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ABSTRACT

Objective: Metformin belongs to class III of biopharmaceutical classification. Low bioavailability of 50 - 60% due to its poor permeability and high
dose of 500-1000 mg are challenging to the dosage form development of Metformin. Hence, this work was planned to augment the permeability of
Metformin so as to improve its oral bioavailability.

Methods: Metformin-loaded nanoparticles with lipids, surfactants and bile salts were prepared through double emulsion solvent evaporation
technique. Quality by design approach was employed to optimize and develop the nanoparticles. The central composite design was adopted to
design the experiment to prepare nanoparticles from several combinations at different concentrations of the lipids and surfactants. These
nanoparticles were characterized for yield, entrapment efficiency, solubility and permeability. Impacts of the factors on the solubility change and
permeability change were studied by design of experiments analysis.

Results: The nanoparticles from the optimized formulation were found to have a size of 262.1 nm with a polydispersity index of 0.352 after design
of experiments analysis with statistical significance measured at p<0.05. Importantly, these optimized nanoparticles exhibited permeability of
2.137x10-5 cm/sec, which was 5-times higher when compared to pure Metformin.

Conclusion: These results concluded that the oral bioavailability would be improved through improved permeability from the lipid-based

nanoparticles of Metformin.
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INTRODUCTION

Drugs with high solubility and low permeability are categorized as class
III of biopharmaceutical classification system. Oral antidiabetic drugs
(OADs) are the major treatment option for this type 2 diabetes [1].
Metformin (MTF) is one of the most commonly used OAD that belongs to
Biopharmaceutic Classification System (BCS) Class III [2, 3] and was
taken as the model drug in this work. It is very soluble in water and has
rapid dissolution. Its oral bioavailability is around 50 - 60% which is due
to its poor permeability. This less bioavailability is one of the reasons for
the high dose, 500 - 1000 mg of MTFwhich pose challenges to
formulation development and to swallow bulky tablets by patients [4].
These characteristics forced to aim enhancement of oral bioavailability
or MTF through enhancing its permeability. Few researchers worked
and reported techniques to enhance oral bioavailability of MTF. Some of
the relevant works are by Kotha AA et al. [5] developed mucoadhesive
microparticle and nanoparticles, Ossai EC et al. [6] prepared liposomes,
and Kenechukwu FC et al. [7] worked on development of MTF-loaded
PEGylated nanoparticles. These review findings inferred that a much
better technique is required to enhance the permeability to a greater
extent with high drugloading and good stability.

Lipid-based nanoparticles is one such technology which can
augment oral bioavailability through several ways. These systems
can enhance dissolution owing to their nano-size enhance
permeation through passive diffusion and lymphatic absorption [8-
10]. Adding bile salts into these systems can further improve the
permeation and absorption of challenging drugs. Bile salts are
endogenous substances with amphiphilic nature having great role in
digestion and absorption of lipids from food. Also, due to their
surfactant nature, they help in enhancing solubility of lipophilic
materials also [11]. Pavlovic Net al. [12] reviewed the potential of
bile salts and analogues in augmenting peroral bioavailability.
Particularly in case of poorly permeable drugs, the bile salts can
enhance permeability through ion-pairing of the ionizable drugs;
enhance partitioning through the membrane, membranolytic
activity, inhibition of p-glycoprotein and also through lymphatic

pathway by combining with chylomicrons. Asad M et al. [13] worked
on enhancement of oral bioavailability of tobramycin (belong to
class III of BCS) by developing self-emulsifying systems using bile
salts. From the obtained experimental results, the authors reported
that the lipophilicity of tobramycin was greatly enhanced because of
the incorporation of bile salts in the formulation. Besides, bile acids
also have significant clinical benefits in reducing cholesterol,
enhancing absorption of fat-soluble vitamins [14].

Form the extensive literature review, solid nanoparticles using lipids
and bile acids that were stable and can load higher amounts of drug
were aimed to prepare to enhance the permeability yet maintaining
the required solubility of class III drugs of BCS by taking MTF as a
model drug. Only lipids may adversely affect the solubility and thus
bile acids as surfactants can control the drop in solubility while
enhancing permeability. With this hypothesis, MTF Loaded Solid
Lipid Nanoparticles (MSLNs) with bile acids were planned to
prepare in this work. A statistical Quality by Design (QbD) approach
was employed for experimental design [15, 16].

MATERIALS AND METHODS
Materials

MTF was gifted by Hetero Drugs Pvt. Ltd. TS, GMS, UDC and PLX
were procured from Merck Ltd.

Compatibility studies of MTF and excipients
Infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was performed to find
out the compatibility of the MTF with the excipients used in the
development of MSLNs. Physical mixtures of MTF with all excipients was
prepared. The samples were made into pellets by mixing with KBr
followed by compression using a hydraulic press. IR spectra were
recorded by taking the average of 16 scans over a 400 to 4000 cm wave
number range. The spectrum of pure MTF was analyzed and compared
with that of the physical mixtures to assess compatibility [17].
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Differential scanning calorimetry (DSC)

Thermal investigation using DSC was accomplished to find out any
incompatibility of MTF with the selected excipients. Sample
preparation and recording spectra were carried out as reported by
Hippalgaonkar et al. [18]. The spectrum of pure MTF was analyzed and
compared with that of the physical mixtures to assess compatibility.

Development of MSLNs
QbD aspects of MSLNs

The quality target for the development of MSLNs was to improve
permeability and hence bioavailability of MTF. In order that lipids,
bile salts, and surfactants were used in the development of the
MSLNs. Four formulation variables from these excipients were
chosen as the independent factors, viz. A: Lipid concentration (10%,
20%, and 30% w/w of MTF), B: Surfactant concentration (2%, 5%,
and 8% w/w of MTF), C: Type of lipid {Tristearin (TS), Glyceryl
monostearate (GMS)}, D: Type of surfactant {Ursodeoxycholic acid
(UDC), Poloxamer 188}. These levels of the factors were selected
after preliminary trials with a trial-and-error approach with an
objective of a getting good yield of product. Decrease in solubility
(AS) and increase in permeability (AP) were taken as the critical
quality attributes or responses to indicate the desired quality of the
MSLNs. A central composite design (CCD) was used as the
experimental design to yield experimental runs at different blends of
the levels of each factor. The CCD was chosen ahead of other
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optimization designs like the Box-Behnken design and full factorial
design. Because CCD is a more economical design for the chosen
number and type of factors, as it necessitates a lesser number of
experimental runs in providing the same statistical inferences. The
experimental runs as different formulation combinations of MSLNs
as peer the CCD are displayed in table 1.

Preparation of MSLNs

Double emulsification followed by solvent evaporation out was
carried to develop the MSLNs [19, 20]. The inner aqueous phase
(W1) was prepared by dissolving 1 g of MTF in 4 ml of water.
Required quantities of lipid and surfactant, as mentioned in table 1,
were solubilized in 8 ml of an organic solvent mixture that
comprised 6 ml chloroform and 2 ml ethanol to obtain the organic
phase (0). A vertex mixer was used to prepare both these phases.
Then, the W1 phase was gradually transferred into the organic
phase aided by mixing. After complete addition, the mixture is
subjected to sonication at 500W for 10 min. with 10s-2s start-stop
cycles to the get primary W1/0 emulsion. Later, this primary W/0
emulsion was emulsified in the outer aqueous phase (W2)
containing 20 ml of water with 0.1% Tween 80 as the stabilizer
under mechanical stirring at 5000 rpm to produce the W1/0/W2
emulsion. The mixing continued until the chloroform and ethanol
completely evaporated, leaving MSLNs suspended in water. These
MSLNs were immediately separated by centrifugation, followed by
drying of the pellet to obtain powdered MSLNs.

Table 1: The formulation combinations of the MSLNs with the selected factors as peer the CCD

Formulation Levels of factors Quantities of materials (mg)
A B C D Drug Lipid Surfactant

MSLN1 20 0.76 TS uDC 1000 200 7.6
MSLN2 10 2 TS uDC 1000 100 20
MSLN3 30 2 TS uDC 1000 300 20
MSLN4 5.86 5 TS uDC 1000 58.6 50
MSLN5 20 5 TS uDC 1000 200 50
MSLN6 34.14 5 TS uDC 1000 341.4 50
MSLN7 10 8 TS uDC 1000 100 80
MSLN8 30 8 TS uDC 1000 300 80
MSLN9 20 9.24 TS uDC 1000 200 92.4
MSLN10 20 0.76 GMS uDC 1000 200 7.6
MSLN11 10 2 GMS uDC 1000 100 20
MSLN12 30 2 GMS uDC 1000 300 20
MSLN13 5.86 5 GMS uDC 1000 58.6 50
MSLN14 20 5 GMS uDC 1000 200 50
MSLN15 34.14 5 GMS uDC 1000 341.4 50
MSLN16 10 8 GMS uDC 1000 100 80
MSLN17 30 8 GMS uDC 1000 300 80
MSLN18 20 9.24 GMS uDC 1000 200 92.4
MSLN19 20 0.76 TS PLX188 1000 200 7.6
MSLN20 10 2 TS PLX188 1000 100 20
MSLN21 30 2 TS PLX188 1000 300 20
MSLN22 5.86 5 TS PLX188 1000 58.6 50
MSLN23 20 5 TS PLX188 1000 200 50
MSLN24 34.14 5 TS PLX188 1000 341.4 50
MSLN25 10 8 TS PLX188 1000 100 80
MSLN26 30 8 TS PLX188 1000 300 80
MSLN27 20 9.24 TS PLX188 1000 200 92.4
MSLN28 20 0.76 GMS PLX188 1000 200 7.6
MSLN29 10 2 GMS PLX188 1000 100 20
MSLN30 30 2 GMS PLX188 1000 300 20
MSLN31 5.86 5 GMS PLX188 1000 58.6 50
MSLN32 20 5 GMS PLX188 1000 200 50
MSLN33 34.14 5 GMS PLX188 1000 341.4 50
MSLN34 10 8 GMS PLX188 1000 100 80
MSLN35 30 8 GMS PLX188 1000 300 80
MSLN36 20 9.24 GMS PLX188 1000 200 92.4

Characterization of MSLNs
Yield
The yield was calculated by using the below formula

Weigth of the MSLNs obtained
Weight of all the non — volatile solids taken X

Yield (%) = 100

Entrapment efficiency (EE)

The MSLNs, post-preparation, were subjected to centrifugation for
30 min at 8,000 rpm. The solid pellet and supernatant were isolated.
To clear the free MTF, the pellet was carefully washed with water
while utilising a filtration medium. After mixing the washings with
the supernatant, spectrophotometric analysis was performed to
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measure the unentrapped quantity of MTF [21, 22]. The below
equations were employed to ascertain drug entrapment efficiency.

Amount of MTF taken — Unentrapped MTF
X

EE (%) =
(%) Amount of MTF taken

100

Solubility

The solubility determination was performed using the shake flask
method [23] for pure MTF and the prepared MSLNs. MTF was
introduced into 2 ml of water in a stoppered test tube and agitated for a
duration of 48 h. An excess amount of the drug was added until
saturation was reached. The saturation was validated through the
observation of undissolved material. Following the designated time
period, the slurry underwent filtration, and the resulting filtrate was
collected for subsequent analysis. Spectrophotometric analysis was
conducted on the sample to ascertain its solubility at its maximum
wavelength of 232 nm. The same procedure was followed for all the
formulations of MSLNs. The obtained solubility values of the MSLNs
were subtracted from that of pure MTF to determine the decrease in
solubility (AS).

Permeability

The test was conducted using an ex vivo or in vitro method [24, 25]. The
duodenal segment of the small intestine from sheep was obtained from
the abattoir and bathed with Ringer’s solution and preserved in formalin
solution. The duodenum'’s internal diameter was measured at 1.6 cm. A
quantity of MSLNs equivalent to 40 mg of MTF was taken, dissolved in 10
ml of water, and filtered to get a 4 mg/ml solution of MTF in water. A 5
cm segment of the duodenum was excised, with one end tied off.
Subsequently, 5 ml of the prepared MTF solution was introduced into
the segment, and the opposite end was also tied. A length of 3 cm was
maintained between the knots to facilitate drug permeation. The
duodenal setup was submerged in 100 ml of pH 7.4 phosphate buffer in
a beaker, utilising a burette stand for support. The beaker was placed on
a magnetic stirrer operating at 100 rpm. A 5 ml sample was extracted
every 5 min and replaced with fresh buffer. The samples underwent
quantification using spectrophotometry at a maximum wavelength of
232 nm of MTF. The sample collection and quantification continued until
the permeation did not exceed 10% of the total MTF collected. Data
obtained at this level must be regarded to ensure sink conditions when
calculating drug permeability ex vivo. The apparent permeability (Papp)
of MTF was quantified by the below formula [26]:

P, = — 4
PP T At 60.A.C,

Where Papp is permeability in cm/sec; AQ/At is the rate of
permeability in mg/min. (it was taken till 10% of MTF permeated); A
is the duodenal membrane surface area in cm?; Co is the MTF
concentration taken. The permeability value of pure MTF was
subtracted from those of the MSLNs to obtain the increase in
permeability (AP).

Design validation and optimization

The experiment was designed using the QbD software, which facilitated
the statistical analysis of the responses AS and AP, as well as the design
validation and optimisation. Sequential Model Sum of Squares (SMSS)
investigation was conducted to identify the optimal regression model for
each response variable considering all four factors. Subsequently,
ANOVA was conducted for the selected regression model to assess the
model's significance and the factors' effects significance on the responses
[27]. Additionally, predicted versus actual plots were generated to
further validate the appropriateness of the regression model prior to
optimisation. Optimisation of the factors was conducted using the
desirability functions approach [28], with the constraints set to
'minimise the AS' and 'maximise the AP".

Surface morphology

The surface morphology and shape of the optimized MSLNs were
analysed using Transmission Electron Microscopy (TEM). A small
drop of the MSLNs dispersion, following appropriate dilution, was
directly applied to the carbon-coated copper grid and permitted to
dry. The specimen was subsequently visualised under a microscope,
and micrograph images were collected.
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Particle size

The optimised MSLNs underwent particle size analysis utilising the
NanoPlus instrument (from Particulate Systems), which operates
based on the dynamic light scattering technique. The MSLNs were
appropriately diluted with distilled water before estimation at a
constant 25 °C temperature and 90°scattering angle. Each sample
was measured three times, and the average values were reported.

In vitro dissolution test

The dissolution of the optimised MSLNs was performed as per the
procedures outlined in the USP. As the dissolving media, 1000
millilitres of phosphate buffer with a pH of 6.8 were added to the
vessel. The temperature of the medium was kept at 37.0+0.5 °C. The
paddle device was submerged in the medium and rotated at 50 rpm
[29]. A predetermined quantity of the MSLNs equivalent to 1000 mg
MTF was transferred into the vessel. Samples were withdrawn at 3-
minute intervals and quantified spectrophotometrically following
appropriate dilution.

Statistical methods

All the results were expressed as meantstandard deviation (SD) for
a sample size of n = 3. ANOVA was employed to investigate the
significant influences of the factors on the responses at p<0.05.

RESULTS AND DISCUSSION
Compatibility studies

FTIR specta as illustrated in fig. 1 exhibited peaks at wavlengths
corresponding to the structure and functional groups. The observed
peaks corresponsing to the chemical structure of MTF in pure drug
spectrum are at 3386.6 cm'land at 3293.1 cm! owing to N-H
asymmetrical and symmetrical stretching of aliphatic primary
amines, respectively, at 1622.8 cmlowing to N-H bending of
aliphatic primary amines, at 1447.1 cmlowing to aliphatic C-H
asymmetrical bending, and at 1166.7 cmand 1060.4 cmlowing to
C-N stretching of aliphatic amines [30]. The peaks at similar
positions were also obserevd in the spectra of physical mixtrues of
the MTF with excipients. These observations signified that MTF was
compatible with the selected additives.

Further, the compatibility was also confirmed by performing DSC
studies. The DSC spectra obtained for pure MTF and its physical
mixtures with various lipids and surfactants used are illustrated in
fig. 2. The spectrum of the pure MTF exhibited a sharp endotherm at
231.9 °C. The endotherm at this temperature might be due to
theMTF melting point. Besides, the shape of the endotherm
demonstrated that the MTF taken was in crystalline form. Spectra of
the physical mixtures exhibited a first endotherm individually at
temperatures 54.4 °C, 59.9 °C, 204.5 °C, and 52.0 °C, which were
corresponding to the melting points of the lipids and surfactants
employed, viz. TS, GMS, UDC, and PLX, respectively. This observation
demonstrated that these additives were in acrystalline state. The
spectra of these physical mixtures also exhibited another sharp
endotherm at a similar temperature as that of the pure MTF, which
is conforming to the MTF melting point. As there was no significant
change in the shape and position of the MTF-corresponding
endotherm, this observation signified that the MTF was compatible
with the lipids and surfactants employed in this study [31].

Characterization Studies on MSLNs

All the formulations of MSLNs were characterized for yield,
entrapment efficiency (EE), solubility, and permeability. For pure
MTF, the solubility was determined to be 386.5 mg/ml, and the
permeability was found to be 41.4 nm/sec. From the solubilities of
the MSLNs, the decrease in solubility (AS) was calculated by
subtracting them from the solubility of pure MTF. Similarly, the
increase in permeability (AP) values for the MSLNs were calculated
by subtracting the permeability of pure MTF from those of the MSLN
values. The findings are presented in table 2. The AS and AP values
were subjected to design of experiments (DoE) analysis.

The yield values were found to be in the range of 62.7-87.3% among
all the formulations. This high degree of variability was attributed to
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the changes in the concentrations of the lipids and the nature of the
lipids. These results clearly showed that increasing the lipid
concentration increased the yield. Besides, the formulations
prepared with TS produced more yield than the corresponding
formulation prepared with GMS.

The EE was obtained in the range of 53.4-92.2% among all the
formulations of the MSLNs. These results showed that the

Int ] App Pharm, Vol 17, Issue 3, 2025,170-179

concentrations of lipids and surfactants affected the EE. Among the
two lipids, TS showed higher drug entrapment than GMS. Among the
two surfactants, UDC showed higher drug entrapment than PLX-188.
These differences could be attributed to the higher lipophilicity of TS
than GMS and of UDC than PLX which could control leakage of the
drug into the outer eternal phase and thus maintain more drug
inside the MSLNs. These findings were matched and justified with
the results published by Joshi AS et al. [32].
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Fig. 1: IR spectra of MTF and its mixtures with lipids and surfactants
Table 2: Observed experimental findings from MSLNs characterization
Code Yield (%) EE (%) Solubility (mg/ml) Permeability (nm/sec) AS (mg/ml) AP (nm/sec)
MSLN1 78.2+3.5 81.6+2.3 76.4+1.8 146.4+5.2 310.1+1.8 105+5.2
MSLN2 73.6+1.8 75.9+4.8 126.8+5.3 95.7+3.6 259.7+5.3 54.3+3.6
MSLN3 84.5+2.3 88.5+5.6 70.4+3.4 223.9+12.3 316.1+3.4 182.5+£12.3
MSLN4 68.1+2.6 64.3+3.9 192.5+6.9 112.7+4.7 194.0+6.9 71.3+4.7
MSLN5 76.4+1.9 83.7+3.4 138.7+8.1 203.8+9.5 247.8+8.1 162.4+£9.5
MSLN6 87.3%5.2 92.2+4.3 67.1+2.2 274.1+13.4 319.4+2.2 232.7+13.4
MSLN7 78.2+4.3 80.9+5.6 184.6+7.4 186.5+7.9 201.9+7.4 145.1+£7.9
MSLN8 82.9+2.6 91.3+5.3 141.8+3.6 296.4+15.2 244.7+3.6 255.0+12.2
MSLN9 78.7+2.9 86.5+2.9 166.5+9.2 238.7+11.8 220.0+9.2 197.3+11.8
MSLN10 74.9+1.8 76.2+3.8 124.9+6.3 124.4+6.9 261.6%6.3 83+6.9
MSLN11 70.3+1.2 72.3%5.1 182.3+5.8 82.6+3.5 204.2+5.8 41.2+3.5
MSLN12 81.3+3.5 79.9+6.2 130.2+3.7 215.8+10.7 256.3+3.7 174.4+10.7
MSLN13 65.1+2.7 59.4+4.9 246.7+6.4 103.8+5.3 139.8+6.4 62.4+5.3
MSLN14 72.4+1.4 76.1+3.7 169.4+5.2 175.9+8.6 217.1%5.2 134.5+8.6
MSLN15 86.9+2.6 80.7+1.9 100.3+3.8 253.2%#13.5 286.2+3.8 211.8+13.5
MSLN16 76.2+3.1 72.4+2.5 235.9+9.1 149.7+7.4 150.6+9.1 108.3+7.4
MSLN17 80.7+2.8 83.6+3.8 172.3+3.7 248.5+14.6 214.2+3.7 207.1+14.6
MSLN18 76.7+2.3 79.3%2.1 206.4+5.6 213.4+10.1 180.1+5.6 172.0£10.1
MSLN19 73.1+4.3 75.3+4.5 112.3+4.2 134.8+5.7 274.2+4.2 93.4+5.7
MSLN20 69.4+1.6 68.9+1.8 154.9+3.3 76.3+4.2 231.6+3.3 34.9+4.2
MSLN21 79.2+1.7 81.4+5.3 100.6+4.7 203.6+11.8 285.9+4.7 162.2+11.8
MSLN22 62.7+3.3 57.1+3.7 229.6%8.5 81.4+3.9 156.9+8.5 40.0+3.9
MSLN23 70.4+2.9 72.4+2.9 186.7+6.3 179.1+£10.3 199.8+6.3 137.7£10.3
MSLN24 80.5+4.6 82.6+4.1 87.4+3.7 243.8+14.6 299.1+£3.7 202.4+14.6
MSLN25 71.3+2.5 66.5+2.7 224.3+7.6 151.7+8.4 162.2+7.6 110.3+8.4
MSLN26 75.6+1.3 77.4%3.6 162.4+5.4 263.2%+12.5 224.1+5.4 221.8+12.5
MSLN27 73.2+2.7 69.8+4.2 213.3%9.2 229.5+10.6 173.2+£9.2 188.1£10.6
MSLN28 65.5+1.1 71.8+3.4 182.745.5 106.3+7.2 203.8+5.5 64.9+7.2
MSLN29 66.3+2.4 63.4%5.1 251.5+10.6 70.9+3.8 135.0£10.6 29.5+3.8
MSLN30 73.9£3.5 74.7+2.9 206.2+8.7 193.4+11.4 180.3+8.7 152.0£11.4
MSLN31 63.2%3.1 53.4+3.7 280.9+11.4 90.1+3.9 105.6+11.4 48.7+3.9
MSLN32 65.8+2.4 69.1+1.8 223.4+9.5 163.3+8.5 163.1£9.5 121.948.5
MSLN33 80.3+2.9 76.2%+4.3 152.7+6.8 233.9+£12.7 233.8+6.8 192.5£12.7
MSLN34 71.2%£1.6 59.6+2.6 274.7x12.4 156.4+10.2 111.8+12.4 115.0£10.2
MSLN35 75.9+2.2 68.3+3.3 216.5+8.3 241.8+13.6 170.0+8.3 200.4+13.6
MSLN36 70.4+2.7 63.7+1.7 251.2+6.1 196.2+8.5 135.3%6.1 154.848.5

Results are presented as mean#SD forn =3
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Fig. 2: DSC spectra of MTF in pure form and in combinations with lipids and surfactants employed in this study

Table 3: Results of ANOVA test for the responses

Source Sum of squares Degrees of freedom mean square F-value p-value?
For AS (for linear model)
Model 1.12x105 4 27980.45 100.12 <0.0001
A 45104.05 1 45104.05 161.39 <0.0001
B 23761.36 1 23761.36 85.02 <0.0001
C 26238.60 1 26238.60 93.88 <0.0001
D 16817.77 1 16817.77 60.18 <0.0001
Residual 8663.79 31 279.48
Cor Total 1.21x10° 35
For AP (for 2-factorial interaction model)
Model 1.42x105 10 1.42x104 236.22 <0.0001
A 1.00x105 1 1.00x105 1667.25 <0.0001
B 34417.75 1 34417.75 573.50 <0.0001
C 2880.11 1 2880.11 47.99 <0.0001
D 3021.33 1 3021.33 50.34 <0.0001
AB 696.96 1 696.96 11.61 0.0022
AC 201.38 1 201.38 3.36 0.0789
AD 27.95 1 27.95 0.4657 0.5013
BC 180.76 1 180.76 3.01 0.0950
BD 3.42 1 3.42 0.0570 0.8132
CD 276.67 1 276.67 4.61 0.0417
Residual 1500.34 25 60.01
Cor Total 1.43x10° 35
Note: 2 the model terms with p-value<0.05 are significant
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Fig. 3: Predicted Vs. actual plots of the responses (a) AS, (b) AP

Experimental design validation

The SMSS analysis was carried out, and the results demonstrated
that the responses AS and AP were best fit with the factors by the

linear regression model and 2-factorial interaction model (2-FI),
respectively. These suggested models for each response were
validated using an ANOVA test for their significance [33]. The
ANOVA test results are presented in table 3. These findings
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demonstrated that both the models for the respective responses
were found to be significant at p<0.05. The predicted vs. actual plots
illustrated that all the data points were evenly spread across the 45
line as shown in fig. 3. Besides, the influences of all the factors on the
AS and AP were observed to be significant at p<0.05. These
validation parameters signified that the linear model for the AS and
the 2-FI model for the AP can be preceded for optimization.

DoE analysis of the responses
Impact sof the factors on AS

The solubility of pure MTF was determined as 386.5 mg/ml, and
those of the MSLNs are presented in table 2. The differences in the
solubility of the MSLNs from that of the pure MTF are presented as
AS. Influences of the factors A and B on the AS are illustrated in fig.
4(a). Upon increasing the level of the factor A, the solubility of MTF
was found to be decreased, and the AS was increased. This might be
because of the improved lipophilicity at higher concentrations of the
lipids, which might decrease the solubility of MTF [34]. In the
MSLNs, MTF was coated by the lipids owing to the mode of
incorporation of the drug and lipids in obtaining the W/0/W
emulsion. Hence, higher concentrations of the lipids might form
thicker coats over the MTF, and thus, a greater decrease in solubility
was observed. These findings were matched and justified with the
results published by Mirchandani et al. [35], who reported that
enhanced interaction of water-soluble drugs with high amounts of

Factor Coding: Actual AS (mg/ml)
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lipids could increase their partitioning into the lipid phase owing to
the increased lipophilicity. As the factor B level is enhanced, the AS
was found to be decreased, which a meant smaller drop in the
solubility of MTF. This means the decrease in solubility of MTF due
to the lipids is controlled by the surfactants and hence smaller AS
values are observed. For example, three of the formulations, MSLN1,
MSLN2, and MSLN3, contain the same amount of 200 mg TS for 1 g of
MTF, but the surfactant UDC was present at 7.6, 50.0, and92.4 mg,
respectively. In the case of the MSLN1, the solubility was dropped to
76.4 mg/ml from 386.5 mg/ml of pure MTF with a AS of 310.1 mg/ml.
whereas AS of MSLN5 and MSLN9 were found to be 247.8 mg/ml and
238.7 mg/ml, respectively. An increase in the concentration of these
surfactants resulted in higher solubilities and smaller AS values at the
same concentration of lipid in the SLNs. This could be attributed to the
relatively hydrophilic nature of the surfactants employed, as the UDC
[36] and PLX-188 [37] have HLB values of more than 10 [38]. The
surfactants were incorporated in the MSLNs along with the lipids, and
hence these were also a part of the lipid coat over the drug. Hence, at
higher concentrations of the surfactants, the lipid coat might be
relatively more hydrophilic. So, the MSLNs with higher surfactant
concentration can have relatively more solubility, and hence the drop
in their solubility was lesser. Though the objective of the work is to
enhance lipophilicity, thereby increasing the permeability of MTF, the
solubility should not be greatly diminished. Therefore, surfactants like
UDC and PLX were incorporated to control the negative effect of the
lipids on the solubility of MTF.

Factor Coding: Actual Interaction
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Fig. 4: Depiction of influences of the factors on AS (a) Influences of the factors A and B by contour plot, (b) Influences of the factors C and D
by interaction plot
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Fig. 5: Depiction of influences of the factors on AP (a) Influences of the factors A and B by contour plot, (b) Influences of the factors C and D
by interaction plot

The influences of the categoric factors C and D are illustrated in fig.
4(b). Among the two types of lipids (Factor C), the AS was found to be
more in the case of TS than that in the case of GMS. TS reduced the
solubility of MTF more significantly than GMS did. TS is more lipophilic
owing to its three non-polar chains than the GMS with one non-polar

chain. Besides, the polar glyceryl groups in the GMS can decrease the
non-polarity of the lipid. Hence, the higher lipophilicity of TS caused a
greater drop in the solubility of MTF [39]. Among the two types of
surfactants (Factor D), the AS was found to be more in the case of UDC
than that in the case of PLX. Even though both surfactants are
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hydrophilic, PLX is more hydrophilic with an HLB of 29, than the UDC
with an HLB of 18 [37, 40]. Because PLX is more hydrophilic, the
MSLNs were able to dissolve in it more easily than when they were
mixed with UDC. Hence, the AS was smaller in the case of PLX.

Impacts of the factors on AP

The permeability of pure MTF was found to be 41.4 nm/sec, and those
of the MSLNs are presented in table 2. The differences in the
permeability of the MSLNs from that of the pure MTF are presented as
increases in permeability, AP. Influences of the factors A and B on the
AP are illustrated in fig. 5(a). Upon increasing the level of the Factor A,
the permeability of MTF was found to be increased and the AP was
increased. This might be because of the increased lipophilicity at
higher concentrations of the lipid, which resulted in increased
permeability of MTF [41]. As the biological membranes are lipophilic,
higher lipophilicity of drugs is required for higher permeability. TS and
GMS can enhance the lipophilicity of MTF, as these are present as a
layer over the MTF in the MSLNs. These findings were matched and
justified with the results published by Bhalekar et al., who obtained an
enhanced permeability of darunavir from 2.1x106 cm/s to 24x10©
cm/s upon development of SLNs [42]. As the Factor B level was
enhanced, it also resulted in an increase in the AP. This means the
permeability of MTF was also increased by the surfactants. This might
be because of the lower interfacial tension at higher surfactant
concentrations. After dissolving in the aqueous gastrointestinal (GI)
fluids, the drug shall partition into alipophilic membrane for
permeation. So, at the interface between the GI fluids and the
membrane, the interfacial tension plays a defining role in allowing the
drug molecules to permeate. Surfactants can reduce this interfacial
tension and enhance permeation through the biological membrane.
Thus, at higher concentrations of the surfactants, the drop in
interfacial tension would be more, which resulted in increased
permeability of MTF. These findings were matched and justified with
the results published by Aguilera-Garrido A et al. [43].

The impacts of the categoric factors C and D are illustrated in fig. 5(b).
Among the two types of lipids (Factor C), the AP was found to be more
in the case of TS than that in thecase of GMS. TS is more lipophilic
owing to its three non-polar chains than the GMS with one non-polar
chain. The higher lipophilicity of TS might cause a greater increase in
the permeability of MTF [44]. Due to the presence of hydrophilic
glyceryl units also, the lipophilicity imparted to MTF by the GMS would
be lower than that by the TS, and hence the AP was found to be lower
in MSLNs prepared with GMS. Among the two surfactants, the AP was
found to be more in the case of UDC than that in the case of PLX.
Among the two surfactants, UDC is less hydrophilic. UDC is one of the
bile acids, and it can cause active transport of the associated drug
through bile acid transport system. Bile acids can also cause apartial
breakdown of the membrane and inhibit p-glycoprotein. These
activities of bile acids together can improve the permeability of the
drugs associated with them. In addition to the surfactant nature, the
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bile acid nature of UDC might contribute to the permeability, and thus
the membrane permeability of MTF was found to be more from the
MSLNs made with UDC [37, 40].

Optimization of the MSLNs

Statistical optimization of the MSLNs formulation was carried out by
the desirability function approach. The desirability criteria were
taken in accordance with the main objective of the work, i. e,
enhancing the permeability of MTF without a greater decrease in
solubility. So, the criteria for the responses were considered as
minimizing the AS with an upper limit of 194 mg/ml (half of the
solubility of pure MTF) and maximizing the AP with a lower limit of
150 nm/sec (at least twice the permeability of pure MTF) such that
MTF from the MSLNs could be satisfying the BCS class I criteria. No
specific criteria were taken for the factors A, B, and C. But, for the
level of the factor D, UDC was preferred ahead of PLX considering
the multiple roles of the bile acids in enhancing permeability. The
result of optimization performed at these criteria is illustrated as an
overlay plot in fig. 6. The region in the yellow shade in the overlay
plot designates design space. More design space area was observed
with GMS when compared with that of TS as the type of factor C.
Other combinations with TS and UDC, TS and Poloxamer 188, and
GMS and Poloxamer 188 were also checked, but they resulted with
lesser desirability. Hence, the overplot with GMS and UDC was
generated, having maximum design space. Hence, the overlay plot,
taking GMS and UDC as the levels of the factors C and D, is
illustrated. MSLNs with AS less than 194 mg/ml and AP more than
150 nm/sec could be made from any mix of the factors in this area at
certain levels. One such combination of the factors as identified by
the software as the most desirable combination was chosen at
21.76% w/w of GMS and 7.73% w/w of UDC. The forecast results of
the AS and AP by the software were found to be 189.5 mg/ml and
168.6 nm/sec, respectively.

A new formulation of MSLNs at this specified combination of 21.76%
w/w of GMS as the lipid and 7.73% w/w of UDC as the surfactant was
prepared and characterized for solubility and permeability. The
solubility and permeability of MTF from these MSLNs were obtained
as 200.8 mg/ml and 213.7 nm/sec, respectively. Hence, the AS and AP
values of this formulation were 185.7 mg/ml and 172.3 nm/sec. These
obtained results were found to be matching the desirability criteria
and also correlated with the predicted values within 95% confidence
intervals. The literature showed that many researchers reported that a
drug is considered to be highly permeable if it has a permeability more
than 1.0x10° cm/sec as reported by Samineni R et al. [45]. As the
permeability of MTF from this formulation of MSLNs was obtained as
213.7 nm/sec i. e, 2.137x10° cm/sec, the MTF from this formulation
can be considered as highly permeable. Hence, this formulation of the
MSLNs was considered as the optimized formulation with high
permeability and yet having the desired solubility to be considered as
high soluble as per BCS.

Overlay Plot

AS: 194 AP: 150

A: Lipid Concn. (% w/w)

Fig. 6: Overlay plot depicting design space for the MSLNs formulation
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Fig. 7: Spectrum of particle size analysis of the optimized MSLNs

Fig. 8: TEM micrographs depicting surface morphology of the optimized MSLNs

Characterization of the optimized MSLNs

In addition to the solubility and permeability the optimized MSLNs
were also characterized for particle size, surface morphology, and in
vitro dissolution. Particle size was determined by using differential
light scattering technique and the obtained result is illustrated in fig.
7. The particle size was found to be 262.1 nm with a polydispersity
index (PDI) of 0.352. This relatively lower PDI indicated that the
MSLNs could exhibit good stability against sedimentation and also
less variability during scale-up. This optimized MSLNs were
produced in triplicate batches and the particle size results were
highly close to one another among the three batches. This size was
highly acceptable to recognize the product as nanoparticles. This
particle size can have additional advantages under in vivo conditions
like rapid dissolution and lymphatic absorption which can aid in
improved bioavailability. Surface morphology of the MSLNs was
studied by TEM analysis and the observed micrographs are
presented in fig. 8. These images illustrated that the MSLNs were
near to spherical shape and have a uniform texture.

The optimized MSLNs was subjected to dissolution testing in
comparison with pure MTF. The obtained data is presented as the

dissolution profiles in fig. 9. The findings of the dissolution test
conveyed that the dissolution of MTF from the optimized MSLN
was extended up to 12 min. from 9 min. in case of pure MTF. This
could be attributed to the presence of lipids in the MSLNs
formulation which might hinder the dissolution of MTF. This
further can be attributed to the decreased solubility of MTF from
the MSLNs. Even though, the dissolution was extended, still the
time required for complete dissolution of MTF was found to be 12
min. For a drug to be considered as very rapidly dissolving as per
the BCS, it should dissolve completely within 15 min. Hence, the
optimized MSLNs formulation could make the MTF very rapidly
dissolving in addition to make highly permeable [46]. Mixing by
vertexing followed by sonication were employed for preparation
of the MSLNs by the double emulsion technique. These techniques
are already well developed and established for large scale
manufacturing of emulsions. So, scale-up of the optimized MSLNs
may not be a challenge. Owing to the enough solubility, enhanced
permeability and high dissolution rate of this optimized MSLN
formulation, it can be translated into a viable product after
suitable in vivo bioavailability, pharmacokinetic and stability
studies.
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Fig. 9: Comparative dissolution profiles of MTF from pure drug and from the optimized MSLNs

CONCLUSION

This study was carried out with an objective of enhancing the
permeability-limited bioavailability of highly soluble drug MTF.
MSLNs with different lipids and surfactants including bile acid were
formulated. A QbD approach was used to design the formulation, to
analyze the influences of the formulation factors on the solubility
and permeability of the MSLNs and finally to optimize the
formulation. After optimization, an MSLNs formulation prepared by
taking GMS as lipid at 21.76 %w/w and UDC as the bile
acid/surfactant at 7.73 % w/w was the optimized formulation. This
formulation exhibited a solubility of 200.8 mg/ml, permeability of
2.14x105 cm/sec, particle size of 262.1 nm. The results of in vitro
dissolution in addition to the solubility, confirmed that the
formulation of MTF into MSLNs retained the high solubility and very
rapidly dissolving characteristics in spite of enhancing the
permeability. Hence, these optimized MSLNs can enhance the
permeation-limited bioavailability of MTF. The permeability was
enhanced with still maintaining the solubility under ‘high soluble’
category; this technology could be suitable to other BCS class III
drugs suffering from poor bioavailability and higher doses.
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