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Introduction: Plants have always been a significant source of natural active components
with biological properties. Celery seed oil (extracted from Apium graveolens) has several
potential applications, but its therapeutic uses in the form of nanoemulsion formulation need
to be investigated further in order to meet the demand in cancer treatment, and to alleviate
the prevailing crisis arising from increased antimicrobial resistance.

Methods: The therapeutic potential of celery seed oil was investigated through the formula-
tion and testing of a nanoemulsion developed with Tween 80 (a non-ionic surfactant) and the
utilization of an ultrasonication technique. Anticancer and apoptotic properties of the for-
mulation were evaluated through MTT and Annexin V-FITC assays. The clonogenic assay
aided in the identification of the antiproliferative properties of the formulation on oral
squamous cell carcinoma. The antimicrobial study was supported by agar well diffusion
assay, membrane integrity test and scanning electron microscopy.

Results: Experiments identified relevant parameters, including optimal surfactant concentration
and emulsification time. GC-MS analysis identified various components in the celery oil, but not
their biological activities. A sonication time of 20 min resulted in a droplet diameter of 23.4 + 1.80
nm. The ICso concentration of the optimal nanoemulsion formulation against SAS cells was 1.4
pL/mL. At this concentration, cell proliferation was significantly reduced through inhibition of the
anchorage-independent cell growth by disrupting colony formation and inducing cell death
(apoptosis) of cancer cells. The nanoemulsion was also treated with a microbial suspension of
S. aureus, and displayed antibacterial properties through lipid membrane fusion, causing cyto-
plasmic leakage as verified through agar well diffusion and membrane permeability assays.
Scanning electron microscopy revealed complete distortion of the bacterial pathogen.
Conclusion: The results in this study present celery as a possible constituent for cancer
therapeutics and as a candidate for aggressive, yet safe cancer treatment. The celery-based
nanoemulsion has the potential to act as a key alternative to standard antibiotic therapy.
Keywords: celery, nanoemulsion, ultrasonication, SAS cell line, antibacterial activity

Introduction

It is observed that conventional cancer therapies such as surgery, chemo and
radiotherapy have not shown much success in the management of solid tumours.
This is due to the multiple side effects associated with these modes of treatment,
coupled with the growing concern over multi-drug resistances. The development of
new effective therapeutic strategies which, along with high efficacy, come with
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reduced levels of toxicity as well as lower risk of adverse
side effects is the need of the hour.' The side effects
associated with synthetic drugs, or even chemotherapy,
can be mitigated by essential oils (EOs)/phytochemicals,
according to earlier studies.”®> The lipophilic nature of
EOs enables them to easily penetrate the cell membrane.*

Smoking and drinking have increasingly become a part
of the lifestyle followed by today’s population. In light of
this, oral squamous cell carcinoma has turned into a fatal
disease on a global scale.® Largely, developing countries
are affected by this type of cancer, and around 500,000
cases of oral and pharyngeal cancer are diagnosed
annually on a global scale.” This raises a serious concern,
and renders it very important to pay immediate attention
towards developing a compound to hinder the growth of
such a cancer. Historically, the treatment of oral squamous
cell carcinoma (OSCC) has been through conventional
methods such as surgery and radiation, with or without
chemotherapy, all of which lead to significant post-
treatment morbidity.® The stage in which the patient is
suffering from OSCC, ranging from preliminary to
advanced, is of significant importance in its treatment.’
In the preliminary stage, either surgery or radiotherapy or
both are used, whereas a combination of chemotherapy,
surgery and radiotherapy is preferred for the subsequent
stages.'”

Through a span of 15 years from 2000 to 2015, the
level of antibiotic consumption has increased by approxi-
mately 65% worldwide, and by two-fold in most low- and
middle-income countries."' As a consequence of this
increased and unbefitting intake of antibiotics, resistance
to antibiotics— commonly known as antimicrobial resis-
tance— began taking root, and currently constitutes
a large threat to the effectiveness of treatment routes via
antibiotics. Examples include treatment of newborns suf-
fering from sepsis'? or of infections caused during surgery,
cancer treatment, etc.'*'® This brings therapeutics to
a critical juncture where there is an urgent need to circum-
vent antimicrobial resistance by various methods such as
development of new antibiotics, along with efforts to
develop new alternatives such as immunomodulatory
peptides,15 vaccination,'® anti-virulence inventions,'” anti-

1920 and antibiotic-

body therapeutics,'® phage treatment,
based potentiators;®' these have steadily gained traction
over the years.

A nanoemulsion, as the name suggests, is an emulsion
with its particle dimension in the nanometer scale.

Currently, to improve the delivery of therapeutic agents,

nanoemulsions are in wide-spread investigation as drug
carriers.”> The method of ultrasonic emulsification has
emerged as a very efficient technique where viscous resis-
tance is overcome by applying a strong shear force using

d>324 size.

high-energy ultrasoun to reduce droplet
Translucent nanoemulsions have been successfully pro-
duced using high-power ultrasound in laboratory scale.?
The reduced particle size of a nanoemulsion aids in
increasing drug retention time and bioavailability, and
thereby prevents loss of drug.”®

Ultrasonication is the most attractive high-energy
method to prepare nanoemulsions. Ultrasonic homogeni-
zation has proven to be cost-effective as well as efficient
owing to its ability to generate small droplet sizes with
minimum consummation of energy. The underlying prin-
ciple of ultrasonication revolves around coupling of waves
that have been generated by an acoustic field of frequency
in the 20-100 kHz range with a liquid. These waves create
localized microturbulence, causing the dispersed phase
(oil) to become unstable and, as a consequence, create
cavitation in the continuous phase.’’ Voids are created
during the rarefaction cycle of the waves, and keep grow-
ing until they collapse during the compression cycle caus-
ing high pressure and high shear which induce extreme
heating and cooling rates, as well as severe turbulence
through liquid jets which break the dispersed phase into
nano-sized droplets.”® This study therefore employed
ultrasonication to prepare the nanoemulsion.

Cancer treatments have become more advanced, and
have significantly brought down the associated death
rate.”’ Anticancer therapy mostly involves targeting multi-
ple signalling pathways. However, at a certain stage,
patients with aggressive cancer have poor prognosis and
become resistant to chemotherapeutic drugs.*® Recent
oncological research experiments including animal mod-
els, pre-clinical and clinical trials have proven that many
natural compounds, mostly phytochemicals derived from
plant extracts, have been effective in cancer treatment and
chemoprevention.*!?

In the past few years, there has been an increasing
interest in research on the anticancer properties of spice-
based nanoemulsions owing to their favourable character-
istics such as higher bioavailability and stability.
A nanoemulsion formulation using two spices, Drimys
angustifolia and D. brasiliensis Miers, was developed to
reduce the cell viability of U-138 MG (human glioblas-
toma) and T24 (human bladder carcinoma) cell lines.*
Another documented  that

study eugenol-loaded
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nanoemulsions demonstrate apoptosis of colon (HTB37)
and liver (HB8065) cancer cell lines.*’ Significant pro-
gress has been made in the investigation of curcuminoid
nanoemulsions with studies conducted on enhancing their
oral bioavailability®® and on demonstrating apoptosis of
A549 (adenocarcinoma) and H460 (cellosaurus cell
line).*®

This study has investigated the anticancer and antibac-
terial activity of celery nanoemulsion. Celery (4pium
Graveolens) is a traditional medicinal plant which has
enormous health benefits.** Celery has the antioxidant
property, meaning that it can remove the free radical due
to the presence of p-coumaric acid, tannin, luteonin, api-
genin, saponin, and caffeic acid in its composition.*! For
the treatment of spleen, liver diseases, jaundice, rheuma-
tism, gout and inflammation, people have traditionally
used celery seeds. Celery seed oil inhibits liver tumor by
cell proliferation inhibition, apoptosis upregulation, and
downregulation of inflammatory markers.*> Although stu-
dies have been conducted to substantiate the therapeutic
properties of celery nanoemulsion for treating chronic
osteoarthritic diseases,”® for antihypertensive activity**
and for its anti-nociceptive effects,*> no in-vitro studies
have been conducted on the anticancer properties of celery
nanoemulsions. This study, therefore, focuses on the antic-
effects

ancer and antibacterial of celery oil-based

nanoemulsion.

Methods

Materials

Celery seed oil (Apium graveolens) of Indian source was
obtained from Cyrus Enterprises, India. Steam distillation
process was employed in extracting oil as per the manu-
facturer’s datasheet. Polyethylene glycol sorbitan mono-
oleate (commonly known as Tween 80), which has been
used as a surfactant in the study, was procured from
Merck, India. For this study, the Annexin V-FITC Early
Apoptosis Detection Kit was procured from CST, Inc.,
while the MTT assay kit was procured from Hi Media
Laboratories, India. Double-distilled water from milli-Q
system™™ was used in all experiments conducted for this
study.

GC-MS

For investigating the active compounds present inside the
celery seed oil and their composition, GC-MS analysis has
been carried out. The celery essential oil was injected into

the capillary column (30 m x 0.25 um ID) of the Hewlett
Packard gas chromatograph (6890 Series) at an injector
temperature of 280°C, and split ratio of 1:50. The carrier
gas (99.999% He) flowed in the column at a linear velocity
of 44.2 cm/sec. The column oven temperature was set to
an initial value of 45°C for 1 min and programmed to then
rise to 250°C at 5°C/min. It was subsequently maintained
at 250°C for 20 min.

Formulation of Nanoemulsion

The nanoemulsion of celery oil was formed using the oil,
water and surfactant. The non-ionic surfactant used in this
study— Tween 80— exhibits high solubility in essential oils
and coalescence with the essential oil droplets, which
boosts the stability of the system. Preparation of the
nanoemulsions in this study was a twofold process,
where the initial step was formation of emulsions by mix-
ing the three key components, namely — oil, water and
surfactant, at varying oil: surfactant ratios — 1:1 (CEL —
A), 1:2 (CEL — B), and 1:3 (CEL — C). They were mixed
using a magnetic stirrer rotating at a speed of 500 rpm for
10 min (Table 1). These emulsions were then made into
their respective nanoemulsions using an ultrasonicator,
a Probe Sonicator Advanced Model from PCI Analytics
Private Limited. Each concentration was checked before
sonication (0 min) and after subjecting to sonication times
of 5, 10, 15 and 20 min, respectively.

Table | Formulations Used for the Optimization of Celery Oil-
Based Nanoemulsion

Formulation | Oil: Sonication | Celery Oil:
Code Surfactant | Time Tween 80:
(viv) Water (v/v)
CEL-A0 I:1 0 min 6:6:88
CEL-AI I:1 5 min 6:6:88
CEL-A2 I:1 10 min 6:6:88
CEL-A3 I:1 15 min 6:6:88
CEL-A4 I:1 20 min 6:6:88
CEL-BO 1:2 0 min 6:12:82
CEL-BI 1:2 5 min 6:12:82
CEL-B2 1:2 10 min 6:12:82
CEL-B3 1:2 15 min 6:12:82
CEL-B4 1:2 20 min 6:12:82
CEL-CO 1:3 0 min 6:18:76
CEL-CI 1:3 5 min 6:18:76
CEL-C2 1:3 10 min 6:18:76
CEL-C3 1:3 15 min 6:18:76
CEL-C4 1:3 20 min 6:18:76
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The transducer of the sonicator produces mechanical
vibrations in the liquid system, and these induce an oscil-
lating acoustic pressure owing to the collapse of bubbles.*®
This acoustic pressure (P) which forms microbubbles
resulting in local conditions that break the liquid system
into nanosized droplets may be expressed as:*’

P = Pax sin (2xft), where

Piax 1 the electric power given as input to the probe
sonicator, and f is frequency of the waveform. It is evident
that acoustic pressure caused by cavitation has high and
low amplitudes owing to its sinusoidal nature, and this
induces instantaneous and extreme heating and rapid cool-
ing in the system leading to amplified disruption of the
liquid system into nanodroplets.

Characterization of Nanoemulsion

The following characteristics of the nanoemulsions were
studied: droplet size, absorbance, polydispersity index,
viscosity, pH and stability.

Droplet size was measured through Dynamic Light
Scattering whereby a correlation is made between the
extent of dispersion of nanoparticles and the intensity of
scattered light. Tracking the droplet size helps in charac-
terizing the homogeneity, stability and bioavailability of
the solution.** Droplet size has a direct impact on the
interfacial area available for the nanoemulsion, which, in
turn, affects the permeability of the active compounds
through membranes of vessels and tissue, thereby dictating
their bioavailability. A smaller droplet size also aids in
suppressing coalescence and precipitation of droplets,
thereby minimizing breakdown of the nanoemulsion
through well-known phenomena such as sedimentation
and creaming through Ostwald ripening.*’ Polydispersity
index, which is also measured through DLS, describes the
extent of homogeneity, which increases with enhanced
surfactant concentration. A high surfactant concentration
implies that there is sufficient amount of it to be absorbed
onto all the oil droplets to form a pliable film, which
prevents the adhesion or cohesion of the oil droplets,

thereby ensuring homogeneity across all oil droplets in
the nanoemulsion.’® The DLS measurements were done
in triplicate with mean + S.D. calculated.

Studying the absorbance of the nanoemulsion at 600
nm helps in physically characterizing the system for tur-
bidity, and quantitatively confirms visually clear solutions
for different oil-to-surfactant ratios. The measurements
were carried out in triplicate with mean = S.D. calculated.

Viscosity and pH are other parameters that help in the
physicochemical characterization of nanoemulsions used
in this study. Viscosity offers critical insights into the
rheological properties of the nanoemulsion, and further
helps estimate the rate of drug release and its efficacy.
Viscosity also aids in understanding micelle formation in
the nanoemulsion, as well in distinguishing between their
formulation types. This helps in understanding inversion
between phases during formulation.”’ pH indicates the
stability of the nanoemulsion, since any fluctuations in its
value will be due to chemical reactions.’> Both these
measurements were done in triplicate with mean + S.
D. calculated.

Physical stability is characterized for different formu-
lations by assessing the extent of phase separation post-
centrifugation, while stability over long periods of time is
characterized only for formulations found to be stable after
centrifugation; this is done by subjecting them to recurring
heating-cooling and freeze-thaw cycles between 25°C and
4°C. Characterizing physicochemical stability for different
formulations helps in choosing the most suitable one to be
taken forward in the study, thereby optimizing both sur-
factant utilization and physicochemical stability.

Instruments used in the physicochemical characteriza-
tion of the nanoemulsion are listed in Table 2.

Anticancer Activity

After the formulation of celery essential oil nanoemulsion,
its anticancer effect against SAS cell line was determined
by MTT assay, clonogenic assay and Annexin V-FITC
assay. Oral squamous cell carcinoma (SAS) cell line of

Table 2 Instruments Used for Physiochemical Characterization of Nanoemulsion

Parameter Instrumentation

Absorbance

Particle Size and Polydispersity Index
Viscosity

pH

Centrifugation REMI International, India

V-630 Series, Jasco Analytical Instruments, Asia

Horiba, Nanopartica SZ-100 series

Brookfield Viscometer with Brookfield Rheocalc Software [DV-1I+ Pro EXTRA, LV-Il, UL Adapter
Digital pH meter [EUTECH Instruments, Oakton, Singapore]
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human origin was gifted by Prof. D. Karunagaran, IIT
Madras, who procured it from the Japanese Collection of
Research Bioresources Cell Bank, Japan. The oral squa-
mous carcinoma cells were cultured in Roswell Park
Memorial Institute 1640 medium (RPMI 1640 media)
supplemented with 10% Fetal Bovine Serum (FBS) at
37°C, 5% CO, (100  units/mL)/
Streptomycin (100 pg/mL) (Gibco, Grand Island,
NY, USA).

and Penicillin

MTT

In this assay, the SAS cells were treated with various
concentrations of celery oil and celery nanoemulsion sepa-
rately in an ascending order after the cells were seeded in
96-well plates. After a period of 48 h, 10 uL of 5 mg/mL
MTT was added in every well and allowed to incubate for
3 h. Formazan crystals of purple colour would form in
viable cells, followed by aspiration of media and thereafter
by the solubilization of crystals with 100 pnL. DMSO. The
colour developed was read using Bio-Rad 680 colorimeter
at 570 nm.

Clonogenic Assay

In the colony formation assay, SAS cells were cultured in
6-well plates (hundred cells/well), and after 24 h, inter-
acted with celery nanoemulsion at ICsq concentration of
1.4 pL/mL. This is followed by incubation at 37°C, 5%
CO, for 14 days till the optimal clones are obtained. Later,
cells in the plates were methanol-fixed and stained with
crystal violet. The colony counts were calculated using
Imagel software.

Flow Cytometry Assay

The SAS cells were cultured and treated with celery
nanoemulsion at ICsy concentration 1.4 pL/mL. After 48
h, cells were detached by 0.25% trypsin, washed two times
with phosphate-buffered saline, and interacted with
Annexin V-FITC conjugate and PI (Propidium Iodide)
for 10 min at laboratory temperature as per manufacturer’s
instructions. The suspension was then analyzed using BD
FACSVERSE to assess the ability of the suspension to
induce apoptosis.

Antibacterial Activity

The antibacterial effects of the formulation against
Staphylococcus aureus (ATCC 29213) were determined.
S. aureus was sustained at 4°C in agar slants as stock.
A few colonies were segregated from this culture, and
inoculated into MHB (Mueller-Hinton Broth). A further

subculture was made to obtain pure and viable culture.
This was then diluted with the required medium to attain
an O.D. of 1.5 x 10’-10* CFU/mL.

Well Diffusion

One hundred microliters of the Staphylococcus aureus
culture was swabbed over the surface of agar and a hole
of 6-8 mm diameter was punched using a cork-borer.
After this, 20-100 uL of the celery oil-based formulation
was added. After incubating the agar plate under suitable
conditions, the phytochemical compound was observed to
diffuse and inhibit the microbial growth. The zone of
inhibition was measured as diameter after an incubation
period of 24 h.>* The experiment was carried out in tripli-
cate with mean + S.D. calculated.

Membrane Permeability Assay

The bacterial culture was incubated overnight and resus-
pended by diluting in Phosphate-buffered saline (PBS).>*
0.5 mL of the microbial suspension with 9.5 mL of the
optimized celery oil-based formulation acted as a test
sample. The suspension was then diluted to 9.5 mL of
PBS, and this acted as a negative control. 0.5 mL of the
bacterial suspension diluted with 9.5 mL of sodium benzo-
ate (500 mg/L) was used as a positive control. All the
formulations were incubated for 1 h and centrifuged at
6000 g for 10 min to help in the excretion of cytoplasmic
substance from the microbial cells. The supernatant’s
then calculated using UV—Visible
Spectrophotometry at 260 nm. The experiment was carried

absorbance was
out in triplicate with mean + S.D. calculated.

Scanning Electron Microscopic Analysis

Scanning electron microscope (SEM) is a versatile instru-
ment for material characterization.> An image is formed
utilising a focused electron beam of fairly low energy. This
technique enables an understanding of the structural and
morphological variations in the cell membrane of the
pathogen due to cell damage.>® In this analysis, S. aureus
was centrifuged at 5000 rpm for 15 min during the course
of the night and was washed with sterile PBS (pH 7.4)
twice. A 1% v/v of the desired concentration of the inocu-
lum (1 x 10 CFU/mL) was interacted with 10-times dilu-
tion of celery nanoemulsion for 120 min after which it was
subsequently washed two times with PBS and adhered to
a metal stub. Finally, the sample for analysis was gold
sputter-coated and examined under HR-SEM (FEI Quanta
FEG 200).
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Statistical Analysis

All experiments in this study were done in triplicate.
GraphPad Prism 5.0, proprietary software of GraphPad
Software, Inc., San Diego, CA was used to plot con-
centration correlation curves and to differentiate data
points between the test and control group. T-test was
used in calculating the P-value of two groups com-
pared. Values of P<0.05 were considered to be statis-
tically significant.

Results

Identification of Celery Essential Oil
Constituents by GC-MS

Celery oil has been tested through Gas Chromatography-
Mass Spectroscopy. Figure 1 depicts the area % and also
the time of retention of the active components. GC-MS
reported D-limonene as the component with the highest
peak area % of 24.73. The different compounds identified
by GC-MS include p-cymene (16.73), y — Terpinene
(13.78), B-Selinene (8.05), thymol (6.93), a - Terpinyl
acetate  (5.81), 1,4-Dimethyl-4-acetyl-1-cyclohexene
(5.59), kessane (3.64), and B-Pinene (3.08), as depicted
in the chromatogram.

30

25 D-Limonene

20

Area %
&

10

Nanoemulsion Characterization

The characterization studies were conducted for all pre-
parations to find the optimal formulation. Samples pre-
pared with various oil-to-surfactant ratios, prior to and
after sonication of 5, 10, 15 and 20 min, were taken for
characterization. Figure 2 shows the visual appearances of
these formulations. With an increase in both surfactant
concentration and sonication time, there was a noticeable
colour change in the emulsions from milky to a clear
formulation.

Both surfactant concentration and sonication time are
important factors that dictate the stability of the nanoemul-
sion. As elucidated in Characterization of Nanoemulsion,
droplet size dictates the stability of the nanoemulsion. In
this context, the consequences of sonication time and the
concentration of surfactant on the size of droplets were
examined. As further elucidated in Characterization of
Nanoemulsion, the effect of the extent of homogeneity
on the stability of the formulation was characterized by
assessing the polydispersity index for all the formulations.

A reduced droplet size was observed as the concentra-
tion of surfactant increased—for example, for a sonication
period of 20 min, droplet diameters of 54.5 + 0.72 nm,
27.46 + 1.28 nm and 23.4 = 1.8 nm were observed for oil:

w=D-Limonene

e p-Cymene

ey - Terpinene

e B-Selinene

e Thymol

et - Terpinyl acetate
e 1,4-Dimethyl-4-acetyl-1-

cyclohexene
’ ‘ Kessane

e B-Pinene

01 23 456 7 8 9 1011121314 151617 18 19 20 21 22 23 24
Retention Time (min)

Figure | Gas Chromatography-Mass Spectroscopy of celery seed (Apium graveolens) essential oil of Indian origin.

Figure 2 Visual inspection of all celery oil-based formulations with varying oil-to surfactant ratios before and after sonication time of 5, 10, 15 and 20 min, showing colour

change from milky to transparent.
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surfactant ratios of 1:1, 1:2 and 1:3, respectively. In par-
allel, a reduced droplet size was also noticed with the
increase in sonication time—for example, for the formula-
tion where oil: surfactant ratio was 1:3, droplet diameters
29.2 £ 2.26 nm, 26.3 +£ 2.91 nm and 23.4 + 1.8 nm were
observed for sonication times of 10 min, 15 min and 20
min, respectively. These trends in droplet size are repro-
duced in Figure 3. An increase in homogeneity was
observed along with the decrease in polydispersity index
with increase in surfactant concentration—for example,
for a sonication time for 20 min, polydispersity indices
of 0.346 + 0.03, 0.299 + 0.02 and 0.275 + 0.01 were
observed for oil: surfactant ratios of 1:1, 1:2 and 1:3,
respectively.

300

200
- . =1:01
l =1:02
1:03
50 | I
o 0 T 5 - 10 ! 15 o 20 '

Sonication time (min)

Droplet size (nm)
8 g

3

°

Figure 3 Variation in mean droplet size of celery oil-based formulations with oil-to
surfactant ratio and sonication time.

The celery oil-based nanoemulsion formulation CEL-
C4, with an oil-to-surfactant ratio of 1:3, demonstrated the
minimum droplet size diameter and produced more uni-
form and stable droplets after sonication for 20 min
(Figure 4). Thus, CEL-C4 was identified as the optimal
formulation for further application studies.

Absorbance was observed to decrease with an
increased surfactant concentration both before and after
sonication (Figure 5).

The increment in viscosity is directly proportional to
that in surfactant concentration. The increase in viscosity
from CEL-A to CEL-C after a 20 min sonication period is
shown in Figure 6.

The pH values also increase with increase in surfactant
concentration from CEL-A to CEL-C after a sonication
period of 20 min, as shown in Figure 7.

Stability Studies

All CEL-A formulations displayed phase separation within
72 h of preparation irrespective of the variation in their
sonication time. Among the sonicated formulations of
CEL-B and CEL-C, only CEL-B1 and CEL-C1 phase-
separated in the centrifugation test, and were discarded
from other tests. The remaining formulations—CEL-B2,
B3, B4 and CEL-C2, C3 and C4—displayed good stability
as they did not phase separate during centrifugation, while
also maintaining stability through recursive heating—cool-
ing cycles and freeze—thaw tests.

From the narrowed list of formulations, the optimal
formulation was identified based on the particle size and
PDI value. As established in the previous section, higher
sonication times lead to greater stability (lower droplet

Frequency (%)

S

4 (I} l'lll’ll'""l"l”l'lll
1

01 10

|
g @

8
Undersize (%)

=
°

11 IIIIII'-_

IIII | llllllll
100 1000 10000
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Figure 4 Droplet size distribution of optimized celery nanoemulsion (CEL-C4) obtained using dynamic light scattering technique.
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Figure 5 UV-Spectroscopic measurements (600 nm) of celery oil-based formula-
tions with oil-to-surfactant ratios of I:I, 1:2 and |:3 before and after sonication for
various times.

#20 min
sonication
time

Viscosity (cPS)

11 1:2 1:3
Oil : Surfactant

Figure 6 The effect of oil-to-surfactant ratio on viscosity as measured on
a Brookfield Viscometer.

size) of a nanoemulsion, thereby narrowing the list of
optimal formulations further to CEL-B4 and C4. The pre-
vious section also contained data showing that higher
surfactant concentrations lead to greater stability (lower
droplet size) and superior homogeneity (lower polydisper-
sity index), which led to the selection of CEL-C4 as the
optimal formulation to be taken forward in the study.

Anticancer Activity

Cytotoxicity Assay

Celery oil demonstrated cytotoxicity against SAS cells at
an ICso concentration of 2.7 pL/mL (Figure 8A). DMSO
(vehicle control) was used in the solubilization of celery

Figure 7 The effect of oil-to-surfactant ratio on pH as measured on a digital pH
meter.

oil. As essential oils cannot be used for any in-vivo appli-
cations due to their volatility, instability and poor aqueous
solubility, celery oil was not considered for further
mechanistic studies.

SAS cells resulted in concentration-dependent inhibi-
tion of cell growth after 48 h of interaction with the
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Figure 8 (A and B) Cell viability measurement of SAS carcinoma cell line on
treatment with (A) celery oil compared with (B) nanoemulsion, after 48
h incubation by MTT assay measured at 570 nm (*P 0.05 compared with respective
control).
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nanoemulsion formulated at an ICs, concentration of 1.4
pL/mL (Figure 8B). The vehicle control consisting of
surfactant-water mixture does not pose cytotoxicity on
cells.

Clonogenic Assay

Oral squamous carcinoma cells (SAS) were treated with
1.4 pL/mL concentrated celery nanoemulsion and incu-
bated for a period of 14 days at 37°C. Figure 9A and
B depicts the decreased extent of colony formation on
treatment with celery oil nanoemulsion in comparison
with the untreated control cells. This indicates the antipro-
liferative effect of the nanoemulsion. This assay is most
commonly used in investigating the endurance of radiated
cancer cells.”’

Annexin V-FITC Assay

The assay was performed in SAS cells after treatment with
the optimized nanoemulsion concentration (1.4 pL/mL)
and compared with the control cells (Figure 10B). The
untreated control (Annexin V /PI") indicated viable cells,
implying that they do not undergo apoptosis (Figure 10A

Number of colonies

o(‘

0@6
& SAS cells R

(left)). After 48 h of treatment with nanoemulsion,
a majority of the cells had undergone apoptosis (Annexin
V'/PI") or had already died (Annexin V'/PI"), as depicted
in Figure 10A (right). This assay indicated 27% cell death
through apoptosis mechanism.

Antibacterial Activity

Agar Well Diffusion

This assay was performed to measure the antibacterial
effects of celery nanoemulsion.”® A noticeable, clear
zone of inhibition of the microbial strain on interaction
with the formulation was observed for all three replicates
with a mean diameter of 22.6 + 0.57 mm, while the
diameter of the zone inhibition of celery oil measured
17.1 £ 0.76 mm (Figure 11A). This indicates a higher
zone of inhibition in the celery nanoemulsion as compared
to its oil form. However, DMSO used in solubilization of
celery oil and the surfactant-water mixture used in the
formulation of celery nanoemulsion demonstrated resis-
tance towards microbial strain interaction. The quantitative
data are represented in Figure 11B. This study clearly

Nanoemulsion treated

o

NY

Figure 9 (A and B) Clonogenic assay indicating a decline in colony formation of SAS carcinoma cell line on treatment with nanoemulsion (right) in comparison with

untreated control (left) (*P < 0.05 compared with respective control).
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Figure 10 (A and B) Effect of celery nanoemulsion (CEL-C4), 1.4 pL/mL, against SAS carcinoma cell line with representation of apoptosis induction analysed by Annexin

V-FITC assay through flow cytometry.

reveals that the phytochemicals present in the celery oil,
and the droplet size reduction through nanoemulsion for-
mulation are mainly responsible for the antibacterial effect

against Staphylococcus aureus.

Membrane Permeability Assay

To affirm the cytoplasmic leakage from the pathogen on
interaction with the formulation, membrane permeability
assay was employed. UV-Visible Spectroscopy was
employed to quantify the absorbance of UV and visible
wavelengths in the fluid system. This aided in establishing
a relationship between the absorption of light and extent of
cytoplasmic leakage.>® The results depict an appreciable
cytoplasmic release of the microbial suspension on nanoe-
mulsion interaction, in contrast with oil interaction (Figure
12). The after 1

h interaction of S. aureus with celery oil and celery nanoe-

cytoplasmic leakage observed
mulsion was found to demonstrate an absorbance of 1.897
+ 0.039 and 3.251 + 0.033, respectively, at 260 nm.

Sodium benzoate, used as a positive control, showed

absorbance of 2.124 + 0.023, and evidenced a higher cyto-
plasmic leakage than the celery oil. However, the nanoe-
mulsion formulation showed a greater loss of cell contents
on interaction with S. aureus in comparison with the
positive control and with the celery oil.

Scanning Electron Microscopy

The microscopic technique was employed to characterize
the external form and structure of the materials. The
untreated cell of S. aureus demonstrated an intact struc-
ture. The SEM images reveal the celery nanoemulsion-
interacted cells of S. aureus as distorted with clear mor-
phological alterations (Figure 13).

Discussion

Gas chromatography—mass spectroscopy was used to iden-
tify the saturated and unsaturated hydrocarbons present in
essential oil extracts.®® GC-MS indicated D—limonene as
a major contributor to the biological properties exhibited
by celery oil. D-limonene is reported to demonstrate fairly
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Figure Il Well diffusion assay, demonstrating (A) higher zone of inhibition on
treatment with celery nanoemulsion CEL-CE4 against S. aureus in comparison with
celery oil (B) with quantitative representation.
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Figure 12 Membrane permeability assay, displaying significant cytoplasmic leakage
from S. aureus on treatment with CEL-C4 nanoemulsion formulation (in compar-
ison with celery oil and positive control).

low toxicity with no risk to humans.®' Also, it is proven to
have clinical use in dissolving cholesterol-containing gall
stones, and is known for its chemopreventive effects in
cancer.®> There are no proven effects attributable to the
other phytochemicals present in the celery seed oil.

The nanoemulsion was prepared using celery oil,
water and a bio-based Tween 80 surfactant. Based on
stability and realization of uniform droplets of nan-
ometer range, the formulation was optimized and carried
forward to evaluate its anticancer and antibacterial

properties.

A noticeable colour change observed during the for-
mation of nanoemulsion could be attributed to Rayleigh
scattering effect from the nanosized particles of the
formulation.®® The formation was a non-spontaneous pro-
cess owing to its positive Gibbs free energy. However, the
surfactant has the ability to reduce the free energy of this
process, thereby increasing its spontaneity and the stability
of the nanoemulsion.***** The surfactant was also observed
to have reduced the polydispersity index, which is indica-
tive of its role in homogenizing the nanoemulsion by
preventing coalescence of dispersed oil droplets.®’

The small droplets produced through ultrasonication
result in greater interfacial area, which increases the per-
meability of the active compounds through membranes of
blood vessel and tissue.®® An increase in sonication time
would increase the net input energy and tend to disrupt
more droplets and decrease their size further. This trend
was consistent with the results of this study.

An increase in sonication time (5—20 min) and surfac-
tant concentration (1:1-1:3) led to an efficient reduction in
the size of droplets and in the polydispersity index as
measured through DLS. However, any increase beyond
a sonication time of 20 min and oil-surfactant ratio of
1:3 was ineffective in further reducing the droplet size.
CEL-C4 was therefore determined to be the optimal for-
mulation for further characterization.

Apart from characterizing formulations based on their
physical stability, viscosity and pH were also measured for
all the formulations as they play a key role in dictating the
efficacy of the nanoemulsion in drug delivery. The rise in
viscosity with surfactant concentration could be attributed
to the increased extent of cross-linking in the surfactant

amidst which water d.67-%

molecules get entrappe
Characterizing a nanoemulsion based on pH and viscosity
will aid in rheological studies while developing drug deliv-
ery mechanisms for an in-vivo application.

The cytotoxic potential of both celery oil and the for-
mulation against oral squamous carcinoma cells (SAS)
was evaluated by MTT assay. The mitochondrial dehydro-
genases of viable cells convert the yellow-colored MTT to
their corresponding purple formazan thereby indicating the
existence of a direct correlation between purple formazan
and metabolically active cells.”®’> On interaction of both
celery oil and celery oil-based nanoemulsion against SAS
cell line, it was observed that purple formazan crystals
were not formed, indicating the concentration-dependant

inhibition of the cancerous cells. Also, celery oil-based
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Figure 13 Scanning electron microscopy revealing complete distortion of S. aureus on interaction with celery nanoemulsion (test) in comparison with untreated (control)

cells.

nanoemulsion was more effective in the inhibition of the
SAS cells as compared to celery oil.

Another indicator of the antiproliferative potential of
celery nanoemulsion against SAS cells verified in this
study was the clonogenic assay. Here, the growth of single
cell into a colony was analyzed, as cancerous cells tend to
form colonies in an anchor-independent manner.”>"”* The
findings showed inhibited colony formation of SAS cells
on treatment with the celery-based nanoemulsion formula-
tion, substantiating the specificity of its antiproliferative
properties — viz., it did not inhibit the growth of the
untreated control cells.”®

Annexin V-FITC”®
induced by celery nanoemulsion based on two mechan-

analysed cell death pathway

isms by which cell death occurs—apoptosis and necrosis.
The apoptotic cell death is an irreversible programmed cell
death, whereas necrosis is characterised by traumatic cell
death caused by cellular injury.”” For differentiating
between the two cell deaths, morphological changes in
the cell were studied via their distinct molecular pathways,
as both modes of cell death are activated by both extrinsic
and intrinsic pathways. Annexin V-FITC assay was per-
formed in flow cytometry with discrete dyes. Annexin
V assay and Propidium lodide act as an indicator of apop-
tosis and necrosis, respectively.”® During early apoptosis,
membrane asymmetry of cell is lost, and phosphatidylser-
ine translocates to the external membrane of cells where
fluorochrome-labelled Annexin V binds to it and specifi-
cally targets and identifies apoptotic cells’ thereby acting
as an indicator for apoptotic cell death. Necrotic cells are

permeable for propidium iodide, which intercalates into
the nuclear DNA of the necrotic cells and can be detected
in red fluorescence, thereby rendering it an indicator
through flow cytometry. This study confirmed that a
majority of the cells had undergone apoptosis (Annexin
V'/PI"), or had already died (Annexin V'/PI") on interac-
tion of oral squamous carcinoma cells (SAS) with celery
nanoemulsion (1.4 pL/mL). These results for the first time
showed anticancer activity against oral squamous carci-
noma cells (SAS) via in-vitro assays using a celery-based
nanoemulsion formulation. The formulation thus demon-
strates potent anticancer activity, but the chemopreventive
effect of the same is not yet evaluated. The chemopreven-
tion of benzo[a]pyrene induced forestomach cancer in
mouse models by the presence of phthalides such as
p-mentha-2,8,-dien-1-ol, 3-n-butyl phthalide and sedano-
lide in the celery oil by inducing glutathione-S-transferase
has been reported in literature.®°

The antibacterial capability of the formulation was
verified by studying the interaction between S. aureus
and celery nanoemulsion. In the agar well diffusion
assay, it was observed to have created a zone of inhibition
within which the growth of microbial strain was inhibited
by the nanoemulsion. While celery oil on its own exhibited
a zone of inhibition, this study shows that the celery oil
nanoemulsion exhibited a significantly larger zone of inhi-
bition, thus verifying its enhanced efficacy. By measuring
absorbance of UV light at 260 nm through the suspension,
cytoplasmic leakage was observed when the microbial
suspension was treated with the nanoemulsion.®’ The
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nanoemulsion is capable of fusing with the lipid mem-
branes of the pathogen and causing disrupted membrane
integrity through destabilization leading to release of cell
contents.®*** The complete cell distortion on interaction
with the nanoemulsion reveals cell membrane damage and
cytoplasmic leakage, as confirmed through scanning elec-
tron microscopy. However, literature is scant on the anti-
microbial properties of celery oil. The celery essential oil
demonstrated antifungal effect against Malassezia furfur®®

and antibacterial effect against Campylobacter jejuni.*®

Conclusion

The nanoemulsion of celery oil which was used in this
study was prepared through ultrasonication. This high-
energy method produced acoustic pressure waves that
induced cavitational conditions to disrupt the liquid system
and form nanoparticles. A surfactant was used to stabilize
the nanoemulsion which was then studied through centri-
fugation and  recursive  heating-cooling  cycles.
Formulations of varying surfactant concentrations were
characterized on the basis of their physico-chemical prop-
erties in order to optimize the concentration. The optimal
formulation was tested for its anti-bacterial properties
through agar well diffusion assay and membrane perme-
ability assay by treating it with S. aureus. The nanoemul-
sion on interaction with the pathogen caused considerable
cytoplasmic leakage. This loss of cell contents through
membrane disruption is possibly due to a different phe-
nomenon or a combination of triggers (eg, the inherent
antibacterial activity of celery oil). The nanoemulsion was
further analysed to demonstrate its anticancer properties
on oral squamous carcinoma cells (SAS), where it shows
considerable antiproliferative activities by inhibiting can-
cer cell growth and by inducing apoptosis. Reduced dro-
plet size with improved solubilization, coupled with the
anticancer and antibacterial capabilities of celery nanoe-
mulsion makes the formulation an attractive alternative to

explore through in-vivo studies.
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