of response variable variation based on its relationship with one or more predictor variables

“Standard error of the regression, represents the standard distance between the data values and the fitted regression line.

dprediction error sum of squares, the smaller the PRESS value, the better the model predictive ability.

https://doi.org/10.1371/journal.pone.0208339.t004
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Table 5. Analysis of variance for full cubic model of the measured responses.

Source DF Y, Y, Y;
(Droplet size; nm) (TMS solubilization; mg/mL) (DR;5, %)
Adj SS F P-value Adj SS F P-value Adj SS F P-value
Model 8 71895 118.3 < 0.001 2.6131 19 < 0.001 3128.7 68.7 < 0.001
linear 2 4383 28.8 < 0.001 0.1539 4.5 0.027 529.8 46.6 < 0.001
X1X2 1 3091 40.7 < 0.001 0.1532 8.9 0.008 57.5 100.6 < 0.001
X1X3 1 2383 314 < 0.001 0.114 6.6 0.019 414 72.8 < 0.001
X2X3 1 1431 18.8 < 0.001 0.1121 6.5 0.02 220.8 38.8 < 0.001
X1X2X3 1 3095 40.7 < 0.001 0.1154 6.7 0.019 619.4 108.9 < 0.001
X1X2(-) 1 1993 26.2 < 0.001 0.1484 8.6 0.009 533.7 93.8 < 0.001
X2X3(-) 1 3133 41.2 < 0.001 0.0934 5.4 0.032 452.5 79.5 < 0.001
residual 18 1368 - - 0.31 - - 102.4 - -

X5 oil (Capryol 90), X,; surfactant (tween 80), X3; cosurfactant (tetraglycol).

DF, degrees of freedom; SS, sum of squares; DR;s, the percentage of drug released in 15 min.

https://doi.org/10.1371/journal.pone.0208339.t005

the model. Accordingly, the final polynomial regression equations were computed as follows:

Y, = 66968 X, + 3672X, — 4788 X, — 138534 X,X, — 117422 X, X, + 4446 X,X,
+ 180459 X, X,X, — 72956 X,X,(X, — X,) — 35114 X,X,(X, — X,) (1)

Y, = 485X, + 143X, — 202X, — 975.4X,X, — 8122 X,X, + 39.3 X, X,

+ 1101.8 X, X,X, — 629.6 X1X2(X, — X,) — 191.7 X,X,(X, — X;) (2)
Y, = — 27714X, — 1410X, + 1063 X, + 59622 X,X, + 48944 X, X, + 1746 X,X,
— 80731 X, X,X, + 37753 X, X,(X, — X,) + 13344 X,X,(X, — X;) (3)

The magnitude of each estimated regression coefficient indicated the relative contribution
of the corresponding independent variable to the response variable. Since our main objective
was to evaluate the combined effects of the three independent variables and to identify their
optimal composition, we focused on interpreting the magnitude of the linear effect parame-
ters. In all polynomial equations, it was shown that X; would be the most important and criti-
cal independent variable affecting Y;, Y,, and Y3 in the SMEDDS formulation. As shown in
the response surface and contour plots in Fig 3, the level of change in the response variables
was largely affected by X;. A positive effect of X; on Y; in Eq (1) suggested a decrease in Y,
with the decrease in X;. In particular, when the value of X; was approximately < 15%, the
value of Y, decreased (Fig 3B). It is noteworthy that the total sum of the proportions of the
three independent variables would amount to 100%. For example, when X, and X, were 15
and 55%, respectively, the corresponding value of X; became 30%.

For the degree of TMS solubilization (Y,), Eq (2) and Fig 3A showed that X, had a positive
relationship with Y,. However, when their relationship was further examined within the actual
experimental domain, the contour plot showed a negative relationship between X; and Y,.
When SMEDDS formulation was composed of approximately 15% X;, 60% X,, and 25% X3,
the highest Y, value was obtained. For the percentage of drug released in 15 min (Y3), Eq (3)
and Fig 3A indicated that X; had a negative relationship with Y;. Similarly, the corresponding
contour plot showed that the highest dissolution rate was achieved when X; was approximately
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Fig 3. Effects of independent variables on the response factors, Y,, Y, and Y;. (A) Three-dimensional response surface plot for the effects of the independent variables.

(B) Contour plots for the effects of X; and X, on the responses. (Y, droplet size (nm); Y,, TMS solubilization (mg/mL); and Y3, the percentage of drug released in 15 min

(%))-
https://doi.org/10.1371/journal.pone.0208339.9003

15%. Combining all results of the three response variables (Fig 3B), the composition of
SMEDDS was more favorable with 15% X, 60% X,, and 25% Xs.

Optimization of TPC-loaded SMEDDS using desirability function

Three features are needed for optimization: a limit value (upper or lower), an allotted target
value, and an input indicating whether each response should be maximized or minimized.
When an optimization process is coupled with maximization, a value for the lower bound is
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necessary. In contrast, when a response variable is set to be minimized, a value for the upper
bound is required. Y; was set to be minimized because the smaller the particle size of SMEDDS
formulation, the better the GI absorption [25, 34]. Several studies on SMEDDS and microe-
mulsions suggested that the ideal diameter of a stable microemulsion should be < 200 nm [35,
36]. In our experimental run of mixture design, the minimum experimental value of droplet
size was 15.2 nm (Table 3). Thus, both the target value and upper bound were 15 and 200 nm,
respectively, for the optimization. Y, was set to be maximized, and a target value and lower
bound of 6 and 1 mg/mL, respectively, were selected. The target value of 6 mg/mL was selected
based on the highest solubility of TPC in tween 80 (Table 1). The lower bound of 1 mg/mL was
chosen based on the solubility of TPC in Capryol 90 (Table 1). Y5 was set to be maximized,
and a target value and limit value of 100 and 60%, respectively, were selected. The lower bound
of 60% was selected based on the lowest percentage of drug released from TPC in 15 min in
pH 6.8 medium. All ranges for the response variables were among the values of our experi-
mental run of mixture design.

The independent variables were optimized for the response values by using the desirability
function. Fig 4 represents the overlay plot for the effects of the three independent variables on
all response variables. The optimized formulation ratios of TPC-loaded SMEDDS of X;, X,
and X; were 14, 59.9, and 26.1%, respectively. These values were supported by a desirability
function value of 0.854. The predicted and observed values of Y;, Y,, and Y; for the optimized

Y1(nm)

15

200
Y2(mg/ml)
1

6

Y3(%

60

100

Capryol 90
50

X, 140
X, 59.9
X; 26.1 <
Y, 14.28
Y, 411

Y; 100.1
D 0854

Tween 80 Tetraglycol

Fig 4. Overlay contour plot of the optimized TPC-loaded SMEDDS formulation. Upper box shows the target and limit values for optimization. Values in
the lower box represent the percentage of three components and the predicted responses for the optimized formulation with a desirability value.

https://doi.org/10.1371/journal.pone.0208339.g004
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TPC-loaded SMEDDS formulation are shown in Table 6. Values of prediction errors were cal-
culated to evaluate the reliability and accuracy. Although the prediction error of Y, was rela-
tively high, its variable attained a size that seemed to be suitable considering the experimental
range of SMEDDS formulation. The prediction errors of both Y, and Y; were very small and
desirable. Therefore, these results indicated that the D-optimal mixture design method used
for optimizing TPC-loaded SMEDDS in this study was reliable and accurate. For the percent-
age of drug released in 15 min (Y3), the optimized TPC-loaded SMEDDS showed Y value of
99.4%. In addition, it exhibited desirable values of droplet size (Y; = 22.17 nm) and TMS solu-
bilization (Y, = 4.06 mg/mL). Thus, this optimized formulation was subjected to further in
vitro dissolution studies.

pH-independent dissolution of the optimized TPC-loaded SMEDDS

The in vitro dissolution profiles of raw TMS and the optimized TPC-loaded SMEDDS formu-
lation were determined in various dissolution media, including distilled water, pH 1.2, pH 4,
and pH 6.8 (Fig 5), to mimic the different acidity in the GI tract. Dissolution of raw TMS was
poor and pH-dependent, where it was extremely low (< 1% for 2 h) in water, pH 4, and pH 6.8
media, whereas it had fast and high dissolution (> 90% in 5 min) in pH 1.2 medium. These
results are consistent with previous reports, showing that TMS showed pH-dependent solubil-
ity, which was high in strongly acidic and basic conditions (almost 100% dissolution in gastric
fluid within 20 min); however, it was extremely low in neutral conditions resulting in low dis-
solution rate (< 1% for 90 min) in pH 6.8 medium [2, 4].

In contrast, the optimized TPC-loaded SMEDDS formulation showed a pH-independent
TMS dissolution profile regardless of the type of dissolution media, where it reached over 90%
in 5 min. However, a mild decrease or fluctuation in dissolution was observed at pH 1.2. Over-
all, the optimized system resulted in a remarkably enhanced dissolution, compared to that of
the raw TMS. This improved dissolution was probably attributed to the following reasons.
First, phospholipid complexation resulted in a change from the crystalline structure to an
amorphous form that is thermodynamically unstable and provides an easy solid-to-liquid
phase transition. It is widely known that the conversion of drug structure from the crystalline
to amorphous state increases its dissolution rate owing to the high disorder and high energy
state of the amorphous form [37]. Similar trends have been observed in polymeric solid disper-
sions of TMS. Amorphous solid dispersions of TMS, prepared using various polymers, such as
polyvinyl pyrrolidone, polyethylene glycol, and poloxamer, by the solvent evaporation method,
exhibited a significantly enhanced drug release, compared to that of the raw TMS, possibly
owing to the conversion to amorphous form and increased drug wettability in the hydrophilic
polymeric matrix [7, 8]. Dukeck et al. [9] also prepared an amorphous solid dispersion of TMS
using different polymers by melt quenching and showed the enhanced dissolution rate and
physical stability (time to drug recrystallization) of TMS. The onset of recrystallization of the

Table 6. Predicted and observed values of optimized TPC-loaded SMEDDS formulation.

Droplet size TMS solubilization (mg/mL; Y,) DR;5
(nmj Y,) (%3 Y3)
Predicted value 14.28 4.11 100.1
Observed value 22.17 4.06 99.4
Prediction error (%)* 35.6 -1.2 -0.7

*Calculated using the formula ([observed value—predicted value]/observed value) x 100 (%)

DR;3s, the percentage of drug released in 15 min.

https://doi.org/10.1371/journal.pone.0208339.t006
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Fig 5. Dissolution profiles of raw TMS (M) and optimized TPC-loaded SMEDDS formulation (0O) in different media of distilled water, pH 1.2, pH 4, and pH 6.8.
Values represent the mean + SD (n = 3).

https://doi.org/10.1371/journal.pone.0208339.9g005

amorphous suspension of TMS (4 h) was prolonged by using different polymers, such as poly-
vinyl pyrrolidone (24 h), hydroxypropyl methylcellulose (48 h), Soluplus (72 h), and Eudragit
(96 h). Second, the well-balanced SMEDDS formulation provided a better environment for
continuous dissolution of hydrophobic drugs. Owing to the homogenously dispersed oil drop-
lets, in which the drug exists in molecular solubilization, pertinent dissolution could take
place. In addition, the presence of surfactants in the formulation further improves the BA by
affecting drug absorption [16, 29]. The nano- or micro-sized emulsion droplets could improve
drug dissolution rate in a pH-independent manner, in which the amount of drug dissolved in
the aqueous phase at any time was inversely proportional to the radius of the droplets and the
partition coefficient of the drug between the oil and aqueous phases [15, 27]. Thus, we con-
cluded that phospholipid complex formation and SMEDDS formulation could enhance TMS
dissolution in a pH-independent manner. In addition, the optimized TPC-loaded SMEDDS
might be a good candidate for alternative product development in the future. Including the
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oral dosage forms of soft capsules, solidified forms in hard capsule are under consideration.
However, further studies are still needed to assess the in vivo bioavailability and/or pharmaco-
kinetic profiles.

Conclusion

The solubility of TMS was drastically enhanced by its phospholipid complex formation (TPC).
Moreover, a formulation study on TPC-loaded SMEDDS was successfully conducted using the
D-optimal mixture design. The optimized TPC-loaded SMEDDS formulation, consisting of
14% Capryol 90 (oil; X;), 59.9% tween 80 (surfactant; X,), and 26.1% tetraglycol (cosurfactant;
X3), showed an improved solubility and dissolution rate, compared to that of the raw TMS.
Good agreement was found between model prediction and experimental values of droplet size
(Y1), TMS solubilization (Y;), and the percentage of drug released in 15 min (Y3), used as the
response factors. Thus, phospholipid complex formation and SMEDDS formulation using an
experimental design method might be a promising approach to enhance the dissolution of
poorly water-soluble drugs. For further practical development in future, in vivo bioavailability
assessments of the optimized TPC-loaded SMEDDS would be needed.
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S1 Fig. (A) Ternary phase diagram of Capmul MCM (oil), tween 80 (surfactant), and tetragly-
col (cosurfactant). (B) Ternary phase diagram of Capryol 90 (oil), tween 80 (surfactant), and
tetraglycol (cosurfactant). Light gray and dark gray areas indicate self-microemulsifying
regions and experimental regions, respectively.
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S1 Table. Droplet size and PDI value of the formulation composed of Capryol 90 (oil),
Tween 80 (surfactant), and Tetraglycol (cosurfactant).
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