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5-Fluorouracil (5-FU) is a drug of choice for colorectal-cancer. But oral therapeutic efficacy of 5-FU is
restricted due to their very little bioavailability because of poor membrane permeability and GIT-
absorption. We have developed a multiple nanoemulsion (w/o/w i.e. 5-FU-MNE) in which 5-FU incorpo-
rated to improve their oral-absorption. Globule-size of opt-5-FU-MNE was 51.64 + 2.61 nm with PDI and
ZP 0.101 £0.001 and —5.59 + 0.94, respectively. In vitro 5-FU-release and ex vivo permeation studies
exhibited 99.71% release and 83.64% of 5-FU from opt-nanoformulation. Cytotoxic in vitro studies-
exhibited that 5-FU in opt-5-FU-MNE was 5-times more potent than 5-FU-S on human-colon-cancer-
cell-lines (HT-29). The enhanced C,,,.x with AUCy_g,, with opt-5-FU-MNE was shown extremely significant
(p<0.001) in wistar rat’s plasma in the comparison of oral and i.v. treated group of 5-FU-S by PK-
observations. Furthermore, opt-5-FU-MNE was showed much more significant (p < 0.001) results as com-
pared to 5-FU-S (free) on cell lines for human colon cancer (HT-29).
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1. Introduction

Colorectal-cancer (CRC) is a very important reason of morbidity
and mortality all over the world (WHO, 2002). CRC is 9% happened
of total types of cancer occurrence (World Cancer Research, 2007;
Boyle et al., 2000). CRC is 3rd most frequent cancer globally and
4th most regular reason of death. In 2002, CRC have seen over on
1 million fresh peoples that approximately influenced uniformly
on both gender (men and women), this year for which interna-
tional evaluates have been presented the data (WHO, 2002;
Boyle et al., 2005; Parkin et al., 2006; Ferlay et al., 2004). 5-FU is
a drug of choice in the treatment of all kinds of cancers (Youssof
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et al., 2019). 5-FU is a drug that showed a wide range of effect
against solid-tumors e.g. pancreas, liver, breast, Gl-tract, brain,
and ovary. 5-FU can be utilized single or taken as with additional
chemotherapy treatments. 5-FU inhibits thymidylate synthase as
a result it produces interference in the nucleoside metabolism of
DNA and RNA which is the main cause of 5-FU cytotoxicity of
cancerous cells (Youssof et al., 2019; Arias et al., 2008). Therefore,
5-FU is a most famous cytotoxic medicine in the classification of
anticancer drugs i.e. antimetabolite which is suggested for the
treatment of different kinds of cancers, and solid tumors like ovar-
ian, breast and colorectal tumor (Alanazi et al., 2015; Rossella et al.,
2005; Dong et al., 2013). 5-FU is an III class of BCS category drug
that showed good water solubility and poor permeability i.e.
hydrophilic drug having 12.20 mg ml~'. 5-FU exhibited a problem
with non-optimum pharmacokinetic profile via oral delivery. Thus,
it is given through IV administration in which maintenance of 5-FU
concentration in the blood is still little because of its fast metabo-
lism (Presant et al., 2002; Longley et al., 2003). Now a days, a novel
drug delivery system i.e. nanoemulsions are taken as a trans-
porter/carrier vehicle for the encapsulation of drug. Nanoemul-
sions are the novel carriers that showed stability in terms of
thermodynamically, containing mixture of oils, surfactant/co-
surfactants, and water (Ahmad et al., 2018a & 2019).
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A latest novel nanocarrier approach i.e. a double or multiple (w/
o/w i.e. water/oil/water) nanoemulsions are the systems contain-
ing dispersions of minute water droplets inside bigger oil droplets
followed by the whole (w/o0) dispersed in an outer surface water-
phase by the support of surfactants (Shakeel et al., 2014; Hanson
et al., 2008; Zhao et al., 2011). This is not a easy formulation to pre-
pare due to it contains <100.0 nm globule size of external and
internal phases for double nanoemulsions (Garti, 1997;
Loscertales et al., 2002; Udata et al., 2005). In last few years, a novel
approach comes in the form of SNEDDS (i.e. self-nanoemulsifying-
drug-delivery-systems) was examined for the delivery of lipophilic
drugs to improve their solubility or dissolution property (in vitro)
in addition to bioavailability (in vivo) (Udata et al., 2005; Shakeel
et al,, 2013). It is not an easy task to prepare hydrophilic drugs
for oral delivery e.g. hydrophilic anticancer drugs or proteins to
encapsulate in the SNEDDS. SNEDDS should contain aqueous phase
as an external phase for the dilution in the GI fluids without any
precipitation of drug or phase separation. We can formulate the
w/o nanoemulsions for Hydrophilic drugs to entrapped in the
internal phase i.e. water. If we will give w/o nanoemulsions orally
that produces precipitation of drug or phase separation due to oil
taken as an external phase. Thus, it is a very huge challenge to give
hydrophilic drugs via oral route as in SNEDDS form. The nanoemul-
sions (w/o/w, double) have given us solution for this problem as
compare to oral nanoemulsions or SNEDDS or microemulsions.
We can entrap these hydrophilic drugs inside water-in-oil
nanoemulsions after that it can disperse finally into the external
water phase by the use of surfactants. On the basis of reported lit-
erature, it is not an easy-task to formulate nanoemulsions (w/o/w)
that it contains <100.0 nm globule sizes of external and internal
phases via spontaneous emulsification methods (Hanson et al.,
2008; Zhao et al., 2011; Garti, 1997). It was successfully formulated
and characterized before by the use of surfactant as single-
component block copolypeptides via high technique of energy
emulsification (Hanson et al., 2008). This is a first-time design to
deliver a drug in the form double nanoemulsion via oral route. In
addition to, the main difficulty is the use of only one surfactant
in which the maximum ratio of hydrophilic to lipophilic remains
products that supports stabilization of oil droplets into the water.
Even so many nanoemulsions were examined as a nano-vehicles
of drug-delivery for oral (Thomas et al., 2012; Shanmugam et al.,
2011), dermal and transdermal (Ahmad et al., 2020) of various
lipophilic active constituents. For delivery of hydrophilic drugs in
the form of NEs/double-NEs as vehicles, we didn’t find any previ-
ous reported method. In some cases, multiple or double-w/o/w-
emulsions has been reported for the delivery of drugs via dermally
like DNAzymes and acyclovir (Schwarz et al., 2012; Schmidts et al.,
2011; Schmidts et al., 2012). 5-FU has characteristic hydrophilicity
that showed a wide range of effect against solid tumors e.g. pan-
creas, lungs, colon, neck, head, liver, breast, GI-tract, brain, and
ovary (Shah et al., 2011; Li et al., 2008; Yassin et al., 2010). Various
kinds of colloidal or dispersion carriers like niosomes (Cosco et al.,
2009), ethiosomes (Thomas et al., 2011), nanogels (Zhang et al.,
2012), nanoparticles (Ahmad et al., 2012; Lin et al, 2012),
microemulsions (Gupta et al., 2005; Yanyu et al., 2012; Shishu
et al., 2012), and microparticles (Ahmad et al., 2012; Lin et al,,
2012) was already used to enhance the solubility, strong-
delivery, and 5-FU-bioavailability. Based on the previously
reported information, multiple (w/o/w) nanoemulsions have a
good novel nano-approach as in the form of SNEDDS for 5-FU
delivery via oral administration. Double SNEDDS have various
advantages e.g. improvement of therapeutic effects, decrement of
adverse effects, reduction of oral-dose and enhancement in PK-
profile for 5-FU through oral delivery. Thus, the main purpose of
presented-research study was to develop a novel double or multi-
ple w/o/w SNEDDS of 5-FU, characterize, and also to assess the
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treatment of colorectal cancer. The proposed nanoformulation will
be formulated first time through easiest method like low energy
emulsification or spontaneous emulsification method. This 5-FU-
MNE (w/o/w) SNEDDS approach for oral chemotherapy will
increase a very good attraction and interest. In this way, the
patients will take the drug orally at their home that can be good
patient’s compliance and their quality of life avoiding uneasiness
of injections. Besides this, anticancerous drugs should be exposed
to a long time to the cancerous cells and maintained the drug
plasma concentration. In this way, we can enhance efficacy of 5-
FU and decrease their side effects as well as make easy the use of
5-FU as an anticancer drug for chronic treatment schedule as pro-
phylactics beside recurrence and metastasis.

Based on literature survey, it was reported many methods for 5-
FU plasma samples analysis. But the main drawbacks of these
reported methods have simultaneously developed with other
drugs at the same time that means not a single bioanalytical-
method for plasma analysis of 5-FU is available individually
(Remaud et al., 2005; Licea-Perez et al., 2009; Vainchtein et al.,
2010; Ganti et al., 2013; Peer et al., 2012; Bobin-Dubigeon et al.,
2013; Liu et al., 2010; Chen and Zhou, 2010; Biichel et al., 2013).
All of these reported methods have run time>5.0 min and all of
them have lack of research reports for quantification of 5-FU in
the plasma upto picogram-range. Because it is very important to
us for our opt-5-FU-multiple-NE needs a method to determine
drug concentration upto picogram level for PK-parameters evalua-
tions. We have developed and validated successfully of a new 5-
FU- UHPLC-ESI-triple-quadrupole-MS/MS method. It was applied
to examine PK-parameters for multiple w/o/w nanoemulsion.
Our optimized-method contained many-applications that are
maximume-sensitivity, maximum efficiency, very less retention
and run time for the calculations of plasma-pharmacokinetic out-
comes in a very less time.

The proposed present study is a first time proposed to formu-
late a novel-nanoformulation of 5-FU-multiple w/o/w SNEDDS
for increased colorectal targeting of 5-FU. Our most important pur-
pose is to improve 5-FU-bioavailability in the plasma after the oral
delivery of 5-FU-nanoformulation. 5-FU-multiple w/o/w SNEDDS
exhibited best effective-solubility and permeability. 5-FU-
multiple-nanoemulsion (w/o/w, SNEDDS) has been formulated
and characterize on the basis of various physicochemical parame-
ters to find out their suitability for oral 5-FU-delivery. All the PK-
parameters (AUCo_, tij2, Cmax Ke etc.) of 5-FU-S and 5-FU-
multiple-nanoemulsion (w/o/w, SNEDDS) have been calculated
and it was compared successfully with the help of a novel-
developed and validated UHPLC-MS/MS method in the treatment
of colorectal cancer.

2. Materials and methods
2.1. Materials

We have purchased 5-FU from Chem-Impex International, Inc.
Milli-Q-water was used in this study by ELGA, purification system,
UK. Transcutol-HP (Gattefosse, France), IPA (Sigma Aldrich), Cre-
mophor EL (BASF, UK), and castor oil were purchased from differ-
ent sources. Acetonitrile, Methanol, ethanol i.e. LC-MS-grade
with highly pure was purchased from Fluka, Sigma Aldrich.

2.2. Experimental

2.2.1. Formulation of primary nanoemulsion (w/o) and their
thermodynamic stability tests

5-FU primary nanoemulsions (w/o) were formulated through
oil phase titration method in which Transcutol-HP (surfactant),
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IPA (cosurfactant), water (aqueous phase), and castor oil (oil phase)
were used. Surfactant (Transcutol-HP) and cosurfactant (IPA) were
used to prepare various ratio of Smix i.e. 1:0, 1:2, 1:1, 2:1, 3:1, and
4:1. Various ratios of S,;x and water were mixed together from 9:1
to 1:9. Specific ratios of Sp,x and water were titrated to plot the
pseudo-ternary phase diagrams followed by added slowly castor
oil as an oil phase. Based on pseudo-ternary phase diagram, zones
of primary nanoemulsion w/o (1°NE) were determined and also
examined visually via transparent, clear, and easily flowable for-
mulations (Ahmad et al., 2019). Based on pseudo-ternary phase
diagram, many formulations were chosen and also performed the
tests for thermodynamic stability e.g. centrifugation, heating &
cooling cycles, and freeze-thaw cycles was used by Ahmad et al.
(2019) & (2018a).

2.2.2. Characterization of NE (1°, w/o)

5-FU-NE (1°, w/o) have chosen when those have passed ther-
modynamic stability tests for the characterization. All the impor-
tant characterization parameters have been performed e.g. PDI,
droplet-size, and ZP of the opt-NEs. All the complete procedures
are mentioned in the 5-FU-MNE (w/o/w) characterization.

2.2.3. Development of 5-FU-multiple-nanoemulsions (w/o/w, SNEDDS)

5-FU-NE (1°, w/o) were chosen as a result obtained like lowest
PDI, smallest-globule-size, smallest viscosity with optimum ZP-
values, and RI. 5-FU1-NE (1°, w/o, 5-FU1) were taken as oil phase
for next step formulation of multiple-nanoemulsions i.e. w/o/w
5-FU-MNEs (SNEDDS). 5-FU-MNEs (w/o/w, SNEDDS) were pre-
pared via aqueous-phase-titration method by the use of 5-FU1-
NE (1°, w/o, 5-FU1) as an oil phase, Cremophor-EL as a surfactant,
Transcutol-HP as a cosurfactant and Milli-Q-water as an aqueous
phase. Various ratios of Sy,;x (Cremophor-EL as a surfactant and
Transcutol-HP as a cosurfactant) i.e. 1:0, 1:2, 1:1, 2:1, 3:1, and
4:1 were mixed together. 5-FU1-NE (1°, w/o, 5-FU1 as an oil phase)
and definite Smix weight ratios from 9:1 to 1:9 were mixed
together and developed pseudo-ternary phase diagrams via titrat-
ing mixture of 5-FU1-NE with the help of water-phase added
slowly. Zones of MNEs (w/o/w) were determined via region in
the pseudo-diagram. Pseudo-diagrams were used for the selection
of various preparations and then finally for thermodynamic stabil-
ity tests (Schmidts et al., 2011; Schmidts et al., 2012; Shah et al.,
2011).

2.3. Self-nanoemulsification efficiency (SNEDDS) of 5-FU-multiple-
nanoemulsions (w/o/w, 5-FU-MNEs)

5-FU-MNEs were showed stable on different stress conditions of
thermodynamic-tests and it was selected to SNEDDS-test. Standard
USP dissolution apparatus was used for the efficiency of opt-
SNEDDS (Arias et al., 2008; Li et al., 2008; Yassin et al., 2010). Each
5-FU-MNE (w/o/w, 1 gm) was mixed with Milli-Q-water (500.0 ml)
at a temperature 37.0 £ 0.50 °C. A dissolution paddle (made up of
standard stainless steel) agitated gentle at 50.0 rpm the self-
nanoemulsification efficiency of developed-formulations was
determined by our open-eyes (Li et al., 2008; Yassin et al., 2010).

2.4. 5-FU-multiple-nanoemulsions (w/o/w, 5-FU-MNEs)
characterization

Malvern Zetasizer (Malvern Instruments, Malvern, UK) based on
dynamic laser light scattering was used to determine ZP, PDI, and
globule size for 5-FU-MNEs (w/o/w). All the samples were diluted
20-times in Milli-Q-water and sonicated it for one minute to
reduce the scattering property and it was examined at
25.0+1.0°C. 5-FU1-NE (1°, w/o, 5-FU1) were examined by TEM
(transmission electron microscopy) to determine the globule-size
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and surface morphological structures (Morgagni 268D; FEI Com-
pany, Hillsboro, OR) with the help of bright field imaging combina-
tions to enhanced their magnification. We have diluted the 5-FU-
MNEs (w/o/w) samples 100 times in Milli-Q-water and placed on
the copper grid followed by Ahmad et al.,, method (Schmidts
et al.,, 2011; Schmidts et al., 2012; Shah et al., 2011).

5-FU-MNEs (w/o/w) viscosity was examined without dilution
with help of Brookfield viscometer (Brookfield Engineering Labora-
tories, Inc, Middleboro, MA) by the spindle (CPE40 at
25.0 £ 0.50 °C). 5-FU-MNEs (w/o/w) RI was examined without dilu-
tion with help of Abbes type refractometer (Precision Standard
Testing Equipment Corporation, Germany). %T of 5-FU-MNEs (w/
o/w) was estimated through UV-VIS spectrophotometer (Shi-
madzu, Japan) at 550.0 nm (Gupta et al., 2005). Each 5-FU-MNEs
(w/o/w) was taken 1.0 ml in which 5-FU (25.0 mg) present and fur-
ther diluted with methanol and made up volume upto 10.0 ml in a
volumetric flask. The flask was shaken vigorously. 5-FU-amount
was examined through a developed-UHPLC-MS/MS-method.

2.5. DSC (Differential scanning calorimetry)

5-FU, IPA, Transcutol HP, castor oil, opt-5-FU-NE (°1), Cre-
mophor EL, and opt-5-FU-MNE (w/o/w) were analysed by DSC
214 Polyma (NETZSCH WittelsbacherstraBe 42, 95,100 Selb, Ger-
many) to identify the whole-solubilization as well as encapsulation
of the 5-FU in the nanoemulsion (w/o0) & (w/o/w). Briefly, reference
is taken as empty pan whereas for sample analysis, we have taken
sample (10 mg) inside pan. 20-400 °C temperature range was cho-
sen to determine thermal analysis (DSC) with 10.0°K/min followed
by 60 ml/min nitrogen flow (Ahmad et al. 2019). The data was
determined by the software of DSC 214 Polyma (Netzsch Proteus
70, Germany)

2.6. 5-FU release studied (in vitro)

Selected 5-FU-MNE1-5-FU-MNE12 (w/o/w SNEDDS) were cho-
sen to calculate the 5-FU release studies (in vitro) with the help of
USP dissolution apparatus at 37.0 + 0.50 °C and 50.0 rpm rotating
speed in Milli-Q-water (900.0 ml). 5-FU-MNE1-5-FU-MNE12
(1.0-gram, w/o/w) was taken in separate hard gelatin capsule
(000 sizes) in which also taken 25.0 mg 5-FU. 3.0 ml of sample
from every 5-FU-MNE was taken at 1.0, 3.0, 5.0, 10.0, 15.0, 30.0,
45.0- and 60.0-minutes time intervals from already prepared-
dissolution-medium and Kkept it in fresh Milli-Q-water (Alanazi
et al., 2015). The amount of 5-FU was determined by every sample
with the help of LC-MS-method. We have not used any 5-FU oral
dosage form because any 5-FU-brand is not marketed for compar-
ative in vitro 5-FU-release profile of MNE (w/o/w). Furthermore,
our opt-oral dosage 5-FU-MNE (w/o/w) dissolution conditions
can’t be same as any brand of 5-FU injection or cream.

2.7. Ex vivo rat intestinal membrane permeability

Rat intestine was used to examine 5-FU-permeation (Ruan
et al., 2006; Avadi et al., 2011). In a brief, we have kept all the rats
overnight fasted and then sacrificed through cervical dislocation
with the help of xylazine (5.0mgkg~!) and ketamine HCI
(50.0 mg kg~!) intraperitoneally for anaesthesia. Rat ileum tissue
was removed out and smoothly rinsed by Hank’s balanced salt
solution (HBSS). We adopted the same method reported by Ruan
et al., 2006; Avadi et al., 2011. 5-FU-S, 5-FU-MNE1, 5-FU-MNES5,
and 5-FU-MNE9 was selected to use for the intestinal mucosal
cells-permeation study with the help of 0.7850cm? franz-
diffusion-cells and receiving chamber containing 12.0 ml capabil-
ity. DHC-6 T Logan-transdermal-diffusion-cell sampling system
was used to study the ex vivo permeation. Receptor compartment
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was filled with PBS (Phosphate buffer saline, 12.0 ml, 6.80-pH)
whereas magnetic bar was used for stirring followed by main-
tained temperature (37 = 1 °C). The instrument (DHC-6 T) was first
cleaned properly and then it was stabilized for ten-minutes. 5-FU-S
(10.0 mg/g), 5-FU-MNE1, 5-FU-MNE5, and 5-FU-MNE9 (5-
FU:10 mg/g) were putted in each donor compartment when instru-
ment was stabilized. All the withdrawn samples were examined at
different intervals (10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 90.0, and
120.0 min). All the samples were filtered (0.250 um syringe filter)
and putted in separate HPLC-vials for analysis by LC-MS method.

2.8. Stability studies on 5-FU-MNE1

We have performed the stability study of opt-5-FU-MNE1 on
the 2-temperatures i.e. 4 °C (refrigerator) and 25 °C (room temper-
ature). PDI, globule-size, viscosity, % Transmittance, RI, and 5-FU-
content were estimated in different intervals (0, 30, 60, and
90 days). The mentioned-physicochemical-parameters were exam-
ined as per method mentioned in 5-FU-multiple-nanoemulsions
(w/o/w, 5-FU-MNEs) Characterization.

2.9. A bioanalytical UHPLC-MS/MS method-development

LC-MS-based method was developed on Pinnacle-DB-C18 col-
umn (50X30 mm; 1.9 um) with the help of binary solvent manager
and a highly sensitive and peak-resolution tunable mass detector
(ESI-triple-quadrupole, Shimadzu-LCMS-8050, Japan). Mobile
phase was optimized methanol: ammonium formate i.e. 5 mM
(75:25) with a 0.150 ml/min flow rate and 10 pl injected. Guideli-
nes of US-FDA were used to validate method whereas weigh factor
ie. 1/x* was calculated to determine the concentration vs.
detector-response (US-FDA, 2001; Ahmad et. al., 2018b).

2.10. In vivo study

For the animal-study, we have got an ethical approval from IRB
committee of Imam Abdulrahman Bin Faisal University to conduct
the animal-study with ethical approval number IRB-UGS-2019-05-
379. Wistar rats were taken that contain an age (8-10 weeks) and
weight (200-250 g) which was putted in the dark-light cycle for
12.0 h. The humidity and temperature were maintained 60 + 4%
and 25 + 3 °C, respectively.

2.11. PK (Pharmacokinetic) study

To perform PK, total numbers of rats were 36 =12X3 and
divided into three groups as G-1 (i.v. 5-FU-S), G-2 (oral 5-FU-S),
and G-3 (oral, 5-FU-MNE-SNEDDS, w/o/w). The blood was col-
lected at 0.50, 0.75, 1.00, 1.50, 2.00, 4.00, 6.00, and 8.00 h time
intervals. The plasma was separated by the 4000-rpm centrifuga-
tion process (upto 10.0 min) and it was stored at -40.0 °C. LC-
MS-method was used to bioanalyse the plasma extracted samples
whereas the details are mentioned in this manuscript.

2.11.1. Cell lines based on human colon cancer (HT-29) for the
cytotoxicity activity (in vitro)
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium based WST-1 evaluation was performed to examine
the cytotoxic effects of 5-FU-S, opt-5-FU-MNE (w/o/w, SNEDDS),
and MNE (w/o/w, SNEDDS) without 5-FU. In this activity, tetra-
zolium salt was used to colored-water-soluble formazan-
compounds via succinate-tetrazolium reductase that was found
in viable-cells. The formazan is water soluble and their quantity
is equivalent to number of viable cells. RPMI-1640 i.e. Roswell-
Park Memorial-Institute-1640 medium was used for culture of
cells (HT-29) followed by the addition of ABM (1.0%, GIBCO), fetal
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bovine serum (10.0%, FBS), penicillin (100.0 IU ml~!), L-glutamine
(2.0 mmol L), and streptomycin (100 mg ml~') in the CO, atmo-
sphere (5.0%) and maintained the temperature 37.0 £ 0.50 °C.
0.40X10* cells per well was used to grow cells ninety six well
plates and then incubated with the help of incubator in the CO,
atmosphere  (5.0%) and maintained the temperature
37.0 £ 0.50 °C. We were always changed the medium from 5-FU-
S, 5-FU-MNE (SNEDDS, w/o/w), and MNE (SNEDDS, w/o/w) with-
out 5-FU. WST-1 reagent (10.0 ul) was mixed after seventy-two-
hours in every well and plates followed by incubation at
37.0 £ 0.5 °C for four hours. Formazan quantity was analysed with
the help of ELISA-reader at 450.0 nm.

2.12. Statistical calculations

Student’s t-test was applied for parameters of 5-FU-MNE char-
acterization, permeation, PK, and cytotoxicity (in vitro) etc. Signif-
icance levels were calculated in terms of p-values that were
significant-statistically at all levels of p < 0.05

3. Results

3.1. Formulation of primary nanoemulsion (w/o) and their
thermodynamic stability studies

For 5-FU-NE (1°, w/o), pseudo-diagrams were prepared to
examine the region of NE and optimum concentration ratio of
co-surfactant, surfactant, and oil in which oil phase (Castor oil),
surfactant (Transcutol HP), and co-surfactant (IPA) at various 1°-
Smix ratios (1:1, 1:2, and 2:1) (Fig. 1A to C). Like, surfactant quan-
tity was greater than the co-surfactant quantity i.e. 1°Sy,x (2:1) or
1°Smix (1:1) area was greater than the NE-area that denotes 1° Syx
solubilized lower to oil phase. Spix (44% w/w) incorporation was
solubilized highest by concentration of water (18 %w/w) that
means Transcutol-HP dominated for the size of nanoformulation
(Fig. 1C). On the other hand, more increase of the concentration
of surfactant in 1°Sp,;x ratios (2:1 & 3:1) (Fig. 1A and 1C), a signifi-
cant reduction was seen in the NE-region. Transcutol-HP may be
produced liquid crystalline phase whereas the quantity of IPA
was not mollified. Here our findings showed that Gibbs free energy
of NE-preparation is dependent on the degree of surfactants and
co-surfactants submissively reduces interfacial-tension of water
or oil interface and also alter in dispersion entropy (Thomas et.
al,, 2012; Shanmugam et. al., 2011). We have selected only those
formulations in which phase diagrams showed quantity could con-
tain optimum amount of water-phase through using smallest pos-
sible Spix. Zones of highest NEs area were showed through Smix
ratio (3:1) based on phase diagrams results. Based on phase dia-
grams results, NEs with various formulae were specifically chosen
to establish the tests of various thermodynamic stability. 5-FU
(25.0 mg) was solubilized in aqueous-phase and then required
quantity of Sp,ix was added in recommended ratio via addition of
oil drop by drop until the clear and transparent NE was prepared.
The prepared-NEs were ready to use for various tests (i.e.
thermodynamic-stability). Those NEs were selected which didn’t
exhibited no phase separation, cracking, coalescence, no phase
inversion, and turbidity at all stress conditions. It was further cho-
sen for characterization and their composition of such NEs shown
in Table 1.

3.2. 5-FU-NE (1°, w/o) characterization

The data for selected (w/0)-1°-5-FU-NE i.e. 5-FU1-5-FU15 were
showed in Table 1 in which the size range from 70.34 +2.71 to
145.09 + 8.01 nm. 5-FU15 showed the highest globule-size that
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———Transcutol:IPA (Smix2:1) —— Transcutol:IPA (Smix1:1) Tr: tol:IPA (Smix3:1)
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'Water
Water Castor Oil Castor Oil Castor Oil
Cr P EL:TranscutolHP (Smix2:1) Cr EL:TranscutolHP (Smix 1:1) Cr ~EL:T) HP (Smix1:2)
Water Primary Emulsion (w/o) | Water Primary Emulsion (w/o) Water Primary Emulsion (w/0)

Fig. 1. Pseudo-ternary phase diagrams of w/o nanoemulsion region of Castor Oil (oil phase), Transcutol-HP (surfactant), Isopropyl Alcohol, IPA (co-surfactant) with different
Smix ratios: Smix 2:1 [A], Smix 1:1 [B], and Smix 3:1 [C], and for multiple-NE (w/o/w) region of the 1°-NE with Smix 1:2 (oil phase), Cremophor-EL (surfactant), Transcutol HP
(co-surfactant) with different Smix ratios: Smix 2:1 [D], Smix 1:1 [E], and Smix 1:2 [F]. Note: Primary emulsion was composed of 18.0% aqueous phase, 38.0% Smix, and 44.0%

castor oil (oil phase).

Table 1
Preparation of 1° nanoemulsion (w/o) and their characterization (n = 3).

Code % Composition of Formulations Smix Ratio Globule Size + SD PDI + SD ZP in mV = SD RI £ SD Viscosity + SD (cps)

(wjw)

Water Phase Smix Qil Phase
5-FU1 18 38 44 3:1 70.34+2.71 0.213 £ 0.003 -25.74+£1.63 1.481+0.012 49.86 £3.74
5-FU2 15 40 45 3:1 85.37+2.91 0.273 +0.005 —24.84+1.72 1.483 +£0.013 66.94+7.16
5-FU3 10 40 50 3:1 104.61 +3.01 0.291 + 0.006 -2491+1.78 1.484 + 0.006 82.01+6.33
5-FU4 5 35 60 3:1 120.17 £5.33 0.316 + 0.005 -26.42 £1.83 1.484 + 0.009 101.72 £ 7.41
5-FU5 5 25 70 3:1 129.63+6.31 0.356 + 0.009 —26.14+1.96 1.488+£0.010 112.34+7.98
5-FU6 20 50 30 2:1 81.36+3.19 0.274 +0.010 —25.39+1.66 1.482 +0.004 62.07 +£5.09
5-FU7 15 40 45 2:1 93.67 +3.61 0.281 + 0.008 -25.32+1.69 1.481 £ 0.007 76.47 +6.02
5-FU8 10 40 50 2:1 114.31+4.31 0.324 £ 0.007 -25.84+1.78 1.485+0.010 95.64 + 6.67
5-FU9 5 35 60 2:1 131.64+6.31 0.371 £ 0.009 —-24.63+1.91 1.483 + 0.006 112.07 £ 8.36
5-FU10 5 25 70 2:1 141.06 + 7.09 0.376 £ 0.010 -24.90 £ 1.61 1.488 + 0.007 123.43+8.39
5-FU11 20 50 30 1:1 89.26 +4.65 0.319 £ 0.008 —26.07 +1.80 1.482+0.011 73.42+6.16
5-FU12 15 40 45 1:1 100.28 +4.91 0.329+0.010 —25.38+1.36 1.486 + 0.005 88.03 +5.17
5-FU13 10 40 50 1:1 126.34+6.11 0.348 £ 0.011 -25.26+1.33 1.482 + 0.006 109.67 +9.18
5-FU14 5 35 60 1:1 139.64 + 6.87 0.378 £ 0.009 -2531+1.34 1.484 + 0.008 123.81+10.11
5-FU15 5 25 70 1:1 145.09 + 8.01 0.392 £0.011 -2531%1.92 1.487 +£0.010 139.14+10.34

PDI: Polydispersity Index; ZP: zeta potential; mV: milli volt; RI: Reference Index; cps: cycles per second

could be because of presence of maximum oil concentrations and
smaller surfactants concentration (Table 1) conducting the prepa-
ration of inflexible interfacial tension. A cosurfactant insufficient
quantity was not able to generate flexible into rigid-film for the 2°-
nanosizing. The globule-size of chosen-NEs analysis exhibited
enhanced in globule size with enhancement of oil concentration.
5-FU1 globule-size was showed the smallest (70.34 +2.71 nm)
may be due to smaller oil concentrations, optimum-surfactants
concentration and maximum S,,;x ratio. Mostly, it was observed
that globule-size of all NEs exhibited reduced in their globule size
due to enhancing the surfactants concentration and their S,,;x ratio.
PDI was showed <0.392 for all NEs that representing the narrow
distribution. 5-FU1-NE showed lowest PDI value i.e. 0.213 + 0.003
recommending the same globule-sizes of NEs. It was already pub-
lished that if ZP values is in-between 25 and 30 mV illustrated a
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stable-nanoformulation (Ahmad et al., 2019; 2020). ZP values of
nanoemulsions (5-FU1-5-FU15) were found in the range
of — 24.63 £ 1.91 to — 26.42 + 1.83 mV. NE of 5-FU1 exhibited the
ZP-value i.e. —25.74 + 1.63 mV (Table 1). 5-FU1-5-FU15 NEs didn’t
not find any alteration in ZP-values (p < 0.050) significantly. Men-
tioned ZP-values showed the stability potential of all NEs as stated
previously (Ahmad et al., 2019; 2020). All NEs showed -ve-value of
ZP may be due to fatty-acids and esters present in oil i.e. castor-oil
as an oil phase for preparation of 5-FU-NE (1°, w/o). RI of prepared-
NEs (5-FU1-5-FU15) was found in the range of 1.481 £0.012 to
1.488 £ 0.010 at 25.0 °C (Table 1). All the observed values basically
5-FU1 was very near to RI of castor oil as used as oil phases i.e.
1.481 £0.012. On this basis, we can characterize w/o form of 5-
FU-1°-NE. 5-FU1-NE showed the 1.481 value for RI. We have
selected 15-nanoemulsion i.e. 5-FU1-5-FU15 showed the viscosity
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ranged from 49.86 + 3.74 to 139.14 £ 10.34 cps. Transcutol-HP, cas-
tor oil, and IPA have been participated and correlated their ratio in
stabilization of screened-NEs (5-FU1-5-FU15) on the basis of vis-
cosity findings. 5-FU1 NE showed smallest viscosity-value i.e.
49.86 +3.74 cps as compared to rest 5-FU2 to 5-FU15 NEs. Here,
it showed lowest viscosity of 5-FU1 that can be due to amount of
surfactant and smallest oil concentration based on rheological
properties.

3.3. Development of 5-FU-multiple-nanoemulsions (w/o/w, SNEDDS)

5-FU1-NE (1°, w/o) was chosen as an oil phase on the basis of
optimized parameters i.e. smallest globule-size (70.34+2.71),
smallest PDI (0.213 £ 0.003), smallest viscosity (49.86 + 3.74 cps)
and optimum ZP values ie. -2574+1.63mV), and RI
(1.481+£0.012) for the preparation of 5-FU-multiple-
nanoemulsions (w/o/w, 5-FU-MNEs, SNEDDS) (Fig. 2, Table 1). 5-
FU-MNEs (w/o/w) were formulated through aqueous phase titra-
tion method using 5-FU1-NE (1°, w/o) as an oil phase,
Cremophor-EL as a surfactant, Transcutol-HP as a cosurfactant,
and Milli-Q-water (ultrapure) as a water-phase. Pseudo-ternary
phase diagrams were prepared for 5-FU-MNEs (w/o/w) with vari-
ous 2° Smix which were shown in Fig. 1D to 1F. We have deter-
mined enhance the surfactant concentration which parallely
increased the NE-area. The zone of 5-FU-MNEs (w/o/w, SNEDDS)
was increased significantly due to the same ratio of surfactant
and cosurfactant concentrations (2°Sp,x; 1:1) when it compared
to 1:0 and 1:2 (Spix ratio) (Fig. 1F). Highest quantity of 5-FU1-NE
(1°, w/o) was solubilized 33.0% (w/w) with smaller 2° S,;x concen-
tration (i.e. 22.0% w/w). We have observed that enhanced the sur-
factant concentration with regard to cosurfactant (2:1 Sy,x ratio),
5-FU-MNESs (w/o/w, SNEDDS) zones were reduced their area when
it compared to 1:1 ratio (Fig. 1D). Highest quantity of 5-FU1-NE
(1°, w/o) was solubilized through 2:1 ratio was 28.0% (w/w)
entrapping inside 2° Sp,ix concentration (i.e. 41.0% w/w). But 5-
FU-MNEs (w/o/w, SNEDDS) zones were reduced when surfactant
concentration was added more quantity with regard to cosurfac-
tant (3:1, Smix). Thus, highest quantity of 5-FU1-NE (1°, w/o)
was solubilized by the use of 22.0% (w/w) entrapping inside 2° Spx
concentration (i.e. 52.0% w/w). As 5-FU-MNEs (w/o/w, SNEDDS)
zones were reduced again through enhancing surfactant concen-
tration with regard to cosurfactant. Finally, it was concluded it is
not require going for 5:1 or 4:1 Smix ratio to prepare more phase
diagrams (Arias et al., 2008; Longley et al., 2003). Based on phase
diagrams, we have selected twelve 5-FU-MNEs (w/o/w, MNE1-
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MNE12, SNEDDS) to perform the tests for thermodynamic stability
of NEs.

3.4. Efficiency of 5-FU-MNEs (w/o/w, MNE1-MNE12, SNEDDS) for Self-
nanoemulsification

We have selected thermodynamically stable 5-FU-MNEs (w/o/
w, SNEDDS) to perform the nanoemulsification efficiency. 5-FU-
MNEs (w/o/w, SNEDDS) have diluted many-times because to
examine the possibility of phase separation or precipitation of a
5-FU that could be produced at a specific % of water-, surfactant-,
and -oil. Current research examination, for dispersion medium,
milli-Q-water was chosen. Based on previous study nonionic-
surfactants was dispersed in the H,O or intestinal fluids or
simulated-gastric and found it no significant variations in opt-
SNEDDS (Arias et al., 2008; Zhang et al., 2012). 5-FU-MNEs (w/o/
w, SNEDDS) were passed the selfnanoemulsification efficiency test
in Grades (A & B) after that they were chosen to more characteri-
zation (Table 2).

3.5. 5-FU-MNEs (w/o/w, SNEDDS) characterization

TEM was taken to determine the shape and surface morphology
of 5-FU-MNEs (w/o/w, SNEDDS) globules. TEM images of MNE1 (w/
o/w) was selected and studied for distribution of globule-size and
their morphology of surface. All globules were observed contains
<100.0 nm sizes which is very important characterization of 5-
FU-MNEs (w/o/w) (Ahmad et al., 2019). Figs. 2 & 3 showed all
the globules <100.0 nm size and their globules-size distribution
(Table 2) determined through Malvern Zeta sizer. All globules were
showed distributed uniformly with nano-range.

Table 2 exhibited PDI, globule-size, ZP of all 5-FU-MNEs (w/o/w)
which showed globule size range from 51.64%2.61 to
153.23 £9.75 nm with a PDI smaller than 0.482 of 5-FU-MNEs
(w/o/w; MNE1- MNE12) that denoting uniform and narrow distri-
bution of globule-size. MNE12 showed the maximum globule-size
and also contains maximum % of oil phase (w/o 5-FU-1°-NE) con-
centration. If the oil phase (10.0-25.0%) concentration increased
with 2°Smix ratio which were also increased in globule-size paral-
lely like globule-size of MNE1 to MNE4: 51.64+2.61 to
129.47 £8.73 nm at Sy,j,2° 1:1; 48.14 £3.05 to 145.93 £ 7.18 nm
at Smix,2° 1:2; 53.64 +£2.83 to 153.23 £+9.75 nm at Smix,2° 2:1.
Based on these findings, globule-size of all 5-FU-MNEs (w/o/w) is
directly proportional to the oil phase concentration. If oil phase
concentration was kept 10.0% or 15% as constant which were
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Fig. 2. Dynamic light scattering techniques (A): globule size of 5-FU-primary-NE (w/o) and (B): globule size of opt-5-FU-MNEs (w/o/w, SNEDDS).
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Table 2
Preparation of multiple nanoemulsion (w/o/w) and their characterization (n = 3). All of them passed test for SNEDDS-test.

Code % Composition of Smmix Globule PDI + SD ZPinmV+SD RI+SD Viscosity + SD  Transmittance Drug
Formulations (w/w) Ratio  Size + SD (cps) (%) £ SD Content + SD
1° 5-FU1-NE Smix Water
(Oil Phase) Phase

MNE1 10 25 65 1:1 51.64 +2.61 0.101 £0.001 -5.59+0.94 1.331+£0.003 7.97 £0.021 99.16 £ 0.41 99.63 +0.23

MNE2 15 30 55 1:1 79.47 £4.03 0.169+0.009 -3.34+0.16 1.339+£0.008 27.64 +£3.02 96.13 £1.05 97.61+1.47

MNE3 20 35 45 1:1 103.14+6.58 0.316+0.034 —-2.34+0.09 1.335+£0.013 49.14+4.26 92.67 +2.67 95.47 +1.51

MNE4 25 40 35 1:1 12947 +8.73 0.334+0.049 -434+1.13 1.349+£0.011 72.01+6.89 89.92 +2.97 93.11+1.16

MNES5 10 25 65 1:2 48.14 £3.05 0.112+0.002 -0.16+0.01 1.332+£0.006 8.94 +0.038 98.01 £0.38 99.02 +0.19

MNE6 15 30 55 1:2 83.14£5.01 0.159+0.010 -4.04%0.13 1.337+£0.012 30.21+4.31 95.84 +3.21 96.49 £2.34

MNE7 20 35 45 1:2 119.65+8.19 0.364+0.040 -3.12%0.18 1346 £0.016 54.92 +3.61 91.06 +3.52 93.02 +2.36

MNES8 25 40 35 1:2 14593+7.18 0.398 £0.051 —-1.46+0.09 1.346 £0.003 69.45+2.15 87.45+2.84 91.64 +1.45

MNE9 10 25 65 2:1 53.64+2.83 0.126 £+ 0.002 -0.13+0.53 1.349+0.008 9.39+0.043 97.62 +1.06 98.45 £ 0.58

MNE10 15 30 55 2:1 92.41+6.33 0.161+0.019 -5.32%0.78 1.346£0.026 32.81 £5.01 94.02 +4.18 95.64 +3.45

MNE11 20 35 45 2:1 131.54+9.57 0.456+0.061 -2.81+0.53 1.348 £0.019 58.21+4.43 89.24 +3.82 91.41+£2.98

MNE12 25 40 35 2:1 153.23+9.75 0.482+0.064 -132+0.23 1.349+0.004 72.95+2.02 85.10+2.11 88.79+3.64

PDI: Polydispersity Index; ZP: zeta potential; mV: milli volt; RI: Reference Index; cps: cycles per second

Fig. 3. TEM image of globule-size for opt-5-FU-MNEs (w/o/w, SNEDDS).

showed decreased in globule-sizes with increasing of aqueous
phase concentration. Hence, MNE1 showed smallest surfactant
concentration i.e. 25% (2° Smix, 1:1), oil phase (10.0%), and aque-
ous phase (65%) to produce smallest size of globule. On the other
hand, we have also observed that > 10.0% of the oil phase showed
the higher globule size (79.47 + 4.03 nm) with increase in 2° Sp,ix
ratio. 2° Smix ratio (1:1) was used for the formulation of MNE
(w/o/w, SNEDDS) produced smallest globule-size i.e.
51.64 +2.61 nm and smallest 0.101 + 0.001 PDI of MNE1 whereas
MNE12 was showed the maximum globule-size (153.23 £9.75)
as compared to rest of MNEs (MNE1 to MNE11) (Table 2).

MNEs (MNE1 to MNE12) were not diluted to determine the Rls
showed the range i.e. 1.331-1.349 (Table 2). All these RI-values
were found to be very near to RI of water phase i.e. (RI:1.33) that
is clear indication of w/o/w nature of MNEs (SNEDDS) formulated.
MNE1 (w/o/w, SNEDDS) showed smallest RI i.e. 1.331 £0.003 as
compared to other MNEs (w/o/w, MNE2 to MNE12, SNEDDS). All
the MNEs (w/o/w, MNE1 to MNE12, SNEDDS) were not diluted to
examine the viscosity that all were showed 7.97 to 72.95 cps
(Table 2). MNE1 was showed the smallest viscosity i.e. 7.97 cps
as compared to other MNEs (w/o/w, MNE2 to MNE12, SNEDDS).
We observed that increased in oil concentration for the preparation
of MNEs that showed the parallely increase in the viscosity. The
results of viscosity were showed same pattern as globule-size eval-
uations. MNEs (w/o/w, MNE1 to MNE12, SNEDDS) were showed
the results that all of them are free flowing based on the low vis-

cosity value. %T of MNEs (w/o/w, MNE1 to MNE12, SNEDDS) exhib-
ited the range from 85.10 £ 2.11 to 99.16 + 0.41% (Table 2). MNE1
(w/o/w, SNEDDS) showed highest %T i.e. 99.16 + 0.41% as com-
pared to other MNEs (w/o/w, MNE2 to MNE12, SNEDDS). We
observed that decreased slightly in %T in the MNEs that showed
the inversely increase in the viscosity and globule-sizes. MNE1
was showed the highest % Drug content i.e. 99.63 + 0.23% as com-
pared to other MNEs (w/o/w, MNE2 to MNE12, SNEDDS). We again
observed that decreased slightly in %Drug content in the MNEs that
showed the inversely increase in the viscosity and globule-sizes.
Thus, it might be because of highest-concentration of oil phase.
MNE12 (w/o/w, SNEDDS) showed smallest % drug content i.e.
88.79 +3.64% as compared to other MNEs (w/o/w, MNE1 to
MNE11, SNEDDS).

3.6. DSC study

5-FU showed melting point i.e. 282.60 °C of excellent endother-
mic peak on DSC examination (Fig. 4) which is same as reported
before and mentioned in the COA a range 282.0-283.0 °C and also
indicates the 5-FU crystalline nature. DSC of Castor oil (only one
line), and Transcutol HP showed different peaks like 46.1 °C,
168.0 °C, 172.8 °C, 212.9 °C, and IPA (121.8 °C and 127.5 °C). Opt-
5-FU1-NE (1°, w/o) has given one split peak for Transcutol HP
and IPA in the thermogram of DSC. In the DSC thermogram of
opt-5-FU1-NE (1°, w/o) was not found any peak of 5-FU. Based
on DSC of opt-5-FU1-NE (1°, w/o), we finally-determined that 5-
FU entirely encapsulated within the core of opt-5-FU1-NE (1°, w/
0). Cremophor EL showed a prominent endothermic peak on
65.6 °C which showed a crystalline nature of Cremophor EL. At last,
5-FU-MNE (w/o/w, SNEDDS) exhibited a tiny peak and one split
peak. To conclude, we didn't find any peak of 5-FU and
diminished-peaks of opt-5-FU1-NE (1°, w/0) i.e. a clear indication
of prepared opt-5-FU-MNE (w/o/w, SNEDDS).

3.7. 5-FU release (in vitro) evaluations

5-FU-release (in vitro) was examined and compare from twelve
5-FU-MNEs (w/o/w, MNE1 to MNE12, SNEDDS) in which initial
loaded quantity of 5-FU (25.0 mg) were taken. 5-FU-release
(in vitro) from 5-FU-MNEs (w/o/w, MNE1, MNE5, and MNE9
SNEDDS) were showed highly significant (p<0.05) as compared to
other 5-FU-MNEs (w/o/w, SNEDDS) (Fig. 5A). Percentage of 5-FU-
release was found to be 99.71%, 92.33%, and 88.02% from MNET1,
MNE5, and MNE9, respectively. 5-FU-MNE1 (w/o/w, SNEDDS)
was showed 99.71% highest 5-FU-release. 5-FU-MNE1 (w/o/w,
SNEDDS) was also showed>86.0% 5-FU-release in the initial fifteen
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Fig. 4. DSC-thermograms showed endothermic peaks of castor oil, 5-FU, Transcutol
HP, IPA, 5-FU-NE, Cremophor EL, and opt-5-FU-MNEs (w/o/w, SNEDDS).

minutes assessment itself as compared to other 5-FU-MNEs (w/o/
w, SNEDDS) (Fig.5A). 5-FU was highest released from 5-FU-
MNE1 (w/o/w, SNEDDS) may be because of smallest PDI,
minimum-globule-size, smallest viscosity that gives a maximum
surface area of 5-FU-MNE1 was given offered fast 5-FU-release.
But rest of 5-FU-MNEs (w/o/w, SNEDDS) contained optimized
quantity of oil phase but still they showed 5-FU-release was signif-
icantly smaller i.e. p<0.05 as compared to 5-FU-MNE1 (w/o/w,
SNEDDS) may be because of maximum value of PDI, bigger
globule-size, and maximum-viscosity (Table 2). Hence, 5-FU was
found more surface area for dissolution in case of 5-FU-MNE1
(w/o/w, SNEDDS) as compared to other MNEs (w/o/w, MNE2 to
MNE12, SNEDDS). As a result, opt-5-FU-MNE1 (w/o/w, SNEDDS)
showed maximum 5-FU-release (99.71%), smallest-globule-size
(51.64 nm), smallest PDI value (0.101), smallest viscosity (7.97
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cps), %Transmittance (99.16 + 0.41), %Drug Content (99.63 + 0.23)
stability of opt-5-FU-MNE1 (w/o/w, SNEDDS) and 5-FU. Therefore,
we optimized 25.0% surfactant concentration is excellent for rest of
PK, cytotoxicity (in vitro) studies.

3.8. Ex vivo intestinal membrane permeation examination

MNE1, MNE5, MNE9 have showed significantly enhanced
intestinal membrane permeability as compare to 5-FU-S after the
conversion of MNEs (w/o/w, SNEDDS) (Fig. 5B). We have observed
increased the membrane permeability for 5-FU as reduced the % of
oil phase at the entire levels of 2° Smix ratios. But MNE1, MNES5,
and MNE9 showed very small variations in intestinal membrane
permeability due to their same % of oil content and much closed
to globule sizes. 5-FU permeability from MNE1 (w/o/w, SNEDDS)
i.e. 83.64% (2°Smix, 1:1) was higher as compared to other MNEs
(MNES5 ie. 77.19% & MNE9 i.e. 70.54%) followed by free 5-FU-S
(19.89%). Based on the ex vivo intestinal membrane permeability
of 5-FU, 2° Smix (1:1) resulted an optimized % ratio of the oil phase
to 2° Smix, MNE1 (w/o/w, SNEDDS) for increment of 5-FU oral
absorption of (Fig. 5B, Table 2).

3.9. 5-FU-MNET1 (w/o/w, SNEDDS) stability studies

Any drug formulation can’t be ideal until that should passed all
the parameters related with stability like chemical, physical, and
microbiological stability the totally intended shelf life period
(Ahmad et al,, 2019). Thus, opt-5-FU-MNE1 (w/o/w, SNEDDS)
was characterized by all physicochemical parameters like
globule-size, PDI, RI, viscosity, %Transmittance, and 5-FU-content.
Therefore, we selected two temperatures (4.0 °C & 25.0°C) to
determine these parameters. All results related with above men-
tioned parameters have not shown any alteration at refrigerator
temperature (Table 3) which were very minute at refrigerator tem-
perature. At room temperature, it was observed very small alter-
ation of these parameters. On the basis of these findings, opt-5-
FU-MNE1 (w/o/w, SNEDDS) is satisfactorily stable at both
temperatures.

3.10. UHPLC-ESI-triple-quadrupole-MS/MS based 5-FU-developed
method- and validation

5-FU parent and daughter ions scan were displayed in Fig. 6A &
B whereas their chromatograms are shown in Fig. 7. For 5-FU,
plasma recovery (>78.28 + 2.31%) with 2 >0.9963 value of linear
regression was determined at 1.0-1000.0 ng/ml concentration
ranges.

100.00
90.00
80.00

~5-FU-S

B

~MNE1 MNES —MNE9

70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

0.00  20.00 40.00 60.00

Time (min)

80.00 100.00 120.00

Fig. 5. [A] %age-cumulative-release showed 5-FU from various 5-FU-NEs and [B] %age-intestinal permeation study of 5-FU from opt-5-FU-MNEs (w/o/w, SNEDDS).
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Table 3
Determination of physicochemical parameters for stability studies on MNE1.

Saudi Journal of Biological Sciences 29 (2022) 3704-3716

Time (months)  Temperature (°C)  Globule Size+SD  PDI +SD RI+SD Viscosity + SD (cps)  Transmittance (%)+SD % Drug Content + SD
0 40+1.0 51.64 +2.61 0.101 +0.001 1.331+0.003  7.97 +0.021 99.16 + 0.41 99.63 +0.23
1 4.0+1.0 51.99 +2.73 0.109+0.002  1.335+0.005 8.21+0.023 98.97 +0.46 99.20 +0.29
2 4.0+1.0 52.21+2.91 0.114+0.004 1.338+0.007 8.26 +0.026 98.42 +0.52 99.00 +0.31
3 40+1.0 53.89 +2.99 0.119+0.008  1.342+0.008 8.30+0.030 98.06 + 0.61 98.69 +0.38
0 25.0+1.0 51.64 +2.61 0.101 +0.001 1.331+0.003  7.97+0.021 99.16 + 0.41 99.63 +0.23
1 25.0+1.0 53.91 +3.01 0.110+0.005 1.339+0.007 8.88 +0.032 98.03 +0.34 98.81+0.33
2 25.0+1.0 58.76 + 3.68 0.119+£0.007 1.343+0.005 9.37 £0.048 97.18 +0.29 98.20+0.38
3 25.0+1.0 61.05+3.84 0.123+£0.004 1.346+£0.011 10.53 £ 0.056 95.56 +0.33 97.72 +0.31
A )
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Fig. 6. Mass spectrum of [A] 5-FU-MS parent ion scan [M—H]~ at m/z 129.06 and [B] 5-FU-MSMS daughter ion scan at m/z 42.05.
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Fig. 7. [A] Chromatogram of extracted blank plasma, [B] extracted lower limit of quantification (LLOQ), and [C] one of standard of 5-FU.

Fig. 7 showed chromatograms that indicated for selectivity of
method for extracted-plasma of blank as well as 5-FU. The % CV
for 5-FU was as; 2.07-3.03 (intra-batch) and 1.74-4.08 (inter-
batch) while % accuracy was as; 97.06-99.32 (intra-batch) and
96.08-98.97 (inter-batch) mentioned in Table 4. Table 5 showed
the data for Robustness and Ruggedness which were found to be
acceptance limit in all parameters. Table 6 was also showed the
data for stability which were found to be acceptance limit in all
parameters as mentioned validation parameters in US-FDA, 2001
and used by Ahmad et. al., 2018b.

3.11. PK parameters calculations

For PK parameters determination, we used the independent-
non-compartmental model as a one-dose of 5-FU-S (oral) 5-FU-S
(IV), and opt-5-FU-MNET1 (w/o/w, SNEDDS; Oral) in Fig. 8 signified
plasma-drug-concentration Vs time profile in rats. Trapezoidal
method was used to examine plasma 5-FU-concentration in terms
of Tinax» Cmax, and AUC in rats. In the Fig. 8 showed highest value of
Cinax 1.6.767.36 + 24.93 ng/ml for i.v. 5-FU-S and their 5-FU showed
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fast clearance due to 5-FU-decay at plasma level. Opt-5-FU-MNE1
(w/o/w, SNEDDS) was enhanced significantly (p < 0.001) in terms
of Cihax» Tmax as well as AUCq_; parameters as compared to oral 5-
FU-S (Table 7). 5-FU-MNE SNEDDS is also significantly enhanced
the bioavailability, Cpax, Tmax as well as AUCqy_, when it also com-
pared to 5-FU-S (i.v.) (p < 0.01) (Table 7). A 5-FU released in a sus-
tained form (dissolution studies) for Tna.x while increased
absorption supports the enhanced to Cy.x together with AUCy_.
Opt-5-FU-MNE1 (w/o/w, SNEDDS) showed increased absorption
could be due to 1) Opt-5-FU-MNE1 (w/o/w, SNEDDS)-
encapsulation i.e. GI-shielding 2) also shield from P-gp as well as
CYP-450 metabolism 3) enterocytic endocytosis and based on
mentioned additive effects resulted an enhanced oral bioavailabil-
ity (Ahmad et al., 2017).

3.12. Cell lines based on human colon cancer (HT-29) for the
cytotoxicity activity (in vitro)

We examined the therapeutic efficacy (in vitro) of opt-5-FU-
MNE1 (w/o/w, SNEDDS) on colon cancer cell lines (HT-29). We
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Table 4
Precision and Accuracy Data for 5-Fluorouracil (5-FU).

Saudi Journal of Biological Sciences 29 (2022) 3704-3716

Intra-batch Inter-batch

% Recovery

QCID Theoretical Mean concentration Accuracy? (%) VP (%) Mean concentration Accuracy® (%) VP (%)

Content (ng mL™') observed (ng mL™!) observed (ng mL™')
LOQQC 1.02 0.99 +0.03 97.06 3.03 0.98 +0.04 96.08 4.08 78.28 +2.31
LQC 2.92 2.90+0.06 99.32 2.07 2.87 £0.05 98.97 1.74 79.13 £2.02
MQC 415.00 410.03 £ 11.06 98.80 2.70 408.24 £ 10.25 98.37 2.51 81.87 £3.27
HQC 815.00 795.62 £21.03 97.62 2.64 791.54 £20.14 97.12 2.54 83.10+4.11

Values (Mean + SD) are derived from 6 replicates: *Accuracy (%) = Mean value of [(mean observed concentration)/(theoretical concentration)] x 100; PPrecision (%): Coef-
ficient of variance (percentage) = standard deviation divided by mean concentration found x 100; Theoretical contents; LOQQC: 1.010 ng mL~', LQC: 2.92 ng mL~'; MQC:

415.0 ngmL~'; and HQC: 815.0 ngmL".

Table 5
Robustness of the Method for 5-Fluorouracil (5-FU).

(A) Robustness

Conditions

LQC (2.92ngmL™1)

MQC(415.0 ng mL™")

HQC (815.0 ng mL™")

Mobile Phase [Methanol: 5 mM Ammonium Formate (75:25 : v/v)]

Negative level (74.7:25.3, n=3)

Zero level (75:25, n=3)

Positive level (75.3:24.7, n = 3)
Flow Rate (0.15 ml /min)
Negative level (0.14, n=3)

Zero level (0.15,n=3)

Positive level (0.16, n=3)
pH of Mobile Phase(Default pH = 6.8)
Negative level (6.6, n=3)

Zero level (6.8, n=3)
Positive level (7.0, n = 3)

2.87 £0.04 (1.39%)
2.89 +0.06 (2.08%)
2.79 +0.09 (3.23%)

2.81+0.10 (3.56%)
2.86 +0.06 (2.10%)
2.82 £ 0.05 (1.77%)

2.82 +0.08 (2.84%)
2.86 % 0.07 (2.45%)
2.79£0.09 (3.23%)

(B) Ruggedness

400.11 £ 9.32 (2.33%)
407.31 £10.16 (2.49%)
40321 +12.43 (3.08%)

398.51 + 9.64 (2.42%)
400.30 +10.13 (2.53%)
395.09 +11.09 (2.81%)

391.36 £ 10.08 (2.58%)
406.47 £9.31 (2.29%)
399.94 +11.21 (2.80%)

795.67 £20.16 (2.53%)
803.41 £21.32 (2.65%)
793.49 £ 19.05 (2.40%)

786.18 £22.58 (2.87%)
806.33 £ 19.24 (2.39%)
791.04 +20.36 (2.57%)

789.64 + 21.08 (2.67%)
807.09 +20.13 (2.49%)
790.11 +19.31 (2.44%)

QCID Theoretical content (ng mL™!) Mean concentration observed (ng mL™') Accuracy ? (%) Vv (%)°
LOQQC 1.02 0.99+0.03 98.12 3.03
LQC 2.92 2.90+0.08 99.32 2.76
MQC 415.0 406.31£10.12 97.91 2.49
HQC 815.0 801.44+16.32 98.34 2.04

Values (Mean + SD) are derived from 6 replicates: *Accuracy (%) = Mean value of [(mean observed concentration)/(theoretical concentration)] x 100; PPrecision (%): Coef-
ficient of variance (percentage) = standard deviation divided by mean concentration found x 100; Theoretical contents; LOQQC: 1.010 ng mL™!, LQC: 2.92 ng mL™'; MQC:

415.0 ngmL~'; and HQC: 815.0 ngmL .

Table 6
Ex vivo stability data for 5-Fluorouracil (5-FU).

Conditions LQC (2.92 ngmL™1) HQC (815.0 ngmL™1)

Long term stability; recovery (ng) after storage (-40 °C)

Previous day 2.90 £ 0.07 804.94 +20.31

30th Day 2.86 + 0.06 (98.62%) 791.36 + 19.46 (98.31%)
Freeze-thaw stress; recovery (ng) after freeze-thaw cycles (-40 °C to 25 °C)

Pre-Cycle 2.89 +0.08 803.57 +21.08

First Cycle 2.87 +0.06 (99.31%) 796.21 £20.11 (99.08%)
Second Cycle 2.83 +0.05 (97.92%) 791.25 £ 21.01 (98.47%)
Third Cycle 2.79 £ 0.07 (96.54%) 785.05 +19.11 (97.70)
Heating-cooling stress; recovery (ng) after Heating-cooling cycles (50 °C to

4°C)

Pre-Cycle 2.89 +0.07 804.94 +20.16

First Cycle 2.84+0.06 (97.57%) 799.04 £ 19.41 (99.27%)
Second Cycle 2.79 +0.05 (94.83%) 791.25 £ 20.34 (98.30%)
Third Cycle 2.74 £0.06 (93.37%) 784.16 £ 21.19 (97.42%)

Bench top stability; recovery (ng) at room temperature (25 °C)

0 hr 2.90 +0.07 803.18 £19.83

24 hr 2.84 +0.08 (97.93%) 785.61 £ 22.07 (97.81%)
Post processing stability; recovery (ng) after storage in auto sampler (4 °C)
0 hr 2.88+0.07 801.54 +20.93

24 hr 2.82 +0.06 (98.85%) 786.14 £ 21.15 (98.08%)

Values (Mean * SD) are derived from six replicates. Figures in parenthesis represent
analyte concentration (%) relative to time zero. Theoretical contents; LOQQC:
1.010 ng mL~!, LQC: 2.92 ng mL™'; MQC: 415.0 ngmL~'; and HQC: 815.0 ngmL™".

have prepared various molar concentrations of 5-FU for opt-5-FU-
MNE1 (w/o/w, SNEDDS) and 5-FU-S to expose to perform the cyto-
toxicity (%, in vitro) study (Table 8). Opt-MNE1 (w/o/w, SNEDDS)
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Fig. 8. Pharmacokinetic was studied in wistar rats after 5 mg/kg single dose of 5-
FU-S (intravenous), 5-FU-S (Oral; 10.0 mg/kg), and 5-FU-MNE (w/o/w, SNEDDS;
Oral; 10.0 mg/kg). Significantly high AUC was achieved with opt-5-FU-MNE (w/o/w,
SNEDDS; Oral; 10.0 mg/kg) (p < 0.01, mean = SD, n = 6).

without 5-FU was also used to treated in the same molar concen-
tration as a control. Percentage Cell survival was estimated
through addition of 35.0, 75.0, 150.0, 300.0, 600.0 and 1200.0 pM
concentration of 5-FU-S and opt-5-FU-MNE1 (w/o/w, SNEDDS)
(Figure 9). The highest cytotoxicity of 5-FU-S (i.e. free aqueous-
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Table 7

Saudi Journal of Biological Sciences 29 (2022) 3704-3716

Pharmacokinetic parameters of 5-Fluorouracil (5-FU) after single i.v. dose of 5-FU-S (5 mg/kg body weight), 5-FU-S (Oral, 20 mg/kg body weight), 5-FU-MNE (Oral, 20 mg/kg body

weight) (mean + SD; n =6).

Parameters Cmax (ng/mL) Tmax () ti2 AUCo_ (ng h/mL) AUCq_., (ng h/mL) Keii (h™1)
5-FU-S (i.v.) 767.36 £34.93 0.50 1.58 1036.51 + 67.92 1077.34 + 69.32 0.43742
5-FU-S (Oral) 93.84+11.46 0.50 2.41 199.41 + 10.82 231.04+11.32 0.28709
5-FU-MNE (Oral) 411.67 +22.64** 1.00 6.68"* 2021.54 £ 113.71"* 353022 + 167.43"** 0.10370

*p<0.1,* p<0.01; ** p<0.001

solution) was found to be 57.72 £ 9.08% at 1200.0 uM concentra- 120.00

tion (Table 8). Though, 5-FU used same concentration in opt-5- u Control (Placebo:MNE) u5-FU-S #5-FU-MNE

FU-MNE1 (w/o/w, SNEDDS) exhibited 95.62 + 1.64% cytotoxicity 100100

that have been found highly significant than 5-FU-S (p <0.050). )

The smallest concentration (35.50 pM) of 5-FU in Opt-MNE1 given ;\?

results 72.08 +5.81% cytotoxicity as compared to 46.36 +6.31% ~ 80.00

cytotoxicity of 5-FU-S (Table 8). Overall, 5-FU in the form of opt- ,?

5-FU-MNE1 (w/o/w, SNEDDS) showed highly potent and effica- E 0500

cious than in 5-FU-S (free form) on colon cancer cell lines which =

signified the ability of opt-5-FU-MNE1 (w/o/w, SNEDDS) for the Z

chemoprevention of colon cancer. The viability of cells for the T 40.00

colon cancer cells treated with free form of 5-FU-S showed o ]

42.28% at 1200.0 M concentration (Figure 9). 20.00 [ I 1

4. Discussion

A UHPLC-MS/MS based 5-FU-bioanalytical method is also
developed in current research which gives many useful applica-
tions efficient, sensitive (upto pg), <3.0 min run time with sharp
RT, economic as well as very competent for the calculations of PK
parameters in rats with well-defined findings. 5-FU was delivered
orally to increase the intestinal membrane permeability and their
bioavailability with the help of self-nanoemulsifying system. 5-
FU is a hydrophilic drug i.e. very hard task to deliver orally but
we optimized-SNEDDS (w/o) in which oil as an external phase pro-
duces phase separation or rapid precipitation of 5-FU i.e. encapsu-
lated inside water phase can take place after contact to GI-fluids
(Shakeel et al., 2014; Sigward et al., 2013). To solve this difficulty,
we were taken on a multiple-self-nanoemulsifying-system i.e. w/o/
w in which 1°-w/o0-5-FU-NE of water 5-FU-solution was dispersed
in the oil droplets. After that 1°-w/0-5-FU-NE has been easily dis-
persed in the outer-water phase for example GI-fluids via a 2°sur-
factant. Current research, Labrasol and Cremophor EL is used as
surfactants containing maximum-HLB-value i.e. 14. Both surfac-
tants were reduced interfacial energy which is essential for the
preparation of NE in which they are not much influenced through
pH and alteration of ionic strength in the Gl-tract (Sigward et al,,
2013). Though, Cremophor EL was shown to play a role in hyper-
sensitivity reactions together with neurotoxicity, nephrotoxicity,
and cardiotoxicity linked with iv. delivery of paclitaxel
(Gelderblom et al., 2001; Kiss et al., 2013; Pangeni et al., 2016).
Transcutol HP was also employed in w/o part as a surfactant and

Table 8

0.00
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35.5uM | 750 pM | 150.0 pM | 300.0 uM 600.0 uM 1200.0 uM

Fig. 9. %age-Cell viability (n = 3, SD, mean) of 5-FU in control, 5-FU aqueous-free-
solution, and optimized-5-FU-NE nanoformulation on human colon (HT-29) cancer
cell lines. Opt-5-FU-MNE (w/o/w, SNEDDS) (p < 0.01) were highly significant than
5-FU-S (without formulation).

w/o/w part as co-surfactant for the preparation of NE which also
decreases interfacial tension and development of mechanical bar-
riers to coalescence. Thus, it was observed that surfactant and
co-surfactant adsorbed at the interface to decrease the interfacial
energy and offering a mechanical barrier to coalescence (Pangeni
et al., 2016). It is very important to optimize the S, ratio for
the oral delivery of NE to enhance the entropy of dispersion and
area of interfacial with decrement of interfacial-tension followed
by free energy of the system for the thermodynamically stable sys-
tem. It is also very important to play a role for oil-phase-to-Smix-
ratio at the time of development of NE in which surfactants were
also reduces interfacial-tension and decrement of globule-size
(Gelderblom et al., 2001; Kiss et al., 2013; Pangeni et al., 2016).
In this way, it reduces the globule-size from 153.23 to 51.64 nm
with enhance in more surfactant come to closer at the site of
adsorption & the construction of a extra closely-packed-
surfactant film on the position of interface between to oil & water
resulted a strongest stabilization. On the opposite side, the
globule-size was enhanced through enhancing co-surfactant con-
centration. Globule-size was increased may be due to presence of

IC50 and % Cytotoxicity of 5-FU-S, opt-5-FU-MNE, and control on colon cancer cell lines (n = 3).

Cell Death (% +SD)

IC50

Concentration (uM) 5-FU-S 5-FU-MNE Control (MNE) 5-FU-S 5-FU-MNE Control (MNE without 5-FU)
0.00 0.00 0.00 0.00
35.50 46.36 £ 6.31 72.08 +5.81 0.18 £0.01
75.00 48.72 £8.93 74.68 + 6.46 1.75 £ 0.08
150.00 52.06 +3.21 78.57 £ 4.59 457 +1.03 100.0 199 -
300.00 53.74+2.12 79.83+5.64 8.45+1.98
600.00 54.69 + 5.64 91.62 +1.89 12.54+2.14
1200.00 57.72 +9.08 95.62 +1.64 14.54 +2.39

The concentration at which 50% cell death (IC50)
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co-surfactant which spreading the interfacial film (Shakeel et al.,
2014; Pangeni et al., 2016).

Cremophor EL is also worked as an enhancer via freeing from
tight junction and enhancing cell membrane fluidity (Udata et al.,
2003; Buyukozturk et al., 2010; Lu et al., 2012). Thus, a surfactant
reduced the membrane integrity which is very helpful to support
for the permeation of 5-FU in the membrane in another way we
can say a hydrophilic very tiny molecule has gone through a para-
cellular pathway. Cremophor EL was published earlier that bind to
hydrophobic-part of P-gp which gives the confirmation alter and
directing to decreased drug efflux (Shakeel et al., 2014; Pangeni
et al., 2016). Oral absorption was enhanced due to the great protec-
tion from P-gp-mediated 5-FU efflux.

Opt-5-FU-MNE1 (w/o/w, SNEDDS) exhibited a significantly
inhibited the growth of same cell lines. Opt-5-FU-MNE1 (w/o/w,
SNEDDS) treated cells showed the cell viability (4.38%) at
1200.0 M which is highly significant than 5-FU-S (p < 0.05).
Opt-5-FU-MNE1 (w/o/w, SNEDDS) showed highest cell viability
(27.92%) as compared to 5-FU-S (freely available i.e. 53.64%) at
35.50 uM. We have observed that opt-5-FU-MNE1 (w/o/w,
SNEDDS) showed very low viability of cells at all levels of concen-
trations which are a clear indication of superiority of opt-5-FU-
MNE1 (w/o/w, SNEDDS) as compared to 5-FU-S. In an opposite
way, opt-MNE1 (without 5-FU, w/o/w, SNEDDS) didn’'t inhibit
more cell growth to the exposure of HT-29 cells (Figure 9). It means
a clear indication of opt-MNE1 (without 5-FU, w/o/w, SNEDDS)
inhibit negligibly cell growth to the exposure of HT-29 cells. The
cell death (50.0% i.e. IC50) was also calculated from concentration
dependent cell viability curves for opt-5-FU-MNE1 (w/o/w,
SNEDDS) and 5-FU-S (Figure 9). 100.0 uM is a concentration for
IC50 value of 5-FU-S. On the other hand, opt-5-FU-MNE1 (w/o/w,
SNEDDS) showed very low IC50 value of 5-FU as compare to 5-
FU-S. On basis of IC50 values findings, the 5-FU of opt-5-FU-
MNE1 (w/o/w, SNEDDS) was calculated 5.0 times more potent
and effective than 5-FU-S therefore, we reduced the dose of 5-FU
and to avoid the adverse effects of 5-FU at the time delivery of
opt-5-FU-MNE1 (w/o/w, SNEDDS) orally (i.e. 10 mg/kg/body-
weight). Finally, it was concluded that opt-5-FU-MNE1 (w/o/w,
SNEDDS) will be successfully used orally for chemoprevention of
colon cancer after the clinical studies.

5. Conclusion

We selected w/o 1°NE as oil phase, maximum 5-FU-release and
their highest permeation, smallest PDI with smallest globule-size &
viscosity, and optimized concentration of surfactant and cosurfac-
tant was prepared and optimized-5-FU-MNE1 (w/o/w, SNEDDS) in
which it contains (w/o 1°NE : 10.0% w/w); 12.5% w/w Cremophor-
EL as a surfactant, 12.5% w/w Transcutol-HP as a co-surfactant, and
65.0% w/w Milli-Q-water. Opt-5-FU-MNE1 (w/o/w, SNEDDS) was
calculated 5.0 times more potent and effective than 5-FU-S based
on in vitro cytotoxicity studies. Based on these findings, opt-5-
FU-MNE1 (w/o/w, SNEDDS) is a better vhicle for oral delivery of
hydrophilic anticancer 5-FU as a drug for the prevention of colorec-
tal cancer. A UPLC-MS/MS method was developed, validated and
used successfully for PK-studies of opt-5-FU-MNE1. An orally
administered nanoemulsion containing 5-FU showed 4.5 times
enhanced in bioavailability as compared to 5-FU-S and enhanced
pharmacokinetic effect. Furthermore, 5-FU was enhanced success-
fully in the GIT-absorption by oral delivery of multiple-
nanoemulsion via PK-study on wistar-rats. Hopefully, our opt-5-
FU-MNET1 (w/o/w, SNEDDS) will be applied for an oral delivery of
5-FU. It will be a great achievement of patient compliance via as
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better substitute of conventional IV-infusion and also a great appli-
cation of treatment of cancer-patients with prophylactically-use in
future.
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