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Although medicinal herbs contain many biologically active ingredients that can act as antibiotic agents,

most of them are difficult to dissolve in lipids and absorb through biofilms in the gastrointestinal tract.

Besides, silver nanoparticles (AgNPs) have been widely used as a potential antibacterial agent, however,

to achieve a bactericidal effect, high concentrations are required. In this work, AgNPs were combined

into plant-based antibiotic nanoemulsions using biocompatible alginate/carboxyl methylcellulose

scaffolds. The silver nanoparticles were prepared by a green method with an aqueous extract of Allium

sativum or Phyllanthus urinaria extract. The botanical antibiotic components in the alcoholic extract of

these plants were encapsulated with emulsifier poloxamer 407 to reduce the particle size, and make the

active ingredients both water-soluble and lipid-soluble. Field emission scanning electron microscopy

(FESEM) and energy-dispersive X-ray (EDX) analysis showed that the prepared nanosystems were

spherical with a size of about 20 nm. Fourier transform infrared spectroscopy (FTIR) confirmed the

interaction of the extracts and the alginate/carboxyl methylcellulose carrier. In vitro drug release kinetics

of allicin and phyllanthin from the nanosystems exhibited a retarded release under different biological pH

conditions. The antimicrobial activity of the synthesized nanoformulations were tested against

Escherichia coli. The results showed that the nanosystem based on Allium sativum possesses

a significantly higher antimicrobial activity against the tested organisms. Therefore, the combination of

AgNPs with active compounds from Allium sativum extract is a good candidate for in vivo infection

treatment application.
Introduction

Respiratory diseases are common diseases in poultry that
signicantly affect livestock productivity.1 These diseases oen
come from bacteria and Escherichia coli is one of the most
common types.2 A survey carried out in Ethiopia from 2010 to
2011 indicated that most of the infected yolk sacs in 3- to 5-day-
old chicks were caused by E. coli strains, followed by Staphylo-
coccus aureus.3 Currently, antibiotics play an important role in
the prevention and treatment of infectious diseases in
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livestock.4 However, overuse of antibiotics in feed as growth
promoters as well as in disease prevention and treatment poses
a huge risk of antibiotic resistance and antibiotic residues in
food.5

In order to reduce the amount of antibiotics in livestock,
great attention has been paid to replacing antibiotics with
natural herbs. Recent medical studies have proved that local
medicinal plants with antibacterial activities are very rich and
effective in treating many different types of infection. Garlic
(Allium sativum) and chamber bitter (Phyllanthus urinaria) are
known to be the best natural antibiotics.6,7

Allium sativum, or garlic, a popular component in traditional
Asian medicine for common cold treatment, has several thera-
peutic characteristics based on its antibacterial, antiviral, and
antifungal activity.8 The three main bioactive ingredients of
Allium sativum include allin, diallyl sulde and ajoene.9 Allin is
the strongest and themost important active ingredient of garlic.
Allinase enzyme released when garlic cloves are cut or crushed
will rapidly turn allin into allicin (C6H10OS2). Allicin has a very
strong bactericidal effect against Staphylococcus, typhoid,
paratyphoid, dysentery, cholera, and diphtheria bacilli.10,11
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra06847h&domain=pdf&date_stamp=2022-12-13
http://orcid.org/0000-0001-8852-5087
http://orcid.org/0000-0002-3657-8475
http://orcid.org/0000-0002-7110-2552
http://orcid.org/0000-0003-0317-4068
https://doi.org/10.1039/d2ra06847h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06847h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012055


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
10

:3
4:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
However, allicin is unstable and highly reactive to temperature,
thus easily decomposed into other stable organosulfur
compounds. In addition, garlic also has antioxidant effects by
scavenging free radicals and inhibiting the oxidation of low-
density lipoproteins.12

Additionally, Phyllanthus urinaria, a frequently used herbal
medication, has numerous biological properties including anti-
virus, anti-bacteria, and anti-tumor properties.13,14 Lignans,
tannins, avonoids, phenolics, terpenoids, and other secondary
metabolites were abundant in P. urinaria. Eldeen et al. reported
that P. urinaria inhibited growth of Pseudomonas stutzeri (Gram-
negative) with MIC values of 177 mg mL−1. Besides, P. urinaria
had a high total phenolic content of 205 mg per GAE per g,
which is correlated with DPPH radical scavenging activity.15 The
presence of metabolites such as phyllanthin, phyltetralin, rutin,
quercetin, trimethyl-3,4-dehydrochebulate, and methyl brevi-
folincarboxylate is the underlying mechanism of the antibac-
terial effect of P. urinaria extracts. These chemicals may bind
with proteins in the microbial cell membrane, forming persis-
tent water-soluble complexes that cause microbial cell death.16

Although the in vitro and in vivo bactericidal effects of herbs
in disease prevention have been identied, the practical uses of
herbal antibiotics are limited because of the in vivo instability,
aqueous insolubility, and poor absorbability in gut. Herbal
antibiotics are also less potent than conventional antibiotics,
thus a higher dose and longer time are required, thus affecting
livestock productivity. Therefore, a suitable method is necessary
to improve the therapeutic effect of herbal antibiotics. One of
the effective ways to enhance the antibacterial ability of herbal
antibiotics is the application of nanotechnology. Numerous
studies have shown that the important active ingredients in
plants are enhanced in efficacy and exhibit many advantages in
their biological applications using nanotechnology.17 Nano-
formulation of herbal antibiotics can enhance solubility,
stability and bioavailability, pharmacological activity, as well as
improve tissue macrophage distribution.18 Moreover, nanoform
of herbal antibiotics can also reduce their toxicity and decom-
position by the physiological environment, and the drug release
process can be also controlled.19,20

In addition, silver nanoparticles (AgNPs) have been shown to
have excellent microbial resistant properties, thus it has long
been used as disinfectants in food and water containers and as
a disease treatment agent.21,22 The antibacterial properties of
AgNPs are mainly attributed to the ability of Ag+ ions to inhibit
bacterial cell respiration and prevent bacterial DNA replica-
tion.23,24 To synthesize AgNPs, more and more efficient green
synthesis methods have been developed in order to overcome
the constraints of physical and chemical procedures. The bio-
logical synthesis of AgNPs using plants has been proven to be
cost-efficient and eco-friendly and is a valuable alternative for
large-scale production.25–27 Interestingly, green synthesized
AgNPs expressed stronger antibacterial potency than chemically
produced ones.28 Yang et al. also demonstrated that the anti-
microbial activity of AgNPs and Lonicera japonica Thunb extract
was signicantly increased when compared with solely AgNPs
or herbal extract.29
© 2022 The Author(s). Published by the Royal Society of Chemistry
Herein, the two herbal extracts of Allium sativum and Phyl-
lanthus urinaria were used to synthesize AgNPs. The AgNPs were
then combined with each emulsied herbal extract and
encapsulated by alginate/carboxymethyl cellulose carrier to
form the Allium@AgNPs and Phyllanthus@AgNPs systems.
Usually, alginate and carboxymethyl cellulose used in drug
delivery are usually formed hydrogel by Ca2+ cross-linking.
However, this formulation possessed the notable drawbacks
of instability and rapid dissolution.30,31 In the present study,
alginate/carboxymethyl cellulose carrier was fabricated by
chemical NH–CO bond, thus facilitating the formation of
polymeric micelle-based nanoformulation. The physico-
chemical characteristics of the nanoformulations were deter-
mined to evaluate the effect of different herbal extracts on the
Ag+ reduction efficiency. Thereaer, based on the results of
antimicrobial activity against E. coli test, a potential antibiotic
agent could be recommended for further investigating of its
applicability in batling infection at in vivo scale.
Experimental
Materials

The garlic white hybrid variety (Allium sativum L.) and chamber
bitter (Phyllanthus urinaria L.) were procured from the Vietnam
market. Silver nitrate, ethanol, sodium alginate, poloxamer 407,
sodium carboxymethyl cellulose (CMC), N-(3-dimethylamino-
propyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysuccinimide (NHS), triethylamine, Luria–Bertani (LB) broth,
and phosphate buffer saline (PBS) were purchased from Sigma
Aldrich. 3-Aminopropyl triethoxysilane (APTES) was from
Merck. The E. coli strains, including V19.11.3; S19.3.6; S19.3.14,
S193.3.4, S19.3.11, were provided by the Microbiology – Infec-
tious Laboratory, Faculty of Veterinary Medicine, Vietnam
National University of Agriculture.
Preparation of Allium sativum extracts

Garlic cloves were separated and peeled for the preparation of
garlic extracts with different solvents. 0.5 kg of the fresh bulb
garlic was peeled off, pounded and pressed to get raw water
extract, then extracted in 1 L of ethanol at 60 °C for 5 hours. The
extraction was performed 3 times and the ethanolic extract was
obtained aer ltration through a cellulose membrane (pore
diameter 0.22 mm). The residue of ethanolic extraction was
further extracted with 1 L of water for 5 hours at 60 °C. The
process was, repeated 3 times and the aqueous extract was
collected aer ltration through a cellulose membrane (pore
diameter 0.22 mm). Both aqueous and ethanolic extracts were
stored at room temperature until further use.
Preparation of Phyllanthus urinaria extracts

The whole chamber bitter (Phyllanthus urinaria, PU) plant was
washed, chopped, and dried at 40–50 °C. 300 grams of pulver-
ized chamber bitter were placed in a cold-soaked ask with 1 L
of ethanol and sonicated for 5 hours at 60 °C. The subsequent
extraction steps were performed in the same way as for garlic
RSC Adv., 2022, 12, 35730–35743 | 35731
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and the nal products were obtained with two fractions of
ethanolic extract and aqueous extracts.
Synthesis of the herbal antibiotics@AgNPs

Fig. 1 shows the synthesis process of the herbal anti-
biotic@AgNPs. First, APTES (10% acid alcohol solution) was
added to sodium alginate (1 mg mL−1) and stirred on
a magnetic stirrer at 400 rpm for 2 h (80 °C). The APTES reacts
with the alginate's hydroxyl groups, promoting silanol group
formation with some amine groups in the alginate molecules
that are so-called activated alginate. Then, CMC was activated
by the presence of EDC and NHS. A premixed solution of NHS
(25 mg), EDC (100 mg), and carboxymethyl cellulose (CMC, 150
mg) in 20 mL of deionized water was added. The pH of the
Fig. 1 Schematic representation for preparation of herbal antibiotics@A

35732 | RSC Adv., 2022, 12, 35730–35743
solution was then adjusted to 8.5 with triethylamine. The
mixture was stirred for 4 h in a closed ask at 55 °C and the
activated CMC was obtained. Finally, activated alginate (with –

NH2 groups in the molecules) was allowed to react with acti-
vated CMC for 24 h at room temperature to obtain the alginate/
carboxymethyl cellulose carrier.

Encapsulation of active compounds in ethanolic plant
extracts has been done by an emulsion solvent evaporation
method. The ethanolic extract was added dropwise into
alginate/CMC solution with a ratio of 1 : 5 (v/v) under vigorously
stirring at 350 rpm. Then, 1.0 mL of 0.1 M silver nitrate (AgNO3)
was added slowly to the above mixture, followed by the aqueous
extract with a 1 : 5 (v/v) ratio of AgNO3: the aqueous extract, and
stirred continuously for 1 h. The solution was stirred overnight
gNPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at room temperature, and then ethanol was evaporated under
vacuum pressure. The product was centrifuged at 10 000 rpm
for 10 min to remove unloaded compounds. Finally, pre-
dispersed overnight at 0–5 °C poloxamer 407 solutions (at
various ratios w/v from 0 to 10%) were slowly added to the ob-
tained nanosystem. Thus, we obtained two series of nano-
systems based on alginate/CMC carrier, one with Allium sativum
extract and AgNPs (referred to as Allium@AgNPs) and the other
with Phyllanthus urinaria extract and AgNPs (referred to as
Phyllanthus@AgNPs). Similar procedure except for the use of
AgNO3 was utilized to prepare non-Ag nanosystems of
Allium@NPs, Phyllanthus@NPs for comparison. The control
AgNPs were synthesized under the same conditions that used
sodium borohydride (NaBH4) as the reducing agent instead of
the herbal aqueous extract.
Physico-chemical characterization

UV-vis spectroscopic analysis. The reduction of Ag+ ion and
capping of the resulting silver nanoparticles was monitored by
UV-vis spectra recorded on a Cary 5000 UV-vis-NIR double beam
spectrophotometer (Agilent Technologies, Santa Clara, USA).

X-ray diffraction (XRD). The crystalline structures of the
synthesized systems were analyzed with a Bruker D8-Advance
instrument operating at 35 kV and 30 mA, in the reaction
mode with Cu Ka line of 1.5406 Å. Data were collected over a 2q
range of 30° to 70°, step size 0.02° and time per step of 4 s at
room temperature. The detailed structural characterization was
analyzed with the Rietveld method.

Fourier transform infrared (FTIR) spectroscopy. The molec-
ular structure of materials was characterized by Fourier trans-
form infrared spectroscopy (FTIR, SHIMADZU
spectrophotometer) using KBr pellets in the wave number
region of 400–4000 cm−1.

Field emission scanning electron microscopy. The
morphology of the samples was analyzed using a eld emission
scanning electron microscopy (FESEM) of Hitachi S-4800.
Samples were deposited on a Si wafer, dried, and inserted in
the instrument without further coating. The measurement was
performed at energies between 5 and 10 keV. Energy-dispersive
X-ray mapping of the herbal antibiotics@AgNPs was obtained
using the FESEM instrument equipped with an energy-
dispersive X-ray spectroscopy (EDXS) attachment.

Transmission electron microscopy (TEM). The morphology
and dimensions of the materials were also analyzed in a JEOL
JEM-1010 system operating at 120 kV.

Dynamic light scattering (DLS). The size distribution of the
hydrodynamic diameter of the herbal antibiotics@AgNPs and
the stability of the suspension were examined using Zetasizer
(Zetasizer Nano, Malvern Instruments, UK). The particles were
diluted in water at 10 mg L−1 and ultrasonicated (Sonics Vibra
Cell, 8 kJ, power 70%, pulse on/off 1 s/1 s). Each sample was
measured 3 times.

Thermogravimetric analysis (TGA). The thermal stability of
nanoparticles was determined by thermogravimetric analysis,
for which the nanoparticles in powder form were performed on
a Discovery TGA (TA Instruments, New Castle, DE, USA). For
© 2022 The Author(s). Published by the Royal Society of Chemistry
analyzing TGA, the nanoparticles were placed in an alumina
pan and heated from 25 to 800 °C at a ramping time of 10 °
C min−1.
Quantication of plant extracts in the nanosystems

Allicin and phyllanthin are standard substances used to quan-
tify the encapsulation of Allium sativum extract and Phyllanthus
urinaria extract in the nanosystems, respectively.

The amount of allicin and phyllanthin in the nanosystems
was determined by High Performance Liquid Chromatography/
Mass Spectrometry (HPLC/MS) method on an HPLC-MS SCIEX-
X500R QTOF instrument. Preliminary analysis of allicin and
phyllanthin standards using a UV detector (Thermo Scientic,
UK) with a spectral range of 200–600 nm was performed under
chromatographic conditions. Chromatographic conditions
included: Agilent ZORBAX Eclipse Plus 95 Å C18 column,
column size of 4.6 × 100 mm, packed particle diameter 5 mm;
mobile phase of mix methanol and distilled water with gradient
1–5 minutes (100% H2O), 5–10 minutes (0–50% methanol), 10–
12 minutes (70% methanol) and keep 70% until the end of 15
minutes; ow rate of 0.5 mL min−1; sample injection volume of
10 mL; UV detector of DAD wavelength 254 nm and 365 nm. MS
conditions were ESI-HRMS positive; voltage 5000 V; tempera-
ture 450 °C; collision energy 10 eV; ion source gas: 50 psi.

The encapsulation efficiency of the nanosystem was calcu-
lated using eqn (1).

Encapsulation efficiency (%) = (WExtract on the nanosystem/WTotal

extract used) × 100 (1)

in which WExtract on the nanosystem is the weight of loaded extract
and WTotal extract used is the initial weight of the fed extract. The
trials were repeated three times, and average values were
obtained.
In vitro release study of the extracts from the nanocarriers

At four distinct pH levels, the pH-dependent release behavior
was examined. The herbal antibiotics@AgNPs were inserted
into a dialysis tube having a Molecular Weight Cut Off (MWCO)
of 8 kDa. To mimic a neutral pH environment, 2 dialysis tubes
containing Allium@AgNPs and Phyllanthus@AgNPs were dip-
ped into 500 mL of 0.1 M phosphate buffer solution (pH 7.4)
separately. Similarly, for the acidic environment, 500 mL of
0.1 M acetate buffer solution (pH 5.5) was used and likewise,
500 mL of 0.1 M phosphate buffer solution (pH 6.8) and buffer
solution pH 1.2 (reference standard, ∼2.0 g per L sodium
chloride and ∼2.917 g per L HCl) was used to achieve simulated
gastric uid. The dialysis tubes were placed into beakers con-
taining solutions to imitate different pH environments. The
entire setup was stirred at 37 °C. Aer a certain time interval,
3 mL of the dialysate was withdrawn from each of the beakers to
determine the release prole of the materials. The withdrawn
amount of the dialysate was replaced with an equal quantity of
the fresh buffer solution to avoid the sink conditions.
Measurements were performed in triplicate.
RSC Adv., 2022, 12, 35730–35743 | 35733
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Table 1 Initial concentration of antibiotic agents

Sample
Concentration
of silver nanoparticles

Initial concentration
of antibiotics (mg mL−1)

Allicin 200
Allium@AgNPs 100 ppm 200
Phyllanthin 200
Phyllanthus@AgNPs 100 ppm 200
AgNPs 100 ppm
Positive control (doxycycline) 800
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Minimal inhibition concentration (MIC) of nanosystems.
The MIC test was carried out based on the method suggested
by Netala VR et al. with the minor modication.32 The two folds
serial dilution of the four nanosystems (Allium@NPs, Phyl-
lanthus@NPs, Allium@AgNPs, and Phyllanthus@AgNPs) in
a sterile at-bottomed 96-well plate were prepared by the
following steps: rst, 100 mL of sterile LB broth (Sigma-Aldrich,
UK) was added to all wells. Then, 100 mL of each nanosystem
was mixed to their corresponded row of the 1st column.
Within a row, 100 mL of the well in 1st column was transferred
to the well in 2nd column, continue to dilute until the column
10, and then discard 100 mL of each well in last column. Thus,
it formed the diluting range from 1/2 to 1/1024. Doxycycline
antibiotics and AgNPs solution were used as positive control.
The initial concentration of tested nanosystems were pre-
sented in Table 1.

Cytotoxicity activity of nanoantibiotic system against vero
cell. The cytotoxic effects of the herbal antibiotics@AgNPs were
evaluated following the previously described methods. The vero
cell line (from African Green monkey (Cercopithecus aethiops)
kidney, ATCC-CCL-81) was incubated in DMEM (Dulbecco's
Modied Eagle Medium) at 37 °C in 5% CO2 for 24 h, and
seeded into 96-well microplates. The herbal antibiotics@AgNPs
was diluted two-fold, and added to the plate. The concentra-
tions of the tested samples were 16 and 8 mg mL−1. In control
group (untreated), 100 mL of DMEM were added in the wells
instead of herbal nanoformulations. The plate was subse-
quently incubated at 37 °C in 5% CO2. The cytotoxicity of the
samples against vero cells was estimated based on the different
of cell phenotypes between treated and untreated group aer
48 h of incubation. The cells were then stained withMTT (3-(4,5-
Table 2 Characteristics of the herbal antibiotics@AgNPs prepared by th

Sample
% poloxamer
407 (w/v) Size (nm) Polydisp

Allium@AgNPs 0 311.5 � 8.66 0.394 �
Allium@AgNPs 1 295.82 � 3.17 0.234 �
Allium@AgNPs 3 262.18 � 2.05 0.188 �
Allium@AgNPs 5 225.90 � 6.14 0.117 �
Allium@AgNPs 10 188.36 � 1.96 0.071 �
Phyllanthus@AgNPs 0 297.9 � 3.75 0.525 �
Phyllanthus@AgNPs 1 276.37 � 1.68 0.259 �
Phyllanthus@AgNPs 3 223.38 � 4.17 0.217 �
Phyllanthus@AgNPs 5 166.11 � 2.28 0.191 �
Phyllanthus@AgNPs 10 168.25 � 2.33 0.122 �

35734 | RSC Adv., 2022, 12, 35730–35743
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) agent
for 4 h and solubilized to estimates the cell viability. The cell
absorbance was measured at 570 nm (Multiskan SkyHigh
Microplate Spectrophotometer, Thermo Fisher Scientic, US).
The cell viability was calculated as suggested by Mosmann
1983.33

Cell viability ð%Þ ¼ ODsample �ODblank

ODcontrol

Statistical analysis. Each experiment was performed in trip-
licate and the data are expressed as the mean ± SD. Statistically
signicant differences were realized at p < 0.05 via Student's t-
test. Statistical analysis was performed using the SigmaPlot 14.0
soware.
Results and discussion
Synthesis of herbal antibiotics and AgNPs-encapsulated
polymeric nanoparticles (herbal antibiotics@AgNPs)

In this study, in order to bind the activated CMC to the alginate
chains, the alginate polymer was treated with APTES (Fig. 1). In
the presence of water, APTES hydrolyzes, and the silanol groups
condense with the hydroxyl groups of the alginate polymer to
create C–O–Si covalent bonds.34 This method provided alginate
polymer with the amino group essential to create a CO–NH
bond when reacted with the activated carboxylic group of CMC
polymers. The nal chemical binding system was also
conrmed by FTIR spectra (Fig. S1†). Typical oscillations of
functional groups in alginate, CMC components and Si–O
e single emulsion method

ersity index (PDI) Zeta potential (mV)
Entrapment efficiency
(%)

0.19 −25.2 � 0.4 47.54 � 1.24
0.04 −33.1 � 1.1 64.12 � 1.96
0.09 −39.5 � 0.7 72.67 � 0.63
0.01 −44.3 � 0.4 79.80 � 1.77
0.006 −38.8 � 0.6 88.24 � 1.20
0.07 −31.6 � 1.5 32.17 � 3.64
0.01 −35.7 � 2.1 58.33 � 2.67
0.01 −38.8 � 0.5 64.25 � 3.13
0.008 −39.5 � 0.5 82.68 � 2.33
0.002 −42.1 � 1.1 85.17 � 2.22

© 2022 The Author(s). Published by the Royal Society of Chemistry
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symmetric stretching vibrations also appeared in FTIR spec-
trum of the alginate/CMC carrier with some shis (Table S1†).

The herbal antibiotics@AgNPs were synthesized by emul-
sion solvent evaporation method. Poloxamer 407 was used in
the nanoformulation as a surfactant to optimize the physi-
ochemical properties of the nanosystems. Table 2 summarizes
the synthesis parameters and the results obtained from the
Allium@AgNPs and Phyllanthus@AgNPs at emulsier (polox-
amer 407) concentrations of 0%, 1%, 3%, 5%, and 10%,
respectively. As outlined in Table 2, an increase in poloxamer
407 concentration produces a reduction of both particle size
and PDI of the herbal antibiotics@AgNPs. The difference in
particle size is comprehensible since, as explained in the liter-
ature, more surfactant molecules might cover bigger surfaces of
nanoparticles of smaller size.35 The formed nanoparticles had
a mean dynamic size of about 160–300 nm. Nanoparticles
smaller than 300 nm are preferred for absorption efficacy via
oral administration.36,37 The decreased PDI might be owing to
an interaction between the encapsulating polymer and the
drug. Still, it could also be due to the decreased scattering
intensity found at smaller particle sizes.38 Larger particles
frequently demonstrate greater scattering intensity. This alters
the ratio of the scatter signal of the main particle fraction to the
scatter signal of small-particulate impurities, which has an
effect on the PDI.39 With the addition of poloxamer 407, the PDI
values are below 0.3 indicating the uniformity and narrow size
distribution of the herbal antibiotic@AgNPs.40

Poloxamer 407 has an amphiphilic nature with both asso-
ciation and adsorption characteristics, and it can improve
chemical solubilization and stability due to the remarkable
physiological features and low toxicity. In theory, non-ionic
surfactants like poloxamer 407 have no effect on the zeta-
potential.41 However, in this study, the absolute value of zeta-
potential of the herbal antibiotic@AgNPs increased when the
poloxamer concentration changed from 1% to 10% w/v with the
least negative zeta potential of −33.1 mV. As the concentration
of poloxamer 407 increased, a dense surfactant lm was formed
at the interface between the nanoparticles and water, increasing
the formulation's zeta potential (more negative).42 Furthermore,
because poloxamer 407 is an amphoteric surfactant, it can give
further emulsion stability via electrostatic repulsion.41 Although
there was a slight decrease in the zeta potential of Alliu-
m@AgNPs at 10% w/v of poloxamer 407, the zeta potential of
−38.8 mV indicates the stability of the nanoparticles. Higher
zeta potential reduces aggregation by electrostatic repulsion
between similarly charged particles, imparting stability to
nanoparticle dispersion.43

The encapsulation efficiency of the herbal anti-
biotics@AgNPs was calculated based on the content of allicin
and phyllanthin by HPLC-MS analysis. Allicin and phyllanthin
accounted for 0.025% and 0.2% of the Allium sativum and
Phyllanthus urinaria extract, respectively (Fig. S2 and S3†). All
herbal@AgNPs formulations prepared with poloxamer 407
showed signicantly higher entrapment efficiency than without
poloxamer 407. The results also indicate that poloxamer 407
concentration had a signicant effect on entrapment efficiency;
in which increasing poloxamer concentration also increases
© 2022 The Author(s). Published by the Royal Society of Chemistry
entrapment efficiency. With 10% poloxamer 407, the encapsu-
lation efficiency was 88.24% and 85.17% for allicin and phyl-
lanthin, respectively. This might be due to the stronger binding
contacts between the drug and the polymeric carrier. The
alginate/CMC carrier entrapped hydrophobic allicin and phyl-
lanthin at the interface while poloxamer 407 stabilizes the
nanoparticles by diffusing out the water molecules, resulting in
the formation of the polymer-rich coacervate during the nano-
emulsion process. This is in agreement with other reports.44,45

Overall, nanosystem with 10% poloxamer 407 was found to
have the smallest particle size, PDI, and zeta potential with
highest entrapment efficiency, which would be the most stable
formulation. Therefore, this nanoformulation was chosen for
some selected further studies.
Physico-chemical characterization of herbal
antibiotics@AgNPs

The formation of silver nanoparticles in the herbal anti-
biotics@AgNPs systems has been elucidated by FESEM and UV-
vis spectra. As presented in Fig. 2a, in the wavelength range of
300–800 nm, the AgNPs showed a surface plasmon resonance
(SPR) peak at 401 nm. According to previous studies,25,46,47 green
synthetic silver nanoparticles have plasmon resonance absorp-
tion peak between 400 nm and 460 nm. The SPR peaks of
Allium@AgNPs and Phyllanthus@AgNPs were red shied with
different degrees compared to those of AgNPs, at 456 nm and
412 nm, respectively. According to Mie's theory, this shis were
caused by the local dielectric effect.48,49 Furthermore, the exis-
tence of an SPR band in the UV-vis spectrum of herbal anti-
biotics@AgNPs nanostructures was indicative of silver crystal
formation on the nanosystems, which was completely consis-
tent with the TEM image data (Fig. 3c & d).

XRD patterns of the synthesized herbal antibiotics@AgNPs
are shown in Fig. 2b. Diffraction peaks (Braggs reections) at
38°, 44° and 64° corresponding to the crystal planes (111), (200)
and (220), respectively, were observed in XRD patterns of both
Allium@AgNPs and Phyllanthus@AgNPs, revealed the high
crystalline nature of pure Ag NPs with a dominant (111) phase.50

The calculated particles size of AgNPs using the Scherrer
equation51 was equal to approximately 4.98 nm and 3.25 nm for
Allium@AgNPs and Phyllanthus@AgNPs, respectively. On the
other hand, there were no sign of Ag2S or Ag2O diffraction
peaks. According to the XRD patterns, it seems like only silver
metal were formed in both Allium@AgNPs and Phyllanthu-
s@AgNPs. Similar results have been established byWei and Sun
for the biosynthesis of AgNPs using Chinese herbal medicine as
well as tea leaf extract, respectively.25,52

Fig. 2c shows FTIR spectra of alginate/CMC carrier, two
herbal antibiotics@AgNPs in comparison with those of the two
extracts (Allium sativum and Phyllanthus urinaria). The alginate/
CMC carrier exhibited a broad band around 3303 cm−1 for the
OH stretching vibrations, and a medium peak at 2909 cm−1

belonged to the stretching vibrations of C–H (sp3). Two bands at
1588 cm−1 and 600 cm−1 for N–H bending. Two bands were
observed at 1413 cm−1 and 1323 cm−1 for –COO− symmetric
stretching vibration and –C–O stretching, respectively, while the
RSC Adv., 2022, 12, 35730–35743 | 35735
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Fig. 2 (a) UV-vis absorption spectra, (b) X-ray diffractogram patterns of herbal antibiotics@AgNPs, and (c) FTIR spectra of alginate/CMC carrier,
ethanolic extract of PU, Phyllanthus@AgNPs, ethanolic extract of garlic and Allium@AgNPs.
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antisymmetric C–O–C stretch was observed at 1080 cm−1. Also,
the Si–O symmetric stretching mode was observed at 659 cm−1.
In the FTIR spectrum of Phyllanthus urinaria's ethanolic extract,
a reasonably wide band at wavenumber 3351 cm−1 indicates the
presence of strain vibrations of the O–H group, and the peak at
1035 cm−1 was due to C–O–C stretching vibration. The broad
absorption peak at 1712 cm−1 and 1611 cm−1 corresponded to
C]O asymmetric stretching vibration, and the narrow absorp-
tion peak at 1453 cm−1 corresponded to –COO− symmetric
stretching vibration. The appearance of these characteristic
bonds is consistent with the presence of phyllanthin, phenolic,
and avonoid compounds in Phyllanthus urinaria extract.14,16,53

Major peaks of Phyllanthus@AgNPs showed at 3446, 2923,
1627, 1384 and 1113 cm−1 which have been assigned to the O–H
stretching, –CH stretching, the asymmetric, the symmetric
vibration of –COO stretching and C–O–C stretching, respec-
tively. The absorption peak of Phyllanthus@AgNPs at the wave
number of 638 cm−1 was caused by Si–O symmetric stretching
vibration. The FT-IR analysis indicated the involvement of
amides, carboxyl, amino groups, and polyphenols in the
35736 | RSC Adv., 2022, 12, 35730–35743
Phyllanthus@AgNPs. From this fact, it was inferred that the
organic compounds in the ethanolic extract was encapsulated
successfully in Phyllanthus@AgNPs systems by the alginate/
CMC carrier.

The FTIR spectrum of garlic's ethanolic extract showed the
presence of functional groups like hydroxyl, carbonyl, carbox-
ylic and organosulfur compounds (Fig. 2c). The broad peak at
3403 cm−1 is due to the O–H stretching of a hydroxyl group. The
peak at 1635 cm−1 corresponds to C]O stretching of peptide
linkages or C]O stretching of carbonyl and carboxylic groups
while the peak at 1408 cm−1 indicates the O–H bend of
carboxylic acids. These characteristic peaks showed the exis-
tence of polyhydroxy compounds such as avonoids, tannins,
saponins and glycosides in the garlic ethanolic extract.54,55

Another peak at 1028 cm−1 was due to the S]O group for the
presence of organosulfur compounds including allin, allicin,
and diallyl disulde.56 A peak at 933 cm−1 belongs to C–S single
bond. For the spectrum of Allium@AgNPs, additional bands,
compared with garlic's ethanolic extract and alginate/CMC
carrier, were detected at 3248 cm−1 (–OH), 2920 cm−1 (CH
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06847h


Fig. 3 FESEM (a) and TEM (b) images of Allium@AgNPs; FESEM (c) and TEM (d) images of Phyllanthus@AgNPs (in which silver nanoparticles were
marked with blue arrows).
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stretching), 1628 cm−1 (C]O stretching), 1384 cm−1 (O–H bend
of carboxylic acids), 1064 cm−1 (S]O group), 930 cm−1 (C–S
bond), and 683 cm−1 (Si–O), conrming the successful prepa-
ration of Allium@AgNPs.

The morphology and particle size of the herbal anti-
biotics@AgNPs are shown in FESEM and TEM images. The TEM
images (Fig. 3b and d) showed that most of herbal anti-
biotics@AgNPs were mono-dispersed with spherical shapes,
which was similar with the FESEM image (Fig. 3a and c). The
Allium@AgNPs were distributed separately, while some Phyl-
lanthus@AgNPs were trapped in the blurred membrane and
were observed as clusters. The particle sizes determined from
TEM analysis were 13.5 and 20.45 nm for Allium@AgNPs and
Phyllanthus@AgNPs, respectively. Meanwhile, the silver nano-
particles (the black particles present in the polymeric nano-
carriers) integrated on the Phyllanthus@AgNPs system are 2–
3 nm in size, smaller than those in the Allium@AgNPs system
(4–5 nm).

To corroborate the chemical analysis, an EDX analysis of the
samples was also carried out. The EDX spectra showed the
peaks characterized for silver elements at 3 keV and 2.7 keV,
which conrms the formation of AgNPs synthesized with the
© 2022 The Author(s). Published by the Royal Society of Chemistry
aqueous extract of Allium sativum and Phyllanthus urinaria,
respectively. Next, we performed elemental mapping of the
selected region in the SEM scanned image of the nanoparticles.
The mapping results showed a clear map of silver elements in
Allium@AgNPs and Phyllanthus@AgNPs scanned images. The
EDXS Analysis conrms the presence of carbon (C), oxygen (O),
sulphur (S), silica (Si), and silver (Ag) in Allium@AgNPs as
shown in Fig. 4a. Similarly, Fig. 4b depicts the presence of
carbon (C), oxygen (O), sodium (Na), silica (Si), and silver (Ag) in
Phyllanthus@AgNPs. The peak for C and O suggests the organic
ingredients of herbal antibiotics@AgNPs such as the polymer
alginate, chitosan and the bioactive compound in Allium sat-
ivum or Phyllanthus urinaria extracts.

To further conrm the presence of organic compounds in
the nanoparticles, the thermal behavior of the obtained herbal
antibiotics@AgNPs was investigated (Fig. S4†). The evaporation
of moisture adsorbed on the surface of the herbal anti-
biotics@AgNPs might be attributed to the rst weight loss step
of the heating process, which occurred between 80 and 120 °C.
The next steps in the TGA curve could be assigned to the
degradations of organic compounds present in the nano-
materials and the carbonization of the polymeric carrier (Table
RSC Adv., 2022, 12, 35730–35743 | 35737
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Fig. 4 Energy dispersive X-ray (EDX) spectrum andmapping analysis of (a) Allium@AgNPs and (b) Phyllanthus@AgNPs. C: carbon; O: oxygen; Na:
sodium; S: sulphur; Si: silica; Ag: silver.
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S2†). The TGA results clearly showed that the bioactive organic
compounds from the herbal extract were encapsulated in the
produced nanoparticles.57,58
35738 | RSC Adv., 2022, 12, 35730–35743
In vitro drug release of herbal antibiotics@AgNPs

A drug release study of allicin and phyllanthin from the herbal
antibiotics@AgNPs was carried out using four different
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cumulative release of allicin and phyllanthin from Allium@AgNPs and Phyllanthus@AgNPs, respectively at preselected time intervals in
several condition (a) pH 1.2; (b) pH 5.5; (c) pH 6.8; (d) pH 7.4 PBS. Results were reported as mean ± SD, n = 3, **p < 0.001; and *p < 0.05.
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conditions at 37 °C. Different buffer solutions were employed to
simulate the gastric medium (pH 1.2), the macrophage envi-
ronment (pH 5.5), the intestinal condition (pH 6.8), and the
physiological condition (pH 7.4) (Fig. 5).

At pH 1.2, the amount of allicin released was very low, only
12.2% and 26.67% of allicin were released aer 8 hours and 60
hours, respectively (Fig. 5a). In the same case, the amount of
phyllanthin released were 11.33% aer 8 hours and 24.8% aer
96 hours of testing. The release of allicin and phyllanthin were
very low due to the poor aqueous solubility of the substances at
a strong acidic pH.59,60 Therefore, the drug encapsulated nano-
formulations were quite stable and a very limited drug were
released in this acidic environment.

When the pH was raised to 5.5, there was a signicant
increase in drug release at each time point. From Alliu-
m@AgNPs, 58.5% of allicin was released aer 24 hours, and
aer 60 hours, the amount of allicin released reached 71.45%
(Fig. 5b). Besides, aer 24 hours, 46.8% of phyllanthin was
released from the Phyllanthus@AgNPs nanoparticles, and aer
60 hours, 60.5% the amount of phyllanthin were released.
While the extracellular pH in the blood remains stable at 7.35–
7.45, inammatory situations are associated with acidication,
with pH levels ranging from 5.5 to 7.0.61 Acidic microenviron-
ments are also described in the pathological environment of
inammatory exudates as well as the intracellular environment
© 2022 The Author(s). Published by the Royal Society of Chemistry
of infected macrophages.62 With the characteristic of gradual
release at pH 5.5, both Allium@AgNPs and Phyllanthus@AgNPs
have the potential to maintain the effect of the drug at the
pathological site.

With the further increase of the pH to 6.8 (characterized pH
of the colon environment, the rst part of the small intestine of
the digestive system, where most of the absorption of the drug
into the blood occurs), the nanoparticles showed an even higher
rate of drug release. The amount of allicin released in the rst 8
hours and aer 6 hours was 44.5% and 81.35%, respectively
(Fig. 5c). Under same condition, the released amount of phyl-
lanthin, was 29.3% in the rst 8 hours and 74.27% aer 60
hours.

Under physiological conditions (pH 7.4), both drugs were
almost completely released from the nanosystems aer 96
hours, 93.76% and 97.55% aer 95 hours for Allium@AgNPs
and Phyllanthus@AgNPs, respectively. The release proles of
Allium@AgNPs and Phyllanthus@AgNPs nanosystems showed
two-stage release with an initial burst release within the rst 12
hours followed by a slower and continuous release over the next
84 hours (Fig. 5d). Moreover, in all the four pH conditions, the
released amount of allicin was higher than that of phyllanthin
(p < 0.001). This can be due to the fact that allicin has better
water solubility than phyllanthin, so it easily diffuses through
the alginate/carboxyl methyl cellulose carrier.60,63
RSC Adv., 2022, 12, 35730–35743 | 35739
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It is noted that both allicin and phyllanthin release prole of
the herbal antibiotics@AgNPs is pH dependent due to the
carboxyl methyl cellulose was complexed with sodium alginate
to form a polyelectrolyte that provided a pH-sensitive shell
layer.64,65 The substances were released faster at a higher pH
than around neutral and acidic pH (pH 7.4 > pH 6.8 > pH 5.5 >
pH 1.2). In low pH environment, both alginate and CMC are in
acid form which are slightly hydrophobic thus preventing the
interaction between water and the active ingredient. But in
neutral environment, they were both in base form, and the
drugs were released more easily due to ionization.64,66 As ex-
pected, drug release was prolonged in pH 5.5, whereas in pH
7.4, drug release was rapid in the rst 24 h. Efficient allicin
release was achieved at pH 7.4 (90.3%), while only 52% release
was observed at pH 5.5 within 24 h. The release result was
similar for phyllanthin. Thus, both types of nanosystems are
suitable candidates to be used as nano drug delivery systems for
oral administration.67,68
Estimating the MIC of nanoantibiotic systems against E. coli

Table 3 showed that all tested E. coli strains resisted to
conventional doxycycline and Phyllanthus@NPs at all tested
concentrations. However, the integration of AgNPs improved
the antibacterial activity of Phyllanthus@AgNPs. The
Table 3 TheMIC values of prepared nano antibiotic systems against E.
coli strains (mg mL−1) (n = 3, mean ± SD)a

Antibiotic agents V19.11.3 S19.3.6 S19.3.14 S19.3.4 S19.3.11

Phyllanthus@NPs R R R R R
Allium@NPs 2 2 2 R R
Phyllanthus@AgNPs 4 R R R R
Allium@AgNPs 8 4 2 2 4
AgNPs 8 8 4 2 2
Doxycycline R R R R R

a R: resistance; (—): not detected.

Fig. 6 Phenotype of vero cell in (A) antibiotic-free; (B) Allium@AgNPs at 8
mg mL−1; (E): Phyllanthus@AgNPs at 16 mg mL−1 media after 48 h.

35740 | RSC Adv., 2022, 12, 35730–35743
Phyllanthus@AgNPs had the MIC value of 4 mg mL−1 against E.
coli V19.11.3. On the other hand, Allium@NPs alone could
inhibit the growth of V19.11.3, V19.3.6, and V19.3.14 at
a concentration of 2 mg mL−1. Compared to the Allium@AgNPs,
the antibacterial activity of AgNPs solution was lower with the
MIC value of 8 mg mL−1 for S19.3.6 and 4 mg mL−1 for S19.3.14.
The reduction of ion Ag+ to AgNPs by Allium sativum extract to
form the Allium@AgNPs further enhanced Allium@AgNPs
bacteriostatic against other E. coli strains such as V19.3.4 and
V19.3.11, which previously resisted to Allium@NPs. The results
were in agreement with previous studies, in which the synergic
effect of AgNPs and herbal extracts against various pathogenic
bacteria was proved.69–73 In term of particle size, the small size of
AgNPs (4–5 nm) as well as the small size of Allium@AgNPs (13.5
nm) might contribute to high antibacterial property of the
nanosystem.74–76 Patra and Baek et al. suggested that the AgNPs
could strongly bind to the bacterial cell wall, then disrupt its
structure.77 Thus, other antibacterial agents such as herbal
extracts could easily penetrate bacteria cells and exert their
effects. Besides, Cheow et al. suggested that the lower initial
antibiotic exposure, the higher the survival chance of biolm
cells were.78 In this study, obtained results proved the faster
release rate of allicin from the nanosystem, compared to phyl-
lanthin at all test pH conditions. Thus, apart from the AgNPs
corporation, the burst release of allicin might also play an
important role in increasing the overall antibacterial property of
the Allium@AgNPs compared to the Phyllanthus@AgNPs.

Moreover, to conrm the safety of the antibiotics@AgNPs,
the cytotoxicity test using vero cell lines was conducted. Fig. 6
showed the different in cell appearance upon the exposure to
high antibiotics@AgNPs concentration of 16 mg mL−1 aer 48 h
of incubation. These cells tended to look rounded and started to
detach from the microplate surface. However, at the anti-
biotics@AgNPs of 8 mg mL−1, the antibiotics treated cells had
almost similar phenotype compared to the negative control. The
cell viability in 8 mgmL−1 antibiotic treatments was in a range of
98.3 ± 0.6 to 99.2 ± 0.8%, that was not signicantly different
mgmL−1; (C) Allium@AgNPs at 16 mgmL−1; (D) Phyllanthus@AgNPs at 8

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of different herbal nanoformulation treatment on vero
cell viability. Results were reported as mean ± SD, n = 3. *p < 0.05.
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from the value of 97.5 ± 1.3% in negative control (Fig. 7).
Therefore, the obtained results indicated that both of the
Allium@AgNPs and Phyllanthus@AgNPs antibiotics could
effectively inhibit the growth of pathogenic bacteria, but did not
cause side effects to the normal cell at the required treatment
dose in in vitro experiment.
Conclusions

In the present study, the herbal antibiotics@AgNPs from Allium
sativum and Phyllanthus urinaria were successfully synthesized
and their properties were assessed by different characterization
techniques including UV-VIS, XRD, FESEM, TEM, EDX and
HPLC-MS. The optimum conditions were 10% (w/v) poloxamer
407 for both Allium@AgNPs and Phyllanthus@AgNPs. The
drug-nanocarrier formulations exhibited much sustained drug
release for a prolonged period of time, especially in inamma-
tory environment. The combination of herbal antibiotics and
silver nanoparticles has shown an in vitro antibacterial effect on
E. coli. In comparision, Allium@AgNPs nanosystem has better
drug release ability and higher inhibitory activity against E. coli
than the Phyllanthus@AgNPs nanosystem. As a result, we
conclude that the synthesized Allium@AgNPs have the poten-
tial to be employed as an eco-friendly agent with antibacterial
properties in biomedical applications. In vivo studies of the
Allium@AgNPs formulation mentioned in this study will be
conducted in the future.
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and G. Leyva-Gómez, Materials, 2021, 14, 3197.

42 D. J. McClements and S. M. Jafari, Adv. Colloid Interface Sci.,
2018, 251, 55–79.

43 G. Lowry, R. Hill, S. Harper, A. Rawle, C. Hendren,
F. Klaessig, U. Nobbmann, P. Sayre and J. Rumble, Environ.
Sci.: Nano, 2016, 3, 953–965.

44 N. Sharma, P. Madan and S. Lin, Asian J. Pharm. Sci., 2016,
11, 404–416.
35742 | RSC Adv., 2022, 12, 35730–35743
45 A. Pezeshki, B. Ghanbarzadeh, M. Mohammadi,
I. Fathollahy and H. Hamishehkar, Adv. Pharm. Bull., 2014,
4, 563–568.

46 K. Anandalakshmi, J. Venugobal and V. Ramasamy, Appl.
Nanosci., 2016, 6, 399–408.

47 L. Balan, S. Chandrasekaran, M. Gajendiran and R. Nanjian,
J. Mol. Struct., 2021, 1242, 130695.

48 S. Peng, J. M. McMahon, G. C. Schatz, S. K. Gray and Y. Sun,
Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 14530–14534.

49 P. Singh and C. Upadhyay, Mater. Res. Express, 2017, 4,
105401.

50 S. B. Parit, V. C. Karade, R. B. Patil, N. V. Pawar,
R. P. Dhavale, M. Tawre, K. Pardesi, U. U. Jadhav,
V. V. Dawkar, R. S. Tanpure, J. H. Kim, J. P. Jadhav and
A. D. Chougale, Mater. Today Chem., 2020, 17, 100285.

51 N. Marinkovic, K. Sasaki and R. Adzic, J. Electrochem. Soc.,
2018, 165, J3222–J3230.

52 S. Wei, Y. Wang, Z. Tang, H. Xu, Z. Wang, T. Yang and T. Zou,
RSC Adv., 2021, 11, 1411–1419.

53 K. Kartini, D. Hardianti and M. Hadiyat, Pharmaciana, 2021,
11, 251.

54 A. M. Youssef, H. S. El-Sayed, I. EL-Nagar and S. M. El-Sayed,
RSC Adv., 2021, 11, 22571–22584.

55 C.-Y. Chen, T.-Y. Tsai and B.-H. Chen, Antioxidants, 2021, 10,
1611.

56 J. Songsungkan and S. Chanthai, Int. Food Res. J., 2014, 21,
2377–2385.

57 S. Yallappa, J. Manjanna and B. L. Dhananjaya, Spectrochim.
Acta, Part A, 2015, 137, 236–243.

58 E. E. Elemike, O. E. Fayemi, A. C. Ekennia, D. C. Onwudiwe
and E. E. Ebenso, Molecules, 2017, 22, E701.

59 H. Wang, X. Li, X. Liu, S. Sato, X. Zhang and J. Song, J. Sci.
Food Agric., 2015, 95, 1838–1844.

60 N. D. Hanh, N. Sinchaipanid and A. Mitrevej, Drug Dev. Ind.
Pharm., 2014, 40, 793–802.

61 M. Behnen, S. Möller, A. Brozek, M. Klinger and T. Laskay,
Front. Immunol., 2017, 8, 184.

62 I. M. Torres, Y. R. Patankar and B. Berwin, Am. J. Physiol.,
2018, 314, L225–L235.

63 J. Borlinghaus, F. Albrecht, M. Gruhlke, I. Nwachukwu and
A. Slusarenko, Molecules, 2014, 19, 12591–12618.

64 Y. Hu, S. Hu, S. Zhang, S. Dong, J. Hu, L. Kang and X. Yang,
Sci. Rep., 2021, 11, 9142.

65 S. Bhaladhare and D. Das, J. Mater. Chem. B, 2022, 10, 1923–
1945.

66 M. Rizwan, R. Yahya, A. Hassan, M. Yar, A. D. Azzahari,
V. Selvanathan, F. Sonsudin and C. N. Abouloula, Polymers,
2017, 9, 137.

67 L. Cao, T. Huang, X. Chen, W. Li, X. Yang, W. Zhang, M. Li
and R. Gao, Oncol. Rep., 2021, 46, 1–14.
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