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ABSTRACT: Medicinal plants have been widely used for | GraphicalAbstract
therapeutic purposes for a long time, but they have been found \ oA [ Antioxaant activity SEM
to have some major issues such as low water solubility and : :

bioavailability. In the present study, the nanoformulation of '

Nano emulsion
Nanoparticles PDI

Curcuma longa L. plant extract was prepared to enhance its
dissolution potential and biological activities. For the formulation
of the nanosuspension, an ethanolic extract of C. longa was

propyl methyl cellulose (HPMC), poly(vinyl alcohol) (PVA), and .
polysorbate-80 (P-80). The scanning electron microscopy (SEM), o -

polydispersity index, and { potential were used for characterization

of the nanoformulation. Among all of these, the surfactant stabilizer SLS was found to be the best. The average particle size of the
selected optimized nanosuspension was found to be 308.2 nm with a polydispersity index (PDI) value of 0.330. The { potential
value of the optimized nanosuspension was recorded at —33.3 mV. The SEM image indicated that the particles were slightly
agglomerated, which may have occurred during lyophilization of the nanosuspension. The highest dissolution rate recorded at pH =
7 was 192.32 pg/mL, which indicates pH = 7 as the most appropriate condition for the dissolution of the C. longa nanosuspension.
The antioxidant, antimicrobial, and antifungal activities of the optimized nanosuspension were also determined with regard to the
coarse plant extract. The study findings suggested that the nanoprecipitation approach helps in enhancing the dissolution potential
and biological activities of C. longa root extract.

prepared through Soxhlet extraction using the nanoformulation l o

technique. The nanosuspensions were formulated using four mT, ‘

different stabilizers, namely sodium lauryl sulfate (SLS), hydroxy ‘ ) [ H /
> ) Dissolution at pH 70

1. INTRODUCTION intensive first-pass metabolism of phytomedicines and their
distribution are the major challenges of phytochemicals.”
Moreover, nanotechnology has opened many ways for the
development and formulation of drugs with enhanced
therapeutic potentials, pharmacokinetics, and pharmacody-
namics. Solid lipid nanoparticles (SLNPs), liposomes, nano-
emulsions, and polymeric nanoparticles are the various nano-
based formulations consisting of herbs that have been
described with amazing properties.®™ "’

Green synthesis of nanoparticles is a safe alternative to the
trivial synthetic methods, and it has gained enormous attention
from researchers since the 2010s. Green pathways for

Nanotechnology is a newly emerging field with versatile
applications in cosmetics, drug delivery, packaging of food
ingredients, and many other applications in the field of medical
science.' The biosynthesis of nanoparticles is facing some
serious challenges. Nanoparticles are applied as the best
antioxidants and antimicrobial agents for accelerating reac-
tions.” The synthesis of nanoparticles involves many
techniques, including the wet chemical process, decomposi-
tion, and microwave-assisted method.>* The chemical agents
utilized in these methods pose health issues as these are toxic
and flammable.” Therefore, nontoxic and environment-friendly
methods for the preparation of nanoparticles are now under

consideration.® Received: October S, 2022 0,
The use of herbal products for the treatment of various Accepted:  December 14, 2022 o -
human ailments has a very long history. Plants produce a large Published: December 23, 2022 .

number of bioactive natural products with interesting chemical < O
diversity and biological effects. Poor water solubility, poor
permeability, limited systemic availability, instability, and
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synthesizing nanoparticles have recently engrossed a lot of
interest due to their cost effectiveness, simplicity of synthesis,
environmental friendliness, sustainable supplies, and so on.""'*
With the green synthesis of nanoparticles, there has been a
considerable reduction in the toxic/harmful discard."> Green
synthesis of nanoparticles can be used to boost clinical practice
because of its potential to reframe the anticancer,'*
antibacterial,">*° bioimaging,m’w’18 biosensing,19 and drug
delivery activities.””*' The most important part of green
synthesis is the use of nontoxic chemicals and reusable
constituents. Many biomolecules, including microbes, vitamins,
herbs, fungi, biodegradable polymers, plant extracts, and
enzymes, are used in synthesis of nanomaterials.”” On a
commercial scale, using plant extracts to produce nanoparticles
results in reduced costs. A previous study illustrated that the
plant extracts used for nanomaterial preparation in the process
of green synthesis play crucial roles as capping and reducing
agents.13

Turmeric (Curcuma longa L.) is a Zingiberaceae-family
rhizomatous, flowering, herbaceous, and perennial plant. It is
found all over South and Southeast Asia, while some of its
species can be found in Australia, the South Pacific, and
Australia.” Tts roots are used as a flavor in food and it has
gained great fame in culinary, medical, and scientific fields. It is
the source of curcumin that has been used in therapeutics for
several years.”* Curcumin has various pharmacological proper-
ties, such as immunomodulatory, chemoprotective, antih
lipidemic, antineoplastic, antiulcer, and neuroprotective.
Literature has revealed that curcumin has some potential
against the coronavirus 2019.>'7** Curcumin must be
accessible at the infectious position for the best therapeutic
efficacy. Despite having therapeutic activities, it has limited
benefits because of its low bioavailability. Drugs with low
solubility could be formulated via different techniques,
including emulsions, cosolvents, dissolution in a surfactant,
liposomes, ?olgrmer solution, solid dispersion, and pH
adjustment.”** Nanotechnology has offered a credible drug
delivery system for increasing the efficiency of the drugs by
enhancing their flow in the blood and also decreasing their
harmful effects. For enhancing the solubility and absorption of
curcumin, its size is reduced to a nanometer scale via biological
membranes.”” Though various strategies have been used for
the size reduction and dissolution potential of curcumin, still it
is challenging.

Medicinal plants have been widely used for therapeutic
purposes for a long time, but phytochemicals have the major
issues of low water solubility, poor permeability, limited
systemic availability, instability, and intensive first-pass
metabolism of the phytomedicine and its distribution. To
overcome these challenges, nanosuspensions can be used as the
best alternative. Therefore, the current study emphasized the
green synthesis of curcumin nanoparticles to enhance
effectively their biological activities and dissolution potential.
These synthesized nanoparticles were characterized physi-
ochemically to observe their pre-pharmacological parameters
and pharmacological activities.

er-
5-30

2. RESULTS AND DISCUSSION

2.1. Preparation and Optimization Studies. In the
present study, the nanoprecipitation method was selected and
applied for the preparation of nanosuspensions because of its
simplicity, reproducibility, rapidity, and cost effectiveness. For
the preparation of the stable nanoformulation, important
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process parameters like the stabilizer, extract amount, and its
ratios with the stabilizer and amount of stabilizer were
optimized.

2.1.1. Selection of Stabilizer. The goal of the stabilizer
screening was to choose an appropriate stabilizer for the
formation of a stable nanosuspension. The importance of the
selection of stabilizer in the formulation of nanosuspensions is
that it maintains the physical stability, enhances the activation
energy, and suppresses the agglomeration of the whole
nanosystem. Another significant function of the stabilizer is
to make available a significant mechanical and thermodynamic
fence at the boundary that slows down the amalgamation of
formulated nanoparticles and hence prevents Ostwald
ripening.*’ Furthermore, the type of stabilizer may have a
remarkable effect on the size of nanoparticles. To select an
appropriate stabilizer, different stabilizers (PVA, SLS, P-80,
and HPMC) were used for the formulation of nanosuspensions
(Table 1).

Table 1. Screening of Stabilizers for the Formulation of C.
longa Nanosuspensions

nanosuspension  stabilizer physical stability after 3 months
code used stability (room temp)
CL1 HPMC stable unstable
CL2 PVA stable unstable
CL3 SLS stable stable
CL 4 P.80 stable unstable

During the stabilizer selection, a constant concentration of
each stabilizer (1%) was used, with a predefined amount of
plant extract (0.25 g) and antisolvent to solvent ratio (1:10).
The stabilizer that provided a physically stable nanosuspension
was selected for further studies. Table 2 shows the results for

Table 2. Optimized Values of the Selected Stabilizer

sr,  name of  amount of plant amount of plant extract to
no stabilizer extract (g) stabilizer (g) stabilizer ratio
1 SLS 0.25 0.25 1:1

the selection of the suitable stabilizer for C. Longa nano-
formulation. SLS was found to be the best stabilizer for C.
Longa nanoformulation because it provides the most stable
nanoformulation when prepared freshly and remains stable for
three months after preparation of the nanoformulation.

The remaining three (HPMC, PVA, and P.80) also give
physical stability, but after our desired time, their nano-
suspension does not remain stable for further use, which is why
they were not suitable for the formation of a stable
nanoformulation.

2.1.2. Optimization of Stabilizer Amount. In this step, we
have to find the appropriate amount of the selected stabilizer
and its ratio with regard to the plant extract for the formation
of a physically stable nanosuspension. In this regard, the
following results were found, and the given amount and ratio
of stabilizer to plant extract were found to be the most
appropriate for the formation of a stable nanosuspension
(Table 2).

2.2. Scanning Electron Microscopy (SEM) Analysis of
C. longa Nanosuspension. To investigate the shape and
size, the synthesized nanosuspension was characterized
through SEM. The obtained images show irregular flakes in
the shape of the C. longa nanosuspension (Figure 1). The SEM

https://doi.org/10.1021/acsomega.2c06258
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Figure 1. SEM image of the optimized C. longa nanosuspension.

image shows agglomerated flakes, which might occur during
the drying or lyophilization of the sample, and demonstrates
the good surface properties of the C. longa nanosuspension.
The appearance of bigger and nonuniform particles at certain
locations may be attributed to individual particle adhesion and
aggregation during drying.

2.3. ¢ Size and Potential Analysis. Further, the obtained
nanosuspension was analyzed through a Zetasizer. { potential
analysis is usually performed to investigate the morphology
and stability of a nanosuspension. The stability of the
nanosuspension is maintained by the electrostatic repulsion
requiring a minimum +30 mV { potential."’ For stable
nanoparticles, the { potential value must be greater or lesser
than +25 or —25 mV.** The recorded results for the C. longa
nanosuspension show good stability and interaction with the
plasma membrane at a ¢ potential of —33.3 mV (Figure 2).

2.4. Particle Size and Polydispersity Index. The
polydispersity index (PDI) determines the heterogeneity of
the sample based on the size distribution. The value of PDI set
by the International Organization for Standardization (ISO) is
less than 0.0S, similar to mono-dispersed samples, and values >
0.7 show a large-magnitude distribution. Figure 3 shows the
optimized value (0.330) of PDI for C. longa nanosuspension
and a particle size diameter of 308.2 nm.

2.5. Physical Stability Studies of Nanosuspensions.
The physical appearance of the suspension at various time
intervals indicates its stability. Table 3 shows the stability of
the synthesized nanosuspension, that stored at room temper-
ature, and a refrigerated sample. The results indicate good
physical stability at room temperature, but after refrigerating a
surface layer was developed; however, the PDI and particle size
remained intact. The layer can partially dissolve after shaking
the sample.

2.6. In Vitro Dissolution Profile of C. longa Nano-
suspension and the Coarse Extract. Because plants contain
a huge number of bioactive phytoconstituents and it is
extremely difficult to assess the quantities of all of these
components, only one essential bioactive component was
employed as a reference chemical to evaluate the findings in
the current research. For this purpose, quercetin, which is the
major constituent of C. longa root extract, was used as a
standard compound to evaluate the dissolution study. The
concentration of active constituents was evaluated from the
calibration curve of quercetin. The dissolution profiles of the
coarse plant extract and nanosuspensions are shown in Figure
4. The dissolving media was a phosphate buffer medium with a
pH of 7.4, and sink conditions were maintained throughout the
dissolution rate tests. It is seen in Figure 4 that the dissolution
rates of the plant extract and nanosuspension increase with
time, creating a huge difference between their dissolution rates.
A drug’s dissolving rate can be boosted by reducing the particle
size and increasing the surface area, according to the equation.
Some of the physical characteristics that influence a drug’s
solubility and dissolution rate in physiological parameters
include the particle size, shape, state (amorphous or
crystalline), and habit (needle or spherical).**

The dissolution rate was evaluated at pH = 7.2, which
showed a remarkable change with change in pH. From Figure
4C, it may be noted that the dissolution rate of the plant
extract and nanosuspension at the 120 min time point was
120.49 and 177.5 pg/mL, respectively.

The dissolution enhancement by nanosuspensions might be
related to particle conversion to amorphous nature, decrease in

Results
Mean (mV) Area (%) St Dev (mV)

Zeta Potential (mV): -33 Peak 1: -38.3 82.0 653

Zeta Deviation (mV): 124 Peak 2: -10.2 18.0 375

Conductivity (mS/cm): 1.45 Peak 3: 0.00 0.0 0.00
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Figure 2. { potential graph of optimized C. longa nanosuspension.
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Results

Result quality :

Z-Average (d.nm): 308.2 Peak 1:
Pdi: 0.330 Peak 2:
Intercept: 0.923 Peak 3:

Refer to quality report

Size (d.nm): % Intensity: St Dev (d.n...
378.3 89.6 1449
86.22 8.0 20.16
5249 2.4 4427

Intensity (Percent)

Size Distribution by Intensity

Size (d.nm)

1000

Figure 3. Particle size and PDI value of the optimized C. longa nanosuspension.

Table 3. Physical Stability Studies of C. longa
Nanosuspensions

stability parameters results

freshly prepared nanosuspension  size (z-average nm)  308.2

PDI 0.330

physical appearance  clear and stable
room temperature (25-30 °C) size (Z-average nm) 353.4

PDI 0.361

physical appearance  clear and stable
refrigerated condition (2—8 °C)  size (z-average nm)  327.9

PDI 0.40

physical appearance  stable

the particle size from micron to nanometer range (size
measurements), and particle shape (SEM determination). The
graphical presentation (Figure 4) indicates that the dissolution
rate increases steadily with passage of time. At 0, 30, 45, 60, 75,
90, and 120 min, the dissolution rate of the coarse plant extract
is 0, 51.43, 79.11, 88.12, 101.21, 111.38, and 120.49 ug/mL,
respectively, and for the nanosuspension, it is 0, 81.69, 112.86,
141.58, 159.68, 168.79, and 177.54 pug/mL, respectively.

From the above results, we can conclude that for different
pH values the dissolution rates are different. This is due to the
difference in dissolution velocity of the component, which
varies with the pH because of the anionic and cationic
interaction of component particles in the medium or due to
some van der waal interactions.”* In conclusion, we observed
that among all the three pH values (6.8, 7.0, and 7.2), at pH =
7.0 the plant extract and nanosuspension showed the highest
dissolution rate, which shows that it is the most appropriate
medium for the absorption in any solvent and medium.

2.7. DPPH Radical Scavenging Activity. To investigate
the antioxidant effects of curcumin, the DPPH test is a quick,
straightforward, and commonly used method for determining a
compound’s free radical scavenging activity, as described in the
literature.”> The DPPH method (2.2-diphenyl-1-picryl hydra-
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zyl) is based on the capture of DPPH free radicals by
antioxidants, producing a decrease in absorbance at 515 nm
wavelength.”® At room temperature, DPPH is stable and
creates a violet solution in organic solvents such as methanol,
ethanol, and so on, which is decreased in the presence of
curcumin and shows reduction in the color.” The radical
scavenging activity of the coarse plant extract and nano-
suspension was found in the range of approximately 65—80%
at a curcumin concentration of 0.02—0.10 mg/mL. The
ascorbic acid (AA), a common antioxidant in foods, was used
as a reference and presented a higher antioxidant activity than
the curcumin.”® The ICs, value is inversely proportional to the
free radical scavenging activity/antioxidant property of the
sample. The nanosuspension, coarse suspension, and ascorbic
acid have ICg, values of 123.8, 205.2, and 189.06 ug/mL,
respectively, as shown in Table 4.

As shown in Figure S, the ICy, value varies inversely to
antioxidant activity; in this sense, it is found that the coarse
suspension has least antioxidant activity due to the highest
value of ICy, and the nanosuspension has the highest activity,
even greater than ascorbic acid, which is used as the standard.
This is due to the presence of phenolic components because as
their concentrations increase, there is an increase in the
antioxidant activity rate.’

2.8. Antibacterial and Antifungal Activity. Antibacterial
and antifungal activities were assessed against Escherichia coli
and Aspergillus Niger, respectively. Different strains were used
for evaluating the antimicrobial activity, which include C. longa
coarse suspension and nanosuspension, fluconazole, rifampicin,
and methanol. The antimicrobial activity mostly depends upon
the phenolic components: the higher the concentration of
phenolic components, the higher the activity. In Table 5, the
inhibition diameter for the strains of coarse suspension and
nanosuspension of C. longa is 7.75 + 0.15 and 11 + 0.06 mm,
respectively. The higher the inhibition diameter, the higher the
antimicrobial activity. The antimicrobial activity is basically
due to the concentration of the hydrophobic compounds

https://doi.org/10.1021/acsomega.2c06258
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Figure 4. (A) Dissolution graph of the plant extract and nanosuspension at pH = 6.8; (B) dissolution graph of the plant extract and
nanosuspension at pH = 7.0; and (C) dissolution graph of the plant extract and nanosuspension at pH = 7.2.

Table 4. Antioxidant Potential of C. longa Coarse Plant
Suspension and Nanosuspension

sample ICy, values (pug/mL)
ascorbic acid 189.06
nanosuspension 123.8
coarse suspension 205.2

present in turmeric. As the concentration varies, their
antimicrobial activity also varies.*® It is observed that the
nanosuspension of C. longa was more effective against the
fungus and bacterial strain than the C. longa coarse suspension,
as indicated in Figure 6. Methanol does not affect the
antimicrobial activity of any microorganism in the absence of
any hydrophobic component. The strains fluconazole and
rifampicin have maximum values of inhibition region diameter:
43.5 + 0.23 mm for antifungal activity and 37.5 + 0.13 mm for
antibacterial activity. This is due to their higher rates of
antifungal and antibacterial activity in the respective order.
According to all of these investigations, the polycationic
character of turmeric extracts is the key to their antifungal
effects, and the length of the polymeric chain boosts this
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Figure 5. Graph of the antioxidant potential of C. longa coarse plant
suspension and nanosuspension.
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Table 5. Antimicrobial Activities of C. longa Coarse
Suspension and Nanosuspension

plant/ antifungal activity  antibacterial activity
standard treatment (mm) (mm)
strain used A. niger E. coli
C. longa C. suspension 5.0 + 0.02 7.75 £ 0.15
nanosuspension 13.7 £ 0.16 11 + 0.06
fluconazole 43.5 +0.23
rifampicin 37.5 £ 0.13
methanol 0

— Aspergillus niger
P Escherichia coli

o
g
Ko
S %
- S,
o eoo
. ( <
[’ o >
2 & %,
& »> 2
> PR S,

Figure 6. Graph of the antimicrobial activities of C. longa coarse
suspension and nanosuspension.

activity. This study concluded that the nanoformulation has
increased levels of antimicrobial activities, many times greater
than those of the normal coarse extract of turmeric. This is due
to the enhancement of the bioavailability of particles upon
formation of their nanoformulation as it increases the activity
ratio compared to coarse extracts. Due to these antimicrobial
and antioxidant activities, turmeric ascorbic acid and many
other plants are used for the preservation of food and also for
antiseptic purposes as they retard microorganisms’ activity

(Figure 7).

Figure 7. Formation of nanosuspension.
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3. CONCLUSIONS

C. longa nanosuspension had considerably higher antioxidant
and antimicrobial capability when compared to its original
suspension in the current investigation, demonstrating the
usefulness of innovative nanosizing techniques in boosting the
biological activities of herbal extracts. Sodium lauryl sulfate was
proved the best stabilizer for preparing the nanosuspension of
C. longa among different stabilizers. The nanosuspension had a
good dissolving rate with the maximum dissolution recorded at
pH-7, which is predicted as the most suitable condition for C.
longa to be absorbed in any solvent, medium, or body fluids.
Moreover, antioxidant and antimicrobial activities were
enhanced in the nanosuspension as compared to the coarse
extract, which showed the high efficiency of the nano-
suspension. The C. longa nanosuspension showed significant
antibacterial activity against E. coli and A. niger with zone of
inhibition values of 11 + 0.06 and 13.7 + 0.16, respectively.
The nanosuspension had the highest antioxidant activity (ICs,
= 123.8 pug/mL), even greater than that of ascorbic acid.
According to the current findings, nanosuspensions of the
selected herbal extract can be employed as a better option to
treat various disorders with enhanced therapeutic efhicacy
when compared to coarse suspensions because of their
biological potentials.

4. EXPERIMENTAL SECTION

4.1. Reagents. This study’s chemicals were all of analytical
grade. The n-hexane and ethanol (EtOH) were procured from
Sigma-Aldrich. Stabilizers SLS, PVA, HPMC, and P-80 were
purchased from Caledon (Canada).

4.2. Plant Material and Sample Preparation. The roots
of C. longa (turmeric) were collected from the north of Okara,
Punjab, and Pakistan during Nov 2020. The plant was placed
in the dark for 15 days in order to dry it out at room
temperature. At the end of the 15th day, it was crushed into
powder using a mortar and pestle and passed on to a set of
standard mesh sieves. Finally, a fine powder of C. longa was
collected for the onward extraction. The ethanolic extract of
the plants was prepared using the Soxhlet apparatus. Excessive
fat contents of the plant were removed by defatting with n-
hexane. A 30 g fine powder of C. longa was placed in the
thimble of a Soxhlet extractor for defatting, and 200 mL of n-
hexane was poured into it. The entire system was put on
standby for 8 h. The flavonoids were extracted from the pre-
defatted plant extract using 200 mL of ethanol. The resulting
ethanolic extract was filtered and concentrated under reduced
pressure and was stored for the onward steps.

4.3. Preparation of Nanoformulation. The nano-
suspension was made using the nanoprecipitation method
suggested in a previous study.”' Plant extract 0.25 g was
dissolved in 10 mL of ethanol (organic phase) and 0.25 g of
the stabilizer was dissolved in 100 mL of distilled water
(aqueous phase). The ensuing organic layer was gradually (1
mL/min) poured with the help of a syringe into the aqueous
phase with constant stirring at 1000 rpm for 6 h at room
temperature. The entire formulation was stored at room
temperature.

4.4, Optimization of Formulation Parameters. Several
preparative factors, such as the stabilizer, concentration of the
stabilizer, and the amount of plant extract, were enhanced in
the current study for the preparation of the stable nano-
formulation with the lowest particle size. Initially, screening of
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stabilizers was done to determine the best possible stabilizer
for each plant extract keeping all other parameters constant.
After deciding on the stabilizer, the remaining parameters
(concentration of the stabilizer and amount of plant extract)
were adjusted.

For the formulation of stable nanosuspensions, four different
stabilizers (PVA, SLS, HPMC, and P-80) were used. In the
present study, all of the four stabilizers (PVA, SLS, HPMC,
and P-80) were screened by using 0.25 g of plant extract and
0.25 g of stabilizer, and the solvent to antisolvent ratio was
fixed at 1:10. The concentration of the stabilizer is an
important parameter for the formulation of stable nano-
suspensions. In this study, the amounts of stabilizer used were
0.125, 0.25, 0.5, and 1.0 g.

The amount of the plant extract was kept constant, i.e., 0.25
g. The experimental conditions used for the preparation of the
C. longa nanoformulation are given in Table 6.

Table 6. Optimization Conditions for the Preparation of the
Stable Nanoformulation of C. longa

sr,  amount of plant extract amount of stabilizer  plant to stabilizer

no (2) (2) ratio
1 0.25 0.125 1:0.5
2 0.25 0.25 1:1
3 0.25 0.5 1:2
4 0.25 1.0 1:4

4.5. Characterization of the Nanoformulation.
4.5.1. SEM. Physical evaluation of nanoformulations is based
on stability; the one with higher stability is taken as the ideal
nanoformulation. Scanning electron microscopy (SEM)
(JEOL, JSM-6400, Japan) with a secondary electron detector
was used to obtain the digital pictures of the surface
morphology at an accelerating voltage of 15 kV. The solid
nanoformulation (obtained after evaporating the excess
amount of solvent) was used for this purpose.

4.5.2. Particle Size and Polydispersity Index. The mean
particle size (z-average, nm) and polydispersity index (PDI) of
the prepared nanosuspensions were measured by the dynamic
light scattering (DLS) technique using Malvern Zetasizer
(Nano ZS). For measuring particle size and PDI, freshly
prepared nanoformulations were added to the glass cuvette and
placed in a sample holder unit, and measurement was carried
out using software. { potential was also measured similarly by
using a quartz cuvette.””

4.6. In Vitro Dissolution Studies of the Optimized
Nanoformulation. The in vitro dissolution behavior of the
optimized nanoformulation as compared to the coarse plant
extract was determined by adopting the literature method as
described in previous literature.”’ For in vitro dissolution
testing of the coarse herbal extract and nanoformulation, a
semipermeable membrane was utilized. For dissolution testing,
the nanoformulation was added to a semipermeable (egg)
membrane and this membrane was placed in different
phosphate buffer systems (pH = 7.2, pH = 7.0, and pH =
6.8) as dissolution media, followed by magnetic stirring.
Throughout the whole experiment, the dissolving medium’s
temperature was set constant at 370.5 °C, and the stirring
speed was set to 50 rpm. An aliquot (5 mL) was withdrawn
from the dissolution media at predetermined time intervals (0,
1S, 30, 45, 60, 75, 90, 120 min) and the same volume of the
prewarmed (37 °C) dissolution medium (phosphate buffer)
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was added to the dissolution vessel immediately to maintain
the sink conditions. The concentration of dissolved drugs was
determined spectrophotometrically. Pure quercetin (QT) was
used as a standard compound for the C. longa coarse plant
extract and its nanoformulation to compare their dissolution
rates. Samples were analyzed at 373 nm wavelength (A, of
quercetin) spectrophotometrically. The percentage release of
coarse plant extracts and that of the optimized nanosuspension
were compared. The regression equation produced by the
properly designed calibration curve of quercetin was used to
estimate the concentration of active components. Results for
the coarse plant extract and nanosuspension experiments were
provided as the percentage of drug dissolved. Experiments
were carried out in triplicate.

4.7. Antimicrobial Activity. The antimicrobial potential
of the plant extracts and their respective nanosuspensions was
determined with the disc diffusion method as described in
previous literature®” by employing one fungal strain (A. niger)
and a bacterial strain (E. coli).

4.8. Antibacterial Activity (Assay Protocol). Nutrient
agar (28.08 g/L) medium was poured into Petri dishes and
injected with the bacterial cultures. Tiny filter paper discs were
saturated with 30 #L (20 mg/mL) of the plant suspension and
nanosuspension samples. Methanol and rifampicin were
employed as negative and positive control, respectively. The
discs were placed flatly on the growth media and the Petri
dishes were incubated at 37 °C for 24 h. Inhibiting the
development of bacteria, herbal extracts with antibacterial
activity resulted in the formation of clear zones. By using a
zone reader, we were able to measure the inhibited zone (zone
of inhibition) in millimeters (mm). The antibiotic’s active site
is surrounded by a zone of inhibition where bacterial colonies
cannot grow. To assess the bacteria’s susceptibility to the
antibiotic sample, the zone of inhibition was assessed.

4.9. Antifungal Activity (Assay Protocol). Potato
Dextrose Agar (PDA) (39.06 gm/L) was added in Petri
dishes and inoculated with the fungal species. Appropriately
cut discs of filter paper were impregnated with 30 uL samples
(20 mg/mL) of plant extracts and the nanoformulation.
Fluconazole (S uL, 15 mg/250 uL) was used as a positive
control. The plates were incubated at 2 °C for 48 h, and the
antifungal activity was measured using a zone reader to
determine the inhibited zones.

4.10. DPPH Radical Scavenging Activity. The anti-
oxidant activities of the native plant suspension and optimized
nanosuspension were assessed by DPPH assay by following the
previous literature method.”® Five different concentrations of
coarse plant suspensions and the respective nanoformulation in
the range of 0.02—0.1 mg/mL were made. An aliquot (3 mL)
of this concentration was taken and a newly prepared DPPH
solution (0.1 mM, 1.0 mL) was added to it. At room
temperature, these solutions were incubated for 30 min. A
ultraviolet—visible (UV—Vis) spectrophotometer (Shimadzu,
Japan) was used to measure the solution’s absorbance at 517
nm. The significant free radical scavenging activity was shown
by the decrease in absorbance with increasing concentrations.
To analyze the data, ascorbic acid was employed as a standard
chemical. The same procedure was applied to the blank
solution. The following formula was applied to calculate the %
age inhibition of the DPPH radical.
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%age inhibition of DPPH = [1 — A;/A,] X 100
.. A; = absorbance of samples

.. A, = absorbance of control

B AUTHOR INFORMATION

Corresponding Author
Amjad Hussain — Department of Chemistry, University of
Okara, Okara 56300 Punjab, Pakistan; ©® orcid.org/0000-
0003-1697-7580; Email: amjadhussain@uo.edu.pk

Authors

Faisal Attique — Department of Chemistry, University of
Okara, Okara 56300 Punjab, Pakistan

Syed Ali Raza Naqvi — Department of Chemistry, Government
College University, Faisalabad 38000 Punjab, Pakistan

Akbar Ali — Department of Chemistry, Government College
University, Faisalabad 38000 Punjab, Pakistan;

orcid.org/0000-0002-2914-0934

Muhammad Ibrahim — Department of Applied Chemistry,
Government College University, Faisalabad 38000 Punjab,
Pakistan

Hidayat Hussain — Department of Bioorganic Chemistry,
Leibniz Institute of Plant Biochemistry, D-06120 Halle
(Saale), Germany; ® orcid.org/0000-0002-8654-8127

Fatiqa Zafar — Department of Chemistry, University of
Sahiwal, Sahiwal 54000 Punjab, Pakistan

Rana Saqib Igbal — Department of Chemistry, University of
Okara, Okara 56300 Punjab, Pakistan

Muhammad Adnan Ayub — Department of Chemistry,
University of Sahiwal, Sahiwal 54000 Punjab, Pakistan

Mohammed A. Assiri — Research Center for Advanced
Materials Science (RCAMS), King Khalid University, Abha
61514, Saudi Arabia; Department of Chemistry, Faculty of
Science, King Khalid University, Abha 61413, Saudi Arabia

Muhammad Imran — Research Center for Advanced Materials
Science (RCAMS), King Khalid University, Abha 61514,
Saudi Arabia; Department of Chemistry, Faculty of Science,
King Khalid University, Abha 61413, Saudi Arabia

Shaheed Ullah — Department of Chemistry, University of
Okara, Okara 56300 Punjab, Pakistan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c06258

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

M.AA. appreciates the support of the Research Center for
Advanced Materials Science (RCAMS) at King Khalid
University Abha, Saudi Arabia, through grant KKU/
RCAMS/22.

B REFERENCES

(1) Siddiqi, K. S.; Husen, A. Recent advances in plant-mediated
engineered gold nanoparticles and their application in biological
system. J. Trace Elem. Med. Biol. 2017, 40, 10—-23.

(2) Patil, R. S.; Kokate, M. R.; Kolekar, S. S. Bioinspired synthesis of
highly stabilized silver nanoparticles using Ocimum tenuiflorum leaf
extract and their antibacterial activity. Spectrochim. Acta, Part A 2012,
91, 234-238.

1095

(3) Raveendran, P; Fu, J; Wallen, S. L. Completely “green”
synthesis and stabilization of metal nanoparticles. J. Am. Chem. Soc.
2003, 125, 13940—13941.

(4) Sharma, V. K;; Yngard, R. A.; Lin, Y. Silver nanoparticles: green
synthesis and their antimicrobial activities. Adv. Colloid Interface Sci.
2009, 145, 83—96.

(5) Khan, M. A,; Moghul, N. B.; Butt, M. A.; Kiyani, M. M.; Zafar, I;
Bukhari, A. I. Assessment of antibacterial and antifungal potential of
Curcuma longa and synthesized nanoparticles: A comparative study. J.
Basic Microbiol. 2021, 61, 603—611.

(6) Kalishwaralal, K; Deepak, V.; Ramkumarpandian, S.; Nellaiah,
H.; Sangiliyandi, G. Extracellular biosynthesis of silver nanoparticles
by the culture supernatant of Bacillus licheniformis. Mater. Lett. 2008,
62, 4411—4413.

(7) Gunasekaran, T.; Haile, T.; Nigusse, T.; Dhanaraju, M. D.
Nanotechnology: an effective tool for enhancing bioavailability and
bioactivity of phytomedicine. Asian Pac. J. Trop. Biomed. 2014, 4, S1—
S7.

(8) Ansari, S.; Islam, F.; Sameem, M. Influence of nanotechnology
on herbal drugs: A Review. J. Adv. Pharm. Technol. Res. 2012, 3, 142—
146.

(9) Bonifacio, B. V.; da Silva, P. B.; dos Santos Ramos, M. A.; Negri,
K. M. S.; Bauab, T. M,; Chorilli, M. Nanotechnology-based drug
delivery systems and herbal medicines: a review. Int. J. Nanomed.
2014, 9, 1-18.

(10) Hassan, S.; Prakash, G.; Ozturk, A. B.; Saghazadeh, S.; Sohail,
M. F,; Seo, J; Dokmeci, M. R.; Zhang, Y. S.; Khademhosseini, A.
Evolution and clinical translation of drug delivery nanomaterials.
Nano Today 2017, 15, 91—106.

(11) Gokul Eswaran, S.; Shahid Afridi, P.; Vasimalai, N. Effective
Multi Toxic Dyes Degradation Using Bio-Fabricated Silver Nano-
particles as a Green Catalyst Appl. Biochem. Biotechnol. 2022,
DOIL: 10.1007/s12010-022-03902-y.

(12) Eswaran, S. G.; Narayan, H.; Vasimalai, N. Reductive
photocatalytic degradation of toxic aniline blue dye using green
synthesized banyan aerial root extract derived silver nanoparticles.
Biocatal. Agric. Biotechnol. 2021, 36, No. 102140.

(13) Vijayaraghavan, K.; Nalini, S. K.; Prakash, N. U,;
Madhankumar, D. Biomimetic synthesis of silver nanoparticles by
aqueous extract of Syzygium aromaticum. Mater. Lett. 2012, 75, 33—
3S.

(14) Vasimalai, N.; Vilas-Boas, V.; Gallo, J.; de Fatima Cerqueira,
M.,; Menéndez-Miranda, M.; Costa-Ferndndez, J. M.; Diéguez, L,;
Espina, B.; Fernandez-Argiielles, M. T. Green synthesis of fluorescent
carbon dots from spices for in vitro imaging and tumour cell growth
inhibition. Beilstein J. Nanotechnol. 2018, 9, 530—544.

(15) Chandhru, M.; Logesh, R; Kutti Rani, S.; Ahmed, N,
Vasimalai, N. Green synthesis of silver nanoparticles from plant latex
and their antibacterial and photocatalytic studies. Environ. Technol.
2022, 43, 3064—3074.

(16) Chandhru, M.; Logesh, R;; Rani, S. K;; Ahmed, N.; Vasimalai,
N. One-pot green route synthesis of silver nanoparticles from jack
fruit seeds and their antibacterial activities with Escherichia coli and
Salmonella bacteria. Biocatal. Agric. Biotechnol. 2019, 20, No. 101241.

(17) Dias, C.; Vasimalai, N.; P Sarria, M.; Pinheiro, I; Vilas-Boas, V.;
Peixoto, J.; Espifia, B. Biocompatibility and Bioimaging Potential of
Fruit-Based Carbon Dots. Nanomaterials 2019, 9, No. 199.

(18) Gallo, J.; Vasimalai, N.; Fernandez-Arguelles, M. T.; Banobre-
Lépez, M. Green synthesis of multimodal ‘OFF—ON’activatable
MRI/optical probes. Dalton Trans. 2016, 45, 17672—17680.

(19) Bollella, P.; Schulz, C.; Favero, G.; Mazzei, F.; Ludwig, R;
Gorton, L.; Antiochia, R. Green synthesis and characterization of gold
and silver nanoparticles and their application for development of a
third generation lactose biosensor. Electroanalysis 2017, 29, 77—86.

(20) Ganeshkumar, M.; Ponrasu, T.; Raja, M. D.; Subamekala, M.
K.; Suguna, L. Green synthesis of pullulan stabilized gold nano-
particles for cancer targeted drug delivery. Spectrochim. Acta, Part A
2014, 130, 64—71.

https://doi.org/10.1021/acsomega.2c06258
ACS Omega 2023, 8, 1088—1096


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amjad+Hussain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1697-7580
https://orcid.org/0000-0003-1697-7580
mailto:amjadhussain@uo.edu.pk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+Attique"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Syed+Ali+Raza+Naqvi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akbar+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2914-0934
https://orcid.org/0000-0002-2914-0934
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Ibrahim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hidayat+Hussain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8654-8127
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fatiqa+Zafar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rana+Saqib+Iqbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Adnan+Ayub"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+A.+Assiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Imran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaheed+Ullah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06258?ref=pdf
https://doi.org/10.1016/j.jtemb.2016.11.012
https://doi.org/10.1016/j.jtemb.2016.11.012
https://doi.org/10.1016/j.jtemb.2016.11.012
https://doi.org/10.1016/j.saa.2012.02.009
https://doi.org/10.1016/j.saa.2012.02.009
https://doi.org/10.1016/j.saa.2012.02.009
https://doi.org/10.1021/ja029267j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja029267j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cis.2008.09.002
https://doi.org/10.1016/j.cis.2008.09.002
https://doi.org/10.1002/jobm.202100010
https://doi.org/10.1002/jobm.202100010
https://doi.org/10.1016/j.matlet.2008.06.051
https://doi.org/10.1016/j.matlet.2008.06.051
https://doi.org/10.12980/APJTB.4.2014C980
https://doi.org/10.12980/APJTB.4.2014C980
https://doi.org/10.4103/2231-4040.101006
https://doi.org/10.4103/2231-4040.101006
https://doi.org/10.2217/nnm.13.186
https://doi.org/10.2217/nnm.13.186
https://doi.org/10.1016/j.nantod.2017.06.008
https://doi.org/10.1007/s12010-022-03902-y
https://doi.org/10.1007/s12010-022-03902-y
https://doi.org/10.1007/s12010-022-03902-y
https://doi.org/10.1007/s12010-022-03902-y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bcab.2021.102140
https://doi.org/10.1016/j.bcab.2021.102140
https://doi.org/10.1016/j.bcab.2021.102140
https://doi.org/10.1016/j.matlet.2012.01.083
https://doi.org/10.1016/j.matlet.2012.01.083
https://doi.org/10.3762/bjnano.9.51
https://doi.org/10.3762/bjnano.9.51
https://doi.org/10.3762/bjnano.9.51
https://doi.org/10.1080/09593330.2021.1914181
https://doi.org/10.1080/09593330.2021.1914181
https://doi.org/10.1016/j.bcab.2019.101241
https://doi.org/10.1016/j.bcab.2019.101241
https://doi.org/10.1016/j.bcab.2019.101241
https://doi.org/10.3390/nano9020199
https://doi.org/10.3390/nano9020199
https://doi.org/10.1039/C6DT02840C
https://doi.org/10.1039/C6DT02840C
https://doi.org/10.1002/elan.201600476
https://doi.org/10.1002/elan.201600476
https://doi.org/10.1002/elan.201600476
https://doi.org/10.1016/j.saa.2014.03.097
https://doi.org/10.1016/j.saa.2014.03.097
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(21) Azizi, A. Green Synthesis of Fe304 Nanoparticles and Its
Application in Preparation of Fe;O,/Cellulose Magnetic Nano-
composite: A Suitable Proposal for Drug Delivery Systems. J. Inorg.
Organomet. Polym. Mater. 2020, 30, 3552—3561.

(22) Prabhy, S.; Poulose, E. K. Silver nanoparticles: mechanism of
antimicrobial action, synthesis, medical applications, and toxicity
effects. Int. Nano Lett. 2012, 2, No. 32.

(23) Velayudhan, K; Dikshit, N.; Nizar, M. A. Ethnobotany of
turmeric (Curcuma longa L.). Indian ]. Tradit. Knowl. 2012, 11, 607—
614.

(24) Gupta, S. C; Patchva, S.; Aggarwal, B. B. Therapeutic roles of
curcumin: lessons learned from clinical trials. AAPS J. 2013, 15, 195—
218.

(25) Singh, S.; Khar, A. Biological effects of curcumin and its role in
cancer chemoprevention and therapy. Anti-Cancer Agents Med. Chem.
2006, 6, 259—-270.

(26) Guzman-Villanueva, D.; El-Sherbiny, I. M.; Herrera-Ruiz, D.;
Smyth, H. D. Design and in vitro evaluation of a new nano-
microparticulate system for enhanced aqueous-phase solubility of
curcumin. BioMed Res. Int. 2013, 2013, No. 724763.

(27) Yen, F.-L; Wu, T.-H,; Tzeng, C.-W,; Lin, L.-T.; Lin, C.-C.
Curcumin nanoparticles improve the physicochemical properties of
curcumin and effectively enhance its antioxidant and antihepatoma
activities. J. Agric. Food Chem. 2010, 58, 7376—7382.

(28) Davis, J. M;; Murphy, E. A.; Carmichael, M. D.; Zielinski, M.
R; Groschwitz, C. M.; Brown, A. S.; Gangemi, J. D.; Ghaffar, A;
Mayer, E. P. Curcumin effects on inflammation and performance
recovery following eccentric exercise-induced muscle damage. Am. J.
Physiol.: Regul,, Integr. Comp. Physiol. 2007, 292, R2168—R2173.

(29) Wang, X.; Jiang, Y.; Wang, Y.-W.,; Huang, M.-T.; Ho, C.-T;
Huang, Q. Enhancing anti-inflammation activity of curcumin through
O/W nanoemulsions. Food Chem. 2008, 108, 419—424.

(30) Begum, A. N,; Jones, M. R;; Lim, G. P.; Morihara, T.; Kim, P,;
Heath, D. D.; Rock, C. L.; Pruitt, M. A; Yang, F.; Hudspeth, B.; et al.
Curcumin structure-function, bioavailability, and efficacy in models of
neuroinflammation and Alzheimer’s disease. J. Pharmacol. Exp. Ther.
2008, 326, 196—208.

(31) Babaei, F.; Nassiri-Asl, M.; Hosseinzadeh, H. Curcumin (a
constituent of turmeric): New treatment option against COVID-19.
Food Sci. Nutr. 2020, 8, 5215—5227.

(32) Dourado, D.; Freire, D. T.; Pereira, D. T.; Amaral-Machado, L.;
Alencar, E. N.,; de Barros, A. L. B.; Egito, E. S. T. Will curcumin
nanosystems be the next promising antiviral alternatives in COVID-19
treatment trials? Biomed. Pharmacother. 2021, 139, No. 111578.

(33) Heidari, Z; Mohammadi, M.; Sahebkar, A.; Heidari, Z.;
Mohammadi, M.; Sahebkar, A.Possible Mechanisms and Special
Clinical Considerations of Curcumin Supplementation in Patients
with COVID-19. In Pharmacological Properties of Plant-Derived
Natural Products and Implications for Human Health; Barreto, G. E,;
Sahebkar, A., Eds.; Advances in Experimental Medicine and Biology;
Springer: Cham, 2021; Vol. 1308, pp 127—136.

(34) Saeedi-Boroujeni, A.; Mahmoudian-Sani, M. R;; Bahadoram,
M.; Alghasi, A. COVID-19: A Case for Inhibiting NLRP3
Inflammasome, Suppression of Inflammation with Curcumin? Basic
Clin. Pharmacol. Toxicol. 2021, 128, 37—48.

(35) Du, J; Zhou, Y.; Wang, L.; Wang, Y. Effect of PEGylated
chitosan as multifunctional stabilizer for deacetyl mycoepoxydience
nanosuspension design and stability evaluation. Carbohydr. Polym.
2016, 153, 471—-481.

(36) Mishra, B.; Sahoo, J.; Dixit, P. K. Formulation and process
optimization of naproxen nanosuspensions stabilized by hydroxy
propyl methyl cellulose. Carbohydr. Polym. 2015, 127, 300—308.

(37) Pardeike, J.; Strohmeier, D. M.; Schrédl, N.; Voura, C.; Gruber,
M,; Khinast, J. G.; Zimmer, A. Nanosuspensions as advanced printing
ink for accurate dosing of poorly soluble drugs in personalized
medicines. Int. J. Pharm. 2011, 420, 93—100.

(38) Verma, S.; Gokhale, R.; Burgess, D. J. A comparative study of
top-down and bottom-up approaches for the preparation of micro/
nanosuspensions. Int. J. Pharm. 2009, 380, 216—222.

1096

(39) Faridi Esfanjani, A.; Assadpour, E.; Jafari, S. M. Improving the
bioavailability of phenolic compounds by loading them within lipid-
based nanocarriers. Trends Food Sci. Technol. 2018, 76, 56—66.

(40) Hong, C; Dang, Y; Lin, G.; Yao, Y;; Li, G; Ji, G.; Shen, H,;
Xie, Y. Effects of stabilizing agents on the development of myricetin
nanosuspension and its characterization: an in vitro and in vivo
evaluation. Int. J. Pharm. 2014, 477, 251-260.

(41) Papdiwal, A,; Pande, V.; Sagar, K. Design and characterization
of zaltoprofen nanosuspension by precipitation method. Pharma
Chem. 2014, 6, 161—168.

(42) El-Naggar, M. E.; Shaheen, T. L; Fouda, M. M. G.; Hebeish, A.
A. Eco-friendly microwave-assisted green and rapid synthesis of well-
stabilized gold and core—shell silver—gold nanoparticles. Carbohydr.
Polym. 2016, 136, 1128—1136.

(43) Dizaj, S. M.; Vazifehasl, Z.; Salatin, S.; Adibkia, K.; Javadzadeh,
Y. Nanosizing of drugs: effect on dissolution rate. Res. Pharm. Sci.
2015, 10, 95—108.

(44) Viswanathan, T.; Arya, S.; Chan, S.-H.; Qj, S.; Dai, N.; Misra,
A,; Park, J.-G,; Oladunni, F,; Kovalskyy, D.; Hromas, R. A; et al.
Structural basis of RNA cap modification by SARS-CoV-2. Nat.
Commun. 2020, 11, No. 3718.

(45) Watcharin, W.; Wanitchayadamkerng, K.; Thao, L. P.
Curcumin nanosuspension: Screening for antioxidant and antibacte-
rial activities and study of protein adsorption. J. Appl. Sci. 2017, 16,
61-67.

(46) Brandio, C. C.; Asquieri, E. R.; Attaran, S.; Damiani, C. Study
of the aging of fermented of yacon (Smallanthus sonchifolius) and
sensory profile and acceptance. J. Food Sci. Technol. 2014, 34, 332—
340.

(47) Carvalho, D. d. M.; Takeuchi, K. P.; Geraldine, R. M.; Moura,
C. J. d; Torres, M. C. L. Production, solubility and antioxidant
activity of curcumin nanosuspension. Food Sci. Technol. 2015, 35,
115—-119.

(48) Tadhani, M.; Patel, V.; Subhash, R. In vitro antioxidant
activities of Stevia rebaudiana leaves and callus. J. Food Compos. Anal.
2007, 20, 323—329.

(49) Belletti, N.; Ndagijimana, M.; Sisto, C.; Guerzoni, E.; Lanciotti,
R; Gardini, F. Evaluation of the Antimicrobial Activity of Citrus
Essences on Saccharomyces cerevisiae. J. Agric. Food Chem. 2004, S2,
6932—6938.

(50) Thakkar, H. P; Patel, B. V.; Thakkar, S. P. Development and
characterization of nanosuspensions of olmesartan medoxomil for
bioavailability enhancement. J. Pharm. BioAllied Sci. 2011, 3, 426—
434.

(51) Gera, S.; Talluri, S.; Rangaraj, N.; Sampathi, S. Formulation and
evaluation of naringenin nanosuspensions for bioavailability enhance-
ment. AAPS PharmSciTech 2017, 18, 3151—-3162.

(52) Zia udDen, N.; Shahid, M. Determination of bioactive
properties of different temperature Camellia sinensis (Green Tea).
Am. J. Food Nutr. 2017, §, 10—18.

(53) Zafar, F.; Jahan, N.; Khalil-Ur-Rahman; Aslam, S. Synergistic
free radical scavenging potential of polyphenolic phytotherapeutics in
various plants combinations. Oxid. Commun. 2016, 39, 2213—2221.

https://doi.org/10.1021/acsomega.2c06258
ACS Omega 2023, 8, 1088—1096


https://doi.org/10.1007/s10904-020-01500-1
https://doi.org/10.1007/s10904-020-01500-1
https://doi.org/10.1007/s10904-020-01500-1
https://doi.org/10.1186/2228-5326-2-32
https://doi.org/10.1186/2228-5326-2-32
https://doi.org/10.1186/2228-5326-2-32
https://doi.org/10.1208/s12248-012-9432-8
https://doi.org/10.1208/s12248-012-9432-8
https://doi.org/10.2174/187152006776930918
https://doi.org/10.2174/187152006776930918
https://doi.org/10.1155/2013/724763
https://doi.org/10.1155/2013/724763
https://doi.org/10.1155/2013/724763
https://doi.org/10.1021/jf100135h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf100135h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf100135h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1152/ajpregu.00858.2006
https://doi.org/10.1152/ajpregu.00858.2006
https://doi.org/10.1016/j.foodchem.2007.10.086
https://doi.org/10.1016/j.foodchem.2007.10.086
https://doi.org/10.1124/jpet.108.137455
https://doi.org/10.1124/jpet.108.137455
https://doi.org/10.1002/fsn3.1858
https://doi.org/10.1002/fsn3.1858
https://doi.org/10.1016/j.biopha.2021.111578
https://doi.org/10.1016/j.biopha.2021.111578
https://doi.org/10.1016/j.biopha.2021.111578
https://doi.org/10.1111/bcpt.13503
https://doi.org/10.1111/bcpt.13503
https://doi.org/10.1016/j.carbpol.2016.08.002
https://doi.org/10.1016/j.carbpol.2016.08.002
https://doi.org/10.1016/j.carbpol.2016.08.002
https://doi.org/10.1016/j.carbpol.2015.03.077
https://doi.org/10.1016/j.carbpol.2015.03.077
https://doi.org/10.1016/j.carbpol.2015.03.077
https://doi.org/10.1016/j.ijpharm.2011.08.033
https://doi.org/10.1016/j.ijpharm.2011.08.033
https://doi.org/10.1016/j.ijpharm.2011.08.033
https://doi.org/10.1016/j.ijpharm.2009.07.005
https://doi.org/10.1016/j.ijpharm.2009.07.005
https://doi.org/10.1016/j.ijpharm.2009.07.005
https://doi.org/10.1016/j.tifs.2018.04.002
https://doi.org/10.1016/j.tifs.2018.04.002
https://doi.org/10.1016/j.tifs.2018.04.002
https://doi.org/10.1016/j.ijpharm.2014.10.044
https://doi.org/10.1016/j.ijpharm.2014.10.044
https://doi.org/10.1016/j.ijpharm.2014.10.044
https://doi.org/10.1016/j.carbpol.2015.10.003
https://doi.org/10.1016/j.carbpol.2015.10.003
https://doi.org/10.1038/s41467-020-17496-8
https://doi.org/10.14416/j.appsci.2017.10.S09
https://doi.org/10.14416/j.appsci.2017.10.S09
https://doi.org/10.1590/S0101-20612014005000032
https://doi.org/10.1590/S0101-20612014005000032
https://doi.org/10.1590/S0101-20612014005000032
https://doi.org/10.1590/1678-457X.6515
https://doi.org/10.1590/1678-457X.6515
https://doi.org/10.1016/j.jfca.2006.08.004
https://doi.org/10.1016/j.jfca.2006.08.004
https://doi.org/10.1021/jf049444v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf049444v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4103/0975-7406.84459
https://doi.org/10.4103/0975-7406.84459
https://doi.org/10.4103/0975-7406.84459
https://doi.org/10.1208/s12249-017-0790-5
https://doi.org/10.1208/s12249-017-0790-5
https://doi.org/10.1208/s12249-017-0790-5
https://doi.org/10.12691/ajfn-5-1-2
https://doi.org/10.12691/ajfn-5-1-2
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

