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Caffeic acid, a prevalent phytoconstituent in plants, serves as a potent bioactive compound recognized
for its robust antioxidant and anticancer properties. It is classified as a hydroxycinnamic acid and is
renowned for its role in mitigating oxidative stress and inflammation. This attribute makes it an invaluable
component in both natural remedies and biomedical research. This study presents an approach focused on
the development and assessment of a caffeic acid loaded nanoemulsion (CALN), targeting its potential
application in combating human colorectal cancer. The nanoformulation was achieved through an aqueous
titration method, with Sefsol 218 (12% v/v) as the oil phase, Triton X100 as the surfactant, and
propylene glycol as the co-surfactant (Smix; 2:1; 28% v/v). The aqueous phase comprised 60% v/v
distilled water. Optimized nanoemulsion was rigorously evaluated using various parameters, including
viscosity, particle size, zeta potential, polydispersity index, % transmittance, and refractive index.
Notably, formulation E8 exhibited remarkable attributes, displaying a substantial drug release rate of
98.81% in 24 h, accompanied by a mean particle size of 40.08 nm, low polydispersity index of 0.17, zeta
potential of -17.40 mV, viscosity of 21.40 cps, refractive index of 1.33, and percentage transmittance of
99.47. The stability analysis revealed that the formulated nanoemulsion retained its stability even under
stress conditions. /n vitro investigations unveiled the potential anticancer effects of the optimized caffeic
acid loaded nanoemulsion against HCT 116 colorectal cancer cells. The nanoemulsion induced G2M phase
arrest, induced alterations in cellular morphology, escalated ROS production, and demonstrated dose-
dependent cytotoxicity in HCT 116 cells. These findings collectively highlight the promising role of
caffeic acid loaded nanoemulsion as a potent oral delivery system for colorectal cancer.

1. Introduction

functions (Dixit and Ali, 2010; Baker et al., 2007; Prakash et al.,
2013). However, the toxic effects associated with chemotherapeutic

Caffeic acid stands out as a prominent phytoconstituent abundantly
present in diverse plant sources, notably in coffee, various fruits,
and vegetables. Within the plant kingdom, it serves a pivotal role as
a robust antioxidant, safeguarding plants against oxidative stress and
the harmful effects of UV radiation. Beyond its ecological significance,
caffeic acid extends its influence on human health by offering
substantial advantages. Its anti-inflammatory and anticancer
attributes have aroused the interest of the medical community. This
phytoconstituent’s capacity to neutralize free radicals and mitigate
oxidative harm, positions it as a valuable component in maintaining
overall well-being through a balanced diet. Caffeic acid serves as a
notable example of how plant compounds can offer both natural
defense mechanisms and therapeutic potential for humans.

Natural products with anticancer properties have caught the interest
of researchers because of their pharmacological and biological
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agents remain a concerning issue. Polyphenolic compounds have a
member called caffeic acid which is commonly present in coffee,
olive oil, fruits, and vegetables (Liu et al., 2013; Chang et al., 2010;
Kuo et al., 2013; Ozturk et al., 2012). Studies indicated the various
physiological activities of caffeic acid and its derivatives like
cardioprotective, antiproliferative, antiatherosclerotic, hepatopro-
tective, antihepatocellular carcinoma, anti-inflammatory,
immunostimulatory, antiviral, antibacterial, antidiabetic, and
antioxidant activity (Verma and Hansch, 2004; Silva et al., 2014;
Genaro-Mattos et al., 2015; Tosovic, 2017; Lin and Yan, 2012;
Rodrigues et al., 2015; Kilani-Jaziri et al., 2017; Agunloye et al.,
2019; Nagaoka et al., 2002; Xie et al.,2017; Yang et al., 2013; Bispo
et al., 2017; Lee et al., 2007; Won et al., 2010; Gu et al., 2016).
Despite of enormous advantages of caffeic acid, studies revealed
that caffeic acid has low oral bioavailability, low intestinal absorption,
and poor permeability (Wang et al., 2103). These shortcomings in
caffeic acid put a barrier to providing maximum therapeutic action;
therefore it is necessary to formulate caffeic acid into a form that can
increase its bioavailability, intestinal absorption and permeability.

Nanostructured carrier systems have an edge over conventional
delivery systems as they provide high bioavailability of active
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pharmaceutical ingredients, specific tissue targeting and enhanced
cellular interactions (Shi e al., 2010). Utilizing nanostructured carrier
systems can provide solutions to numerous challenges that are faced
in the delivery of drugs (Wagner et al., 2006). Nowadays nano-
structures like nanoparticles are also used as a diagnostic tool (Imad
Uddin et al., 2020). Nanostructured drug delivery systems proved
to be a more promising and potential system for the delivery of
genetic biomolecules and compounds that have low aqueous solubility
(Zhang et al., 2008). The fabrication of nanostructured drug delivery
systems aims at providing better bioavailability and encompasses
the incorporation of therapeutically active substances into inactive
lipid vehicles (Aungst, 1993) like oils (Burcham et al., 1997),
surfactants (Serajuddin et al., 1988; Serajuddin, 1999; Aungst et al.,
1994), self-emulsifying formulations (Toguchi et al., 1990; Wu et al.,
2006), emulsions (Kararli ef al., 1992; Myers and Stella, 1992; Palin
et al., 1986), micro or nanoemulsions (Lawrence and Rees, 2012;
Akhtar et al., 2016; Jadhav et al., 2006), and liposomes (Schwendener
and Schott, 1996). A set of advantages are associated with
nanoemulsions over conventional drug delivery systems like quick
onset of action, high kinetic and thermodynamic stability to prevent
coalescence and aggregation (Saroha et al., 2023) increased capacity
for drug solubilization, longer shelf life (Shafig-un-Nabi ez al., 2007),
low toxicity, high lipid content, and production at large scale by
methods like high-pressure homogenization (Mehnert and Mader,
2012).

This work focuses on the fabrication and optimization of stable
nanoemulsion of caffeic acid by titration method (aqueous). The
prepared CALN was further assessed based on PDI, refractive index,
droplet size, zeta potential, viscosity, morphology, and release of
drug in in vitro condition. Caffeic acid loaded nanoemulsion was also
assessed against colorectal cancer cells.

2. Material and Methods

Caffeic acid was obtained as a gift sample from SD Fine Chem Ltd.,
Triton X-100 and propylene glycol were purchased from Sisco
Research Laboratories and SD Fine Chem Ltd., respectively. Nikko
Chemicals (Tokyo, Japan) sent a complimentary sample of Sefsol
218 and Sefsol 228.

The following items were bought from Himedia, India: MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) dye,
FBS (foetal bovine serum), McCoy’s SA medium and antibiotic
solution. DCFH-DA (2,7-dichlorodihydrofluorescein diacetate), P1
(propidium iodide), and DAPI (4',6-Diamidino-2-phenylindole) dye
were acquired from Sigma-Aldrich, USA. High purity grade reagents
were utilized throughout.

NCCS, Pune, India, provided the HCT116 (human colorectal cancer)
cell line. In addition to 10% (v/v) foetal bovine serum, 2.0 mM L-
glutamine, 1.5 g/l NaHCO,, 0.1 mM non-essential amino acids, and
1.0 mM sodium pyruvate, cell lines were cultured in McCoy’s SA
medium. Cells were cultured in humidified air at 5% CO, and 37°C.

2.1 Development of nanoemulsion and its characterization

The solubility of caffeic acid in different oils was estimated,
pseudoternary phase diagram was constructed and tests related to
thermodynamic stability were performed to create a well-defined,
robust, and stable nanoemulsion that was not affected by the change
in temperature.

2.2 Oil phase screening using solubility studies

The solubility of caffeic acid in different oils was checked to find out
which oil has the maximum potential for loading caffeic acid and this
aspect of oil selection is crucial for the development of nanoemulsion.
For this study, Sefsol 218, Sefsol 228, isopropyl myristate, and
olive oil were selected. Vials of capacity 5 ml were taken and 2 ml of
each oil was put into those vials. Moreover, an excess quantity of
the drug (caffeic acid) was added and with the help of a vortex
mechanical shaker the drug was dissolved (Shafiq et al., 2007; Singh
et al., 2022). These vials were maintained in an isothermal shaker at
25 £ 1.0°C for 72 h to establish equilibrium. Following equilibrium,
these vials were taken off from the shaker and centrifuged for 15 min
at 10,000 revolutions per min. The supernatant (a transparent
liquid) was collected and filtered using a membrane filter with a 0.45
um pore size. The content of caffeic acid in various oils was also
measured using a UV spectrophotometer operating at a wavelength
of 327 nm.

2.3 Study of the pseudoternary phase diagram

The titration method (aqueous) was used to prepare the
pseudoternary phase diagram using three components namely distilled
water, oil, and S . (mixture of surfactant and co-surfactant)
(Kommuru et al., 2001). To get the best results, surfactant and co-
surfactant were combined in various ratios of 1:0, 1:1, 1:2, 1:3, 2:1,
and 3:1. A stock of 20 ml was made for each ratio. For every
pseudoternary phase diagram, oil and S_. were mixed in separate
glass vials in different ratios from 1:9 to 9:1. Sixteen distinct
combinations of oil and S . (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1,
1:2, 1:3.5, 1:4, 1:5. 1:6, 1:7, 1:8) were titrated with distilled water
and were examined for flow property and transparency (Lawrence
and Rees, 2012). The pseudoternary phase diagram has three axes
which represent the oil phase, the S . phase, and the aqueous phase.
This diagram shows the physical condition of the produced
nanoemulsion. The nanoemulsion area was displayed for each diagram,
and the wider zone corresponds to higher self-nanoemulsifying
efficiency. With the help of this diagram, distinct nanoemulsion were
chosen from the nanoemulsion region of the phase diagram which
had a minimum S . concentration and varying proportion of oil (10-
30% v/v). Stability and dispersibility studies on a few selected
nanoemulsions were performed further.

2.4 Thermodynamic stability tests

The following tests like centrifugation test, freeze-thaw cycle, and
heating-cooling cycle were carried out on selected nanoemulsions.

Centrifugation test: The fabricated nanoemulsions were centrifuged
for 30 min at 5000 revolutions per min while being visually checked
for cracking, creaming, or separation of layers.

Freeze-thaw cycle: In this cycle, the effect of keeping the
nanoemulsion at -20°C and 20°C was examined. The nanoemulsions
were kept for a minimum period of 24 h at -20°C as well as at 20°C.

Heating-cooling cycle: In this cycle, the effect of storing the chosen
nanoemulsion at 45°C and 0°C was investigated. The nanoemulsions
were kept for a minimum period of 48 h at 45°C as well as at 0°C.

Three cycles of the above-mentioned thermodynamic stability stress
test were performed for every group of nanoemulsion to get more
authentic results for the accelerated stability test. To further study
these nanoemulsions, we selected those nanoemulsions that
demonstrated the best stability (Akhtar, 2015).



2.5 Evaluations of dispersibility

The ability of emulsification on its own of the prepared
nanoemulsion was examined in type I USP dissolution apparatus at
37 £ 0.5°C by adding 1 ml of nanoemulsion in 0.5 liters of 0.1N

Table 1: Visual inspection of nanoemulsion
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hydrochloric acid and distilled water. To apply gentle agitation, a
paddle made up of stainless steel was rotated at 75 rotations per min
in the type II USP dissolution apparatus. Nanoemulsions were
inspected visually and grades were assigned to the nanoemulsion
according to Table 1.

S. No. | Grade Comments Formation time Appearance
1 A Clear and transparent nanoemulsion Rapid (within 1 min) Bluish tint
2 B Slightly less clear and low transparency than Grade A Rapid (within 1 min) Bluish white tint
3 C Emulsion with a fine milky appearance Established within 2 min White tint
4 D The emulsion has a slightly oily and dull white look Steady (more than 2 min) Dull grayish-white tint
5 E Globules of oil present on the surface of the formulation Slow (longer than 2 min) Dull grayish-white tint
due to poor or minimal emulsification

The nanoemulsions that qualifies thermodynamic stability test and
falls under Grade A and Grade B of the dispersibility test were
selected for preparing the nanoemulsion with the drug (caffeic acid).

2.6 Fabrication of caffeic acid loaded nanoemulsion (CALN) by
titration method (aqueous)

Titration method (aqueous) was employed to formulate caffeic acid
loaded nanoemulsion (CALN), keeping the water as the continuous
phase. According to the psudoternary phase diagram, the region
where the concentration of the oil phase should be such that, it is
capable of dissolving the highest amount of caffeic acid was used to
prepare CALN and these formulations were used for the final
investigations. To create distinct caffeic acid loaded nanoemulsions,
different amounts of sefsol 218 were chosen from the established
phase diagrams that solubilized the highest amount of caffeic acid.
Moreover, from the ternary phase diagrams only those
nanoemulsions were selected that had the minimum concentration of
surfactant. While the pseudoternary phase diagram’s emulsifying
areas served as the basis for choosing the S _ ratios, oil, and aqueous
medium for the fabrication of CALN. In the end, sefsol 218 was
chosen as the oil, triton X100 as the surfactant, and propylene glycol
as the co-surfactant. The sample was then diluted by adding water
drop by drop while being continuously vortexed, until it was
transparent and clear, with or without a tint of blue colour.

2.7 Physicochemical analysis and assessment of CALN
2.7.1 Assessment through visual examination

To differentiate between CALN and microemulsion visual observation
was done.

2.7.2 Quantification utilizing DLS (dynamic light scattering)

This was used to determine the average droplet size and poly-
dispersity index (PDI) of CALN using a zetasizer. Due to the Brownian
motion of the particle, the light is scattered which is detected by the
zetasizer at 90° angle and 25°C. Distilled water was added to the
sample to make them less concentrated and then passed through a
membrane filter having a pore size of 0.45 um, and finally placed
into the module (Akhtar, 2015; Imad Uddin and Veeresh, 2020).

2.7.3 Viscosity determination

Viscosity of CALN was examined at 25 + 0.5°C using a Brookfield
viscometer attached with spindle number 40 (DV III ultra V6.0 RV
cone and plate rheometer).

2.7.4 Refractive index and percent transmittance

By placing a drop of CALN on the slide of the Abbe refractometer at
25°C the refractive index of CALN was determined. Using a UV
spectrophotometer at 327 nm, the per cent transmittance of CALN
was measured (Parveen et al., 2010).

2.7.5 Transmission electron microscopy (TEM)

TEM TOPCON 002B (Topcon, Oakland, NJ) was adopted to examine
the structure of the surface of CALN (Parveen ef al., 2010). Distilled
water was used to dilute the sample of CALN in the ratio (1:100),
and then by using a membrane filter of pore size 0.22 pm the CLAN
was filtered and applied on a carbon-coated grid with 2%
phosphotungestic acid and left for 30 seconds. On a slide, the dried
coated grid was placed and a cover slip was placed over it. A light
microscope operating at 200 KV was used to examine the slide (Deka
etal.,2021).

2.7.6 In vitro drug release study

Utilizing USP type II dissolution equipment, the drug release
experiment was carried out in simulated intestinal fluid (900 ml) at
50 rotations per minute and 37 £ 0.5°C. The treated dialysis bag
(molecular weight cut-off 1200 g/mole) was filled with 1 ml of a
CALN formulation. At constant time intervals (0, 0.5, 1, 1.5, 2, 2.5,
3,4,6,8,12,20,and 24 h) 1 ml of the sample was taken out and was
substituted with the equal quantity of simulated intestinal fluid
(Akhtar et al., 2014). Using a UV spectrophotometer set to 327 nm,
the samples were examined for drug content. Comparisons between
the release of the drug from nanoemulsion formulations and traditional
suspension were made.

2.7.7 Stability studies

Accelerated stability test was performed on the optimized CALN at
40 +2°C/75 + 5% RH for 6 months. CALN was kept in glass bottles
inside the stability chamber (Thermolab, Mumbai, India) where the
temperature and humidity were controlled. At predetermined intervals
of 0, 90, and 180 days, measurements were made in terms of PDI,
zeta potential, refractive index, droplet size, viscosity, and %
transmittance (Akhtar et al., 2014).
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2.8 In vitro anticancer study
2.8.1 Assessment of cellular cytotoxicity through the MTT assay

The enzymatic reduction of the MTT dye provides the basis for this
test. MTT test was carried out in accordance with a prior procedure to
assess the antiproliferative impact of caffeic acid loaded nanoemulsion
(Jigyasu et al., 2020). HCT116 cells (1x10%) were added in each well
of a 96-well culture plate containing 100 pl of complete media and
left overnight at 5% CO, and 37°C. To achieve the appropriate
concentrations (10, 25, 50, and 100 pg/ml), stock solutions of CALN
were made in placebo and diluted in culture medium. Now as per the
experimental design, this solution was added to the wells. 10 ul of
the MTT (5 mg/ml stock solution in PBS) solution was added to
each well after the 24 h treatment time, and the plate was then
incubated at 37°C for an additional 3 h to allow a formazan blue
crystal to form. Then, after removing the supernatant from each
well, the formazan crystals were dissolved in 100 pl of DMSO at
37°C for 10 min. The proportion of live cells was ascertained by
measuring the absorbance at 540 nm with a microplate reader
(BIORAD-PW41, California, USA). The Japanese Nikon ECLIPSE
TS100 inverted phase contrast microscope was adopted to investigate
alterations in cellular structure.

2.8.2 DAPI staining to assess the impact of CALN on the
chromatin condensation in HCT116 cells

Following a previous technique, the apoptotic impact of CALN at
two effective doses (40 and 75 ng/ml) was examined (Ahmad et al.,
2018). In a 96-well plate, the cells were introduced and then kept for
24 h. A 4% solution of paraformaldehyde was used to fix the cells for
10 min after the suggested 24 h time period had passed and phosphate
buffer solution was used to wash the cells. The cells were then
permeabilized using permeabilization buffer, which contains Triton
X-100 (0.5%) and paraformaldehyde (3%), and finally, DAPI staining
was performed. The photos were captured using a fluorescence
microscope after the DAPI staining.

2.8.3 Reactive oxygen species (ROS) activity

According to the previous publication, the amount of reactive oxygen
species within cells was measured using flow cytometry by employing
the DCFH-DA dye (Jafti ef al., 2019). Two effective doses of CALN
(40 and 75 ng/ml) were applied to HCT116 cells (2x10° per well),

which had been placed in a 6-well culture plate overnight. The CALN
treatment was continued for 12 h. To measure the intensity of ROS
both untreated and treated cells were harvested and phosphate buffer
solution was used to wash it and incubated in phosphate buffer
solution containing 10 uM DCFH-DA dye at 37°C for 20 min. After
that phosphate buffer solution was used to wash the cell and the
washing was done twice. Lastly, cells were analysed using a flow
cytometer (BD FACSLyric Flow Cytometer, USA).

2.8.4 Analysis of cell cycle phases

The distribution of cell cycle stages and the degree of concentration
of cellular DNA were determined using flow cytometry by adopting a
previously described approach (Siddiqui et al., 2014). 2 x 10° cells/
ml of HCT116 cells were seeded into 6-well plates and left overnight.
After that, the cells were exposed to 40 and 75 ng/ml of caffeic acid
loaded nanoemulsion for 24 h. Cold phosphate buffer solution was
used to wash the cultured cell and with the help of ethanol (70%) the
cells were fixed at -20°C for 2 h. Propidium iodide was used for
staining cells that had been fixed for 30 min at room temperature
after RNase A (10 mg/ml) treatment. A flow cytometer (BD FACSLyric
Flow Cytometer, USA) was used to quantify the propidium iodide
fluorescence in each nucleus. Cell Quest Pro V 3.2.1 software (Becton
Dickinson, USA) was used to analyze the data.

2.8.5 Statistical analysis

The findings of cell viability were reported as the mean + standard
deviation of three separate studies. For significance testing, one-
way ANOVA was used with p<0.05.

3. Results
3.1 Solubility studies

Finding an optimal oil phase for the production of CALN that would
produce the maximum potential for the loading of the drug was the
aim of the solubility investigation. The drug must have high oil
phase solubility so that the developed nanoemulsion can retain the
drug in the solubilized state. Caffeic acid showed maximum solubility
in sefsol 218 (20 mg/ml), followed by sefsol 228 (16.5 mg/ml),
isopropyl myristate (13.6 mg/ml), and olive oil (11.2 mg/ml). The
results obtained during experiments are depicted in Figure 1.

:g 16.5
13.6
E 11.2
=
S
(=]
@ Sefsol 218 sefsol 228  |sopropyl Olive Oil
Myristate
Name of oil

Figure 1: Solubility of caffeic acid in different oils.
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Among the surfactants, PEG 400 has the highest potential to solubilize ~ propylene glycol (45.7 mg/ml) and kolliphor RH 40 (26.4 mg/ml). The
caffeic acid (66.8 mg/ml), followed by triton X100 (50.2 mg/ml),  results obtained during this study are depicted in Figure 2.

= 100

£

~

oo

E 50

=

3 0

2

S PEG400  Triton X100 Propylene Koliphor

Glycol

Name of Surfactant

RH40

Figure 2: Solubility of caffeic acid in different surfactants.

Caffeic acid was maximum soluble in PEG 400; however, it was not ~ whereas the nanoemulsion obtained by using triton X100 as surfactant

selected for formulating nanoemulsion because the nanoemulsion

provided clear transparent nanoemulsion with bluish tint, hence triton

obtained by utilizing PEG 400 as surfactant gave turbid nanoemulsion ~ X100 was selected as a surfactant for further study.

3.2 Study of the pseudoternary phase diagram
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Figure 3: Pseudoternary phase diagrams of formulated nanoemulsions, A (S, 1:0), B (S, 1:1),

C (S, 1:2), D (S, 1:3), E (S, 2:1) and F (S, 3:1).
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Sefsol 218 was used as the oil phase and triton X100 was used as the
surfactant in a phase diagram of nanoemulsion, which demonstrated
that the small amount of oil could be dissolved at greater surfactant
concentrations (Figure 3A). It produced a limited range for the
formation of nanoemulsions. A co-surfactant or amphiphilic molecule
is often needed to lower the surface tension of the oil to virtually
zero because a surfactant alone is typically insufficient to considerably
reduce the oil’s interfacial tension to form a nanoemulsion. To add
fluidity to the interfacial film and disperse the liquid crystalline
phases that are produced when the surfactant film becomes too
rigid, co-surfactants penetrate the surfactant monolayer. This can be
clarified through the simple fact that a solo surfactant is seldom able
to form an interfacial film between the fluid; normally, a co-surfactant
is also needed. Nanoemulsion that contained co-surfactant as
propylene glycol, surfactant as triton X100 and oil phase as sefsol
218 showed abroader area for the formation of nanoemulsion (Figures
3B and 3C) when compared to Figure 3A that only has surfactant
and no co-surfactant. Moreover, among B (S . 1:1) and C (S___1:2),
C showed the formation of broader nanoemulsion regions suggesting
that increasing the concentration of co-surfactant increases the chance
of development of nanoemulsion which were transparent in
appearance with a slight blue tint. Additionally, a surfactant and co-
surfactant combination in the ideal concentration results in a
significant amount of oil phase solubilization. Propylene glycol, a
co-surfactant, lowers the interface’s bending stress and renders the

interfacial layer sufficiently malleable to adopt the several curvatures
needed to develop nanoemulsions throughout a range of compositions.
The maximum concentration of co-surfactant which could be added
inthe S . is in the ratio 1:2 because as we increase the concentration
of co-surfactantin a S__ like 1:3 there is a decrease in the formation
of nanoemulsion region which can be clearly seen in Figure 3D. The
maximum concentration of surfactant which could be added in the
S, is in the ratio 2:1 because as we decrease the concentration of
surfactant from 2 to 1 or increase it from 2 to 3, the area of formation
of nanoemulsion also decreases which is depicted by Figure 3C and
Figure 3F, respectively. As a result, crucial information regarding the
role and quantity of aqueous phase, co-surfactants, and surfactants
in the formulation of nanoemulsions is provided by the pseudoternary
phase diagram analysis (Figure 3). The phase diagrams showed that
S ., ratio of 2:1 provided better results when compared with other
S ratio.

i

3.3 Examination of thermodynamic stability

The formulated nanoemulsion was put through stability experiments
after the nanoemulsion region had been optimized. Most of the
nanoemulsions continued to be stable under stressful circumstances.
Three tests, the freeze-thaw cycle, heating/cooling cycle, and
centrifugation were conducted to evaluate the stability of the
nanoemulsion. Table 2 is a list of the findings observed during the
testing.

Table 2: Examination of thermodynamic stability of prepared nanoemulsion

Code Ratio 0il S.ix Water % Thermodynamic stability test Dispersibility Result
of S . % % Centri- Freeze Heating- 0.1 H,0
fugation -thaw cooling N HCI
cycle cycle
Al 1:0 2.99 26.87 70.15 B B B A A B
A2 3.00 23.00 75.00 B B B C C F
A3 5.00 20.00 75.00 B B B A A P
A4 4.00 16.00 80.00 B B B A A B
AS 3.08 12.31 84.62 F - - - - F
A6 6.00 14.00 80.00 B B B C C F
A7 4.62 10.77 84.62 B B B C C F
A8 3.00 7.00 90.00 B B B B B F
A9 6.25 18.75 75.00 F - - - - F
A10 5.00 15.00 80.00 B F - - - F
All 3.74 11.21 85.05 F - - - - F
Al12 3.00 8.00 90.00 F - - - - F
Al13 7.75 27.13 65.12 B B F - - F
Al4 6.67 23.33 70.00 B B B A A B
Al5 5.56 19.44 75.00 F - - - - F
Al6 4.44 15.56 80.00 F - - - - F
A17 3.33 11.67 85.00 F - - - - F
Al8 2.22 7.78 90.00 F - - - - F
A19 3.33 16.67 80.00 F - - - - F
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A20
A21
Bl
B2
B3
B4
BS5
B6
B7
B8
B9
B10
B11
B12
B13
B14
C15
C23
C24
C25
C26
C27
D1
D2
D3
D4
D5
El
E2
E3
E4
ES5
E6
E7
E8
E9
E10
Ell
E12
E13
El14
El5

2:1

2.50
5.00
5.00
4.00
3.08
7.49
6.67
5.80
5.00
4.17
3.33
5.00
4.26
3.57
4.35
3.74
7.84
5.56
5.00
3.88
3.33
2.78
4.00
3.51
2.99
3.00
2.00
3.51
2.99
3.00
7.02
5.97
5.00
13.64
12.00
10.53
8.96
7.50
6.00
4.62
7.75
6.67

12.50
30.00
20.00
16.00
12.31
37.45
33.33
28.99
25.00
20.83
16.67
30.00
25.53
21.43
30.43
26.17
47.06
44.44
40.00
31.07
26.67
22.22
36.00
31.58
26.87
23.00
18.00
31.58
26.87
23.00
28.07
23.88
20.00
31.82
28.00
24.56
20.90
17.50
14.00
10.77
27.13
23.33

85.00
65.00
75.00
80.00
84.62
55.06
60.00
65.22
70.00
75.00
80.00
65.00
70.21
75.00
65.22
70.09
45.10
50.00
55.00
65.05
70.00
75.00
60.00
64.91
70.15
75.00
80.00
64.91
70.15
75.00
64.91
70.15
75.00
54.55
60.00
64.91
70.15
75.00
80.00
84.62
65.12
70.00
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El6 5.56 19.44 75.00 P
E17 4.44 15.56 80.00 F
E18 3.33 11.67 85.00 F
E19 2.22 7.78 90.00 F
E20 7.49 37.45 55.06 P
E21 6.67 33.33 60.00 P
E22 6.41 38.46 55.13 P
E23 5.71 34.29 60.00 P
E24 5.00 30.00 65.00 F
E25 4.26 25.53 70.21 F
E26 3.57 21.43 75.00 F
E27 5.62 39.33 55.06 P
E28 6.12 48.93 44.95 P
E29 5.56 44.44 50.00 P
E30 5.00 40.00 55.00 P
F1 3:1 7.50 17.50 75.00 P
F2 6.00 14.00 80.00 P
F3 4.62 10.77 84.62 P
F4 3.00 7.00 90.00 F
F5 6.67 23.33 70.00 P
Fé6 5.56 19.44 75.00 F
F7 4.44 15.56 80.00 P
F8 3.33 11.67 85.00 F
F9 2.22 7.78 90.00 F
F10 6.67 33.33 60.00 P
F11 5.80 28.99 65.22 P
F12 5.00 25.00 70.00 F
F13 5.00 35.00 60.00 P
F14 4.35 30.43 65.22 P

P P A A P
. . . . F
. . . . F
. . . . F
P P C C F
P P C C F
P P B B F
P P B B F
. . . . F
. . . . F
. . . . F
P P A A P
P P A A P
P P A A P
P P B B F
F . . . F
P P C C F
F . . . F
. . . . F
P P C C F
. . . . F
P P A A P
. . . . F
. . . . F

A A P
P P C C F
. . . . F
P P B B F

B B F

P = Pass, F = Fail

Table 3: Droplet size, PDI, zeta potential, refractive index, viscosity, and % transmittance of CALN with formulation code B1, E5

and E8
Code Size of droplet (nm) PDI Zeta potential (mV) Viscosity (cP) Refractive Percentage
index transmittance
B1 29.82 £ 0.21 0.35 + 0.007 -3.69 £ 0.19 19.84 + 0.28 1.33 £ 0.005 99.26 + 0.25
E5 43.61 £ 0.28 0.22 + 0.01 -9.56 £ 0.21 18.67 + 0.10 1.34 + 0.01 99.35 + 0.46
E8 40.08 + 0.45 0.17 + 0.01 -17.40 + 0.35 21.40 = 0.42 1.33 + 0.01 99.47 £ 0.17

Every data point is presented as mean + standard deviation (n = 3).

3.4 Fabrication of CALN

To make CALN, caffeic acid was added to that optimized nanoe-
mulsion that passed every thermodynamic stability test and had the
highest oil content.

3.5 Characterization and evaluation of nanoemulsion

The following parameters were used to characterize and evaluate the
selected CALN formulations.

3.5.1 Visual appearance

The formulated CALN had no turbidity and was transparent and
clear. A visual evaluation was used to detect macroemulsion, which
has a milky look, in contrast to nanoemulsion which is clear with or
without blue tint.

3.5.2 Dynamic light scattering (DLS) measurement

The droplet size, zeta potential, and polydispersity index were
identified using the DLS approach (Figures 4A and 4B). Formulation



B1 showed the smallest droplet size of (29.82 + 0.21 nm) followed
by E8 (40.08 + 0.45 nm) and E5 (43.61 + 0.28 nm). Polydispersity
index of formulation B1, E5, E8 were found to be 0.35+0.007, 0.22
+0.01, 0.17 £ 0.01, respectively. Results obtained in zeta potential,
viscosity, refractive index, and percentage transmittance study are
described in Table 3.
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The lower value of PDI implies that the droplet sizes in the
nanoformulations were uniform. The chosen ratio of aqueous phase,
oil, co-surfactant, and surfactant was able to produce small, consistent
droplets at nanosized scale. The findings, therefore, suggested that
choosing the right ratio of S__, oil, and water was essential for
fabricating a formulation that has a lower droplet size and is stable
for a longer period of time.

.
.
.

»
.

’
.

-
.
.

-
.
.

L
.

o
.
.
.

Fesssssssssnnsnsnsna

bosssssacnsnscncnnnd

srssssssiaanne

B T LY

Figure 5: CALN seen under transmission electron microscope.
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3.5.3 Transmission electron microscopy (TEM)

The TEM image of formulation E8 revealed that CALN had a droplet
size of less than 50 nm (Figure 5).

3.5.4 In vitro drug release study

The optimized nanoformulations namely B1, E5, and E8 were
compared with the prepared conventional suspension. By

extrapolating the calibration curve, the concentration was determined,
and a graph between the release of the drug in percentage and time
was plotted (Figure 6). The nanoformulation E8 showed a much
better drug release profile of 98.81% 3 times more in 24 h than the
prepared conventional suspension which only had a drug release of
31.09% in the same time. The nanoformulation E5 and B1 showed
drug release of 94.21% and 84.07% respectively in 24 h.

100

80

% Drug Release

1 et
—
1 l
—o— Formuistion {3
—@— Formulation £S
« FormuistionBl
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& T —a
12 14 16 18 20 22 24
Time (Hrs)

Figure 6: CALN and its comparison with conventional suspension in terms of release of drug.

3.5.5 Experiment to test the stability in accelerated condition

The experiment demonstrated that the optimized CALN did not
change in the mean droplet size, PDI, viscosity, zeta potential, %
transmittance, and refractive index after storing for 6 months at 40 +
2°C/75 + 5% RH. The stability was demonstrated by the absence of
phase separation and flocculation. Moreover, an observation was
made that as time progressed from 0 to 90 to 180 days the size of the
droplets gradually increased and the zeta potential started moving
toward zero indicating the movement of droplets towards each other.

3.6 In vitro anticancer study

3.6.1 Consequences of CALN and caffeic acid on cells viability
of HCT116 cells

According to MTT findings, CALN and caffeic acid exposure to
HCT116 cells at different concentrations (0, 10, 20, 30, 40, 50, 75,
and 100 ng/ml) and (0, 10, 25, 50, 75, and 100 pg/ml), respectively,
caused the death of HCT116 cells in direct proportion manner
meaning as the concentration of nanoformulation and caffeic acid
increases the cytotoxicity also increases when compared to the
corresponding untreated control (Figures 7A and 8A). However,
compared to cells exposed to various doses of caffeic acid for the
same time period, cells cultivated in CALN showed a greater reduction
in cell viability. With an estimated ICy, of 74 ng/ml, CALN
significantly lowered cell viability in a dose-dependent manner.
However, caffeic acid also showed a reduction in cell viability with
an IC of around 120 pg/ml. The active cytotoxic dose of caffeic
acid was taken as 20 pg/ml and 100 pg/ml while active doses of
CALN was taken as 40 ng/ml and 75 ng/ml for further studies.

3.6.2 CALN and caffeic acid altered the cellular morphology
in HCT116 cells

The morphological changes noted in HCT116 cells undergoing
exposure to caffeic acid 25 pg/ml and 100 pg/ml and CALN-40 ng/ml
and CALN-75 ng/ml for 24 h are shown in (Figures 7B and 8B). The
cells exposed to CALN condition displayed more reduction in cellular
morphology and cell adhesion capacity than the cells treated with
caffeic acid and their respective untreated control.

A 100 =
= 80
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Figure 7: In vitro cell viability assay of caffeic acid standard
against HCT116 (human colorectal carcinoma) cells,
(A) graph showing the percentage of HCT116 (human
colorectal cancer) cells that were still viable after
being exposed to various doses of caffeic acid standard
0, 10, 25, 50, 75, and 100 pg/ml) and (B) showing
morphological changes in HCT116 (human colorectal
carcinoma) cells at 25 and 100 pg/ml concentrations
of caffeic acid standard.
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Figure 8: Antiproliferative effect of CALN against HCT116 (human colorectal carcinoma)
cells. (A) Graph showing the percentage of HCT116 (human colorectal cancer)
cells that were still viable after being exposed to different doses of caffeic
acid loaded nanoemulsion (0, 10, 20, 30, 40, 50, 75, and 100 ng/ml) and (B)
showing morphological changes in HCT116 (human colorectal carcinoma)
cells after treatment with 40 and 75 ng/ml concentrations of caffeic acid

loaded nanoemulsion.

3.6.3 DAPI staining to assess the impact of CALN on the
chromatin condensation in HCT116 cells

Blebbing of the cell membrane, fragmentation of genomic DNA, and
condensation of chromatin are considered to be morphological signs
of the apoptotic death process. Two effective dosages of CALN (40
and 75 ng/ml) were utilized to study the apoptotic impact using
nuclear fluorescent DAPI. When it binds to AT regions of dsDNA, the
blue-fluorescent DNA stain DAPI (42 , 6-diamidino-2-phenylindole)

excited by the violet (405 nm) exhibits a 20-fold increase in
fluorescence. The photomicrographs exhibited fragmented and
condensed nuclei after CALN treatment. The dose-dependent
increment in the numbers of apoptotic nuclei and nuclear condensation
was observed in the cancerous cells, HCT116, with respect to control
cells. In contrast to control cells, cells treated with 75 ng/ml had
more apoptotic nuclei and greater nuclear condensation (Figures 9A
and 9B).
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Figure 9: DAPI stained HCT116 (human colorectal cancer) cells

exhibited chromatin

condensation following treatment with CALN, (A) photomicrographs revealing
broken and condensed nuclei, as shown by the arrow were obtained when cells
were treated with nanoemulsions containing 40 and 75 ng/ml caffeic acid. A
fluorescent phase contrast microscope was used to capture the pictures. Scale bar:
100 pm and (B) quantitative data is provided as a percentage of apoptotic cells
compared to control. To calculate the percentage of apoptotic cells, 100 cells per
sample were counted in various areas. Values are reported as the mean + standard
deviations of three separate studies. p<0.05 as compared to control.
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3.6.4 CALN altered the morphology and elevated the ROS
generation in HCT116 cells

Figures 10B and 10C show the usual ROS production pictures obtained
during the flow cytometric-based DCFH-DA evaluation. When CALN
was exposed to HCT116 cells that had been grown in full medium
(DMEM with 10% FBS), considerable dose-dependent ROS production
was seen. ROS generation has been found much elevated in 75 ng/ml
dose. ROS are naturally occurring byproducts of metabolic processes
within cells involving oxidation that are essential for cell development,

cell death, cell signaling, and the production of factors that cause
inflammation. The main sources for the production of intracellular
ROS include microsomes, NOX complexes in cell membranes,
endoplasmic reticulum, and peroxisomes. Through the mitochondrial
electron-transport system, mitochondria specifically serve as the
primary intrinsic source of ROS generation. The levels of ROS were
elevated by 7.84% and 37.72% in HCT116 cells when treated with 40
ng/ml and 75 ng/ml of CALN, respectively, compared to the untreated
control, suggesting that there was a dose-dependent production of
ROS in the cancerous cells (Figures 10A, 10B and 10C).
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Figure 10: Intracellular ROS generation in HCT116 cells, (A) untreated control, (B) HCT116 cells treated
with 40 ng/ml of CALN, and (C) HCT116 cells treated with 75 ng/ml of CALN. The ROS intensity
was analyzed through a flow cytometer. The proportion of ROS generation is shown by the

fluorescence in the cells.

3.6.5 Analysis of the cell cycle in HCT116 cells and the impact
of CALN

The data obtained from the analysis of the cell cycle of HCT116 cells
is summarized in Figures 11A, 11B, and 11C. In comparison to the
corresponding untreated controls, the data showed that cancerous

cells grown in full medium (DMEM with FBS 10%) and subjected to
CALN for 24 h had a severe G2M arrest. The examination of the cell
cycle showed that cytotoxicity caused by CALN caused an arrest in
the G2M phase. However, there was a considerable increment in the
G2M phase exposed to CALN in HCT116 cells at 40 ng/ml (39.21%)
and at 75 ng/ml (45.69%.
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Figure 11: The impact of caffeic acid loaded nanoemulsion on several stages of the cell cycle, (A)

untreated control, (B) HCT116 cells

were treated with CALN at a concentration of 40

ng/ml, and (C) HCT116 cells were treated with CALN at a dose of 75 ng/ml for 24 h,
stained using propidium iodide, and flow cytometry was performed. Photomicrographs

demonstrate the phase distribution
cycle.

4. Discussion

This study aimed to develop and investigate the potential of caffeic
acid loaded nanoemulsions (CALN) as a potential anticancer
nanoformulation. The research involved optimizing the composition
of nanoemulsion by carefully adjusting the ratios of critical
components, including the oil phase, surfactants, co-surfactants,
and the aqueous phase. The findings indicated thata S ratio of 2:1
(comprising Triton X100 as the surfactant and propylene glycol as
the co-surfactant) with distilled water as the aqueous phase provided
the best results. To this optimized nanoemulsion caffeic acid was
added to produce CALN which demonstrated remarkable stability
over six months under accelerated storage conditions. Characterization
of CALN revealed that the optimized formulation (E8) had the

of the cell density at various stages of the cell

smallest droplet size, a crucial feature for efficient drug delivery
systems. It also exhibited rapid drug release kinetics, making it a
promising option for effective drug delivery. The consistent droplet
size distribution within the CALN implied that the selected formulation
could maintain its stability over time. /n vitro experiments involving
human colorectal carcinoma cells (HCT116) provided insights into
CALN’s potential as an anticancer agent. Both caffeic acid and CALN
exhibited dose-dependent cytotoxicity, with CALN consistently
outperforming caffeic acid in reducing cell viability. CALN induced
significant changes in cellular morphology, leading to reduced cell
adhesion and viability, reinforcing its potential as an anticancer agent.
CALN also triggered apoptosis, evident through nuclear condensation
and fragmentation, indicating its capacity to induce cell death in
cancer cells. Additionally, CALN increased the generation of ROS
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(reactive oxygen species) in HCT116 cells. Elevated ROS levels can
contribute to oxidative stress and apoptosis in cancer cells, suggesting
a potential mechanism for CALN’s anticancer effects. In summary,
the optimized CALN displayed promising attributes in terms of
stability, drug release, and anticancer potential against in vitro
colorectal cancer model.

5. Conclusion

An optimized CALN was developed using the oil phase (sefsol 218),
S . ratio 2:1 (surfactant as triton X100 and co-surfactant as propylene
glycol), and distilled water as aqueous phase whose concentration
was 12% v/v, 28% v/v and 60% v/v, respectively. The prepared
CALN were investigated in terms of size of the droplet, PDI, refractive
index, zeta potential, % transmittance, and viscosity, and formulation
E8 was found to be the best amongst others and its droplet size
result coincided with the size of droplets produced by TEM.
Moreover, the drug release of formulation E8 in 24 h was 98.81%
which again was the highest among other prepared CALN. Findings
from the stability test showed that the optimised CALN was stable
for six months storage term at 40 + 2°C/75 + 5% RH since the
formulations did not cream, crack, flocculate, or separate into phases.
The in vitro study assessed CALN and caffeic acid’s effects on HCT116
cells. Although, CALN showed greater diminished cell viability, both
caffeic acid and CALN demonstrated dose-dependent cytotoxicity.
In HCT116 cells, treatment with CALN resulted in altered cellular
shape, increased ROS production, and triggered G2M phase arrest.
Additionally, CALN induced nuclear condensation and fragmentation,
are signs of apoptosis induction. These findings point to the potential
of CALN as an effective anticancer formulation, but further in vivo
research is required to confirm both its efficacy and safety.
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