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ABSTRACT

Objective: To enhance the pharmaceutical potential and oral
bioavailability of quercetin contents of Allium cepa peel extract by
novel nanosuspension technology.

Methods: Nanoprecipitation approach was successfully used for
the formulation of nanosuspension. To obtain pharmaceutical-grade
nanosuspension with minimum particle size and polydispersity
index, sodium lauryl sulphate was selected as a stabilizer. Important
formulation parameters were statistically optimized by the response
surface methodology approach. The optimized nanosuspension was
subjected to stability and in vitro dissolution testing and characterized
by scanning electron microscopy, atomic force microscopy, Fourier
transform infrared spectroscopy, and zeta sizer. To evaluate the
preeminence of nanosuspension over coarse suspension, comparative
bioavailability studies were carried out in male albino rats. The
pharmaceutical potential of developed nanosuspension was evaluated
by antioxidant, antimicrobial, and toxicity studies.

Results: The optimized nanosuspension showed an average particle
size of 275.5 nm with a polydispersity index and zeta potential value
of 0.415 and —48.8 mV, respectively. Atomic force microscopy
revealed that the average particle size of nanosuspension was below
100 nm. The formulated nanosuspension showed better stability
under refrigerated conditions. Nanosuspension showed an improved
dissolution rate and a 2.14-fold greater plasma concentration
of quercetin than coarse suspension. Moreover, the formulated
nanosuspension exhibited enhanced antioxidant and antimicrobial
potential and was non-toxic.

Conclusions: Optimization of nanosuspension effectively improves
the pharmaceutical potential and oral bioavailability of Allium cepa
extract.

KEYWORDS: Allium cepa; Nanoprecipitation; Pharmaceutical

potential; Particle size; Polydispersity index; Stability; Toxicity;
Quercetin

1. Introduction

Formulation of drugs having poor water solubility always remained
a challenging task for pharmacists[1]. Almost 40% of the drugs
that are produced in drug discovery programs have poor water
solubility[2]. Drugs having poor solubility and low permeability in
the gastrointestinal tract result in poor oral bioavailability[3]. Along
with synthetic drugs, there are many natural substances, including

plant constituents (flavonoids, essential oils, and flavors), which
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are pharmaceutically important but suffer from poor aqueous
solubility[4]. Therefore, new technological formulation techniques
are required to improve the water solubility of pharmaceutics|5].
Nanosuspension technology has proved to be an efficient
approach in this regard which helps to enhance the solubility and
bioavailability of drugs due to their simplicity and greater benefits
compared to other techniques[3]. Nanotechnology-based herbal drugs
possess efficient biopharmaceutical properties and desirable target
characteristics[6] because of their smaller size and greater surface
area available for dissolution[7].

Response surface methodology (RSM), as a collection of
mathematical and statistical methods, provides a suitable
experimental design with a minimum number of experimental
runs[8]. This experimental design can decrease the experimentation
time and cost and increase reliability with better process output[9]. In
the present study, central composite design (CCD) of RSM was used
for the optimization study.

Allium cepa L. (A. cepa), commonly known as onion is a bulbous
herb belonging to the family Alliaceae. It is one of the most
frequently consumed vegetables and has numerous health benefits
owing to its diverse phytoconstituents[10]. In onion, a large number
of polyphenols and flavonoids such as quercetin, kaempferol, and
their glycosides are present that have a defensive effect against
coronary heart diseases and cancer|[11]. The antioxidant and free
radical scavenging potential of onion increases from inner to outer
layer and maximum quercetin contents are reported in the outermost
layer (peels) of onion[12]. Due to its rich quercetin contents, A. cepa
peel extract has been used to treat numerous diseases[13.14] and is
regarded as an important ingredient in pharmaceutics[15].

In the present study, nanoprecipitation approach was used to
formulate A. cepa nanosuspension and the CCD of RSM was used for
optimization. The optimized nanosuspension was characterized by
microscopic techniques and evaluated for in vivo oral bioavailability
in rats. The pharmaceutical potential of formulated nanosuspension
was evaluated by determining in vitro antioxidant, antibacterial,
and antifungal activities. In addition, a mutagenicity assay was
performed to determine any toxicity related to nanosuspension.

Present research is significant because, in this study, an attempt
is made to enhance the oral bioavailability of quercetin contents
of A. cepa peel extract to improve its pharmaceutical potential.
Such detailed optimization using RSM approach to formulate
pharmaceutical-grade nanosuspension of A. cepa peel extract was
scarce in earlier studies. However, A. cepa was used to prepare metal
nanoparticles in many previous studies[16-19]. Metal nanoparticles
are different from herbal nanosuspension/nanoparticles. In metal
nanoparticles, the particle size of metal is reduced and converted
to nano-range using plant extract as a stabilizing and reducing
agent. The drug (plant extract/synthetic drug) is converted
into nanoparticles using different techniques and excipients in

nanosuspensions.

2. Materials and methods

2.1. Preparation of plant extract

A. cepa peels were purchased from the local vegetable market and
identified by a plant taxonomist of the Botany Department and a
voucher specimen (228-3-2016) was placed at the herbarium of the
Botany Department, University of Agriculture, Faisalabad. Peels
were washed with double distilled water, dried under the shade, and
ground to a fine powder. Excessive oil or fat contents were removed
by using n-hexane. For the extraction of crude quercetin, an oil-free
sample was extracted with ethanol (95% HPLC grade) for about
6-8 h using a Soxhlet extractor (Behr Labor-Technik, Germany).
The resultant extract was concentrated by using a rotary evaporator
(Buchi, CH-9230 Flawil 1, Switzerland) and the residue obtained

was used for the formulation of nanosuspension.

2.2. Preparation and statistical optimization of

nanosuspens on

Nanoprecipitation method was employed for the preparation of
nanosuspensions by following the method of Zafar et al.[6] with
some modifications. For this purpose, the quercetin-rich A. cepa peel
extract was fully dissolved in an organic phase (ethanol) and filtered.
The resulting solution was gradually inserted (1 mL/min) into an
aqueous phase containing stabilizer sodium lauryl sulfate (SLS) with
constant mechanical stirring (Lab Mechanical Stirrer JJ-1, China)
at 6000 rpm for 6 h at room temperature. To obtain nanosuspension
with the smallest particle size and polydispersity index (PDI),
imperative formulation parameters such as amount of plant extract
(A), concentration of stabilizer (B), and antisolvent to solvent (AS/
S) ratio (C) were statistically optimized by employing the most
emergent CCD of RSM using design expert software (version 7.1,
Stat-Ease, Inc. USA). A total of twenty experiments (including 6
replicates) were carried out to optimize the formulation parameters
according to the experimental design given in Supplementary Table
1. Results were evaluated by applying the analysis of variance

(ANOVA) and by three-dimensional (3D) response surface plots.

2.3. Preparation of coarse plant suspension and standard

quercetin solution

For comparative study, coarse suspension of A. cepa was prepared
by simply dissolving highly concentrated A. cepa peel extract (0.13
g) in 100 mL distilled water[20] to keep the concentration of plant
(drug) same as used in optimized nanosuspension (i.e. 0.13%).
Similarly, standard quercetin solution (0.13%), was prepared by

dissolving 0.13 g of pure quercetin in 100 mL of distilled water.

2.4. Characterization of nanosuspension

Mean particle size (z-average; nm) and PDI values of the prepared
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nanosuspensions were determined by dynamic light scattering (DLS)
technique, whereas zeta potential (ZP) was determined by measuring
electrophoretic mobility with a field strength of 20 V/cm employing
Malvern zeta sizer Nano ZS (Malvern Instruments, UK). For further
characterization, optimized nanosuspension (nanosuspension with
minimum particle size and PDI value, prepared by using 0.13% plant
extract, 0.48% stabilizer, and AS/S ratio of 11.69) was frozen and
then lyophilized for 72 h at —40 “C. Atomic force microscopy (AFM)
(Shimadzu WET-SPM 9600, Tyoto Japan) analysis was carried out
for three-dimensional (3D) characterization of nanosuspension.
Scanning electron microscopy (SEM) (JEOL, JSM-6400, Japan)
was used to determine the particles’ surface morphology. Fourier
transform infrared spectroscopy (FTIR) (Perkin Elmer Spectrum
Version 10.4.3) analysis was carried out to determine the drug

excipient interactions.

2.5. Stability studies

The stability of optimized nanosuspension (nanosuspension with
minimum particle size and PDI value, prepared by using 0.13% plant
extract, 0.48% stabilizer, and AS/S ratio of 11.69) was measured at
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two different temperatures, at 4 ‘C (in a refrigerator) and 25-30 ‘C
(at room temperature) for three months[21]. Parameters like physical
appearance, particle size, PDI, and zeta potential were determined
after storage for three months. Particle size, PDI, and zeta potential
values of freshly formulated optimized nanosuspension were used as
a reference[22]. Results were also compared with coarse suspension

of A. cepa peel extract.

2.6. Determination of antimicrobial activity

The antimicrobial potential of standard quercetin, optimized
nanosuspension, and coarse plant suspension was determined by
using two bacterial strains (Escherichia coli and Bacillus subtilis)
and one fungal strain (Aspergillus niger) by standard disc diffusion
method|23]. Fluconazole was used as a positive control for antifungal
activity. Methanol and rifampicin were employed as negative and

positive control, respectively for antibacterial activity.

2.7. Determination of antioxidant activity

Antioxidant activity of standard quercetin, coarse plant suspension,
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Figure 1. Three-dimensional response surface plots illustrating the combined effect of (A) plant and stabilizer, (B) stabilizer and AS/S ratio, and (C) plant and

AS/S ratio on particle size reduction of Allium cepa nanosuspensions. AS/S: antisolvent to solvent.
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Figure 2. Three-dimensional response surface plots illustrating the combined effect of (A) plant and stabilizer, (B) stabilizer and AS/S ratio, and (C) plant and

AS/S ratio on PDI reduction of Allium cepa nanosuspensions. PDI: polydispersity index.
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and optimized nanosuspension was evaluated by DPPH assay
following the method of Zafar e al[24]. Ascorbic acid was used as a
standard compound to compare results. The formula employed for
the calculation of percentage inhibition of DPPH radical was given
as follows:

Percentage inhibition of DPPH =(1-A,/A) x 100

Where A, = Absorbance of samples, A, = Absorbance of control.

2.8. Toxicity testing

To determine the in witro toxicity of formulated nanosuspension,
mutagenicity assay (Ames test) was used. The test was based
on the “Ames bacterial reverse mutation assay” and carried out
in liquid culture. Two mutant strains, Salmonella typhimurium
(S. typhimurium) TA100 and S. typhimurium TA98 were used
to determine the toxicity related to A. cepa coarse plant extract,
nanosuspension, and standard quercetin. For mutagenicity assay and

for interpreting the results, method of Zafar ez al.[25] was followed.

2.9. Dissolution testing

Dissolution testing was performed by employing USP dissolution
apparatus type II (pharma test de, ISO 9001, Germany) by
following the method of Gera et @l[26]. For dissolution studies,
lyophilized optimized nanosuspension (nanosuspension with
minimum particle size and PDI value, prepared by using 0.13%
plant extract, 0.48% stabilizer, and AS/S ratio of 11.69) and coarse
plant extract (500 mg each) were separately filled in capsules and
placed in dissolution medium (0.1 M phosphate buffer at pH 7.4).
Temperature of the dissolution media and paddle speed were set
to (37+0.5) ‘C and 50 rpm, respectively. Aliquots (5 mL) were
collected from dissolution media after specific time (0, 15, 30, 45,
60, 75, 90, 105, and 120 min). The sink conditions were maintained
by regularly adding the pre-warmed dissolution medium to the
dissolution vessel. Pure quercetin was used as a standard compound
and samples were analyzed at 373 nm wavelength (A, of quercetin)
spectrophotometrically. The experiment was carried out in triplicate,
and the results were expressed as percentage of drug dissolved for

nanosuspension and coarse plant extract.

2.10. In vivo bioavailability study

Male Wistar albino rats weighing 250-300 g were used for
bioavailability studies and kept for a one-week acclimatization
period before the experiment and were treated as per principles of
3R’s. Rats were divided into two groups with five rats in each group
and fasted overnight before administering the dose but provided with
free water access. For comparative bioavailability studies, rats of

group 1 were administered orally with coarse suspension of A. cepa

extract (50 mg/kg body weight), whereas rats of group 2 were orally
administered with A. cepa nanosuspension at a similar dose. After
specific time intervals of 0.5, 1, 2, 4, 6, 12, and 24 h, blood samples
(0.5 mL) were collected into sodium heparinized tubes by cardiac
puncture. Tubes were immediately centrifuged (model 800, China)
at 170 xg for 20 min and separated plasma was preserved at —20 ‘C
for further analysis.

For extraction of quercetin from plasma, separated plasma (200 pL)
was added to eppendorf tube containing methanol (400 uL) and HCl
(25%, 200 pL). The mixture was vortexed for 90 s and incubated at
50 °C water bath for 15 min. The resulting mixture was centrifuged
(Bolton scientific, UK) at 1 064 xg for 15 min and the separated clear
supernatant was injected into an HPLC column (Supelco analytic
HS, C-18) for detection of quercetin contents in plasma samples.
The flow rate of mobile phase [acetonitrile 80%, methanol 20%, and
trifluoroacetic acid 3% (for acidification)] was set to 1 mL/min. The
effluents were detected at 370 nm wavelength using a UV-visible
detector (SPD-10A, Shimadzu). For analyzing the chromatograms,
acquisition software (Class LC-10, Shimadzu) was used. Important
pharmacokinetic parameters such as C,,, T, .. and area under the
curve (AUC,,,,) were determined to compare the oral bioavailability

of coarse suspension and nanosuspension.

2.11. Ethical statement

Animal studies were performed according to the rules and
regulations of international ethical committee under the guidance of
veterinary doctors of Department of Clinical Medicine and Surgery,
University of Agriculture, Faisalabad. The protocol was approved by
the graduate study research board on 9 March 2016 via letter-number
GDS/15501-4.

2.12. Statistical analysts

To optimize the best conditions for the preparation of
pharmaceutical-grade nanosuspension with the least particle size
and PDI, CCD of RSM was successfully used. The impact of
independent variables on response parameters was checked using
ANOVA. Results of antioxidant and antimicrobial assay and
dissolution study were expressed as mean + SD (n=3). Outcomes of

pharmacokinetic parameters were expressed as mean = SD (n=5).

3. Results

3.1. Optimization of nanosuspension

In the present study, nanoprecipitation approach was used to

formulate A. cepa nanosuspension using a SLS stabilizer. To
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Figure 3. Particle size, polydispersity index (PDI), and zeta potential results of (A) optimized Allium cepa nanosuspension and (B) Allium cepa coarse

suspension. d.nm: diameter in nanometer.
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Figure 4. Atomic force microscopic profile (A) and scanning electron microscopic image (B) of Allium cepa nanosuspension, (C) Allium cepa coarse

suspension.
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Figure 5. Fourier transform infrared spectroscopic spectra of Allium cepa (A) coarse plant extract, (B) nanosuspension and (C) stabilizer.
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optimize important formulation parameters, CCD of RSM was
successfully used, which proposed quadratic model as most suitable
to elucidate the relationship between independent variables [amount
of plant extract (A), concentration of stabilizer (B), and antisolvent
to solvent (AS/S) ratio (C)] and response variables (particle size and
PDI). Model selection was made based on the smallest probability
values (P values) with larger F' values. Regression equations for the
response variables, particle size (R1), and PDI (R2) were established
(Equations 1 and 2) to explore the positive or negative effect of
independent variables on dependent variables. The coefficients of
the equation with a positive sign indicated the synergistic effect of
independent variables on R1 and R2, whereas the coefficients with a
negative sign showed an inverse relation.

A. cepa (Size-nm) (R1)= 4218.14+27.32A—48.62B+35.40C—59.80AB
—1.82AC—17.82BC+80.09A’+98.67B°~11.07C
A. cepa (PDI) (R2)= +0.52+0.010A-0.015B+0.021C—-0.16AB—
0.11AC+0.10BC—0.04A’+0.14B*+0.011C*

(Equation 1)

(Equation 2)

ANOVA study was performed to determine the linear, interactive
and quadratic effect of independent variables on responses (R1
and R2). P values (P<0.05) were used as a tool to determine the
significance of model and model terms. Very small P values for
R1 and R2 (P<0.000) illustrated that quadratic model was highly
significant for both responses (Supplementary Tables 2 and 3).
The model terms with the P value less than 0.05 were regarded as
significant, whereas the model terms having P values greater than
0.05 were categorized as non-significant. Results of the present
study demonstrated that all liner and quadratic coefficients (A, B,
C, A%, BY, Cz), as well as the cross-product coefficients AB and
BC, had constructive effect on particle size reduction of A. cepa
nanosuspension (Supplementary Table 2). ANOVA study for second
response (R2) revealed the significant impact of AB, AC, BC, A?,
and B” on PDI reduction (P<0.05) (Supplementary Table 3). The
remaining terms showed no/negative effect on particle size and PDI
reduction.

The three dimensional (3D) response surface plots for particle
size and PDI reduction of A. cepa nanosuspension illustrated that
all the formulation parameters had a significant effect in reducing
the particle size and PDI; however, the impact of A and B was more
pronounced in reducing the particle size (Figures 1 and 2).

Based on experimental results, the software provided desirability
and overlay plot which proposed the optimum experimental
conditions (0.13% plant extract, 0.48% stabilizer, and AS/S ratio of
11.69) for the development of stable nanosuspension (also considered
as optimized nanosuspension) with a mean particle size of 275.5 nm,
PDI value of 0.415 and zeta potential value of —48.8 mV (Figure 3A).
In addition, the optimized nanosuspension showed improved particle
size, PDI, and zeta potential value compared with the coarse suspension
(Figure 3B).

3.2. Characterization of nanosuspension

AFM analysis of A. cepa nanosuspension showed that particles were
below 100 nm in height, although some larger aggregates were also
present (Figure 4A). The selected area (A-B) of the figure illustrated
the presence of particles with an average height of less than 13
nm. SEM image of A. cepa nanosuspension revealed the presence
of a little bit spherical and flower-shaped particles (Figure 4B)
and showed better surface structure than A. cepa coarse suspension
(Figure 4C). The FTIR spectrum of coarse plant suspension (Figure
5A) was different from the spectra of nanosuspension (Figure
5B) and stabilizer (Figure 5C). The spectrum of nanosuspension
(a mixture of plant extract and stabilizer) showed almost similar
peaks to the spectrum of stabilizer. This similarity in peak position
and peak intensity (peak to peak correlation) indicated that during
preparation of nanosuspension stabilizer interacted physically as

well as chemically with plant extract.

3.3. Stability studies

Optimized nanosuspension of A. cepa illustrated an increase in
the particle size (from 275.5 nm to 381.4 nm), PDI values (from
0.415 to 0.541), and zeta potential (from —48.8 mV to —50.7 mV)
after storage at room temperature for three months (Figure 6A) as
compared to freshly prepared optimized nanosuspension (Figure
3A). Regarding the physical stability, stored nanosuspension
was found clear at room temperature even after three months
(Supplementary Figure 1). Optimized nanosuspension stored at
4 °C showed a mean particle size of 323.8 nm with PDI and zeta
potential values of 0.494 and —48.9 mV, respectively (Figure
6B) which indicated a small variation in evaluated parameters
as compared to nanosuspension stored at room temperature. The
nanosuspension stored at 4 ‘C was found physically stable after
three months (Supplementary Figure 1). Present results revealed that
nanosuspension stored at 4 ‘C showed smaller variation in evaluated
parameters (physical stability, particle size, PDI, and zeta potential
values) as compared to nanosuspension stored at room temperature
and therefore, refrigerated conditions were considered optimum to
store prepared optimized nanosuspension.

Although coarse aqueous suspension of A. cepa was unstable when
freshly prepared and showed a mean particle size of 691.0 nm with
PDI and zeta potential values of 0.633 and —9.50 mV, respectively. It
was also evaluated under both storage conditions (room temperature
and 4 °C) to check the effect of temperature on the formulation.
When the storage stability of the coarse suspension was determined,
it showed comparatively fair results at refrigerated conditions as
compared to that at room temperature (Figures 6C and 6D). At room
temperature, a significantly large difference in particle size, PDI, and
zeta potential values was observed as compared to freshly prepared

coarse suspension (Figure 3B). The coarse suspension became
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Figure 6. Particle size, PDI, and zeta potential results of optimized Allium cepa nanosuspension and Allium cepa coarse suspension stored at room temperature,

and at 4°C. (A) Allium cepa nanosuspension at room temperature. (B) Allium cepa nanosuspension at 4°C. (C) Allium cepa coarse suspension at room

temperature. (D) Allium cepa coarse suspension at 4°C.
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highly coagulated after three months under both storage conditions.

3.4. Comparative antimicrobial activity of coarse suspension

and nanosuspension

Comparative evaluation of the antibacterial activity illustrated
significantly greater inhibition zone for A. cepa nanosuspension and
standard quercetin than coarse suspension against both bacterial
strains (P<0.05) (Supplementary Table 4). However, regarding
antifungal activity, greater inhibition potential was noted for
nanosuspension and standard quercetin and no inhibition zone was

observed for coarse suspension.

3.5. Comparative antioxidant activity of coarse suspension

(lTLd nanosuspens on

The antioxidant results confirmed the enhanced DPPH radical
scavenging potential of nanosuspension than coarse suspension
(Figure 7). However, a slight difference was observed between the

IC,, values of nanosuspension, standard quercetin, and ascorbic acid.
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3.6. Toxicity testing

A. cepa nanosuspension, coarse suspension, and standard quercetin
were found non-mutagenic against the two tested strains of S.
typhimurium, TA98, and TA100. Nanosuspension showed no positive
well against TA98 and only six positive wells against TA100;
however, the coarse suspension showed ten positive wells against
TA98 and twelve positive wells against TA100 (Supplementary
Table 5).

3.7. Dissolution studies

Results of dissolution study of A. cepa nanosuspension and coarse
extract were expressed as quercetin (QT) equivalent. A greater
concentration of quercetin was observed in dissolution medium for
nanosuspension at all time intervals. After 120 min, nanosuspension
showed a remarkably greater dissolution concentration (96.97%,
QT equivalent) than A. cepa coarse extract (52.37%, QT equivalent)
(Figure 8A).

3.8. Bioavailability studies

The plasma concentration-time profile of A. cepa nanosuspension
and coarse suspension is presented in Figure 8B and pharmacokinetic
parameters are given as Supplementary Table 6. As expected, a
noteworthy increase was observed in the absorption of nanosuspension
compared with coarse suspension at each time point and the rate
of absorption augmented over time. The maximum concentration
(C,...) Was observed after two hours (T,,,,) of the dose administration
indicating a 2.70-fold increase in the concentration of nanosuspension
in the biological system. Furthermore, the greater area under the curve
(AUC,,4,) values for nanosuspension [(5702.66+15.25) ugeh/mL] than
coarse suspension [(2666.05+11.57) pgeh/mL] illustrated a 2.14-fold

increase in the relative bioavailability of nanosuspension.
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Figure 8. (A) Dissolution rate of Allium cepa nanosuspension and coarse extract. Results are presented as mean + SD (n = 3); (B) Concentration of quercetin in

rat plasma after oral administration of Allium cepa coarse suspension and nanosuspension. Results are presented as mean + SD (n = 5).
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4. Discussion

In the present study, the biopharmaceutical potential of quercetin
contents of A. cepa peels was enhanced by using the most emerging
nanoprecipitation approach. Quercetin which is a natural flavonoid
and is present in A. cepa peels in good quantity has efficient
pharmaceutical properties. However, its activity in the biological
system is lower owing to its poor water solubility. Therefore, the
present study was aimed to enhance the biopharmaceutical potential
of quercetin using a surfactant stabilizer (SLS) that provides greater
wetting to drug particles resulting in better dispersion and a greater
extent of particle size reduction. To formulate stable nanosuspension
with effectively smaller particle size and homogeneous distribution
of particles, optimization of important formulation parameters was
carried out by CCD of RSM. The benefit of using CCD is that it
optimized the formulation parameters and reduced the experimental
time and cost. Based on P-values of response parameters (R1 and
R2), the CCD proposed the quadratic model as most suitable to
elucidate the relationship between independent variables (A, B, and
C) and response variables (R1 and R2). Significance of the selected
quadratic model for both response parameters was also confirmed by
ANOVA at a significance level of 0.05. The non-significant (P>0.05)
lack-of-fit F-values, as well as the correlation between predicted R2
and adjusted R2 values, endorsed the better fitness of the model in
experimental data for both response parameters. The coefficient of
variation is the ratio between the standard error of estimate and the
mean value and should have a value less than 10%. In the present
study, the value of coefficient of variation less than 10% for both
responses (R1 and R2) indicated that the model was reproducible
and little variations in the mean values are acceptable.

The 3D response surfaces illustrated that all three parameters
(A, B, and C) have a remarkable influence in reducing the particle
size and maintaining the homogeneity of nanoparticles. Present
results revealed that an optimum amount of drug (plant extract) can
effectively help in the particle size reduction of nanosuspension[27].
Usually, the particles size reduction includes two stages: the crystal
nucleus formation and the molecular growth. The rate of these two
phenomena determines the particle size and its distribution[28].
According to these phenomena, when the amount of drug is small,
a smaller number of particles are available for crystal nucleus
formation and that’s why the smaller amount of crystal nucleus is
formed at the beginning of the nanoformulation which causes an
increase in particle size and lowers the crystallization rate[22]. As the
amount of drug increases, the number of nucleation also increases
which lowers the particle size. With a further increase in the amount
of drug, the rate of nucleation peaks and then plateaus. At this point,
a further increase in the amount of drug causes the particle size to

increase[27].

The concentration of the stabilizer also similarly affected the
particle size as that of plant extract. The mean particle size of
nanosuspensions was first decreased and then increased by
increasing the concentration of the stabilizer. Normally the stabilizer
paradoxically affects the particle size. At a shallow concentration,
the stabilizer would fail to fully cover the surface of the formulated
nanoparticles increasing in particle size. An increase in stabilizer
concentration at this stage will provide better stabilization to the
particles by properly adsorbing on the surface of newly formulated
nanoparticles. However, at a higher concentration of stabilizer,
adsorption would reach equilibrium due to the limited surface
area[29]. Any further increase in stabilizer concentration would
deplete the surface of the nanoparticles due to aggregation and
generation of large molecules[27].

AFM analysis showed that all the particles were in nanometer size
range with uneven particle distribution. This variability in particle
size may be due to the slightly larger PDI value obtained by DLS,
a technique where bigger particles scatter most of the incident
light and the given intensity distributions are ascribed to a large
population of particles even though smaller particles are present in
solution. Comparison between DLS and AFM is justified when PDI
values are less than 0.1(30]. SEM image of A. cepa nanosuspension
revealed the presence of little bit spherical and non-uniform particles.
This non-uniformity may also be due to the solidification of the
surfactant on the surface of the particles during lyophilization[31].
Almost similar FTIR spectra of nanosuspension and SLS indicated
that during formulation of nanosuspension, stabilizer interacted with
plant extract by physical as well as by chemical means.

Stability testing showed a lesser increase in the particle size, PDI,
and zeta potential values when stored at refrigerated conditions
as compared to that at room temperature for three months. The
results of storage stability of coarse suspension also showed smaller
variation in particle size and zeta potential at refrigerated conditions.

Zeta potential, also known as electrokinetic potential, is a potential
difference between the dispersion medium and the stationary layer
of the liquid attached to the particles. It measures the magnitude of
electrostatic attraction and repulsion between particles and hence
is a fundamental parameter to determine the stability of colloidal
particles. The zeta potential of suspensions and emulsions also
helps to evaluate their stability at different temperature conditions.
It is used to characterize nanoparticle surface charge, providing
information regarding their stability and interaction with other
molecules|32]. Zeta potential of a disperse system quantifies the
electrostatic barriers and prevents the nanoparticles from agglomeration
and aggregation[33]. Its value should be at least = 30 mV for
electrostatically stabilized systems or + 20 mV for sterically stabilized
nanosuspension systems|25]. Presently nanosuspension (kept under both

storage conditions) showed zeta potential within the required range
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and hence confirmed the stability of stored nanosuspension. Some
zeta potential graphs showed two peaks which may be due to particle-
particle interaction as described previously[34].

Although the particle size of stored nanosuspension (under
both storage conditions) was within the range of pharmaceutical
nanosuspension (200-600 nm)[35.36], the refrigerated conditions
were considered optimum for better storage stability(25]. The larger,
but acceptable increase in the particle size at room temperature
may be due to the aggregation of nanoparticles. Another reason
might be the Ostwald ripening, resulting from flocculation at room
temperature[37].

Enhanced antibacterial and antifungal activity of nanosuspension
can be attributed to a greater dissolution rate and subsequently
improved diffusion of nanosuspension in culture media during
the experimental growth of microbes|38]. Another reason for
better antimicrobial potential may be nanosuspension’s unique
physicochemical properties (large surface to mass ratio, ultra-small
size) which leads to its high reactivity and unique interactions with
biological systems|39]. Present results are in line with the previous
finding[6] in which nanoformulation exhibited better inhibitory
potential than the coarse formulation.

Superior antioxidant activity of A. cepa nanosuspension confirmed
the enhanced DPPH radical scavenging potential compared with
coarse suspension. However, no major difference was observed
between the ICs, values of nanosuspension, ascorbic acid, and
standard quercetin. The ICy, value is the concentration of the sample
that causes 50% loss of DPPH activity and is inversely related
to the antioxidant activity. A smaller IC;, value means greater
antioxidant activity[24]. Moreover, the DPPH radical scavenging
activity of coarse plant extract, nanosuspension, standard quercetin,
and ascorbic acid increases with the rise in concentration, as found
previously[24.40].

The mutagenic activity of coarse plant suspension and
nanosuspension was evaluated by Ames test against two strains
of S. typhimurium, TA98 and TA100. The mutagenic potential
was compared with the background plate. The test substance was
considered mutagenic if the number of positive (yellow) wells
were two folds higher than the background plate. Comparison of
mutagenic activity revealed that nanosuspension and quercetin
standard showed less or no mutagenic activity as compared to coarse
suspension of A. cepa. It was interesting to note that the plant that
was non-mutagenic in its coarse form became toxic to bacterial
strains when formulated into nanosuspensions which revealed the
potential of nanosuspension over coarse suspension. Anti-mutagenic
activity of A. cepa is mainly due to the presence of quercetin which
is present in excess amount in A. cepa peels and nanoformulation
enhanced this potential due to reduced particle size and greater

surface area.

Results of dissolution study illustrated a 1.85-fold increase in
the dissolution rate of nanosuspension. The increased dissolution
rate may be due to greater surface area and smaller particle size of
nanosuspension as compared to coarse plant extract according to
Noyes Whitney equation[26]. This might be because hydrophobicity
of required constituent might decrease due to enhanced wettability
and solubility of nanosuspension which is attributed to the surface
stabilizers used for the formulation of nanosuspension[41]. Similar
findings were observed in previous studies where nanosuspensions
showed more significant dissolution than their respective coarse
extracts[23,25].

To evaluate the beneficial effect of nanosuspension technology
in enhancing the pharmaceutical potential of bioactive
phytoconstituents, an in vivo study was carried out in male albino
rats and the pharmacokinetic parameters were compared. Due to
better absorption of nanosuspension in a biological system, a 2.70-
fold increase in the concentration of nanosuspension was observed
in the biological system as compared to coarse extract. Furthermore,
the greater AUC,,,, value illustrated a 2.14-fold increase in the
relative bioavailability of nanosuspension in comparison with coarse
suspension. This improved bioavailability of nanosuspension may
be due to the direct uptake of the drug through the gastrointestinal
tract, better permeability by surfactants, and lesser degradation and
clearance. In the gastrointestinal tract, particle size plays a prominent
role in absorption rate. The mechanisms involved in such uptake
include the diffusion of particles. Drugs having particle size up
to 600 nm allow for efficient uptake in the intestine, especially in
the lymphoid section of the tissue, and consequently bypasses the
first-pass metabolism in the liverf42]. Moreover, the gastrointestinal
absorption of drugs, having reduced aqueous solubility, may be
improved by increasing the surface area. Furthermore, the surfactant
used in the preparation of nanosuspension may also affect the
solubility and permeability of drugs across the membranes of the
gastrointestinal tract[43]. Comparable results were also reported by
Yadav et al.[21] in which glimepiride nanosuspension showed about
a two-fold increase in absolute bioavailability compared with coarse
suspension.

In the present study, pharmaceutical potential and bioavailability
of quercetin-rich A. cepa peel extract were enhanced by using
nanosuspension technology. RSM approach, which is the most
emerging statistical approach in the optimization study was
successfully used to obtain optimized nanosuspension. The
optimized nanosuspension showed mean particle size in the
nanometer size range that was further confirmed by AFM and
SEM analysis. A notable increase in the dissolution rate and oral
bioavailability of quercetin contents of A. cepa peels was observed
for nanosuspension. The formulated nanosuspension also showed

enhanced biopharmaceutical potential as compared to coarse
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suspension. Furthermore, the developed nanosuspension was
found non-toxic and stable. In the present study, a single stabilizer
was used to formulate nanosuspension. However, to obtain better
particle size with good surface structures, a combination of different
stabilizers can be used in future studies. Moreover, dissolution
studies can be carried out under different pH conditions that will
further help to understand the optimum conditions for the dissolution

of nanosuspension.
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