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Abstract

Sildenafil (SLD) is employed for the management of erectile dysfunction and pulmonary arterial hypertension. It exhibits
meagre water solubility and is available in the form of citrate salt hydrate to improve the solubility. However, it still exhibits
moderate solubility, high first-pass metabolism, resulting in very less oral bioavailability. The present study demonstrates
the preparation of self-nanoemulsifying drug delivery system for augmenting the oral bioavailability of SLD. Oleic acid and
Capmul MCM C8 blend (oil phase), Cremophor® RH40 (surfactant), and Labrafil® M 1944 CS (cosurfactant) were selected as
main constituents for making liquid preconcentrate based on the solubility and emulsification study. The preconcentrate upon
dilution and emulsification showed droplet size 52.03 + 13.03 nm, PDI 0.143 £0.028, and % transmittance was 99.77 + 1.86%
with SLD load of 40 mg/g of formulation. The prepared formulation was further assessed for stability, in vitro release, Caco-2
cell uptake, and in vivo pharmacokinetic performance. SLD-SNEDDS formulation was found to be robust in terms of stability
against several folds dilution in the gastrointestinal tract (GIT), freeze—thaw cycles, and had a storage stability of 3 months at
4 °C and 25 °C. SLD-SNEDDS showed ~4.7-fold and ~5-fold increase in time- and concentration-dependent cellular uptake
as against SLD cultured with Caco-2 cells. In vivo pharmacokinetic study revealed ~5.8- and ~2.5-fold increase in AUC,,_,

values in case of SLD-SNEDDS as against SLD suspension and SLD citrate solution, respectively.
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Introduction

Sildenafil (SLD) is a selective inhibitor of cyclic guano-
sine monophosphate (cGMP)-specific phosphodiesterase
(PDE-5) employed for management of angina pectoris and
hypertension [1, 2]. Recently, it is also utilized for manage-
ment of erectile dysfunction in elderly patients caused due
to a variety of reasons. SLD exhibits limited solubility with
high log P value and is classified as BCS class II drug [3].
It displays limited absorption, low absolute bioavailability,
and a delayed onset of action owing to its low water solu-
bility (~5-10 mg/L) [4, 5]. As a result, giving the drug in
a pre-solubilized form can improve its bioavailability. To
improve its solubility, SLD is available in the citrate salt
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hydrate form for oral use. However, sildenafil citrate (SLD-
C) also suffers from extensive first-pass metabolism and has
modest solubility (3.5 g/L). It is predominantly eliminated
through hepatic metabolism (CYP 3A4), with only 40% oral
bioavailability [4, 6]. It shows a comparatively slow onset
and brief period of action, with terminal half-life of 3-5 h.
Therefore, to maintain drug plasma levels, repeated doses
are needed and this leads to various gastrointestinal side
effects like burning sensation and dyspepsia [7]. Further,
SLD-C exhibits bitter taste, and therefore, film coated tab-
lets with artificial sweeteners are available commercially
[8]. Despite the fact that this groundbreaking drug has
been in the spotlight for over a decade, comparatively less
research on its solubility and pharmacokinetics has been
reported. Hence, designing a suitable formulation is a pre-
requisite to boost the oral bioavailability of SLD by address-
ing the aforementioned issues.

For BCS class II and class IV drugs, the self-nanoemulsifying
drug delivery system (SNEDDS) is an important delivery
approach [9-11]. SNEDDS has attracted the attention of for-
mulation scientists aiming to augment the oral bioavailability
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of poorly water-soluble drugs. SNEDDS is an isotropic blend
of natural or synthetic oil, surfactants, and cosurfactants that
forms a nanoemulsion (globule size range of 100 nm) with gen-
tle agitation provided by the gastrointestinal tract’s digestive
motility (GIT). It has a variety of distinct features, including a
high solubilization capacity due to the large surface area avail-
able for contact between the formulation and the gastrointestinal
fluid. It also aids penetration through the GI barrier, inhibits drug
precipitation after dilution in the intestine, and protects the drug
from chemical and enzymatic breakdown [12, 13]. SNEDDS
have shown potential to enhance oral bioavailability of drugs
by promoting lymphatic transport, thereby, evading hepatic first-
pass metabolism [14—16]. SNEDDS have established potential
in reducing intra-enterocyte metabolism by cytochrome P450
enzymes [17]. Also, the components employed to prepare
SNEDDS (e.g., Cremophor® RH 40) reportedly inhibit the
activity of metabolizing enzymes [18]. SNEDDS seems to be
most promising as it holds advantages like enhanced physi-
cal and/or chemical stability; prospect of delivering them into
unit dosage forms, such as soft/hard gelatin or hydroxypropyl
methylcellulose capsules (unlike ready-to-use nanoemulsion)
which overcomes the palatability-related issues [12]. Further, in
case of SNEDDS, the dosage volume can be limited to a maxi-
mum of 1 g of prepared liquid preconcentrate that soft gelatin
capsule can accommodate [19]. Thus, all these benefits warrant
their commercial feasibility and patient compliance.

Considering all these aspects, the present study aims
at developing SNEDDS for improving the oral bioavail-
ability and therapeutic potential of SLD. To support our
hypothesis, developed SLD-SNEDDS formulation was
characterized for their globule shape, PDI, and % trans-
mittance and extensively analyzed using various stud-
ies such as stability studies upon dilution in simulated
GI fluids, freeze—thaw cycle stability, storage stability,
in vitro performance, cellular uptake, and in vivo phar-
macokinetic study.

Materials and methods
Materials

Maisine™ 35-1, Peceol™, Capryol™ 90, and Labrafil®
M1944 CS were purchased from Gattefosse, France. Captex®
355, Capmul® MCM EP, and Capmul® MCM C8 were
acquired from Abitech Corp., USA. Tween® 20 and Tween®
80 were acquired from SDFCL (Baroda, India, 390,007).
Propylene Glycol®, PEG-200%, and PEG-400® were pro-
cured from Hi-Media, (Mumbai, India). Cremophor® RHA40,
Cremophor® EL, and sildenafil citrate (SLD-C) were procured
from Sigma Aldrich (USA). SLD-C was converted to parent
API, SLD using previously reported method (data shown in
supplementary data) [20].
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Screening of oils

The solubility of SLD in various oils was tested by means of
shake flask method. Each vial containing 500 mg of oil had
surplus quantity of drug added to it. The liquid was vortexed
for 10 min after sealing to achieve a homogeneous mixture.
To achieve equilibrium, the mixtures were shaken in a water
bath at 50 strokes/min for 72 h at 37 °C. The resulting mixtures
were then centrifuged for 10 min at 15,000 rpm. To extract the
drug from oil matrix, supernatant was diluted with 0.5 mL
ethyl acetate and 2 mL methanol. Mobile phase was used
to create final dilutions, which were then evaluated using a
validated HPLC method (CBM-20 A pump, SIL-20AC Auto
sampler with PDA detector). Waters Symmetry® C18 column
(4.6 250 mm, 5 m particle size) was used for chromatographic
separation. The HPLC analytical parameters were as follows:
mobile phase (ACN: ammonium acetate buffer, pH 7) at 55:45
ratio with a flow rate of 1 mL/min at 240 nm wavelength for
SLD.

Screening of surfactant and cosurfactant

Various surfactants were examined for their ability to form
emulsion. To obtain an isotropic mixture, a selected oil (com-
bination of oleic acid and Capmul MCM C8) (OACS) was
mixed with an equal amount of several non-ionic surfactants
and vortexed for 10 min before heating at 40—45 °C for 5 min.
The final emulsion was made by diluting the homogeneous
mixtures (200 mg) with 50 mL deionized water. The formed
emulsion was left undisturbed for 2 h. Zetasizer (Malvern
Instrument, UK) was employed to quantify the size and PDI,
and a UV Spectrophotometer (Bio-TEK, USA) was utilized to
determine the % transmittance of the emulsion at 638 nm. The
% transmittance (T) was calculated using formula,

A=2—log%T

Similarly, numerous cosurfactants were evaluated for their
effect on emulsion forming capacity using the same procedure.
Different cosurfactants were tested with a selected oil, and
surfactant and their particle size, PDI, and percent transmit-
tance were measured. Various surfactants and cosurfactants
were also examined for solubility tests because they have
the potential to affect the drug payload in the final SNEDDS
formulation.

Optimization of liquid SNEDDS formulation
through design of experiment (DOE)

Extreme vertices D-optimal mixture design was employed
to optimize SNEDDS of SLD. Different dependent vari-
ables (droplet size, PDI, and % transmittance) were opti-
mized by varying the fraction of three components (oil,
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surfactant, cosurfactant) in SNEDDS of SLD deemed as
the independent variables. The levels of three independ-
ent variables were chosen based on preliminary research
conducted before to implementing the experimental
design. The response surface methodology of three com-
ponent system was performed with the constraints 400 < A
(OAC8) <600; 250 < B (Cremophor® RH40) <500; 50 <C
(Labrafil) <300 of all independent variables. For the opti-
mization investigations, Design Expert® software (Version
9.1, stat-Ease Inc., Minneapolis, MN, USA) was used,
and contour plots of all three responses (size, PDI, and
% transmittance) were created. For each response, poly-
nomial equations were created. Based on a comparison of
numerous statistical metrics such as R?, sequential model
sum of squares, lack of fit, and partial sum of square pro-
vided by analysis of variance, the appropriate fitting model
for each response was selected (ANOVA).

Characterization of SNEDDS
Droplet size, polydispersity index, and { potential

The mean droplet size, polydispersity index (PDI), and zeta
potential of the resulting nanoemulsion were determined by
Zetasizer (Nano ZS, Malvern Instruments, UK). Zeta poten-
tial of nanoemulsion was determined both in the presence and
absence of SLD to investigate participation of SLD at interface.

Transmission electron microscopy

The morphology of nanoemulsion generated after dilution
of SNEDDS was analyzed by TEM [Morgagni, 268D (Fei
Electron Optics)] as per previous reports [21]. The detailed
procedure is provided in the supplementary information.

Stability studies
Stability in simulated gastric and simulated intestinal fluid

The simulated gastric fluid (SGF) (pH 1.2) and simulated
intestinal fluid (SIF) (pH 6.8) were used to examine the
stability of the developed SLD-SNEEDS as per previous
reports [21]. The detailed procedure is provided in the sup-
plementary information.

Robustness to dilution

The SNEDDS after administration will encounter different
degrees of dilution in GIT; therefore, they were assessed for
the robustness to dilution at different folds (200- to 800-fold)
with SGF (pH 1.2). About 50 mg of SLD-SNEDDS were

diluted with SGF at different folds then allowed to attain
equilibrium for 2 h and checked for visual change, globule
size, and PDI of the nanoemulsion.

Storage stability

Storage stability of SLD-SNEDDS was assessed for
3 months under different temperature conditions for storage.
SLD-SNEDDS formulation filled in glass vials was stored
at 4 °C and 25 °C for 3 months. After 3 months of storage,
the SLD-SNEDDS were examined for the spontaneity of
nanoemulsion formation, globule size, and size distribution.
Visual change in color and appearance of SNEDDS was also
observed.

Freeze-thawing cycle stability

The stability of SLD-SNEDDS at extreme temperatures was
tested for brief periods using an optimized formulation that
was subjected to freeze-thawing cycles. Three freeze—thaw
cycles were performed on the formulation, for e.g., freez-
ing at 0 °C for 24 h and then thawing at 40 °C for 24 h. The
particle size and PDI of the formulations were then assessed.

In vitro release, cellular uptake, and in vivo
pharmacokinetics

The dialysis bag method employing cellulose membrane
(14 kDa, Sigma Aldrich) was employed to assess the
in vitro release profile of SLD-SNEDDS as per previous
reports [21]. The detailed procedure is provided in the sup-
plementary information. Further, the Caco-2 cell line was
used for in vitro cell culture investigations. The Caco-2
cells were acquired from National Centre for Cell Science
(NCCS), Pune, India. The cells were cultured and main-
tained as per our earlier reports [22]. The qualitative and
quantitative uptake of the optimized formulation was eval-
uated using Caco-2 cells as per our previous reports [23,
24]. The detailed procedure for qualitative and quantitative
uptake study is provided in the supplementary information.
Furthermore, the animal studies were performed on male
Sprague Dawley (SD) rats as per previously reported proto-
col [23, 24]. All the study protocols were duly approved by
Institutional Animal Ethics Committee of NIPER, Mohali,
India (Approval number: IAEC/17/72) before the start of
the study. The detailed procedure is provided in the sup-
plementary information.

Statistical analysis

All the results were expressed as mean + standard deviation
(SD). Graph Pad Prism® (version 5.01) was used to conduct
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the statistical analysis, which included two-way ANOVA
and Bonferroni tests. P <0.05 was considered as statistically
significant difference.

Results

Preparation of SLD-SNEDDS

Selection of oil

The solubility of SLD in numerous oils is shown in
Fig. 1A. Oleic acid showed maximum solubility for SLD

(131.2 mg/g) followed by Capryol® 90 (32.26 mg/g)
and Peceol™ (28.18 mg/g). Thus, for the preparation of

SLD-SNEDDS with high drug loading, oleic acid was
selected and used for further studies.

Selection of surfactants and cosurfactants

Based on solubility tests, oleic acid was preferred as the oil
for SLD. Droplet size, PDI, and % transmittance were used to
screen several surfactants and their capacity to emulsify the
chosen oil. Practically, oleic acid was not completely emulsi-
fied by any of the surfactants. Thus, to improve the emulsi-
fication, oleic acid was blended with Capmul MCM C8 (in
ratio of 40:60). As shown in Table 1, Cremophor® RH40
had good emulsification ability to emulsify oleic acid and
Capmul MCM C8 blend (OACS). After taking into account
the droplet size, PDI, and % transmittance, Cremophor®
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Fig. 1 Solubility of SLD in A oils, B surfactants, and C cosurfactants
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Table 1~ Assessment Of, . Surfactant Droplet size PDI % Transmittance Emulsification
surfacFants based on ability to (nm) ability
emulsify OACS

Cremophor® EL 268+21 0.415+0.091 77.80+9.66 Poor

Cremophor® RH40 128 + 09 0.325 +0.061 89.67 +2.18 Good

Tween 20 15011 0.362+0.073 80.51+5.40 Poor

Tween 80 178+12 0.381+0.119 78.31+8.22 Poor

Acconon CCG 1225+52 0.928 +0.093 25.85+1.33 Poor

Acconon CC6 857+45 0.888+0.117 32.46+1.35 Poor

Values are expressed as mean=+SD (n=3)
Table2 Assessment of . Cosurfactant Droplet size PDI % Transmittance Emulsification
cosurfac?ants based on %blhty (nm) ability
to emulsify Cremophor™ RH40
and OAC8 Labrasol 168+ 10 0.3010.082 91.80+2.55 Poor

Labrafil M1944CS 62+ 09 0.150 £ 0.061 98.52+0.45 Excellent

Plurol® Oleique 169+13 0.451+0.154 79.15+£2.48 Poor

PEG 200 130+09 0.280+£0.135 83.38+3.20 Good

PEG 400 133+10 0.382+0.085 81.85+1.34 Poor

Ethanol 111+£15 0.281+0.078 88.26+1.45 Good

Values are expressed as mean=+SD (n=3)

RH 40 was chosen as the surfactant for OACS. Further, dif-
ferent cosurfactants were also screened with selected sur-
factant and oil as shown in Table 2. Cosurfactants are usu-
ally employed to increase the spontaneity of nanoemulsion
formation. Labrafil M1944CS showed best results among
all cosurfactants with suitable droplet size < 100 nm, PDI,
and % transmittance. Labrafil M1944CS demonstrated good
solubility as well as emulsification ability and was finalized
as a cosurfactant and evaluated for further studies.

Optimization of SNEDDS formulation through DOE

The design employed to optimize the final formulation of
SLD was extreme vertices mixture design. Three compo-
nents employed in this study, which were also referred as
independent variables, were concentration of oil, surfactant,
and cosurfactant. An upper and lower limit of these compo-
nents was determined from preliminary studies. The droplet
size, PDI, and % transmittance were considered as response
factors or dependent variables. Tables S1 and S2 show the
responses of 16 SLD-SNEDDS batches and their statistical
analysis. The responses were fitted into several polynomial
models separately, and the model with the highest R was
chosen as the fitting model. The design constraints were
decided on the basis of preliminary study and are depicted
in Table 3.

Furthermore, a specific SNEDDS composition was
optimized based on desirability criteria. The desirabil-
ity was to obtain globule size within range of nanoemul-
sion after dilution of SNEDDS with minimum PDI and

maximum % transmittance. A constant amount of SLD
40 mg was added to each composition. The desirability
graph was plotted (shown in Fig. 2A), and desirability
was found to be 0.935. The SNEDDS containing OACS8
oil, Cremophor® RH 40, and Labrafil M1944CS in the
ratio 403:384:213 was chosen as the optimized formu-
lation, depending on the desirability value. Polynomial
equations were employed to predict the data of these
responses and expected responses were found to be droplet
size 52.03+13.03 nm, PDI 0.143 +0.028, and % transmit-
tance 99.77 + 1.86%.

Equations 1, 2, and 3 are polynomial equation for droplet
size, PDI, and % transmittance, respectively.

Droplet size = +192.4888 « A — 116.960 « B +89.917 x« C (1)

PDI =+42.778 * A +4.541 * B+ 1352 % C—12.201 (2)
* AxB—-3424 %A%« C—-8.135%«B % C
= +5.825 « A —25.473 « B + 735.331 « C+ (3)

420.320 = A * B —1662.755 * A % C—
1933.395 % B % C +5653.648 + A % B x C

% Transmittance

(Where A is concentration of OACS, B is concentration of
Cremophor® RH40, and C is concentration of Labrafil M1944CS)

Table 3 Upper and lower range of independent variables

Low < Constraints < High
400 < Amount of oil < 600
250 < Surfactant < 500
50 < Cosurfactant < 300
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Fig.2 Contour plot revealing the effect of different independent variables on dependent variables like desirability, size, PDI, and % transmit-
tance for formulation optimization of SNEDDS
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Fig.3 TEM image of nanoemulsion droplets formed by dilution of
SNEDDS

Characterization of nanoemulsion
Droplet size and zeta potential analysis
The optimized formulation displayed a droplet size of
57.44 +6.45 nm with a PDI of 0.130+0.026 and % transmit-
tance was 99.04 +0.015%. The zeta potential was found to

be —23.4+4.33 mV and —22.4+5.13 mV in the absence or
presence of SLD, respectively.

Transmission electron microscopy (TEM)

Figure 3 demonstrates the morphology of nanoemulsion
globules formed after the dilution of SNEDDS. Figure 3
shows that all droplets were spherical in shape and distrib-
uted uniformly across the dispersion.

Stability studies

Effect of SGF and SIF

The stability of SLD-SNEDDS in simulated gastrointestinal
fluids was assessed depending on size and PDI after 2 h and

Table 5 Effect of dilution on the droplet size and PDI of SLD-
SNEDDS

Dilution Initial After 2 h
folds -

Size (nm) PDI Size PDI
200 59.21+9.13 0.132+0.08 63.87+3.57 0.242+0.037
400 68.89+4.56 0.260+0.04 76.20+3.45 0.292+0.017
600 64.17+4.04 0.169+0.01 79.43+6.43 0.120+0.016
800 71.09+5.75 0.312+£0.05 76.42+4.28 0.185+0.023

Data are expressed as mean +S.D. (n=3)

6 h, respectively. SLD-SNEDDS had shown insignificant
difference (P> 0.05) in the droplet size and PDI value of
formed emulsion post dilution with SGF and SIF as depicted
in Table 4.

Robustness to dilution

The influence of different folds of dilution (200 to 800
folds) with SGF (pH 1.2) on SLD-SNEDDS size and PDI
is depicted in Table 5. The nanoemulsion developed from
dilution of SLD-SNEDDS was robust after dilution up to
many folds and showed no indication of phase separation or
precipitation of drug.

Storage stability

The results of storage stability at 4 °C and 25 °C for
3 months are illustrated in Table 6. The important quality

attributes, i.e., particle size and PDI, were not affected in
case of SLD-SNEDDS.

Freeze-thawing cycle stability

The quality attributes (droplet size and PDI) achieved after
dilution of SNEDDS are shown in Table 7. The important
quality attributes, i.e., droplet size and PDI of nanoemulsion
obtained following three successive freeze/thaw cycles, were
unaltered. Furthermore, during freezing process, no sig-
nificant signs of solidification, drug precipitation, or phase
separation were detected; nevertheless, a modest decline in

Table 4 Stability of SLD-

SNEDDS in simulated GI fluids~  c0um Initial After 2h
Size (nm) PDI Size (nm) PDI
SGF 58.44+6.45 0.142+0.056 59.27+13.49 0.182+0.041
Medium Initial After 6 h
Size PDI Size (nm) PDI
SIF 60.71+3.28 nm 0.187+0.036 62.27+13.49 0.242+0.061

Data are expressed as mean+S.D. (n=3)
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Table 6 Storage stability studies 4°C 25 °C
Time Size (nm) PDI Size (nm) PDI
Initial 58.44+6.45 0.145+0.032 57.94+5.57 0.142+0.037
After 15 days 59.71+6.03 0.239+0.024 61.20+3.45 0.292+0.017
After 30 days 63.74+2.16 0.181+0.042 60.43+6.43 0.120+0.016
After 60 days 65.82+4.01 0.198+0.015 68.42+4.28 0.185+0.023
After 90 days 68.44 +6.45 0.130+0.026 74.44 +£5.69 0.381+0.063

Data are expressed as mean+S.D. (n=3)

flowability was observed, which was normal when reinstated
to room temperature [23].

In vitro release studies

The in vitro release profile of SLD formulations in simulated
GI fluids is depicted in Fig. 4. SLD-SNEDDS formulation
initially showed more than 50% of drug release within first
2 h which increased to 75% in next 2 h, i.e., in SIF. After 4 h,
SLD-SNEDDS formulation showed sustained drug release
with about 85% release in 24 h. In contrast, entire drug was
released within 4 h in case of free SLD.

Caco-2 cell culture experiments
Qualitative cell uptake

The CLSM images of Caco-2 cells treated with free Cou-
marin 6 (C-6) and C-6 loaded SNEDDS for 3 h are shown
in Figs. SA, B. When Caco-2 cells were incubated with C-6
loaded SNEDDS, the fluorescence was significantly higher
[Fig. 5B (a)] than when they were incubated with free C-6
[Fig. 5A (a)], indicating that C-6 SNEDDS is efficiently inter-
nalized by Caco-2 cells. Furthermore, when incubated with
SNEDDS, horizontal series line analysis revealed higher green
intensity signals that were overlapped with white line vibra-
tions (due to cellular structures) [Fig. 5B (d and e)]. This indi-
cated that the fluorescence observed could be attributed to the
C-6 which was internalized. Further, the overlapping indicated
that the fluorescence observed was not because of the residual
C-6 in the medium or the well plate [Fig. 5B (d and e)].

Table 7 Effect of freeze—thaw cycles resulting after dilution of SLD-
SNEDDS

Freeze/thaw cycle Droplet size (nm) PDI

Initial 59.44 +6.45 0.152+0.026
First 57.54+4.51 0.182+0.054
Second 68.75+9.11 0.212+0.091
Third 64.12+8.75 0.164 +0.062

Data are expressed as mean+S.D. (n=3)

@ Springer

Quantitative cell uptake

Figures 6A, B show the time- and concentration-depend-
ent apical cell absorption of SLD and SLD-SNEDDS
via Caco-2 cell monolayers. In comparison to free SLD,
SLD-SNEDDS had a considerably higher cellular uptake
(P <0.05) in this study. Furthermore, extending the incu-
bation duration from 0.5 to 2 h resulted in an increase in
cellular absorption, while increasing the incubation time
from 2 to 3 h resulted in no significant change in uptake.
After 2 h, the % cell uptake was 15.75% and 74.2% for
free SLD and SLD-SNEDDS respectively at concentra-
tion 20 ug/mL. In a time-dependent study, SLD-SNEDDS
was found to have a ~ 4.7-fold greater cellular uptake than
free SLD. Increasing the concentration of SLD from 10 to
30 pg/mL, on the other hand, resulted in a concentration-
dependent increase in cellular uptake. In concentration-
dependent study, ~5-fold increase (at 30 pg/mL) in % SLD
cellular uptake from SLD-SNEDDS was observed with
respect to free SLD.

120
100+
80+

60+

-o- SLD
40+ -# SLD-SNEDDS

% Cumulative release

20

0 10 20 30
Time (h)

Fig.4 In vitro release profile of SLD and SLD-SNEDDS in SGF
pH 1.2, SIF pH 6.8, and phosphate buffer pH 7.4. Each data point is
expressed as mean+SD (n=3)
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Fig.5 Uptake of A free C-6 and B C-6-SNEDDS by Caco-2 cells upon incubation at 1 pg/mL for 3 h where a nucleus stained by DAPI;
b uptake of C-6; ¢ overlap image of panels (a) and (b); d line analysis of the fluorescence; e zoomed overlap image of panels (a) and (b)
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Fig.6 A Time- and B concentration-dependent uptake of SLD and SLD-SNEDDS by Caco-2 cells. Each data point is expressed as mean + SD
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Fig.7 Pharmacokinetics profile after single oral administration of
SLD-SNEDDS, SLD suspension, and SLD-C solution. Each data
point is expressed as mean+SD (n=5)

In vivo pharmacokinetic study

The mean plasma-concentration versus time profile
upon oral administration of the SLD, SLD-C, and SLD-
SNEDDS is shown in Fig. 7. The corresponding mean
pharmacokinetic parameters are presented in Table 8. It
was observed that SLD-SNEDDS showed ~3.4- and ~1.29-
fold increment in C,,, as compared to SLD and SLD-C.
Furthermore, ~5.8- and ~2.5-fold increase in AUC,,_, value
was observed in case of SLD-SNEDDS as compared to
SLD and SLD-C. The half-life of SLD-SNEDDS was 1.46-
and 1.29-fold higher than SLD and SLD-C, respectively.

Discussion

The current report deals with the development of SNEDDS
for SLD to enhance its oral bioavailability. Initially, the
SLD-C was used as a drug to develop its SNEDDS formula-
tion. However, in later stages of experimentation due to the
poor solubility in oily components, poor emulsification of
selected oil component, and low drug loading (8.70 mg/g)
in SNEDDS, SLD-C was converted into its base form and

used for further research. The conversion of sildenafil cit-
rate to sildenafil base (SB) was confirmed from IR spectrum
of both compounds as shown in Fig. S1. A strong band at
1582 cm™! in the spectrum of sildenafil citrate is attributed
to the symmetric stretching frequency of COOH groups
belonging to citrate-ion. It disappears in the spectrum of
SB giving rise to a weak band at 1580 cm™! which may
correspond to the overlapped stretching frequency of N-H
group. The enlargement of the C—H and N-H stretching
vibration bands in the region 2700-3600 cm™" is usually
due to the presence of numerous hydrogen bonds in the
citrate complex which are practically absent in sildena-
fil base. Further, SLD demonstrated higher solubility in
various oils, surfactants, and cosurfactants as compared
to SLD-C. This higher solubility in vehicles could be a
result of lipophilic and semi-crystalline nature of SLD as
compared to citrate salt [20, 25]. Oleic acid was selected
as an oil phase, as SLD showed higher solubility in oleic
acid. Because of the low emulsification of oleic acid by
most of the surfactants and cosurfactants, oleic acid was
blended with Capmul MCM C8 which had a low solubiliz-
ing power for SLD but possessed good emulsion forming
ability [26, 27]. Oleic acid was blended with Capmul MCM
C8 in a ratio of 40:60. Cremophor® RH 40 was selected
as surfactant because it showed the higher emulsification
ability than other surfactants [28]. Cosurfactants play an
important role to enhance the emulsification ability of sur-
factants [29]. The droplet size of emulsion formed with
Cremophor® RH40 was more than 100 nm and PDI was
also more than 0.25. Therefore, to improve the emulsifica-
tion capability of Cremophor® RH40 and to decrease the
droplet size and PDI of the emulsion, Labrafil M1944CS
was selected as a cosurfactant. Using Labrafil M1944CS
as a cosurfactant for Cremophor® RH40 had a favorable
impact on both the droplet size and PDI of the formulation
which were reduced to < 100 nm and < 0.150, respectively.
The final formulation of SLD-SNEDDS was optimized
using Design Expert® software. There were two types of
variables known as independent and dependent variables.
Here the independent variables were proportion of oil,
surfactant, and cosurfactant and dependent variables were
droplet size, PDI, and % transmittance of the nanoemul-
sion. A methodological optimization of various dependent

Table 8 Pharmacokinetics

) ’ Parameters SLD SLD-C SLD-SNEDDS

parameter obtained after single

Orzl gggiféi;t]r;ggns O(fs (S)LDv/ EC) Cnax (ng/mL) 400.98 +52.25 1068.65 +31.20 1378.92£42.32

an - mg/kg

in female SD rats Tonax () 1.00 1.00 1.00
AUC,_,, (ng/mL*h) 1808.13+79.43 4258 +45.12 10,619.49+91.35
MRT (h) 4.53+0.54 4.90+0.27 6.21+3.12
Ty, (h) 2.30+0.96 2.60+1.32 3.36+3.13

Values are expressed as mean=+SD (n=15)
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variables was accomplished by changing the percentage of
ternary phase components in water which was deemed as
independent variable. Final concentration of was optimized
by Design Expert®. The final composition of the optimized
SNEDDS (OACS; 403.8 mg, Cremophor® RH40; 383.3 mg,
and Labrafil M1944CS; 212.9 mg) when diluted with deion-
ized water portrayed encouraging results in form of nano
range droplet size (57.44 +6.45 nm), PDI (0.130+0.026),
and % transmittance (99.04 +0.015). Since SLD showed
very good solubility in oleic acid, the drug loading capac-
ity was also improved and the final optimized formula of
SLD-SNEDDS contained 40 mg drug per gram of liquid
SNEDDS. The optimized formulation was then subjected
to reconstitution to finally ensure that the nanoemulsion
formed after dilution of SNEDDS has desired droplet size
and PDI. The formed nanoemulsion was further character-
ized for morphology using TEM. The photographs obtained
by TEM revealed that all droplets formed after dilution pos-
sess were spherical shape and nanometric size and were
uniformly dispersed in water, confirming the formation of
nanoemulsion after dilution. Following that, the stability
of SNEDDS was evaluated in terms of dilution resistance,
freeze—thaw stability, and long-term storage stability. When
SNEDDS is taken orally, it is subjected to different degrees
of dilution in various sections of the GIT. As a result, the
resistance of the chosen composition to different degrees of
dilution and different pH conditions had to be assessed. The
developed SNEDDS formulation was stable and resilient to
all dilutions and pH conditions, as shown in Tables 4 and 5.
The SNEDDS were also exposed to freeze—thaw cycle study
to check whether the final formulation is stable at extreme
temperature conditions and that it can withstand extreme
temperature variations. The formulation’s freeze—thaw sta-
bility was tested using three freeze—thaw cycles, and the
appearance, self-emulsifying ability, droplet size, and PDI
of the resulting emulsion remained unchanged. Moreover,
during storage time, the formulation showed no phase sepa-
ration or drug precipitation [30]. In vitro drug release study
for SLD-SNEDDS and SLD was performed in presence of
SGF (pH 1.2), SIF (pH 6.8), and phosphate buffer (pH 7.4)
for 24 h using dialysis membrane of 14 kD. The SGF and
SIF were used to mimic the physiological conditions. The
SNEDDS formulation demonstrated a release of 85% over
24 h while, in case of free drug, almost 100% release took
place over period of 4 h. This could be attributed to the
fact that SLD is an ampholyte and possesses pH-dependent
solubility. However, the sustained release of drug from
SNEDDS could be due to the formation of micelles that
encapsulate the SLD inside, with subsequent hindrance
in SLD release or having larger globule size which could
not penetrate the dialysis membrane thus slowing release.
Other factors that influence drug release properties include
the oil-water partition coefficient, phase volume ratio,

dispersed phase droplet size, drug distribution in various
phases of the system, potential interaction between excipi-
ents and drug, and the rate of drug diffusion in both phases
of the system [30, 31].

The Caco-2 cell culture model has long been considered
as a gold standard for assessing drug’s transepithelial trans-
port and pre-systemic metabolism. In vitro Caco-2 cell uptake
assays were used to assess the developed SNEDDS formula-
tion’s oral transport capability across the GI membrane [30].
CLSM images revealed a much greater qualitative uptake of
C-6 nanoemulsion as against free C-6. The validity of these
findings was subsequently confirmed using horizontal line
series analysis. A concentration- and time-dependent quan-
titative cellular uptake study was conducted to better under-
stand the SLD’s cellular uptake efficiency through SNEDDS.
The time- and concentration-dependent quantitative cellular
uptake of SLD-SNEDDS also showed considerable uptake,
which was found to be consistent with qualitative uptake stud-
ies [30]. In vivo pharmacokinetic study was performed to see
if the SNEDDS formulation may augment SLD absorption
following oral administration. In vivo pharmacokinetics cor-
roborated the optimistic results of Caco-2 cell uptake experi-
ments, revealing a considerable improvement in bioavailability
of SLD-SNEDDS, with a~5.8- and ~2.5-fold increase in AUC
0-00 Value in comparison to SLD and SLD-C, respectively. It
can be attributed to the fact that SLD is a BCS class II drug
having low water solubility and high first-pass metabolism,
and the development of SNEDDS of SLD improved not only
its solubility but also tissue permeability. Also, rather than the
physicochemical properties of the drug molecules, the features
of the nanocarriers influence the pharmacokinetic properties of
drugs when delivered in nano formulation. Upon oral admin-
istration, SLD loaded SNEDDS instantaneously emulsify in
GI tract and result in the formation of drug loaded micellar
structures, which overcome the barrier of solubility limited
absorption. Further, chylomicrons aid SNEDDS absorp-
tion by releasing entrapped drugs into lymph vessels rather
than directly emptying into the central compartment, thereby
limiting their hepatic first-pass metabolism and, as a result,
boosting oral bioavailability [32, 33]. Furthermore, the pres-
ence of surfactant and cosurfactants in SNEDDS was linked
to increased permeability and augmented absorption through
the intestinal wall. Thus, in comparison to SLD suspension and
SLD-C, the AUC,,_, C,,.« value, and MRT values showed that
SLD-SNEDDS had a superior in vivo pharmacokinetic profile.

Conclusion
The SNEDDS was optimized and developed for oral deliv-

ery of SLD in the current study. The resulting formulation
had better gastrointestinal and storage stability, as well as
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increased cellular absorption. In addition, when compared to
free SLD and SLD-C, in vivo pharmacokinetic experiments
revealed that the proposed formulation had a higher bioavail-
ability. The findings suggest that current SNEDDS formu-
lation could be a good delivery strategy for poorly soluble
drugs and drugs with a high pre-systemic metabolism. In
addition, this formulation provides significant advantages,
which include high industrial adaptability and consider-
ably lower scalability constraints. The conversion of the
SNEDDS formulation into solid dosage form could be fur-
ther line of action to boost the stability of delivery system.
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