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ABSTRACT

Objective: To address this challenge, the current research undertaken optimize the formulation of Self-microe
(SMEDDS)by applying structured Quality by Design (QbD) methodology.

delivery systems

Methods: Initial formulation development was guided by preformulation studies and pseudo-ternar;
1. An Extreme vertices mixture design in JMP® software was employed for systematic optimizati
assessed for key quality attributes: drug content, emulsification time, droplet size, and transmittan

hase diagr: ction, as detailed in Part
. Ten SMEDDS formulations were prepared and

Results: The Optimized formulation included Capmul mcm c¢8 (0.183), Kolliphor EL (0.603), a Glycol (0.214). It showed rapid
emulsification (45.66 sec), high drug content (101.76%), fine droplet size (40.72 nm), .22% transmittance). It also exhibited
good thermodynamic stability, efficient self-emulsification (Grade A), and strong dilutio erance. Liquid SMEDDS was made into a solid dosage
form by adsorption onto Aerosil 200. The obtained S-SMEDDS exhibit acceptable flow pfopetties, reflected by an angle of repose of 34.18°, Carr’s
index of 17.87%, and a Haunser’s ratio of 1.21. It demonstrated high drug content unifg 8%) and only a minimal increase in droplet size
(46.2 nm), along with a zeta potential of -9.35 mV, confirming its physical stability.

Conclusion: Drug release studies showed enhanced drug release of (~100% 60ynin) from both liquid and S-SMEDDS indicating improved
dissolution and potential bioavailability. The study supports S-SMEDDS as ap effeetive delivery platform for poorly soluble drugs like DTG.
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INTRODUCTION

Dolutegravir sodium (DTG), plays a major role in corgbihation roviral regimens for managing Human Immunodeficiency Virus-1 infection. Even
though DTG exhibits strong antiviral activity an resistance profile, its clinical efficacy is constrained by low aqueous solubility, resulting in
poor oral bioavailability [1-3]. To overcome t EDDS received considerable attention in enhancing the solubility and gastrointestinal
uptake of Biopharmaceutics Classification Sy lass Il drugs. SMEDDS are typically isotropic mixtures, have a mixture of surfactant, co-surfactant
and oil, which spontaneously form an oil;i a ion with the assistance of the agitation of the gastrointestinal tract, which supports enhancing
the drug dissolution.

The preliminary phase of this i i cribed in Part 1 [4], involved systematic preformulation studies and the development of pseudo-

solubilizing capacity, phy51c0c mical ¢ mpatlblllty, and emulsification performance [5-7]. The resulting pseudo ternary dlagrams helped define the
self-emulsifying region, nal framework for subsequent formulation development. This foundational work facilitated the selection of
excipient combination ing stable microemulsions with enhanced DTG solubilizing potential [8, 9]. Robustness to dilution was tested
ility upon exposure to various volumes of gastrointestinal fluids. Additionally, the self-emulsification efficiency or

dispersibil ducted in determining the spontaneity and uniformity of emulsion formation [10-11]. Despite the advantages of liquid
SMED ability, their application may be limited by issues such as leakage, poor portability, and potential chemical instability.
To ess these colicerng’and improve handling and storage, Optimized formulation will be converting into a solid SMEDDS (S-SMEDDS) using solid
carri ption techniques. This transformation was carried out to retain the self-emulsifying properties of the liquid formulation while

enhanci igal stability and patient acceptability in a solid dosage form.

Following the findings from the initial phase, the present part of the research focuses on the design, refinement, and assessment of liquid and S-
SMEDDS formulations incorporating DTG. A Quality by Design (QbD) strategy was implemented, incorporating Design of Experiments (DoE)
methodologies to systematically evaluate the impact of formulation variables on critical quality attributes [12-14]. Optimization of the oil, surfactant
and co-surfactant proportions was carried out using an Extreme vertices mixture design, implemented through JMP® software (version 17.2.0).

The use of Extreme Vertices mixture design is novel for DTG-SMEDDS because it enables optimization within a constrained formulation space defined
by pseudo-ternary phase diagrams, ensuring that only feasible self-emulsifying compositions are evaluated. Unlike conventional factorial designs that
may generate impractical formulations, this approach efficiently captures the true formulation domain with minimal experimental runs while
maintaining strong predictive accuracy. A key formulation gap addressed in this study is the absence of statistically validated optimization strategies
for DTG-SMEDDS that integrate formulation robustness with solidification feasibility. By combining constrained mixture modeling with Quality by
Design and conversion into S-SMEDDS, this work bridges the gap between empirical formulation screening and scalable product-oriented
development.



M. M. Alghadeer et al.
Int ] App Pharm, Vol 18, Issue 3, 2026, ??-7?

Extreme vertices mixture design. The resulting S-SMEDDS was evaluated for its flow properties to determine its suitability for further processing into
tablets or capsules. Solid-state characterization was also carried out to confirm the uniform distribution of DTG within the solid matrix. Furthermore,
Drug content studies were performed to quantify the efficiency of drug incorporation and to ensure dosage uniformity. Collectively, this phase of
research builds upon the foundation established in Part 1 and represents a comprehensive QbD-driven approach toward the development of an
effective, stable, and scalable oral SMEDDS formulation for DTG.

MATERIALS AND METHODS
Chemicals and reagents

DTG used as the model drug in this investigation, was generously supplied by Mylan Laboratories, India. Prior preformulation studies and insights
from pseudo-ternary phase diagram evaluations guided the selection of formulation excipients. Capryol 90, Kolliphor EL and Transcutol P were
procured from Yarrow Chemicals, Mumbai. For the solidification of the liquid SMEDDS, solid carriers including Aerosil 200, Microcrystalline Cellulose
(MCC), and Neusilin US2 were purchased from Vasa Scientific, Bangalore. All additional reagents and chemicals, acquired from Merck, India, were of
analytical grade and used without any further modification, under appropriate storage conditions maintained throughout the study.

Capmul mcm ¢8 (glyceryl monocaprylate) and Capryol 90 (propylene glycol monocaprylate) are chemically different excip distinct
properties such as Hydrophilic-Lipophilic Balance, viscosity, and solubilization capacity. In SMEDDS development, the selection‘o cial as it
significantly influences drug dissolution, emulsification efficiency, droplet size, and overall bioavailability. Any inconsiste dentifying the oil
used can lead to variations in formulation performance and compromise the reproducibility of the study. Using Capryol 30, I mcm
c8 could yield different results due to their differing physicochemical characteristics. This becomes particularly impoyta a QbD-
based design, where accurate identification of components is essential for reliable statistical modelling and optimizatien. gre, consistent and

To optimize the liquid SMEDDS formulation, the Extreme vertices mixture design was utilized{through JMP are (version 17.2.0). The
experimental design was constructed after identifying suitable oil, surfactant, and co-surfactan lected based on outcomes from
preceding formulation studies. DoE approach was selected due to its effectiveness in systematical DDS formulations [15]. From the
Classical category within the software, the Mixture Design was chosen for its practicality,
required-making it well-suited for the time constraints of this short-duration study. Th
selected for the mixture design are presented in table 1. Upon defining the variables and res
with a randomized run order of 10 default runs providing a mixture design with a D-optin
were prepared and checked for the Critical Quality attributes (CQAs).

enses the algorithm has determined an optimal design
ion [table 2]. The Ten different formulation batches

Table 1: Variables e ture design
Variables Coded limits
y. | Low High

Independent variables* Capmul mcm c8 0.1 0.25

Kolliphor EL 0.56 0.67

Propylene Glyco, 0.18 0.22
Dependent variables Emulsification sec) Minimize

% Transmi Maximize

% Drug Maximize

Drop Minimize

*Component proportions sum to 1.0

@ iquid SMEDDS formulation table as per mixture design

Formulation* Cap Wicm C8 Kolliphor EL Propylene glycol

0. 0.67 0.22
0.67 0.18
.22 0.56 0.22
0.25 0.57 0.18
0.25 0.56 0.19

0.25 0.565 0.185

0.235 0.56 0.205
0.13 0.67 0.20

0.20 0.62 0.180
0.165 0.615 0.22

*Component proportions sum to 1.0

Formulation of SMEDDS

SMEDDS formulations were strategically prepared varying the proportions of factors in accordance with the Mixture Design approach. The detailed
composition of the ten experimental formulations (F1-F10) is presented in table 2. In each case, DTG (10 mg/ml) was incorporated into a mixture of
Capmul mcm c¢8, Kolliphor EL, and Propylene Glycol. To enhance drug dissolution, the formulations were mildly heated to 40 °C using a thermostatic
water bath [16]. Subsequently, vortex mixing was employed to achieve clear and uniform dispersions. All prepared systems were kept at room
temperature until further characterization.

Drug content
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To quantify the DTG content in SMEDDS formulations, 1 mL of each sample (corresponding to 10 mg of DTG) was diluted in methanol and gently
agitated to ensure proper emulsification. A stock solution of concentration of 0.1 mg/ml was made by diluting the sample with methanol to a make a
final volume of 100 ml. In succession, 1 ml of this stock was further diluted to 10 ml with methanol in a volumetric flask to obtain a solution for
analysis containing 10 pg/ml of the drug [17]. Drug content was quantified at 258 nm using UV-Visible spectrophotometry with a validated calibration
curve, analyzed in triplicate. As mandated by the principles of constrained mixture experiments, the total proportion of oil, surfactant, and co-
surfactant was fixed in the mixture design to add up to 1.0. This guarantees that, within a specified design space, all formulation trials maintain
constant component ratios. Furthermore, rather than loading efficiency or theoretical incorporation, the response variable known as "% Drug
content" represents the drug content as determined by assay (i. e., content uniformity). The phrase has been changed to "% Drug Content" and used
consistently throughout the text to prevent misunderstandings and enhance readability.

The dilution process was precisely defined to improve drug content analysis's transparency and reproducibility. In particular, a 0.1 mg/ml stock
solution was created by diluting 1 ml of the SMEDDS formulation, which contained 10 mg of DTG, with 100 ml of methanol. A final concentration of
10 pg/ml that was appropriate for UV spectrophotometric analysis was obtained by further diluting 1 ml to 10 ml. The absorbance readings were
guaranteed to fall within the calibration curve's verified linear range thanks to this successive dilution. The accuracy and depen
analytical method were further confirmed by the dilution process, which was created to lessen matrix interference from excipients.

Emulsification time

Emulsification efficiency was assessed using a USP Type II dissolution apparatus by dispersing 1 ml of formulation in 500 g ater at 37¢0.5 °C
under 50 rpm stirring. The time required to form a clear and homogeneous emulsion was recorded in seconds. All tests
to ensure experimental consistency.

Percentage transmittance

The optical transparency of the emulsions was determined by diluting each formulation 1:100 with e-distil
at 630 nm by UV spectrophotometer to record % transmittance. Each measurement was repeated thee times to en

Solutighs were analyzed
drecision.

Droplet size

rm dispersion. The average droplet
and medium used before analysis must
be reported in order to guarantee the precision and repeatability of Dynamic Light Scattéging (DLS) measurements. In order to minimize multiple
scattering effects and guarantee optimal count rates during DLS assessment, the formulation was suitably diluted for droplet size and PDI
measurement. Similarly, since the ionic strength and pH of the dispersing medium can g affeet surface charge behavior, it is crucial to specify

d d'tenfold with filtered deionised water, mixed gently

for effective dispersal, prior to DLS analysis. Average droplets' size and PDI was
(three replicate measurements). Zeta potential measurement was done in the a entipned condition but instead diluted 10-fold in 1 mM KCI. By
providing these specifics, methodological transparency is guaranteed, an ul

Model fit

The response data obtained from all ten DTG liquid SMEDDS form
analysis was performed by applying multiple regression models withythe intgrcept constrained to zero [19, 20]. Significant models were identified for

Formulation optimization was facilitated using
was carried out using the desirability function
each response parameter. This global desirabi
profiler output, the Optimized formulatig

nges from 0 to 1, indicating the level of optimization achieved. Based on the optimized
d and assessed for key dependent variables.

Characterization of optimized liqui D
Thermodynamic stability st

The thermodynamic stability{ef the optimized SMEDDS was examined through a series of accelerated stress conditions to assess its physical
robustness during stor: d ing’ Initially, the formulation was exposed to centrifugation at 10,000xg for 30 min (corresponding approximately

to 12,000 rp tor configuration) in order to identify any early indications of phase separation, creaming, or structural breakdown.
Expressing jons in terms of relative centrifugal force (RCF) ensures improved reproducibility and consistency across different
laboratory ins e formulation was subsequently subjected to heating-cooling cycles, consisting of three cycles between 4 °C and 45 °C,
with ained for 48 h, to evaluate thermal stress tolerance and formulation compatibility. This was followed by freeze-thaw
cyc three cycles between -20 °C and 25 °C, with each cycle maintained for 24 h, to assess resistance against crystallization,

surfac ilization, and phase instability under extreme temperature variations. Following each stress condition, samples were visually

throughout ing conditions were considered to exhibit acceptable thermodynamic stability and were selected for further investigation [22].

Robustness to dilution

Each 1 ml SMEDDS formulation was serially diluted (1:10, 1:100, 1:1000) with distilled water, 0.1 N HC], and phosphate buffer (pH 7.8). Samples were
stirred at 100 rpm at 37 °C using a magnetic stirrer for uniform mixing. After homogenization, they were stored at room temperature for 24 hours
and visually inspected for phase separation or instability.

Assessment of self-emulsification efficiency (dispersibility test)

The emulsification capacity of SMEDDS formulations was tested using a USP Type II dissolution apparatus. A 1 ml sample was added to 500 ml of
distilled water at 37+0.5 °C and stirred at 50 rpm. Emulsification time and clarity were visually assessed. Based on performance, formulations were
graded: Grade A formed a clear or slightly bluish nanoemulsion within 1 min; Grade B produced a bluish-white dispersion with moderate clarity;
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Grade C yielded a uniform milky emulsion within 2 min; Grade D required over 2 min, resulting in a dull, greyish-white emulsion with slight oiliness;
and Grade E showed poor emulsification with visible oil globules.

Determination zeta potential

Zeta potential of diluted SMEDDS was measured using a Zetasizer (Malvern, UK) to assess droplet surface charge, with samples analyzed in disposable
cuvettes. This evaluation contributed to the overall physicochemical characterization of the formulations.

Conversion of optimal liquid DTG-SMEDDS into S-SMEDDS
Method of preparation of S-SMEDDS

Solid Self-Microemulsifying Drug Delivery Systems (S-SMEDDS) were prepared by adsorption technique, with Aerosil® 200, Avicel® PH 102, and
hydroxypropyl methylcellulose (HPMC) serving as solid carriers. Before formulation, the adsorption capacity of each of the carriers was studied
experimentally so as to determine the maximum amount of liquid S-SMEDDS that may be loaded while maintaining the powder with acc
In brief, 1 g of each carrier was placed into a porcelain dish and continuously mixed using a spatula. Liquid SMEDDS was added drop b
increments (0.1 ml per addition) while constantly stirring. After each addition, the powders were visually and physically assesged f

airtight containers for further characterization.

Flow properties of DTG S-SMEDDS

Flow properties of S-SMEDDS were evaluated per pharmacopeial guidelines. Angle of repose was m,
as 0 = tan"*(h/r), where h is cone height and r is base radius. To evaluate powder density, bulk de
mass (M) and its unsettled volume (Vb) in a graduated cylinder, applying the formula

sured using th funnel method, calculated
easured by recording the powder

Db = M/V.
Tapped density (Dt) was estimated after repeated mechanical tapping until a constant vol Vt) was achieved, using
D =M/Vt
Powder compressibility was analyzed using Carr’s Index (CI), calculated as

{Dt-Db)

a=|

)

while Hausner’s ratio (Dt/Db) was used to further assess flowability.
classification systems to determine the flow behavior of the S-SMED wd

tained values were interpreted in accordance with pharmacopeial

Evaluation of DTG S-SMEDDS
Percentage Drug content determination

The percentage drug content of DTG in the S-SMEDDS
SMEDDS was dissolved in methanol and subjecte
measured at 257.5 nm using a UV-Vis spectroph
process requires an explanation of the slight
happen during the conversion of liquid to S-
mixing equipment, or drug molecule retenti olid carrier's exterior. The solidification process's dependability could be questioned if this loss
is not measured or addressed. A usefu . ow much drug is left in the final solid formulation in comparison to the theoretical amount is
lation @

s'‘@€termiged using a UV spectrophotometric method. An accurately weighed amount of S-
soni or 10 min to ensure complete drug extraction. The filtrate’s absorbance was
(Shimadzu UV-1700). Understanding the effectiveness and consistency of the adsorption
content from liquid SMEDDS (101.76%) to S-SMEDDS (99.53%). Minor drug loss may

to compute the process yield or encap
yield and encapsulation efficien 9 %, indicating very good drug retention during solidification. The small drug loss observed could have been
due to handling loss or surfacé adsorption=“In general, the results confirm the robustness, reproducibility, and scalability of the adsorption-based
formulation process. This aid§yin verifging that the dosage form satisfies quality standards and retains content uniformity. Incorporating such a
computation not only e ulation data but also promotes process scalability and reproducibility.

Particle sizegdnd z etermination
The mean drop zeta potential of S-SMEDDS were evaluated in accordance with earlier sections. Prior to analysis, the formulation was
dispegged in disti nder gentle magnetic stirring, followed by incubation at 25 °C for 30 min to allow the undissolved particles to settle.

calibrated with indium for temperature and enthalpy. Powdered samples were sealed in aluminum pans and heated from 35 °C to 350 °C at 10
°C/min under a nitrogen purge (100 ml/min). The absence of a distinct melting peak for Dolutegravir in the DSC thermogram suggests a reduction in
crystallinity, indicating that the drug may be present in an amorphous or molecularly dispersed form within the S-SMEDDS. However, the broad
endothermic transition observed around 207 °C in the thermogram needs clarification, as it could originate from either an excipient or the amorphous
form of the drug. Without assigning this peak, the interpretation of the drug’s physical state remains inconclusive.

Comparative in vitro drug release study (liquid DTG SMEDDS, S-SMEDDS and pure drug)

Invitro drug release testing was conducted using a USP Type I (basket) dissolution apparatus (DS 8000, Lab Inida). The dissolution medium consisted
of phosphate buffer at pH 6.8, maintained at a temperature of 37+0.5 °C, with the basket rotating at 50 rpm. Both liquid and S-SMEDDS formulations—
each containing 10 mg of DTG—along with a reference sample of pure DTG (10 mg), were encapsulated in hard gelatin capsules. To avoid floating
during the dissolution process, capsules were placed in cylindrical, inert mesh holders. At predetermined time points (5, 10, 15, 20, 30, 45, and 60
min), aliquots were collected, suitably diluted with the dissolution buffer, and analyzed for drug release using a UV-visible spectrophotometer at a
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wavelength of 257.5 nm. Dissolution studies were carried out using 500 mL of phosphate buffer at pH 6.8, maintained at 37+0.5 °C, to ensure adequate
volume for sustaining sink conditions throughout the experiment. Following each withdrawal, the sampled volume was replaced with an equal
amount of fresh medium to preserve the dissolution volume. Before UV spectrophotometric analysis, the collected samples were filtered using a
0.45 pm syringe filter to remove any residual formulation or undissolved drug particles, thereby enabling precise measurement of drug release.

RESULTS
Formulation of liquid SMEDDS by Extreme vertices mixture design

A 10-run D-optimal Extreme vertices mixture design was employed due to the constrained formulation space inherent to mixture experiments, where
the proportions of oil, surfactant, and co-surfactant must sum to unity. Such designs are commonly used in preliminary formulation optimization
studies, including SMEDDS development, to achieve experimental efficiency while maintaining reliable model predictability within a defined design
space. Similar studies have successfully employed 8-12 experimental runs under comparable constraints.

prepared according to the generated design and subsequently evaluated (table 3). The observed response values were
matrix, which enabled the prediction of results for untested intermediate compositions. This allowed the developme

Table 3: Drug content, Transmittance, droplet size and Emulsification

Formulation Drug content (%) Emulsification time (s) Droplet size (nm)
1 72.2+1.4 60.18+1.9 20.88+2.1
2 83.4+1.6 56.60+1.7 26.30+2.8
3 103.9+1.9 45.52+1.2 92.05+6.5
4 101.1+1.5 45.65+1.1 185.00+8.2
5 100.4+1.3 43.32+0.9 209.70+9.6
6 100.0+1.2 45.92+1.0 217.50£10.1
7 98.0+1.4 46.86+1.1 137.40+7.3
8 78.4%1.7 52.56+1.6 22.15%2.4
9 96.1+1.3 50.63+1.4 47.95+3.5
10 100.2+1.2 42.86+0.8 39.21%3.1
Results are expressed in mean+Sd, n=3
Lack-of-fit analysis was performed for all four response §. The lack-of-fit was found to be non-significant (p>0.05) for percent drug content,

emulsification time, percent transmittance, and drople

g content, emulsification time (seconds), % transmittance, and droplet size. Model
e adjusted R? and predicted R? values are 0.8976, 0.7894 for transmittance and for droplet
rediction plots for each response are illustrated in fig. 1. The regression models showed
, p=0.0029), emulsification time (R?=0.85, p =0.04518), % transmittance (R*=0.90,

p =0.0379), and droplet size (R*=0.97, 0041 firming the predictive capability of the design.

While the p-value for emulsification time (0.04518) exceeds the conventional threshold for statistical significance (0.05), the model still exhibited a
relatively strong R? value of 0.85gindicating a zéasonable correlation between predicted and observed outcomes. Although the p-value obtained for
emulsification time (0.04518)
time is a critical quality attrib
evaluated cautiously.

al, the model demonstrated acceptable correlation (R? = 0.85) and practical relevance, as emulsification
ing SMEDDS performance [fig. 2]. Therefore, this response was retained for trend interpretation while being

Table 4: Key model statistics

Model p-value Adjusted R? Predicted R? Adequate Precision Lack-of-fit p-value
0.0029 0.96 0.89 >4 >0.05
0.0452 0.85 0.78 >4 >0.05

% Transm 0.0379 0.90 0.79 >4 >0.05

Droplet size 0.0041 0.98 0.89 >4 >0.05

Given that emulsification time is a key quality attribute in SMEDDS formulation, directly influencing performance and patient acceptability, the model
was considered useful for interpreting formulation trends. Despite its marginal statistical significance, it was included for its practical relevance, with
the understanding that its predictive strength is limited and conclusions drawn from it are interpreted cautiously.
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e51rab111ty nction was employed for the simultaneous optimization of DTG-SMEDDS. Prediction profilers illustrating the desirability scores
ization are shown in fig. 2. The design yielded an overall desirability value of 0.90, indicating a strong correlation between the

variables and the measured responses, confirming the model's reliability for identifying an optimal formulation [fig. 3].
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Table 5: Optimized formula

Excipients Quantity per ml
Capmul mcm c8 0.182907 = 0.183
Kolliphor EL 0.602777 = 0.603
Propylene glycol 0.214315%0.214

Table 6: Experimental values for CQA

CQAs Experimental value*
% drug content 101.76+1.25
Emulsification time (sec) 45.66+3.0

% transmittance 99.22+2.87

Droplet size (nm) 40.72+2.48

"Data are presented as mean#standard deviation (n = 3).

Table 7: Comparison between experimental values and predicted value for Optimized

Response variable Predicted values Experimental va; % error,

% drug content 100.16 .59
Emulsification time 43.201 5.69
% transmittance 98.654 -0.46
Droplet size 41.625 -2.17

Characterization of optimized liquid smedds
Self-emulsification efficiency and time

Based on the self-emulsification efficiency study, the Optimized formulation wasg
criteria for grade a emulsification.

o'form a clear microemulsion within 45 sec, meeting the

Percentage transmittance

An inverse relationship was observed between oil concentration an nsm e, where higher oil levels led to larger droplet sizes and increased
turbidity. The Optimized formulation, however, exhibited high clarity with ajtransmittance value of 99.2%.

Percentage drug content

An increase in oil concentration led to enhanced Drug contén€ attriButed to the higher solubility of DTG in the oil phase compared to the surfactant
and co-surfactant. The Optimized formulation demonstrate ontent efficiency of 101.76%.

Droplet size and zeta potential

The droplet size of the resulting microemulsi aried agross formulations, with the smallest size observed in formulation F1 (20.88 nm) and the
largest in F6 (217.5 nm). These findings e el] with the % transmittance results, where smaller droplet sizes were associated with higher
clarity. An inverse relationship was n transmittance corresponded to smaller droplet sizes. Interestingly, a direct relationship was
also observed between droplet size a

For the optimized liquid SMED d
indicated a narrow size distribution, suggesting a uniform and monodisperse system.

Zeta potential is often
coalescence of, dispers ets by providing electrostatic repulsion. However, this threshold is based on empirical observations and may not
MEDDS formulations. In the current study, the zeta potential of -11.5 mV for the Optimized formulation is likely
acids in the oil phase, imparting a negative surface charge. Although slightly below the conventional threshold, this
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Fig. 4. (a) Droplet size distribution and PDI of the optimized liguid S DS formulation (F-opt). (b) Zeta potential distribution of the
optimized liquid SMEDDS fo ation pt) Optimized formulation

Thermodynamic stability studies

The Optimized formulation successfully passed the
phase separation was detected. Following this, tl
demonstrated excellent physical stability, with n
conditions.

n iilg cycle and was subsequently evaluated through centrifugation, after which no
rmula underwent freeze-thaw stress testing. Throughout these cycles, the SMEDDS
of phase separation, creaming, or cracking, confirming its durability under varying stress

Table 8: Thermodynamic stability study

S. No. Test Observation

1 Heating-coaling cycl No sign of instability

2 Centrifugatighytest No phase separation (homogeneous dispersion)
3 Free sting No sign of instability

s of the dilution robustness study conducted in 0.1 N HCl, distilled water, and phosphate buffer (pH 6.8), no evidence of phase
cipitation was observed during the storage period [table 9].

Table 9: Robustness to dilution

Dispersion medium Volume of medium (ml) Observation
Distilled water 10-1000 Stable and clear
0.1 N Hydrochloric acid

Phosphate buffer pH 6.8

Adsorption capacity was determined experimentally based on loss of powder flowability.

Conversion of liquid to S-SMEDDS
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The optimized liquid SMEDDS was converted to S-SMEDDS by using aerosil 200, Hydroxy propyl methyl cellulose and avicel pH 102 as the solid carrier
by adsorption technique. This was prepared based on the adsorption capacity of the carrier [table 10].

Table 10: Adsorption capacity of different solid carriers for the conversion of liquid SMEDDS to S-SMEDDS

Solid carrier Weight of solid carrier (mg) Volume of liquid adsorbed (ml)
Aerosil 200 500 1

Avicel pH 102 500 0.5

HPMC 500 0.3

Flow property evaluation

The angle of repose was determined using the funnel method and was measured at 34.18°, suggesting passable flow characteristics, 1k density
and tapped density of the S-SMEDDS were recorded as 0.57 g/cm?® and 0.69 g/cm?, respectively—both falling within acceptable Ji e values
were further used to calculate the compressibility of the powder blend.

Carr’s Compressibility Index was employed to assess the flow properties, yielding a value of 17.87%, which is indicati
Additionally, the Hausner’s ratio, a commonly used measure of flowability, was calculated to be 1.21, also supporting the
as having fair flow behavior.

Characterization of S-SMEDDS

One ml of formulation containing 10 mg of drug was loaded onto aerosil 200 and the % Drug conte %. As detailed in Section

6.7.6, the S-SMEDDS exhibited a particle size of 46.2 nm and a zeta potential of -9.35 mV.
DSC

The DSC thermogram of pure DTG exhibited a sharp endothermic peak at 346 °C, corrg ine melting point. In contrast, the S-
SMEDDS formulation showed complete disappearance of this characteristic melting’ peak, indicating conversion of DTG into an amorphous or
molecularly dispersed state within the formulation. A broad endothermic transition obg d around 207 °C in the S-SMEDDS thermogram was
assigned to excipient-related thermal events rather than residual drug crystallinity ang % o excipient-related thermal events rather than

residual drug crystallinity. This transition is attributed to dehydration of Aerosil 200 g transitions of the surfactant components, as
confirmed by DSC analysis of physical mixtures of DTG with Aerosil 200 and othe 1 ipients (fig. 5). These findings substantiate that the
observed endotherm does not arise from crystalline DTG.

DSC Thermogram of Pure drug

(@
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Comparative in vitro drug release study for liquid SMEDDS, S-SMEDDS and pure drug

EDDS and S-SMEDDS formulations
% within the first 30 min and achieving

The comparative in vitro drug release study highlights the enhanced release behavior of DTG from b
in contrast to the pure drug. The L-SMEDDS showed a rapid and efficient drug release
complete release (~100%) by 60 min.

This superior performance can be attributed to the self-emulsifying nature of the form ich facilitates the formation of fine microemulsion
droplets in the aqueous environment, leading to a greater surface area for drug dissolutia parison, the S-SMEDDS exhibited a slightly delayed
release in the initial phase due to the presence of solid carriers that may temp, ulsification. However, it still managed to achieve
complete drug release by 60 min, confirming that the transformation from li 0 solid form does not significantly impair the self-emulsifying

capability or the overall release efficiency.

To better interpret the release pattern, the slight delay observed in drug reléase from the S-SMEDDS compared to the liquid formulation should be
for the drug to diffuse out from the solid carrier matrix into the
dissolution medium before emulsification can proceed. In contragt to theyliquid SMEDDS, where the drug is already solubilized, the solid form
introduces an additional desorption step that may temporarily slo ase. Discussing this mechanism provides deeper insight into the release
behavior and supports the design considerations behind th

In vitro Drug Release Profile (Mean = SD, n = 3)

—&— L-SMEDDS L
—&- S-SMEDDS —=F
—&— Pure Drug

100 1

BO 1

60 1

% CDR

40

0 10 20 30 40 50 60
Time {min)

Fig. 6. Comparative in vitro drug release, results are expressed in mean*Sd (error bars), n=3

DISCUSSION

Systematic optimization of the SMEDDS formulation with minimum laboratory trials was aided by the design of experiments (DoE). A mixture design
was applied to check the effects of varying proportions of oil, surfactant, and co-surfactant on critical quality attributes which include percent drug
content, emulsification time, percent transmittance, and droplet size. The formulation limits defined from the pseudo-ternary phase diagram ensure
that all compositions stay within the self-emulsifying region. The D-optimal design with ten experimental runs generated in JMP® software was
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adequate for modeling the formulation space, as shown by the absence of significant lack-of-fit and the close correlation between adjusted and
predicted R? values for all responses (Tables 5-7), suggesting a high predictive ability with minimal bias. The regression was conducted with the zero-
intercept model, in line with the mixture systems principles that hold that the sum of proportions of all components equals unity. Among the
comparative evaluations, the zero-intercept model was regarded as the best because it recorded lower Akaike Information Criterion value and
increased adjusted R?. Optimization via desirability functions aimed at attaining high drug content and transmittance, rapid emulsification, and small
droplet size. The optimized formulation scored high on overall desirability, confirming the successful simultaneous achievement of multiple
performance criteria. Experimental validation of the optimized formulation showed closer agreement between predicted and observed values, with
percentage error for all responses within 10%, thus supporting the robustness of the optimization strategy (Tables 5-7). The optimized SMEDDS
displayed high clarity, rapid self-emulsification, uniform droplet size, and excellent drug loading efficiency, indicating suitability for oral delivery
applications (fig. 3). Physical stability is paramount in ensuring that SMEDDS will indeed be able to perform, as any drug precipitation and consequent
phase separation may compromise therapeutic reliability [24, 25]. This optimized formulation is, in fact, stable, as verified during testing for
centrifugation, heating-cooling cycles, and freeze-thaw stress conditions, confirming the thermodynamic stability and suitability for storage and
handling of this formulation (table 8). In vitro drug release studies in pH 6.8 phosphate buffer demonstrated a comparative rise in dissolution behavior
for both liquid and solid SMEDDS as compared to the pure drug (fig. 6). Liquid SMEDDS released about 70% of the drug in 30 min an 0% within
60 min, the fast release of drug being attributed to the spontaneous nanoemulsification and the increase in interfacial surface ar

handling, storage stability, and acceptability by the patient, underlining their potentlal for large -scale o
[29].

CONCLUSION

The study successfully demonstrates the formulation and optimization of DTG SMEDDS using bD- gulded statistically driven approach. By
employing JMP®-based Extreme vertices mixture design, a robust and efficient liquid SMEDDS was d optimal droplet size, drug content,
and self-emulsification characteristics. The Optimized formulation showed excellent sfability under stress conditions and maintained its
performance in both aqueous and acidic environments. Conversion into S-SMEDDS using Aekosil 200 yielded a free-flowing, stable formulation with
acceptable powder properties and preserved drug release characteristics. Comparativ

e o studies confirmed a remarkable improvement in
dissolution for both liquid and S-SMEDDS compared to the pure drug, indicating a promis; or enhancing the bioavailability of poorly water-
prod

soluble antiretrovirals. Overall, this two-part investigation—from preformulation to fi lays a strong foundation for future scale-up, in
vivo evaluation, and clinical translation of DTG-SMEDDS formulations.

FUNDING

This work was supported by the Deanship of Scientific Research, Vice Pr cy fo duate Studies and Scientific Research, King Faisal University,
Saudi Arabia [Grant No. KFU260647].

AUTHORS CONTRIBUTIONS

stigation, Writing - Original Draft. Nimbagal Raghavendra Naveen:
deharsha: Writing - Review and Editing. Santosh Fattepur: Critical Data Analysis,
ation, Resources.

Jayadev Hiremath: Conceptualization, Methodology, Data
Methodology, Validation, Writing - Review and Editing. Na
Visualization. Prakash Goudanavar: Supervision, Proje

CONFLICT OF INTERESTS
Declared none
REFERENCES

1. Goyal U, Gupta A, Rana AC, Aggar
Res. 2012;3(1):66-72.
2. ChavdaH, Patel C, Anand I.

ictoemulsifying drug delivery system: a method for enhancement of bioavailability. Int ] Pharm Sci

cs classification system. Syst Rev Pharm. 2010;1(1):62-9. doi: 10.4103/0975-8453.59514.

2012;14(4):860-71. doi: 1 2248-012-9398-6, PMID 22956477.
, Goudanavar P, Meravanige G, Almugbil RM, Aldhubiab BE, et al. Preformulation studies and pseudo-ternary
for dolutegravir sodium: a foundational step toward SMEDDS design. Indian ] Pharm Educ Res. 2025;59(3s):s874-

adhyay S, Kapil R, Singh R, Katare OP. Self-emulsifying drug delivery systems (SEDDS): formulation development,

, and applications. Crit Rev Ther Drug Carrier Syst. 2009;26(5):427-521. doi: 10.1615/CritRevTherDrugCarrierSyst.v26.i5.10,

631.

8. Barakoti H, Choudhury A, Dey BK. An outlook for a novel approach: Self-Micro Emulsifying Drug Delivery System (SMEDDS). Res ] Pharm Technol.
2019;12(4):2055-64. doi: 10.5958/0974-360X.2019.00340.8.

9. Asha BR, Goudanavar P, Koteswara Rao GS, Gandla K, Raghavendra Naveen N, Majeed S et al. QbD driven targeted pulmonary delivery of
dexamethasone-loaded chitosan microspheres: biodistribution and pharmacokinetic study. Saudi Pharm J. 2023;31(9):101711. doi:
10.1016/j.jsps.2023.101711, PMID 37564747.

10. Dokania S, Joshi AK. Self-microemulsifying drug delivery system (SMEDDS) - challenges and road ahead. Drug Deliv. 2015;22(6):675-90. doi:
10.3109/10717544.2014.896058, PMID 24670091.

11. Narayana Reddy KA, Kunchithapatham ], Dang R, Ramnarayanan C. Design and Development of Darunavir loaded Self Micro Emulsifying Drug
Delivery System using Extreme Vertices Mixture Design in a Quality by Design Framework. Indian ] Pharm Educ Res. 2020;54(2):337-48. doi:
10.5530/ijper.54.2.39.

12. Patel PV, Patel HK, Panchal SS, Mehta TA. Self micro-emulsifying drug delivery system of tacrolimus: formulation, in vitro evaluation and stability
studies. Int ] Pharm Investig. 2013;3(2):95-104. doi: 10.4103/2230-973X.114899, PMID 24015381.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

M. M. Alghadeer et al.
Int ] App Pharm, Vol 18, Issue 3, 2026, ??-7?

Safhi AY, Naveen NR, Rolla K], Bhavani PD, Kurakula M, Hosny KM, et al. Enhancement of antifungal activity and transdermal delivery of 5-
flucytosine via tailored spanlastic nanovesicles: statistical optimization, in-vitro characterization, and in-vivo biodistribution study. Front
Pharmacol. 2023;14:1321517. doi: 10.3389/fphar.2023.1321517, PMID 38125883.

Sreeharsha N, Gajula LR, S SK, Bhavani PD, Goudanavar P, A R et al. Enhancing flowability of lamivudine through quasi-emulsion solvent-diffusion
(QESD) crystallization: a comprehensive study on surfactant impact, particle morphology by QbD concepts and tablet compression challenges.
Eur J Pharm Sci. 2024;200:106835. doi: 10.1016/j.ejps.2024.106835, PMID 38908413.

Chudasama AS, Patel VV, Nivsarkar M, Vasu KK, Shishoo CJ. In vivo evaluation of self emulsifying drug delivery system for oral delivery of
nevirapine. Indian ] Pharm Sci. 2014;76(3):218-24. PMID 25035533.

Bhagwat DA, Souza J1. Formulation and evaluation of solid self micro emulsifying drug delivery system using aerosil 200 as solid carrier. Int Curr
PharmJ. 2012;1(12):414-9. doi: 10.3329/icpj.v1i12.12451.

Rajdeo P, Amey S, Akash N, Ravi R. Liquisolid technique: a novel approach to enhance solubility of poorly soluble drugs. Int J Sci Res.
2018;7(4):426-9.

Thoke SB, Sharma YP, Rawat SS, Nangude SL. Formulation development and evaluation of effervescent tablet of alendronate sodium
D3.] Drug Deliv Ther. 2013;3(5):65-74. doi: 10.22270/jddt.v3i5.623.
Madan JR, Patil K, Awasthi R, Dua K. Formulation and evaluation of solid self-microemulsifying drug delivery system for azilsartan
Int ] Polym Mater Polym Biomater. 2021;70(2):100-16. doi: 10.1080/00914037.2019.1695206.

Nguyen TT, Duong VA, Maeng HJ. Pharmaceutical formulations with P-glycoprotein inhibitory effect as promising approache

appraisal. Int ] Nanomedicine. 2012;7:3787-802. doi: 10.2147/1JN.S33186, PMID 22888234.
Date AA, Nagarsenker MS. Design and evaluation of self-nanoemulsifying drug delivery systems (SNEDDS) for gefpodexi roxetil. Int ] Pharm.
2007;329(1-2):166-72. doi: 10.1016/j.ijpharm.2006.08.038, PMID 17010543.

Balakumar K, Raghavan CV, selvan NT, prasad RH, Abdu S. Self nanoemulsifying drug delivery sys
formulation, bioavailability =~ and pharmacokinetic  evaluation. Colloids  Surf
10.1016/j.colsurfb.2013.08.025, PMID 24012665.

Wu L, Qiao Y, Wang L, Guo ], Wang G, He W, et al. A self-microemulsifying drug delivery sys (SMEDDS) for a novel medicative compound
against depression: a preparation and bioavailability study in rats. AAPS PharmSciTech. 2015; :
PMID 25652729.

Vithani K, Hawley A, Jannin V, Pouton C, Boyd BJ. Solubilisation behaviour of poorl
Pharm Biopharm. 2018;130:236-46. doi: 10.1016/j.ejpb.2018.07.006, PMID 29981444

Yarlagadda DL, Nayak AM, Brahmam B, Bhat K. Exploring the solubility and bioavailabili
98674, BMID 37383518.
nofdelfitegravir-loaded nanoemulsion-based in situ gel for

calcium: design,
013;112:337-43.  doi:

dolutegravir. Adv Pharmacol Pharm Sci. 2023;2023:7198674. doi: 10.1155/2023/7
Nair AB, Chaudhary S, Jacob S, Patel D, Shinu P, Shah H, et al. Intranasal admini i
enhanced bioavailability and direct brain targeting. Gels. 2023;9(2):130. doi
Patel H, Patel P, Patel M, Mehta D, Misan C. Development and charaaterizati
tacrolimus. Asian ] Pharm. 2012;6(3):204-11. doi: 10.4103/0973-83 048
Singh A, Singh V, Rawat G, Juyal D. Self emulsifying systems: a review. A J Pharm. 2015;9(1):13-8. doi: 10.4103/0973-8398.150031.





