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Abstract

Novel p-coumaric acid microemulsion systems were developed to circumvent its absorption and bioavailability challenges.
Simplex-lattice mixture design and machine learning methods were employed for optimization. Two optimized formula-
tions were characterized using in vitro re-dispersibility and cytotoxicity on various tumor cell lines (MCF-7, CaCO2, and
HepG?2). The in vivo bioavailability profiles of the drug loaded in the two microemulsion systems and in the suspension
form were compared. The optimized microemulsions composed of Labrafil M1944 CS (5.67%)/Tween 80 (38.71%)/Labra-
sol (38.71%)/water (16.92%) and Capryol 90 (0.50%)/Transcutol P (26.67%)/Tween 80 (26.67%)/Labrasol (26.67%)/water
(19.50%), respectively. They revealed uniform and stable p-coumaric acid-loaded microemulsion systems with a droplet
size diameter of about 10 nm. The loaded microemulsion formulations enhanced the drug re-dispersibility in contrast to the
drug suspension which exhibited 5 min lag time. The loaded formulae were significantly more cytotoxic on all cell lines
by 11.98-16.56 folds on MCF-7 and CaCo2 cells and 47.82-98.79 folds on HepG2 cells higher than the pure drug. The
optimized microemulsions were 1.5—-1.8 times more bioavailable than the drug suspension. The developed p-coumaric acid

microemulsion systems could be considered a successful remedy for diverse types of cancer.
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Introduction

In the present context, cancer disease is among the principal
causes of death globally, especially breast, liver, and colo-
rectal cancer [1]. However, the productiveness of the current
known treatment strategies is sometimes ineffective either
due to high toxicity or cost [2]. Fortunately, nanotechnol-
ogy offered a helping hand to enhance the cancer survival
rate [3-5].

p-Coumaric acid (pCA) has a phenolic structure and
belongs to the hydroxycinnamic acid group (Supplemen-
tary Material, Fig. 1). It is mainly consumed in our regular
diet such as fruits (apples, grapes, oranges, etc.), vegetables
(potatoes, onions, tomatoes, etc.), cereals (oats, wheat, and
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maize), and coffee [6, 7]. Recently, pCA as a bioactive com-
pound showed great interest due to its potent anti-inflam-
matory, antioxidant, anti-platelet, anti-viral, anti-arthritis,
and most interestingly, anti-cancer effects. Its anti-cancer
property is mainly due to its anti-angiogenic and apoptotic
effects [8—10]. Despite its numerous health benefits, pCA is
a biopharmaceutical classification (BCS) class 2 drug, thus
suffering from several delivery challenges summarized in its
poor aqueous solubility and being a p-glycoprotein (P-gp)
substrate [11, 12]. This leads to its noticed low bioavailabil-
ity (BAV) after oral administration.

Up to the present, scant studies have focused on boosting
pCA BAV which can be circumvented by utilizing a suitable
delivery system that can overcome the poor solubility, slow
dissolution rate, being a P-gp substrate, and consequently,
enhancing the oral BAV of pCA [7, 13].

In this context, many solubilization approaches such as
micronization, cyclodextrin inclusion complex, lipidic car-
riers, nanocarriers, complexation, and salt formation were
thought of in order to solubilize and deliver poorly soluble
drugs with higher available amounts [14, 15]. Focusing on
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lipid-based vehicles, these carriers have been previously spe-
cifically and successfully exploited for many poorly solu-
ble drugs and oils such as acetazolamide, simvastatin, and
methyldihydrojasmonate [16—18].

The efficiency of lipid-based carriers has been con-
firmed by a previously conducted meta-analysis study by
our research group concluding that the lipid-based carriers
enhance the BAV of many drugs (by evidence) in contrast
to the corresponding drug suspension/solution. The micro-
emulsion (ME) system was chosen for the delivery of pCA
due to its superiority and efficiency in enhancing drug BAV
in terms of the highest estimated mean when compared
with other systems according to this study [19]. The micro-
emulsion system is optically clear and thermodynamically
stable composed of oil, surfactant (S), co-surfactant (CoS),
and water forming nano-sized droplets spontaneously [20].
Microemulsions continue to receive considerable attention
in the pharmaceutical industry due to their strong solubiliza-
tion effect, long-term stability, low viscosity, compatibility,
biodegradability in the biological system, and rapid absorp-
tion, making them an attractive vehicle for the delivery of
bioactive molecules [21, 22]. From the pharmaceutical per-
spective, the resultant formulation’s droplet size after dis-
persion in the intestinal fluids enlarges the surface area and
accordingly improves the dissolution of poorly water-soluble
molecules. Moreover, the inclusion of oil in the formulation
allows the lymphatic system transportation of the drug, thus
reducing the pre-systemic emptying and evading the hepatic
first-pass effect. Furthermore, based on the ME components,
many advantageous effects may emerge, for instance, esca-
lating the fluidity of membranes, opening of tight junctions,
and inhibiting P-gp. As a result, ME can enhance the oral
BAV of drugs and is predicted to elevate the pharmacoki-
netic properties of pCA [23-25].

The technique of design of experiment (DoE) [26] was
adopted to provide the precise mathematical equation con-
necting the formulation inputs (oil, surfactants, co-surfactants,
and water) with the final quality attributes of the developed
ME systems (droplet size) [27-29]. Herein, the simplex lat-
tice was the selected design as it is the design of choice for
mixtures where the total components percentages sum up to
100%. Moreover, it is usually applied for areas comprising a
triangular domain [30, 31]. In another aspect, the machine
learning tools named the principal component analysis (PCA)
and the hierarchical clustering assay (HCA) were exploited.
They are considered as a multi-variate statistical approach
[32]. They differ from univariate statistics in that they ana-
lyze the covariances of numerous variables and determine the
degree of relationship between them rather than analyzing the
mean and variance of only a single variable [33, 34].

To this end, the purpose of this study is to formulate a
novel optimized pCA-loaded ME system, which will be
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characterized and assessed for its in vitro re-dispersibility,
cytotoxicity, stability, and in vivo BAV.

Materials and Methods
Materials

p-Coumaric acid (HPLC grade > 98%), castor oil,
Tween 80 (polysorbate 80), and dialysis membrane with
12,000-14,000 molecular weight cut-offs were purchased
from Sigma-Aldrich Chemical Co., Steinheim, Germany.
Labrafil M 1944 CS (oleoyl polyoxyl-6 glycerides), Labrasol
(caprylocapryol polyoxyl-8 glycerides), Transcutol P (dieth-
ylene glycol monoethyl ether), Capryol 90 (propylene glycol
caprylate), Maisine CC (glyceryl monolinoleate), Labrafac
PG (propylene glycol dicaprylocaprate), Plurol Oleique CC
497 (polyglycerol oleate), Lauroglycol 90 (propylene glycol
monolaurate), and Capryol PGMC (propylene glycol mono-
caprylate) were gently granted by Gattefossé, Saint-Priest,
France. Sodium dihydrogen phosphate and disodium hydro-
gen phosphate were purchased from El Nasr Pharmaceuti-
cal Co., Cairo, Egypt. Membrane filter 0.45 pm, 13mm was
obtained from Whatman, Kent, UK. PEG 400 (polyethylene
glycol 400) was purchased from Nice Chemicals, Kochi,
India. Finally, methanol, acetonitrile, and glacial acetic acid
were all HPLC grade and were acquired from Fisher Scien-
tific, Loughborough, UK.

Methods

Solubility of p-Coumaric Acid in Several Oils, Surfactants,
and Co-surfactants

A solubility study was conducted to determine the suitable
vehicles (oils, surfactants, or co-surfactants) to prepare ME
systems that have a good solubilizing capacity for pCA. One
gram of each vehicle was added to a stoppered vial contain-
ing an excess weight of the drug (300 mg). After then, sealed
vials were warmed at 40°C + 0.2 in a water bath for 15 min
to facilitate solubility. The vials were then introduced in a
shaking water bath at 25°C + 0.3 for 48 h. Finally, after
approaching equilibrium, each vial was centrifuged at 6000
rpm (8551.6 g) for 15 min and then filtered by a membrane
filter (0.45 pm, 13 mm, Whatman, UK) to extract the undis-
solved drug [35]. The supernatant was spectrophotometri-
cally analyzed at 310 nm after appropriate dilution of each
mixture with methanol. This was performed by utilizing a
prepared standard calibration curve of pCA in methanol
generating a best-fitting straight line (+* = 0.9974) and a
regression equation (y = 0.1279x — 0.0289, y = Abs, and x
= concentration of pCA).
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Construction of Pseudo-ternary Phase Diagrams
(Pseudo-TPDs)

Twenty random combinations of oil, surfactant/co-surfactant
(S/CoS), and water were selected in order to prepare dif-
ferent microemulsion combinations at room temperature by
utilizing the water titration procedure in a drug-free environ-
ment [36]. The combinations corresponding pseudo-ternary
phase diagrams (pseudo-TPDs) were also developed where
the target was to select those possessing high ME region.
Briefly, the surfactant and co-surfactant were mixed into a
ratio of 1:1 (w/w). The oil was then blended with the S/CoS
mixture in numerous ratios varying from 1:9 to 9:1 (w/w).
The total mass percentages for the final mixture of oil, S,
and CoS were maintained at 100% w/w. Then, under gentle
stirring, each combination was titrated drop-wise by distilled
water until turbidity was visually visible indicating the end-
point (maximum water uptake) [37]. Each component mass
including the added water was then converted into gram (g)
%, and pseudo-TPDs were drawn using Tri Draw (version
2.9) software (CHEMIXsoftware, Arne Standenes, Norway).

Preparation and Optimization of the Selected ME Systems
Using Simplex Lattice Mixture Design and Machine
Learning Methods

After selecting two novel microemulsion combinations,
optimization followed, where the objective was to select the
formulae having small, uniform, and stable droplet sizes,
especially after dispersion in distilled water.

Simplex Lattice Mixture Design The same equilateral trian-
gle was selected from each pseudo-TPD for optimization
employing the simplex lattice mixture design via Design-
Expert® v.7.0 software. The upper and lower percent-
age boundaries of the independent variables (oil, S, CoS,
and water) were set as shown in Supplementary Material,
Table 1 keeping the total sum fixed at 100% w/w. These
triangles were located above the maximum dilution line
(dash lines drawn in Fig. 1) below which any formulation
may change its behavior upon dilution in gastric fluids from
ME to an unknown multi-phase system [38]. The simplex
lattice design provided 10 runs for each ME combination
to evaluate the impact of ME components on droplet size
(experimental response).

Microemulsion Preparation The suggested runs (formu-
lations) obtained from the simplex lattice design for both
combinations were prepared by accurately weighing each
component mass, then under continuous magnetic stirring, S
and CoS were added to oil, and finally, the water was added
drop-wise by utilizing a syringe to form a stable and clear
system [20].

Determination of Droplet Size as an Experimental
Response Average droplet size and polydispersity index
(PDI) were measured after 2 h and 24 h from preparation by
using the Zetasizer Nano ZS (Malvern Instruments, UK) at
a 173° scattering angle. After then, the same formulae were
diluted 100-fold with distilled water in order to simulate the
in vivo dilution [39] followed by the re-measurement of the
droplet size and the PDI after 2 h and 24 h.

Exploiting Machine Learning Methods to Assess the Diluted
Microemulsion Stability Stability evaluation of the diluted
ME formulae was performed by applying the principal
component analysis (PCA) and the agglomerative hierar-
chical clustering (AHC) via J MP® software version 7 (SAS,
CARY, NC). The evaluation was performed based on the
change after 2 h and 24 h from dilution in the droplet size
and PDI. Clearly, in PCA, the matrices of covariance were
acquired followed by extraction of the principal components.
Then, prior to analysis, all data were normalized against
their standard deviation (SD) [40]. The primary objective
of PCA was to decrease the dimensionality of the dataset
regarding the most discriminating variables and to cluster
into meaningful groups [41]. On the other hand, for AHC,
the clustering was performed using the nearest neighbor/
single linkage method, where the distances between data
and drawn dendrograms were obtained using the Euclidean
distance. The aim was to select the formulations having their
2 h and 24 h data clustered together with relatively similar
Euclidean distance implying minimal changes with time and
consequently indicating their stability [35].

Preparation of p-Coumaric Acid Loaded ME Formulations

After optimization, two formulae (one from each ME combi-
nation) fulfilled the previously mentioned criteria and were
selected for pCA loading. This was performed by dissolving
a pCA weight of 20 mg in the designated oil and surfactant
and then shaking for 5 min at 25°C. The co-surfactant was
then added followed by water, and the whole mixture was
re-shaken for 30 min [35, 42].

Characterization of the Optimized Loaded ME Formulations

Measurement of the Droplet Size After Dilution The drug-
loaded formulations were diluted 100-fold with distilled
water, and their droplet size along with PDI was measured
after 2 h and 24 h of preparation to examine the physical
durability of the loaded systems regarding the droplet size,
PDI, drug precipitation, and dispersed phase separation [43].

In Vitro Re-dispersibility Study The drug re-dispersibility

experiment was performed in a USP basket dissolution tester
(Hanson SR8 plus, Chatsworth, USA). The test started by
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Fig. 1 Pseudo-ternary phase diagrams of a Labrafil M 1944 CS/
domain (SL), while the dashed line represents the dilution line

Tween 80/Labrasol/Water (LTL ME system) and b Capryol 90/
Tween80/Labrasol/Transcutol P/Water (CTTL ME system). The
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soaking the dialysis membranes in phosphate buffer (PB)
solution pH 6.8 (dialysis media) for 24 h at room tempera-
ture, where this pH was chosen as the pCA main absorp-
tion site is the intestine [43, 44]. After then, small locally
fabricated tubes were occluded from the bottom with the
soaked membranes. Then, an accurate volume of the drug
suspension or one of the optimized ME formulae containing
pCA equivalent to 20 mg was filled in the tubes. Carefully,
each filled glass tube was mounted in the place of the bas-
ket of the USP dissolution tester. Each tube was immersed
into a vessel containing 900 mL of PB solution pH 6.8. The
study was carried out at 37 + 0.5°C and 100 revolutions
per minute (rpm) for 2 h. At specific time intervals, i.e., 5,
10, 15, 20, 30, 45, 60, and 120 min, 5 mL aliquot was taken
and filtered by a 0.45 um filter (Thermo Fisher Scientific,
MA, USA), and in order to sustain the sink condition, the
withdrawn volume was replaced by fresh medium *°. The
concentration of pCA was examined spectrophotometrically
at 286 nm after suitable dilution. The concentrations were
obtained utilizing a prepared standard calibration curve of
pCA in phosphate buffer (PB) solution pH 6.8 resulting in a
best-fitting straight line (+* = 0.9991) and a regression equa-
tion (y = 0.0979x 4+ 0.0172, y = Abs, and x = concentration
of pCA).

The re-dispersibility profiles of the selected stable for-
mulations were compared with those obtained for the drug
suspension.

In Vitro Cytotoxicity Assessment

p-Coumaric acid showed a reported activity on many human
cancer cell lines [45]. This study was performed to examine
the cytotoxic effect of pCA solution and the changes that
may occur due to the drug addition to the optimized ME
formulae.

Mammalian Cell Lines Different cancer cell lines were
selected, specifically, MCF-7 cells (human breast cancer cell
line), Caco2 cells (human colorectal carcinoma cell lines),
and HepG-2 (human hepatocellular carcinoma cell lines).
All cells were grown as a monolayer on RPMI-1640 medium
enriched with inactivated fetal calf serum and gentamycin
at a concentration of 1 pg/mL and 50 pg/mL, respectively.
The cells were then stored in a humidified room with 5%
CO, and a temperature of 37°C + 0.2. After then, cells were
sub-cultured 2-3 times a week [46].

MTT Cell Viability Test The cytotoxic effects of pCA were
estimated by viability assay using microculture tetrazolium
assay (MTT) as described by Ossama et al. [47] to determine
the viability of cancer cells after being exposed to pCA in its
pure solution form and when incorporated in the optimized

formulations for 48 h. Moreover, blank ME formulations
were also assessed to exclude their toxic effects. Briefly, to
calculate the 50% inhibitory concentration (ICs), the optical
density of each prepared concentration was examined with
the microplate reader at 590 nm to discover the count of
the viable cells followed by calculation of the viability per-
centage using the equation: cell viability % = (OD/ODc) *
100, where OD is the average optical density of treated cells
(tested formulations) and ODc is that of the untreated cells.
Furthermore, to draw the survival curve of each formulation
in each cell line, the percentage viability against the sample
concentration was plotted. Finally, the IC5, was determined
from the drawn plots using GraphPad Prism software (San
Diego, CA, USA) [46].

In Vivo Oral Absorption Study

The in vivo experiment was conducted for the drug suspen-
sion and the optimized loaded formulations to determine the
proposed enhancement in oral BAV of pCA by utilizing the
underneath-described protocol.

Oral Administration and Blood Sampling Eighteen male
Sprague-Dawley rats, weighing 200-250 g, were bought
from The Nile Co., Cairo, Egypt, for pharmaceutical and
chemical industries. The laboratory conditions for rats were
normal. Clearly, in a 12-h light-dark cycle, rats were fed
adaptively for 1 week with free access to pelleted food and
water. Moreover, the rats were divided into three groups (n
= 6), where 3 rats were sampled at each time interval in an
alternating manner. Prior to drug administration, all animals
were fasted overnight with no limitation to water. After then,
each group of rats was orally administered the desired for-
mulation where, group 1 took 100 mg/kg pCA suspension
dose [48], while groups 2 and 3 got the selected formulations
loaded with the same equivalent dose.

The blood samples (about 0.5 mL) were withdrawn from
the retro-orbital plexus and transferred immediately to hep-
arinized tubes at 0, 0.0833, 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12,
and 24 h. Lactated Ringer’s solution was also used as a fluid
replacement as recommended by the NIH. Consequently,
the samples were centrifuged at 4000 rpm (5701.1 g) for 5
min, and the plasma was kept at —20°C until being analyzed
by high-performance liquid chromatography (HPLC) [49].

The test was accepted by the Research Ethical Committee
of the Faculty of Pharmacy, Ain Shams University, protocol
number 273.

Development and Validation of High-Performance Liquid
Chromatography (HPLC) Procedure for Precise Calculation
of p-Coumaric Acid in Rat’s Plasma A new sensitive, selec-
tive, and accurate HPLC method emerged and validated [50,
51] for pCA determination in the plasma with the aid of
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diclofenac sodium which was used as an internal standard
(IS) as provided in the Supplementary Material.

Pharmacokinetic Assessment The non-compartmental
analysis was performed, and the pharmacokinetic param-
eters were estimated through the PK solver add-in program
for Microsoft Excel (version 2.0, China). These parameters
were the maximum plasma concentration (Cmax), time to
reach maximum plasma concentration (7max), area under
the curve (AUCO0-24 h and AUCO-c0), biological half-
life (¢1/2), and mean residence time (MRT). In addition,
the relative bioavailability was determined by dividing the
AUCO-o0 of each selected formulation by that of pure drug
suspension.

Statistical Analysis

All data were shown as mean =+ standard deviation where n
= 3. For statistical analysis, one-way ANOVA and unpaired
t-test were carried out using GraphPad Prism, version 5
(GraphPad Software, San Diego, CA). Significance was
reported when the p-value was < 0.05.

Results and Discussion

Solubility of p-Coumaric Acid in Several Qils,
Surfactants, and Co-Surfactants

Development of stable oil in water (o/w) ME especially
after dilution in the gastrointestinal tract (GIT) requires an
imperative criterion which must be contemplated, that no
drug precipitation should occur [52]. This can be achieved
when the solubility of the drug in water is relatively lower
than that in the S/CoS mixture, whereas oil solubility is also
important as it will act as a drug reservoir and provide its
advantages in enhancing the drug BAV [21]. As shown in
Supplementary Material, Fig. 2, Labrafil M 1944 CS and
Capryol 90 showed higher solubility: 16.29 + 2.67 and 50.7
+ 5.33 mg/g, respectively. While for S and CoS, Tween 80,
Transcutol P, and Labrasol were the best solubilizing agents
where they revealed higher pCA water solubility (118.23 +
2.43,290.89 + 10.91, and 210.57 + 7.26 mg/g, respectively).

This may be attributed to their chemical structure and
geometry where it is obvious from the chemical name that
Tween 80 (polyoxyethylene (20) sorbitan monooleate),
Transcutol P (diethylene glycol monoethyl ether), and
Labrasol (caprylocaproyl polyoxyl-8 glycerides) are rich
in hydroxyl groups (—OH) and hydrogen (—H) atoms and
thus capable of forming hydrogen bonds and dipole-dipole
interactions with pCA. Moreover, oils had lower drug solu-
bility relative to S and CoS as Capryol 90 (propylene glycol
caprylate) has an extremely lower number of the previously
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mentioned functional groups, in addition to the possibility
of intramolecular hydrogen bond formation that reduces the
chances for intermolecular hydrogen bonding with pCA.
Furthermore, unlike Labrasol which contains caprylic (C8)
and capric acid (C10), Labrafil M 1944 CS (oleoyl poly-
oxyl-6 glycerides) is a bulky molecule due to the presence
of oleic acid (C18) which makes any interaction with pCA
unfavorable and thus leads to lower solubility.

Construction of Pseudo-ternary Phase Diagrams

Pseudo-TPDs are an appropriate approach to differentiate
between ME and multi-phase regions [37]. The pseudo-
TPDs of the twenty random investigated combinations are
provided in the Supplementary Material, Figure 3. Figure 1
depicts pseudo-TPDs of the two selected combinations:
Labrafil M 1944 CS/Tween 80/Labrasol/Water (LTL ME
system) and Capryol 90/Tween 80/Transcutol P/Labrasol/
Water (CTTL ME system). These systems were selected due
to the high solubilization capacity of their components, high
ME region, and being—up to our knowledge—new carriers
that were not previously utilized for the delivery of drugs
including pCA. Also, the selected oils were Capryol 90 and
Labrafil M 1944 CS due to their higher recorded pCA solu-
bility relative to other oils. In addition, their chemical struc-
ture possesses small alkyl chains that will lead to the forma-
tion of small droplet sizes as was previously reported [53]. It
was also mentioned that they possess surfactant properties
that will lead to a reversible absorption-enhancing effect in
the small intestine rather than the large intestine where other
conventional absorption enhancers usually operate, hence
allowing for more chances to increase pCA BAV associated
with less incorporation of the S and CoS components which
will consequently enhance the safety and tolerability of the
system [54]. The dark (colored) area in Fig. 1 highlights the
o/w ME, while the uncolored sector exhibits a turbid multi-
phase region. Consequently, the same equilateral triangular
area was selected for both combinations for optimization as
shown in the same figure.

Optimization of the Selected ME Combinations
Using Simplex Lattice Mixture Design and Machine
Learning Methods

After preparing the twenty runs (10 for each combination)
suggested by the utilized simplex lattice mixture design,
their droplet size (experimental response) and PDI were
determined. The outcomes are reported in Supplementary
Material, Table 2. Small droplet sizes were obtained from
all the freshly prepared (2 h) formulations ranging from
8.615 nm to 86.02 nm for the LTL ME system and 3.105
nm to 88.33 nm for the CTTL ME system indicating that the
microemulsion systems were successfully developed. This
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small droplet size promotes drug absorption and BAV by
providing a high interfacial surface area and enhancing the
rate of drug dissolution [37]. Furthermore, the small drop-
let size indicates the development of a better-packed layer
of S and CoS at the water-oil interface, hence stabilizing
the oil droplets [52, 55]. Noticeably, the droplet size meas-
urements after 24 h either from preparation or even after
dilution revealed an increase in the droplet size in almost
all the investigated formulae. This may be attributed to the
high surface energy of these small-diameter droplets, lead-
ing to increased collisions and aggregation by time [35].
Furthermore, the 100-fold dilution leads to a growth in the
droplet size as excessive water lowers the efficiency of S/
CoS in decreasing droplet size. This was more obvious in
the CTTL ME system than the LTL ME system due to the
latter’s lower PDI leading to better discrimination in droplet
size. Interestingly, although the same runs were prepared for
both systems, there was a dramatic difference in droplet size;
this may be attributed to the incorporation of another CoS
in the CTTL ME system “Transcutol P” which is responsi-
ble for the increased droplet size because it is familiar that
inclusion of S causes condensation of the interfacial film
while CoS addition expands the film [36, 56]. Regarding the
PDI, it is normal to be high in the undiluted ME formula-
tions (> 0.2) [35, 56], owing to the extremely low interfacial
tension of the surfactant monolayer even approaching zero
in some cases. Therefore, there are more chances to obtain
non-spherical shape particles such as worm-like or irregular
shapes. In contrary to normal emulsions, it forms spherical
structures as high interfacial tension favors the minimiza-
tion of the droplet interfacial areas, as it is well-established
that the sphere is characterized by the lowest interfacial area
for a given volume [57]. Non-spherical structures usually
score high PDI values in dynamic light scattering particle
size measuring techniques as they are mainly light intensity-
based techniques. On the other hand, the 100-fold diluted
formulations are more uniform in size with lower PDI, and
thus it is more important to consider the droplet size, PDI,
and stability of the diluted formulations as it simulates the
in vivo dilution [39].

Figure 2 depicts the contour and the 3D plots of models
which explains the differences in the droplet sizes between
the prepared formulations of both systems. The apexes of
the triangles represent the limit of the ME components,
while each red dot denotes the droplet size of the prepared
formulation. The droplet size value increases moving from
the blue to red region. It is obvious in the 2 h CTTL ME
system that by increasing the oil percentage—moving from
the apex to the bottom—the droplet size increased. On the
other hand, as S/CoS and water percentages increased, the
droplet size decreased which was also reported in many
articles [43, 46, 58]. While for the LTL ME system, this
was not the trend. By increasing the water percentage, the

droplet size decreased, while the oil and S/CoS percentage
had no major effect on the droplet size. This could be obvi-
ous by observing the magnitude of the water coefficient
in the generated model in the Supplementary Material,
Table 3 that describes the contribution of independent var-
iables to the respective response, where the coefficient of
water had the highest magnitude, implying that water was
critical for determining the globule size [58]. Finally, the
effect of dilution and storage for 24 h are obvious on the
plots and coincide with the aforementioned explanation.

Accordingly, many formulae showed small and uniform
droplet sizes, but not all of them were stable for 24 h after
dilution, as shown in Supplementary Material, Table 2,
which is an essential criterion to guarantee stable drop-
let size until the drug is absorbed and reaches systemic
circulation. Based on this, multivariate statistics were
conducted using HCA and PCA to assess the stability of
formulations after 24 h of dilution and select the most sta-
ble formulation in each system. In HCA, data were organ-
ized according to the similarity between formulations (no
significant change in droplet size after 24 h dilution) and
represented in a tree-like diagram, while in PCA, the most
stable formulae were chosen by locating the similar for-
mulations in the same quadrant near each other. Results
are shown in Fig. 3, where the 2 h after dilution formula-
tions were coded from F1 to F10, while the same formula-
tions 24 h after dilution were numbered from F11 to F20.
The microemulsion formulations were depicted as points
(scores) and the measurements as vectors (loadings),
respectively. The first principal component accounted for
55.6 and 55.8% of the variation between the formulations
for the investigated first and second systems, respectively,
while the second principal component accounted for 44.8
and 44.6%, respectively. It is also worth noting that the
DS (droplet size) and the PDI were correlated (both posi-
tive) with respect to the first (main) principal component
which implies that increasing the DS is associated with an
increase in PDI may be due to the presence of aggregations
which distort the readings [41].

Results showed that F1 LTL ME and F5 CTTL ME sys-
tems possessed superior stability as 1 and 11 in the LTL ME
system and 5 and 15 in the CTTL ME system were clustered
together in HCA and located close to each other in PCA,
and thus were selected for further characterization. This sta-
bility may be due to the presence of lower oil content and
optimum percentage of S and CoS compared to less stable
formulations. The S and CoS were responsible for the ultra-
low value of the interfacial tension which imparts stability
to ME. Moreover, the optimum concentration of S and CoS
allowed the formation of a coat around the oil globules pro-
tecting them and avoiding coalescence. Any further increase
in the S and CoS concentration may lead to flocculation and
consequently disrupt the ME stability [59].
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i.e., a—d for the LTL ME system and e-h for the CTTL ME system, tively. The response (globule size) value increases moving from the
where a, e; b, f; ¢, g; and d, h corresponds to 2 h after preparation, 24 blue to red colors
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Characterization of Optimized ME Formulations

Preparation of p-Coumaric Acid Loaded ME Formulations
and Re-measurement of Droplet Size After Dilution
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It is important that the chosen ME systems remain stable
upon addition of drug and dilution in terms of droplet size
and PDI since it is assumed that adding a drug may affect the
droplet size, and hence different characteristics may evolve
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[39]. After preparation and dilution 100 times of the loaded
F1 LTL and F5 CTTL ME systems, droplet size and PDI
were measured. The results are displayed in Table 1, con-
cluding that the amount of the solubilized drug (20 mg of
pCA) was not sufficient to cause any remarkable difference
in droplet size or PDI, i.e., p-value > 0.05, which coincides
with Moghimipour et al. results [42]. Also, no drug precipi-
tation or phase separation was observed in any formulae.

In Vitro Re-dispersibility Study of p-Coumaric Acid

Figure 4 illustrates the comparison between the drug disper-
sion from F1 LTL and F5 CTTL formulations versus the
pure drug suspension. Results displayed that the optimized
formulae enhanced the dispersion rate of pCA significantly
(p-value less than 0.05) at the first 15 min after which 100%
of the drug was re-dispersed in all three samples with no
sign of drug precipitation occurred along the 120 min indi-
cating that the whole dose will be available for absorption.
Obvious lag time for the first 5 min in the dispersion pro-
file of the pure drug suspension was shown after which the
drug started to re-disperse in the dissolution medium. This
was a result of poor pCA aqueous solubility. The lag time

@ Springer
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was also reported in the re-dispersibility study of many
drugs [60—62]. On the other hand, the optimized ME sys-
tems enhanced the rate of drug dispersion due to the formed
nano-sized droplets that increased the surface area, in addi-
tion to surfactants and co-surfactants that kept the drug in
the solubilized state [56, 62]. By comparing the loaded F1
LTL and F5 CTTL ME formulations, results displayed that
F1 was better in escalating the dispersion rate of pCA at the
first 5 min, while F5 was better at 10 min. By reaching 15
min, both formulae reached 100% of drug dispersion. This
closeness in enhancing the dispersion rate may be due to
the similar droplet size of both formulae, in addition to the
convergence of the S and CoS percentages used in F1 (80%
w/w) and F5 (77.42% wiw).

In Vitro Cytotoxicity Assessment

The cell viability using MCF-7, HepG2, and Caco?2 cell
lines was exploited to examine the potential cytotoxicity
of pCA-loaded ME systems. The drug in the ME systems
is speculated to reach the tumor cells in vivo owing to the
small globule size of the microemulsions. The globules are
expected to evade the immunity system elements due to the
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Fig.3 a Scores and loading plots of PCA and b HCA dendrograms of
the prepared formulations for both systems, i.e., (i) LTL ME system
and (ii) CTTL ME system. The 2 h after dilution formulations’ codes
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are 1 to 10, and the 24 h after dilution codes are 11 to 20 for the same
formulations. DS, droplet size; PDI, polydispersity index

Table |l Droplet Size and PDI

. Sample Droplet size (nm) PDI + SD Droplet size (nm) PDI + SD
of the Diluted F1 LTL ME after 2 h + SD after 24 h + SD
Formulation After 2 and 24 h
From Preparation Plain F1 LTL 9.68 + 0.20 0.047 + 0.009 10.02 +0.17 0.064 + 0.014
Medicated F1 LTL 10.01 +0.19 0.102 + 0.058 10.16 + 0.06 0.107 £ 0.033
Plain F5 CTTL 10.79 +0.18 0.142 + 0.032 11.04 £ 0.12 0.167 + 0.009
Medicated F5 CTTL 11.00 + 0.01 0.113 +0.029 11.01 +0.02 0.111 + 0.061

LTL Labrafil M 1944 CS/Tween 80/Labrasol/Water; CTTL Capryol 90/Tween80/Labrasol/Transcutol P/

Water

presence of the surfactant “Labrasol” in its composition.
This surfactant contains PEG moieties [3] that will form a
stealth effect, thus allowing the formulations to approach the
tumor area and to be uptaken by the cells by the enhanced
permeation and retention (EPR) effect. The results in Fig. 5
revealed that the cytotoxicity of the loaded and unloaded
(blank) ME systems increased in a dose-dependent man-
ner, unlike the pure drug solution. Moreover, the pure drug

solution showed cell toxicity with ICy, values of 104 + 4.20,
89.90 + 3.10, and 29 + 1.30 pg/mL for MCF-7, HepG2, and
Caco? cells, respectively. This sensitivity difference of the
cell lines against any chemical compound such as pCA could
be due to the unique features of each type of cell, hence lead-
ing to different defense processes towards pCA [63].
Furthermore, the addition of the drug to the optimized
ME systems increased the cytotoxic effect of pCA compared
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Fig.4 In vitro re-dispersibility
profiles of the pure drug suspen-
sion, F1 LTL and F5 CTTL,
formulations through a 120 min
and b zooming on the first 20
min to discriminate between dif-
ferent profiles
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to the pure drug alone showing a very significant reduc-
tion in the ICs, values: 6.28 + 0.46, 0.91 + 0.08, and1.77
+ 0.16 pg/mL for loaded F1 and 7.22 + 0.67, 1.88 + 0.19,
and 2.42 + 0.51 pg/mL for loaded F5 on MCF-7, HepG2,
and Caco?2 cells, respectively. Since the cytotoxicity of an
anti-cancer drug relies on its accumulation in tumor cells,
thus the reduced ICs, confirmed the internalization of the
investigated drug-loaded nano-carrier inside the tumor cells,
the release of the drug from formulae, and being accumu-
lated inside tumor cells [64]. This accumulation is owed to
the small droplet size of the carriers, around 10 nm, that
enhanced the solubility of pCA as proven by the in vitro
experiment discussed earlier, and leads to better interaction
with cancer cells and thus higher drug uptake by endocytosis
and pinocytosis bypassing the general diffusion pathway of
the free drug [22, 65-68]. Further, it is proclaimed that the
ME improves molecule absorption either by enhancing per-
meability or by tight junction modulation. This is ascribed
to the inclusion of S and CoS in the ME systems (Tween
80, Transcutol P, and Labrasol). These components serve

@ Springer
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as penetration enhancers via disrupting cell membranes and
opening tight junctions especially Labrasol by interacting
with F-actin and actin-anchoring protein (ZO-1) leading to
improved transcellular transport of drugs [69—71]. Neverthe-
less, the ME is responsible for preventing drug efflux from
cells by inhibiting the efflux-mediated transporters (P-gp)
which is mainly responsible for anti-cancer drug resistance
[72]. This inhibition is due to the incorporated Tween 80 and
Labrasol where the latter one when combined with Trans-
cutol P as in F5 CTTL augments the inhibition [3, 63, 73].
Comparing the loaded F1 LTL with the F5 CTTL ME
systems, the differences in the recorded ICs, values were
insignificant, proving that the shown reduced cytotoxicity
was mainly due to the drug effect and not due to the for-
mulae components. Furthermore, due to concerns regard-
ing the safety of formulae towards non-cancerous cells, the
blank (unloaded) ME systems—F1 and F5—were evaluated,
and they showed extremely lower cytotoxic effects with F1
scoring an ICs, values of 1714 + 226, 244 + 46, and 672
+ 96 ug/mL and F5 scoring an ICs, values of 786 + 78,
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588 + 108, and 960 + 178 ug/mL for MCF-7, HepG2, and
Caco?2 cells, respectively. These results confirmed the sys-
tems’ safety. However, their cytotoxic effects increased in a
concentration-dependent manner due to the continuous cells’
exposure to S and CoS (48 h) making the formulae cytotoxic
at higher concentrations ’'. Fortunately, this effect is revers-
ible as reported in many articles [69, 74]. Moreover, this
cytotoxicity effect will not be observed in vivo, as these for-
mulae will be diluted in gastric fluids reaching a safe extent.
Sha et al. reported that when SMEDDS (self-emulsifying
drug delivery system) was diluted (1:50-1:2000) to form
ME, no toxic effects were reported [69]. Furthermore, a high
volume of distribution and high metabolic rates of ME com-
ponents will contribute to the lower toxicity of the ME sys-
tems [75]. To this end, incorporating pCA into ME systems
leads to a synergistic cytotoxic effect making it possible to
decrease the treatment dose due to the significantly higher
inhibitory effect at a lower drug concentration.

In Vivo Oral Absorption Study

Figure 6 represents the F1 LTL and F5 CTTL ME systems
plasma profiles versus the pure drug suspension. The oral
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pure drug on MCF-7

Loaded F1 on MCF-7
Loaded F5 on MCF-7

Pure drug on Caco2 cells

Loaded F1 on CaCo2 cells

Loaded F5 on CaCo2 cells

Pure drug on HepG2

Loaded F1 on HepG2
Loaded F5 on HepG2

150 200 250 300 350 400 450 500
Concentration (ug/mL)

Blank F1 on MCF-7
Blank F5 on MCF-7
Blank F1 on HepG2
Blank F5 on HepG2
Blank F1 on CACO2

Blank F5 on CACO2 cells

30000 40000 50000

Dilution (pg/mL)

60000 70000 80000 90000 100000

administration of the ME systems exhibited a significantly
higher absorption and relative BAV as revealed in Table 2 (p
< 0.05), in addition to a greater Cmax (8.31 £+ 0.19 and 9.07
+ 0.14 pg/mL) and AUC,,, values (38.34 + 3.15 and 46.82
+ 2.79 pg/mL.h) for F1 and F5, respectively, compared to
that of pure drug suspension having a C,,,,, at 6.28 + 0.18
pg/mL and AUC,;,, of 26.32 + 0.42 pg/mL.h. According
to these results and with respect to the number of sampled
animals in each group, the statistical power of analysis was
calculated as 50% (calculated using Giga calculator, https://
www.gigacalculator.com/). It is recommended that the num-
ber of sampled animals should be increased in future similar
experiments in order to increase the power of analysis to
80% or more. Also, the recorded T,,,, in F1 and F5 ME
systems were less than the pure drug suspension. These
obtained results conformed with the in vitro results, where
the pure drug suspension showed a lag time of 5 min and a
lower re-dispersibility rate than the optimized ME system
formulae.

The significant differences in the parameters resulting
in higher drug absorption and BAV of the optimized ME
systems relative to the pure drug suspension were probably
attributed to the larger surface area obtained from the oral
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Fig.6 Plasma concentration time profile of pCA in rat’s plasma

Table Il Pharmacokinetic Parameters of p-Coumaric Acid After the
Oral Administration of the Optimized ME Formulations. The Sample
Size =3

PK Unit Suspension  F1 LTL F5 CTTL
parameter
Crax pg/mL 6.28 +0.18 *8.31+0.19 *9.07 +0.14
Tax h 0.50 £0.00 *0.25+0.00  *0.25 + 0.00
AUC pg/mL.h  26.11 +0.34 *38.24 +3.10 *46.71 +2.80
AUCO-c0  pg/mL.h 2632+ 042 *38.34 +3.15 *46.82 +2.79
T\ h 3.65+035 *2.68+0.02 *2.60+0.11
MRT h 4.57+030 4.82+0.27 4.80 +0.09
Relative 1.50 1.80

BAV

LTL Labrafil M 1944 CS/Tween 80/Labrasol/Water; CTTL Capryol
90/Tween80/Labrasol/Transcutol P/Water

“indicates the presence of a statistical difference between the micro-
emulsion formulations and the suspension

administration of the ME systems due to droplet size reduc-
tion to about 10 nm, which improved diffusion across intes-
tinal membranes and increased mucosal permeability [46].
Additionally, the promotion of lymphatic transportation of
the loaded ME systems occurs due to the oil in the formu-
lae and the small globules, thus bypassing the portal vein
route and the first-pass effect [49, 76, 77]. Moreover, high
concentrations of the S and the CoS in the ME, as discussed

@ Springer

earlier, were able to disturb the cell membranes and open the
tight junctions of the intestinal epithelium, thus increasing
the permeability of the intestinal barrier. Furthermore, P-gp
inhibition contributed to this higher BAV.

On the other hand, pure pCA suspension could not disso-
lute rapidly in the GIT because of its insufficient solubility,
in addition to the absence of all the previously mentioned
ME system advantages. Consequently, low drug concentra-
tions and poor oral absorption were achieved.

Furthermore, by comparing F1 LTL and F5 CTTL ME
systems, the latter showed superior pharmacokinetic param-
eters. This superiority may be due to the difference in the
constituents where Capryol 90—the oil component—in F5
assisted in enhancing the drug absorption more than Labrafil
M 1944 CS—the oil component—in F1 as reported by Hu
et al. [78]. Also, F5 contains higher concentrations of sur-
factants and co-surfactants and consequently augmented the
penetration and the absorption boosting effects [71, 72, 79].

Conclusion

In the current study, an effort was performed to augment the
poor aqueous solubility and low BAV of p-coumaric acid by
developing two novel optimized pCA-ME formulations. The
optimized formulations provoked a notable enhancement in the
drug dispersion rate contrary to the pure drug suspension. The
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prepared pCA-ME formulations were proven safe and revealed
a pronounced improvement in the antiproliferative activity of
pCA against MCF-7, Cacao2, and HepG2 cell lines. Moreover,
the results of the in vivo pharmacokinetic study showed nota-
bly improved pharmacokinetic parameters with approximately
1.5-2-fold enhancement in bioavailability. To sum up, the pre-
pared p-coumaric acid microemulsion systems could be used
as a potential orally administered remedy for cancer disease.
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