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of gold nanoparticles from
Manilkara zapota L. extract and the evaluation of its
intrinsic in vivo antiarthritic potential†

Mahnoor Ijaz,‡a Maryam Fatima,‡b Rukhsana Anwar*b and Maliha Uroos *a

The plantManilkara zapota belongs to the family Sapotaceae and is commonly known as Chiku in Pakistan.

Traditionally,M. zapota is used in pulmonary diseases, diarrhea, rheumatism, hemorrhage, and ulcers. There

is no study available on the in vivo antiarthritic activity of M. zapota and its gold nanoparticles (AuNPs). The

aim of this study is to evaluate the in vivo acute and sub-acute antiarthritic activity of aqueous extract ofM.

zapota and its biosynthesized gold nanoparticles (AuNPs). Plant-induced reduction method was used for

the synthesis of AuNPs. The synthesized AuNPs were characterized via UV, FTIR, SEM, and zeta potential

measurements and were optimized by screening various parameters including time, temperature, pH,

and salt concentration. Arthritis in rats was induced by Freund's Complete Adjuvant (FCA) injection in

hind paw. The antiarthritic effect was evaluated by the determination of paw volume, joint diameter,

latency time, hematological, biochemical parameters, antioxidant biomarkers, TNF-a level, and

radiological evaluation. The aqueous extract and nanoparticles significantly decreased the paw volume,

joint diameter, and significantly increased latency time as compared to the FCA-induced arthritic group.

They significantly normalized the hematological, biochemical parameters, and oxidative stress

biomarkers in comparison to the arthritic group. They also significantly decreased the TNF-a level when

assessed against the arthritic group. Radiological evaluation confirmed the antiarthritic effect of the

aqueous extract and nanoparticles of M. zapota leaf extract. It is concluded that the aqueous extract and

nanoparticles of M. zapota possess significant analgesic, antiarthritic, and anti-inflammatory activity.

However, nanoparticles possess more pronounced antiarthritic activity as compared to the aqueous

extract. Moreover, free radical scavenging action and TNF-a reduction showed a prominent role in their

antiarthritic activity. Further, investigation is underway to identify the active phytochemical constituent

responsible for the antiarthritic activity.
Introduction

Rheumatoid arthritis (RA) is a chronic, systemic inammatory,
and autoimmune disorder, which is characterized by the
uncontrolled proliferation of the synovial tissue and a wide
array of multisystem comorbidities. A complex interplay
between environmental and genetic factors is responsible for
rheumatoid arthritis.1 Rheumatoid arthritis patients not only
have pain, swelling, stiffness, and joint damage but also have
a disability. Generally, the treatment for rheumatoid arthritis
consists of NSAIDs glucocorticoids and disease-modifying
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antirheumatic drugs (DMARDs).2,3 In rheumatoid arthritis,
various enzymes leak out from the liver and the elevation of
their levels in blood occurs. Reactive oxygen species (ROS)
produced by phagocytic cells such as neutrophils and macro-
phages along with hypoxia and reoxygenation lead to chronic
oxidative stress in the RA synovial tissue. The generated ROS
could damage the nucleic acids, lipids, proteins, and matrix
components.4

Manilkara zapota L. belongs to the family Sapotaceae, which
includes about 700 species and 40 genera. “Sapodilla” is derived
from the Spanish word “zapotilla”, which means sapote (a so
edible fruit). Sapodilla is distributed globally, and is native to
tropical America and Southern Mexico. Traditionally, the
decoction of young fruits of M. zapota was employed as anti-
diarrhea, diuretic, aperients (laxative), febrifuge, and tonic. The
decoction of leaves was used in cough, fever, cold, and diarrhea.
The crushed powder of the seeds was frequently applied to expel
kidney and bladder stones.5 M. zapota has been investigated for
its antioxidant activity.6 The anticancer potential of sapodilla
fruits that contain 4-O-galloylchlorogenic acid and methyl 4-O-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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galloylchlorogenic acid have been examined in colon cancer
cells.7 The stem, bark, and leaves of M. zapota have been
investigated for their antimicrobial activities against some
pathogenic bacteria and fungi.8 The hypoglycemic activity in
leaves, roots, and seeds extracts of M. zapota is due to the
occurrence of many phytochemicals.9 The plant leaves have
anti-inammatory activity as M. zapota contains compounds
such as steroids (glycosides, cardiac glycosides), terpenoids,
and avonoids.10 M. zapota possess an antinociceptive activity
and antidiarrheal activity due to the presence of avonoids,
alkaloids, terpenes, sterols, sugars, saponins, and alkaloids.11

M. zapota showed a signicant in vitro protection against the
denaturation of proteins, which shows that it could be used as
an antiarthritic agent in the future.12

Nanoparticles are the simplest structures with a size range in
nanometer (nm). A group of atoms with structural radius <
100 nm is considered as nanoparticles.13 The word “nano” is
derived from the Greek language word “nanos”meaning “tiny”,
very small, or “dwarf”.14 Using the plant extract, the synthesis of
nanoparticles offers an alternative, inexpensive, efficient, and
environment friendly method, and provides an alternative route
to use natural ingredients in plant extracts.15,16 Gold nano-
particles (AuNPs) are a promising class of nanomaterials that
are inert in the biological environment. They have physical
properties that are suitable in various biomedical applications
including therapeutic and diagnostic applications. Silver
nanoparticles of M. zapota extracts have been used in antimi-
crobial activity,17 showing deterrent activity on M. domestica18

and acaricidal activity.19 Among various animal models for the
induction of arthritis, Freund's Complete Adjuvant (FCA) has
been widely used in rats because it shows reliable onset, easily
measurable, exhibits robust progression, induces polyarticular
inammation, encourages bone proliferation, and prompts
marked bone resorption.20 The present study was designed to
evaluate and compare the in vivo analgesic, antiarthritic and
anti-inammatory activities of the aqueous extract ofManilkara
zapota and its respective biosynthesized gold nanoparticles.
Experimental
Materials

Indomethacin capsules (Munawar Pharma PVT Ltd), diclofenac
sodium tablets (Novartis Pharma PAK Ltd), carrageenan (M/s
Bio Basic, Canada), Freund's Complete Adjuvant (M/s Sigma
Aldrich, St. Louis USA). 1-Chloro-2,4-dinitrobenzene (CDNB),
pyrogallol, sodium chloride, and tetramethylpropane (TMP)
were supplied by Sigma Aldrich Co. Ltd, Korea. Di-sodium
hydrogen phosphate, hydrochloric acid, potassium dichro-
mate, and sodium potassium tartrate were supplied by Rei-
del_deHaien, Sigma Aldrich. Copper sulfate pentahydrate,
hydrogen peroxide, potassium dihydrogen phosphate, and
reduced glutathione (GSH) were supplied from Merck, Ger-
many. For alkaline phosphatase (AP), alanine transaminase
(ALT), and aspartate transaminase (AST) analysis kits by Cres-
cent Diagnostics were used. For TNF-a analysis, a kit by Glory
Science Co., Ltd was used.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Collection of plants and preparation of the plant extract

Fresh leaves of Manilkara zapota L. were collected from Lahore,
Punjab in the month of May. Botanical identication and
authentication of plant leaves was carried out by Dr Zaheer-ud-
Din Khan, a taxonomist at the Department of Botany, GC
University, Lahore. He issued a voucher number (GC. Herb. Bot.
3504) for the plant and the voucher specimen was deposited at
the Herbarium Department GC University, Lahore for future
reference. The leaves were separated from twigs, made free from
dirt, and dried under shade for two weeks. The dried leaves were
then crushed to powder. The extraction of the powdered leaves
wasmade bymaceration with distilled water. The yield obtained
for the aqueous extract was 5.7%.
Synthesis of gold nanoparticles (AuNPs) from the leaf extract

6 mL of yellow-colored HAuCl4$3H2O was taken in a beaker.
Sodium bicarbonate was added in this solution to neutralize it.
Then, 1 mL aqueous extract was added in it and the solution
was stirred in dark for 10 minutes at room temperature. The
color of the solution was changed to purple immediately. The
reactionmixture wasmonitored by a UV-Vis spectrophotometer.
In order to study the stability of the AuNPs formed, the UV
spectra of the reaction mixture was taken aer every 24 hours
until 18 days.
Study of different factors affecting the synthesis of gold
nanoparticles

The biosynthesis of AuNPs was carried out with changing
concentration of the leaf extract. The effect of aqueous leaf
extract concentration on the biosynthesized AuNPs was studied
by carrying out the reaction at 0.25, 0.5, 2, 4, 6, 8, and 10% leaf
extracts. The effect of temperature on the synthesis rate and the
particle size/shape of the prepared AuNPs was studied by
carrying out the reaction at 0, 60, 80, and 100 �C with contin-
uous stirring. The biosynthesis of AuNPs was carried out at the
pH of 1, 3, 5, 7, and 9 with continuous stirring. In order to study
the effect of the salt on the stability of biosynthesized AuNPs, an
equal amount of the AuNPs reaction mixture was treated with
varying concentrations of NaCl solution including 1, 2, 3, 4, and
5 M. The synthesis of AuNPs was also investigated at different
time intervals between 2 and 16 minutes.
Characterization of the synthesized AuNPs

The AuNPs synthesized by the green approach were character-
ized for their optical properties using a UV-Vis spectropho-
tometer (T90, PG Instruments Ltd). The functional group
analysis for the reduction of Au3+ ions, resulting in formation of
AuNPs, was done using an FT-IR spectrophotometer (Cary 630,
Agilent Technology, USA within the spectral range of 4000–
625 cm�1). The puried AuNPs were freeze dried, and their
structure and composition were analyzed by scanning electron
microscopy (SEM). To determine the nature and size of the
synthesized AuNPs, X-ray diffraction (XRD) and zeta potential
studies were performed.
RSC Adv., 2021, 11, 27092–27106 | 27093
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Experimental animals

Female Sprague Dawley rats were obtained from the University
of Veterinary and Animal Sciences (UVAS), Lahore, Pakistan. All
protocols were approved by the Animal Ethics Committee of
Punjab University College of Pharmacy (PUCP), University of
Punjab Lahore, Pakistan (approval voucher no: AEC/PUCP/
1097) for the purpose of control and supervision of experi-
ments on animals.
Housing of animals

Animals were housed in a separate room of animal house of
PUCP, Allama Iqbal, Campus, Lahore. They were kept in steel
and polypropylene cages and were acclimatized for a period of
about two weeks. Animals were maintained under controlled
conditions (25 � 2 �C), with relative humidity of 45–55% and
12 : 12 light–dark cycle. They were provided with standard diet
and water ad libitum.
Experimental protocol

Total 64 healthy adult Female Sprague Dawley (SD) rats weigh-
ing (130–200 g) were randomly selected for this experimental
protocol from Animal House PUCP, Allama Iqbal, Old Campus,
Lahore. Rats were divided into two groups. Each group con-
sisted of 32 rats. One group was selected for the acute study and
other for the sub-acute study. The aqueous extract and gold
nanoparticles of M. zapota leaf extract were used for both acute
and sub-acute studies. The aqueous extract of M. zapota was
labeled as AEMZ and the gold nanoparticles were labeled as
Gold NPMZ.
p

Experimental protocol for acute study

One group of SD rats was divided into 8 sub-groups of four
animals in each as follows.

Negative control: administered vehicle only, 1 h before
carrageenan injection.

Positive control group: administered diclofenac sodium
(100 mg kg�1) orally, 1 h before carrageenan injection.

AEMZ 200 mg kg�1 group: administered aqueous extract of
M. zapota (200mg kg�1) orally, 1 h before carrageenan injection.

AEMZ 400 mg kg�1 group: administered aqueous extract of
M. zapota (400mg kg�1) orally, 1 h before carrageenan injection.

Gold NPMZ 4 mg kg�1 group: administered biosynthesized
gold nanoparticles ofM. zapota leaf extract intraperitoneally, 1 h
before carrageenan injection.

Gold NPMZ 5 mg kg�1 group: administered gold nano-
particles of M. zapota leaf extract intraperitoneally, 1 h before
carrageenan injection.

In the rats, edema was induced by an injection 0.1 mL of 1%
(w/v) of carrageenan in saline in to sub-plantar region of the le
hind paw. The edema volumes in the control and treated groups
with the standard drug and extracts were noted at respective
time intervals and the percentage inhibition of paw edema was
calculated by the following formula.
27094 | RSC Adv., 2021, 11, 27092–27106
% paw edema inhibition

¼ ðEt � EoÞcontrol group � ðEt � EoÞtreated group

ðEt � EoÞcontrol group
� 100

where Eo is the paw volume at zero time before carrageenan
injection, Et is the paw volume at the respective time, and (Et �
Eo) is the paw edema.

Experimental protocol for sub-acute study

Freund's Complete Adjuvant (FCA) induced chronic
arthritis. The SD rats were divided into 8 groups of four animals
each as follows.

Normal control: administered distilled water till 28 days.
Arthritic control: arthritis was induced in rats with FCA.
Positive control group: administered indomethacin (4 mg

kg�1) orally once daily, from the 12th day till the 28th day aer
FCA induction.

AEMZ 200 mg kg�1 group: administered aqueous extract of
M. zapota (200 mg kg�1) orally once daily, from the 12th day till
the 28th day aer FCA induction.

AEMZ 400 mg kg�1 group: administered aqueous extract of
M. zapota (400 mg kg�1) orally once daily, from the 12th day till
the 28th day aer FCA induction.

Gold NPMZ 5 mg kg�1 group: administered gold nano-
particles ofM. zapota leaf extract (0.6 mg) intraperitoneally once
daily, from the 12th day till the 28th day aer FCA induction.

Experimental arthritis was induced in rats with 0.1 mL of
Freund's complete adjuvant (FCA) injection into the sub-plantar
region of the le hind paw on the day. The dosing of all the
groups started from day 12 once daily.

Behavioral assessment

Paw volume. The le hind paw volumes of all the rats were
measured at 0 day before the induction of FCA and thereaer,
on day 4, 8, 12, 16, 20, 24, and day 28 using a plethysmometer
and the percentage inhibition of paw edema was calculated by
the following formula.

% paw edema inhibition ¼ ðEt � EoÞFCA group � ðEt � EoÞtreated grou

ðEt � EoÞFCA group

� 100

where Eo is the paw volume at zero day before FCA injection, Et
is the paw volume at the respective day, and (Et � Eo) is the paw
edema.

Joint diameter. The le hind paw joint diameters of all the
rats were measured at 0 day before the induction of FCA and
thereaer, on day 4, 8, 12, 16, 20, 24, and day 28 using vernier
calipers, and the percentage inhibition of the joint diameter
was calculated.

Antinociceptive activity (Eddy's hot plate method). Anti-
nociceptive activity was performed using Eddy's hot plate
method,21 according to which the animal was placed on a hot
plate and the instrument was stared with a cut-off period of 18
seconds and 55 � 0.1 �C maximum heat to avoid harming the
animals; the reaction time (in seconds) was observed and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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time taken by the animal to start paw licking or jumping was
noted.

Preparation of blood serum. For the preparation of blood
serum, the blood sample was taken from rats by performing
cardiac puncture. Aer cardiac puncture, blood was immedi-
ately collected in the serum gel separating tubes. Then, the test
tubes were placed in the refrigerator at 4 �C for 15–20 minutes.
Centrifugation was done at 3000 rpm for 20 minutes. The clear
serum collected aer centrifugation was transferred to Eppen-
dorf tubes and refrigerated at �80 �C until needed.

Determination of hematological parameters. On the 28th

day, blood was withdrawn from the rats by cardiac puncture.
The hematological parameters were analyzed, including red
blood cells (RBCs) count, hemoglobin (Hb), white blood cells
(WBCs) count, platelet count (PLT), and erythrocyte sedimen-
tation rate (ESR) using an automated hematological analyzer
with a specic soware for rat blood samples.

Biochemical estimation. On the 28th day, blood was with-
drawn from the rats by cardiac puncture and the serum was
separated and analyzed for the estimation of the biochemical
parameters, including serum ALT (alanine aminotransferase),
ALP (alkaline phosphatase), and AST (aspartate aminotrans-
ferase) using diagnostic kits provide by the Crescent Diagnos-
tics Company.

TNF-a estimation. Aer the completion of the study, the rats
were sacriced, and their paws were separated. The TNF-a level
in the paw tissue was determined by the commercially available
ELISA kit from Glory Science Co., Ltd and the results were
expressed in ng mL�1.
Antioxidant activity

GSH analysis in the liver tissue. The estimation of the GSH
content in the liver was assessed using the method of Sedlak
and Lindsay22 with some little alterations. The liver tissue was
homogenized in 67 mM phosphate buffer (pH 7.4). To homog-
enate, 25% of TCA was added to precipitate it. Then, the
centrifugation of the homogenate was done at 4200 rpm at 4 �C
for 40 minutes. Three replicates were made, each containing
200 mM Tris–HCl buffer containing 0.2 M EDTA of pH 7.4, the
supernatant, 10 mM DTNB, and methanol. The mixture was
vortexed and then kept for incubation at 37 �C for 30 minutes.
At a wavelength of 412 nm, the absorbance was recorded using
a UV-Vis spectrophotometer.

MDA analysis in the liver tissue. Estimation of MDA in the
liver tissue was carried out using thiobarbituric (TBA) assay,
followed by the method of Ohkawa23 with some modications.
The liver samples were thawed and homogenized in 1.15% KCl
solution to make 10% of the tissue homogenate. Three repli-
cates were made, each containing 8% sodium lauryl sulfate,
20% acetic acid, 0.8% thiobarbituric acid, and distilled water, in
which the tissue homogenate was added. The mixture was
vortexed and centrifuged at 4000 rpm for 30 minutes. At
a wavelength of 532 nm, the absorbance of the supernatant was
recorded using a UV-Vis spectrophotometer.

Catalase analysis in liver tissue. The estimation of the cata-
lase activity was done using the method of Sinha24 with some
© 2021 The Author(s). Published by the Royal Society of Chemistry
little changes. The thawed liver samples were homogenized in
67 mM phosphate buffer (pH 7.4) to get 10% homogenate.
Three replicates were made, each containing 0.2 M of hydrogen
peroxide, 0.01 M of phosphate buffer (pH 7.0), and 10% tissue
homogenate to make the nal volume upto 3 mL. In a boiling
water bath, all the test tubes were heated for 10 minutes. At
a wavelength of 570 nm, the absorbance was recorded using
a UV-Vis spectrophotometer.

Superoxide dismutase analysis in the liver tissue. The esti-
mation of the superoxide dismutase activity was carried out by
the method of Magnani25 with some slight alterations. The
thawed liver samples were homogenized in 67 mM phosphate
buffer (pH 7.4). Three replicates were made, each containing
Tris–HCl and homogenate. Then, 0.2 mM pyrogallol solution
was added to both the control and the sample test tubes. Blank
test tubes contained only Tris–EDTA buffer (pH 8.2). At a wave-
length of 532 nm, the absorbance was recorded using a UV-Vis
spectrophotometer. The absorbance of the control and the
sample test tubes was recorded at 0 and 1min immediately aer
the addition of the pyrogallol solution. The estimation of the
superoxide dismutase activity was carried out by the following
formula.

SOD activity
�
U mL�1�

¼ % inhibition of pyrogallol autoxidation

50%

X-ray radiographic assessment

On the 28th day, radiographs were taken for the hind paw of all
the experimental animals using an X-ray unit. Radiographs were
examined for so tissue swelling, narrowing of the spaces
between the joints, osteolysis, and bony erosions.
Statistical analysis

For the statistical analysis of the results, Graph pad prism
version 7.01 was used. Analysis was done using an unpaired t-
test and one-way ANOVA, followed by post hoc Dunette's test for
comparison among different groups. All the data were
expressed in mean � standard deviation (mean � SD) and p <
0.05 was considered as statistically signicant.
Results and discussion
UV/Vis analysis of the synthesized AuNPs

The aqueous extract of Manilkara zapota was added into a ask
containing gold solution. The formation of AuNPs was
conrmed by the development of a purple color, which is
a characteristic of the AuNPs. The color change from light
yellow to purple is due to the excitation of surface plasmon
resonance (SPR) in the AuNPs induced by passing light and this
observation was conrmed by UV-Vis spectral analysis. The
change in the SPR of the AuNPs with respect to the reaction time
can be seen in Fig. 1. The intensity of the color as well as the
absorbance values increased gradually in the reaction medium
along with the reaction time, which implied an increasing
AuNPs concentration and the continuous reduction of gold
RSC Adv., 2021, 11, 27092–27106 | 27095
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Fig. 1 (a) UV/Vis spectrum of biosynthesized AuNPs, (b) Stability of the
biosynthesized AuNPs.

Fig. 3 FTIR spectrum of the plant extract and the AuNPs.
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ions. AuNPs from the Manilkara zapota leaf extract (Fig. 1b)
showed a weak SPR band at 530 nm and aer 90 min, a red shi
was observed in SPR at 545 nm due to a slight modication in
the size and shape of the AuNPs. This red shi is attributed to
the aggregation and clustering of gold nanoparticles and thus
an increase in the size of the nanoparticles and the shi in the
SPR band was observed.26–28 A gradual increase in the absorp-
tion intensity and saturation at an absorbance value of 5.999
indicate the complete reduction of gold ions in the reaction
medium (Fig. 2). The incubation period of 18 days did not show
Fig. 2 (a) Aqueous extract of leaves, (b) HAuCl4$3H2O solution, (c)
AuNPs solution.

27096 | RSC Adv., 2021, 11, 27092–27106
any considerable change in the SPR intensity of Manilkara
zapota, thereby ascertaining the stability of the biosynthesized
AuNPs. In Fig. 1b, the absorbance of about 530–560 nm is due to
the SPR exhibited by spherical nanoparticles. The bio-
synthesized AuNPs show a relatively sharper absorbance peak at
about 530 nm in Fig. 1a. The stability of the AuNPs bio-
synthesized at room temperature in neutral pH in the absence
of the salt with 1 mM concentration of aqueous gold chloride
solution was studied over a period of 18 days. The bio-
synthesized AuNPs were stable enough till 20 days (Fig. 1b).
FTIR analysis of the synthesized AuNPs

FTIR analysis was performed to determine the presence of
various phytochemical constituents in the extract of Manilkara
zapota, which is responsible for the reduction and stabilization
of AuNPs by capping their surface. The FTIR spectra show
a peak at 3300–3600 cm�1 due to the stretching vibrations of the
polyphenolic O–H group and primary amine N–H. These peaks
indicated the presence of alkaloids, terpenoids, avonoids, and
coumarins, which are responsible for the stabilization of the
AuNPs. The FTIR spectra show a peak at 2929 cm�1 due to the
Fig. 4 Size distribution of the AuNPs synthesized from the Manilkara
zapota leaf extract.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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C–H stretching vibrations of the alkane group. The presence of
the carboxyl group on the surface was conrmed by the pres-
ence of a strong band at 1617 cm�1. A weak band at 1375 cm�1

indicated the asymmetric stretching of the carboxylate ion. The
band at 1243 cm�1 indicated the presence of C–O stretching of
the carboxylic acid group. The strong band observed at
1065 cm�1 indicates the presence of the C–N stretching
Fig. 5 SEM images of the AuNPs formed by the reaction of 1 mMHAuCl4
mm, (b) 10 mm, and (c) 20 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
vibration of the aliphatic amines. The IR spectra of AuNPs in the
gure showed weaker bands at about 2929 and 1065 cm�1, and
suppressed bands at 1375 and 1243 cm�1 compared with the
extract (Fig. 3). This observation revealed that the plant extract
having amine and hydroxyl functional groups could possibly be
associated to the reduction as well as the stabilization of the
AuNPs.
and 1%Manilkara zapota leaf extract at 25 �C reaction temperature. (a) 2
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Dynamic light scattering (DLS) and zeta potential studies

DLS has been used to measure the particle sizes in the colloidal
solution and the size distribution data of the AuNPs obtained at
pH 7 from Manilkara zapota is shown in Fig. 4. The average
particle size distribution is 41.90 � 27.42 (Z average � (SD)
d nm) for AuNPs synthesized from Manilkara zapota leaf extract
with a polydispersity index of 0.477. The zeta potential and zeta
deviation values obtained are �20.8 and 48.8 mV, respectively.
The zeta potential values obtained imply a stable dispersion of
the biosynthesized AuNPs. A zeta potential higher than 30 mV
or lesser than �30 mV is indicative of a stable system. The large
negative potential value suggests the presence of negatively
charged moieties in the extracts that confer electrostatic
stability to the nanoparticles.
Fig. 7 Effect of temperature on AuNPs synthesis.

Scanning electron microscopy (SEM) analysis

The AuNPs were subjected to SEM imaging to ascertain the
morphological features. The low magnication image (Fig. 5a)
shows the formation of spherical nanoparticles of size in the
range of 40–200 nm. At higher magnication (Fig. 5b), spherical
AuNPs were clearly observed. SEM reveals that each spherical
particle is made up of an aggregate of even smaller
nanoparticles.
Fig. 6 Effect of concentration of the leaf extract on the biosynthesis of
the AuNPs. (a) change in the concentration of the leaf extract, (b)
change in the volume of the leaf extract (1%).

27098 | RSC Adv., 2021, 11, 27092–27106
Effect of concentration of the leaf extract

The biosynthesis of AuNPs was carried out with changing
concentration of the leaf extract. It was observed that the
alteration in the concentration of the leaves extract has a slight
effect on the formation and stability of the AuNPs. 1 mL leaf
extract of a wide range of varying concentrations including 0.25,
0.5, 1, 2, 4, 6, 8, and 10% with 6 mL of 1 mM gold chloride
solution at room temperature and neutral pH were employed.
The optimum concentration for the biosynthesis of AuNPs was
1%. Biosynthesis with this concentration showed maximum
absorbance. The effect of concentration of the leaf extract was
also studied using varying concentrations of 1% leaf extract as
0.25 mL, 1 mL, 1.5 mL, and 2 mL. The optimum concentration
was found to be 1 mL for the biosynthesis of AuNPs (Fig. 6).
Effect of temperature

AuNPs were synthesized under a wide range of temperature
conditions. The effect of temperature on the conversion of gold
ions to metallic gold is shown in the gure. A wide range of
Fig. 8 Effect of the change in the pH on the biosynthesis of AuNPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of the salt concentration on the biosynthesis of AuNPs.

Fig. 10 Effect of the reaction time on the biosynthesis of AuNPs.
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temperature was employed including 0 �C, room temperature,
60, 80, and 100 �C at neutral pH. The UV spectra indicated that
there is high amount of antioxidants in the plant extract so that
the change in the color and absorbance at 530 nm is designated
even at 0 �C. The optimum condition for the conversion of gold
Table 1 In vivo acute antiinflammatory activity of the aqueous extract a

Paw volume (mL) (% inhibition)

Groups 0 hour 1st hour 2nd hour

Control 2.28 � 0.14 3.18 � 0.09 3.24 � 0.12
Positive
control

2.32 � 0.08 2.71 � 0.10*
(56.67)

2.64 � 0.11*
(66.67)

AEMZ
(200mg kg�1)

2.26 � 0.20 2.85 � 0.09*
(34.44)

2.87 � 0.11*
(36.45)

AEMZ
(400mg kg�1)

2.11 � 0.23 2.66 � 0.15*
(38.89)

2.68 � 0.16*
(40.68)

NPMZ
(4 mg kg�1)

2.27 � 0.16 2.78 � 0.18*
(43.33)

2.80 � 0.18*
(44.79)

Gold NPMZ
(5 mg kg�1)

2.15 � 0.28 2.62 � 0.14*
(46.67)

2.60 � 0.14*
(53.12)

a Comparison among the carrageenan control group and all other groups
are expressed as mean � SD (n ¼ 4). *p < 0.05 represents a signicant de

© 2021 The Author(s). Published by the Royal Society of Chemistry
ions into AuNPs was observed at room temperature. The
stability of the synthesized AuNPs at room temperature was also
signicant (Fig. 7).

Effect of pH

AuNPs were synthesized under a wide range of pH conditions.
The biosynthesis of AuNPs was carried out under a pH values of
1, 3, 5, 7, and 9. Basic conditions were not very favorable for
their formation. Acidic and neutral conditions were favorable to
some extent. The UV/Vis spectral study demonstrated that the
acidic conditions are found to be the best for the AuNPs'
formation (Fig. 8).

Effect of salt concentration

In order to study the effect of the salt on the stability of the
biosynthesized AuNPs, an equal amount of the AuNPs reaction
mixture was treated with varying concentrations of the NaCl
solution including 1, 2, 3, 4, and 5 M. The presence of the salt
had a marked effect on their stability, although the varying
concentrations of the salt had almost the same outcome on the
stability of the AuNPs (Fig. 9).

Effect of the reaction time

Another important factor that affected the synthesis of AuNPs
was the reaction time. The synthesis of AuNPs was investigated
since the start of reaction through a UV-Vis spectrophotometer.
The progress in the reaction that was carried out at room
temperature and neutral pH was monitored from time to time
(Fig. 10).

Results of animal studies

In carrageenan-induced paw edema, the results showed that the
paw volume in the diclofenac sodium, aqueous extract, and
nanoparticles of M. zapota leaf extract treated groups signi-
cantly (*p < 0.05) decreased as compared to the carrageenan-
induced control group. Nanoparticles of M. zapota leaf extract
nd nanoparticles of the M. zapota leaf extracta

3rd hour 4th hour 5th hour 6th hour

3.28 � 0.10 3.35 � 0.11 3.29 � 0.08 3.19 � 0.05
2.57 � 0.14*
(75.0)

2.53 � 0.13*
(80.37)

2.51 � 0.14*
(81.18)

2.44 � 0.13*
(86.81)

2.79 � 0.10*
(47.0)

2.74 � 0.11*
(55.14)

2.70 � 0.11*
(56.43)

2.64 � 0.11*
(58.24)

2.60 � 0.13*
(51.0)

2.54 � 0.11*
(59.81)

2.50 � 0.09*
(61.38)

2.42 � 0.09*
(65.93)

2.72 � 0.19*
(55.0)

2.66 � 0.20*
(63.55)

2.60 � 0.18*
(67.32)

2.55 � 0.18*
(69.23)

2.56 � 0.13*
(59.0)

2.50 � 0.13*
(67.28)

2.45 �
0.12*(70.29)

2.39 � 0.12*
(73.62)

was conducted using one way ANOVA, followed by Dunette's test. Values
crease in the paw volume as compared to the control group.

RSC Adv., 2021, 11, 27092–27106 | 27099

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03186d


T
ab

le
2

E
ff
e
ct

o
f
th
e
aq

u
e
o
u
s
e
xt
ra
ct

an
d
n
an

o
p
ar
ti
cl
e
s
o
f
M
.z

ap
o
ta

le
af

e
xt
ra
ct

o
n
th
e
p
aw

vo
lu
m
e
(m

L)
in

FC
A
-i
n
d
u
ce

d
ar
th
ri
ti
c
ra
ts

a

Pa
w
vo
lu
m
e
(m

L)
(%

in
h
ib
it
io
n
)

G
ro
up

s
D
ay

0
D
ay

4
D
ay

8
D
ay

12
D
ay

16
D
ay

20
D
ay

24
D
ay

28

N
or
m
al

co
n
tr
ol

2.
29

�
0.
13

2.
30

�
0.
15

2.
31

�
0.
14

2.
31

�
0.
13

2.
32

�
0.
13

2.
33

�
0.
16

2.
34

�
0.
18

2.
34

�
0.
10

A
rt
h
ri
ti
c
co
n
tr
ol

2.
32

�
0.
12

4.
32

�
0.
06

*
a

4.
19

�
0.
11

*
a

4.
42

�
0.
03

*
a

4.
49

�
0.
11

*
a

4.
54

�
0.
13

*
a

4.
49

�
0.
13

*
a

4.
42

�
0.
11

*
a

Po
si
ti
ve

co
n
tr
ol

2.
25

�
0.
08

4.
26

�
0.
09

4.
15

�
0.
09

4.
37

�
0.
07

3.
82

�
0.
13

*
(2
7.
64

)
3.
51

�
0.
09

*
(4
3.
24

)
3.
04

�
0.
09

*
(6
3.
59

)
2.
57

�
0.
13

*
(8
4.
76

)
A
E
M
Z
(2
00

m
g
kg

�
1
)

2.
31

�
0.
08

4.
23

�
0.
14

4.
12

�
0.
12

4.
34

�
0.
11

4.
22

�
0.
14

*
(1
1.
98

)
3.
99

�
0.
12

*
(2
4.
32

)
3.
56

�
0.
17

*
(4
2.
39

)
3.
12

�
0.
12

*
(6
1.
42

)
A
E
M
Z
(4
00

m
g
kg

�
1
)

2.
33

�
0.
06

4.
27

�
0.
08

4.
19

�
0.
09

4.
37

�
0.
06

4.
17

�
0.
09

*
(1
5.
2)

3.
89

�
0.
14

*
(2
9.
72

)
3.
44

�
0.
15

*
(4
8.
84

)
3.
01

�
0.
28

*
(6
7.
61

)
G
ol
d
N
PM

Z
(5

m
g
kg

�
1
)

2.
16

�
0.
24

4.
27

�
0.
13

4.
15

�
0.
12

4.
34

�
0.
12

3.
92

�
0.
16

*
(1
8.
89

)
3.
64

�
0.
07

*
(3
3.
33

)
3.
11

�
0.
08

*
(5
6.
22

)
2.
76

�
0.
08

*
(7
1.
42

)

a
St
at
is
ti
ca
la

n
al
ys
is
of

th
e
re
su

lt
s
w
as

co
n
du

ct
ed

be
tw

ee
n
th
e
ar
th
ri
ti
c
gr
ou

p
an

d
th
e
co
n
tr
ol

gr
ou

p
us

in
g
th
e
un

pa
ir
ed

t-
te
st
.C

om
pa

ri
so
n
am

on
g
th
e
ar
th
ri
ti
c
gr
ou

p
an

d
al
lt
h
e
ot
h
er

gr
ou

ps
w
as

co
n
du

ct
ed

u
si
n
g
on

e
w
ay

A
N
O
V
A
,f
ol
lo
w
ed

by
D
u
n
et
te
's
te
st
.V

al
ue

s
ar
e
ex
pr
es
se
d
as

m
ea
n
�

SD
(n

¼
4)
.(
*
a p

<
0.
05

)
re
pr
es
en

ts
si
gn

i
ca
n
ce
.

27100 | RSC Adv., 2021, 11, 27092–27106

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/2

8/
20

26
 5

:2
4:

44
 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
showed a more prominent effect on the % inhibition of the paw
edema as compared to the aqueous extract (Table 1).

In FCA-induced arthritis, the paw volume and joint diameter
is signicantly (*p < 0.05) decreased in the indomethacin,
aqueous extract, and nanoparticles of M. zapota treated groups
as compared to the FCA-induced arthritic group, as shown in
Tables 2 and 3. A signicant decrease in the paw volume and
joint diameter was observed from 16 to 28 days. The effect of the
aqueous extract and the nanoparticles ofM. zapota leaves at the
latency time (seconds) in FCA-induced arthritic rats is presented
in Table 4 and showed a marked improvement.

In the present study, hematological analysis revealed that
the hemoglobin content and RBCs count signicantly (*p <
0.05) increased in indomethacin, aqueous extract, and gold
nanoparticles of the M. zapota leaf extract treated groups as
compared to the FCA-induced arthritic group, as shown in Table
5. Furthermore ESR, WBC's count, and platelet count signi-
cantly (*p < 0.05) decreased in indomethacin, aqueous extract,
and gold nanoparticles of the M. zapota leaf extract treated
groups as compared to the FCA-induced arthritic group.

In the biochemical analysis, the results showed that the
aqueous extract of M. zapota signicantly (*p < 0.05) decreased
the ALT activity (28.53%) and (39.33%), the AST activity
(29.09%) and (33.51%), the ALP activity (31.91%) and (32.56%),
respectively, at doses of 200 and 400 mg kg�1. Gold nano-
particles decreased the ALT activity (44.13%), AST activity
(37.85%), and ALP activity (34.41%) compared to the FCA-
induced arthritic group, as shown in Table 6.

The sub-acute antiarthritic activity results showed that the
level of TNF-a in the paws of the arthritic control group is
signicantly increased as compared to the control group (Table
7).

In the antioxidant analysis, the results showed that the
aqueous extract of M. zapota signicantly (*p < 0.05) increased
the tGSH content (58.34%) and (68.91%), CAT activity (54.97%)
and (72.05%), SOD activity (36.72%) and (51.48%), respectively,
at doses of 200 and 400 mg kg�1. Biosynthesized gold nano-
particles increased the tGSH content (75.74%), CAT activity
(78.43%), and SOD activity (71.99%) as compared to the FCA-
induced arthritic group, as shown in Table 8.

Radiological examination of X-rays in FCA-induced arthritic
group showed a marked increase in the inammation along
with the inammatory cells and the area of so tissues is
transparent or less dark as compared to the control group
tissues (Fig. 11 and 12). This is due to the inammatory process
occurring at the joint level. While indomethacin, aqueous
extract, and nanoparticles of M. zapota leaf extract showed
a marked decrease in the inammation along with the inam-
matory cells and the area of the so tissues becomes darker or
less transparent as compared to the FCA-induced arthritic
group (Fig. 13–16).

In carrageenan-induced paw edema, the results showed that
the paw volume in the diclofenac sodium, aqueous extract, and
nanoparticles of M. zapota leaf extract treated groups signi-
cantly (*p < 0.05) decreased as compared to the carrageenan-
induced control group. Nanoparticles of M. zapota showed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Effect of the aqueous extract and nanoparticles of M. zapota on the joint diameter (mm) in FCA-induced arthritic ratsa

Joint Diameter (mm) (% inhibition)

Groups Day 0 Day 4 Day 8 Day 12 Day 16 Day 20 Day 24 Day 28

Normal
control

4.25 � 0.08 4.26 � 0.08 4.27 � 0.09 4.26 � 0.08 4.27 � 0.06 4.28 � 0.08 4.28 � 0.07 4.29 � 0.09

Arthritic
control

4.51 � 0.06 7.10 � 0.16*a 6.91 � 0.80*a 7.44 � 0.44*a 7.74 � 0.81*a 8.09 � 0.33*a 7.77 � 0.50*a 7.33 � 0.30*a

Positive
control

4.26 � 0.13 7.09 � 0.05 6.84 � 0.19 7.13 � 0.11 6.43 � 0.16*
(33.39)

5.92 � 0.25*
(53.76)

5.31 � 0.14*
(67.87)

4.73 � 0.35*
(83.34)

AEMZ
(200mg kg�1)

4.42 � 0.12 7.02 � 0.11 6.87 � 0.21 7.12 � 0.12 7.03 � 0.21*
(19.16)

6.84 � 0.18*
(32.53)

6.34 � 0.17*
(41.07)

5.82 � 0.33*
(50.38)

AEMZ
(400mg kg�1)

4.38 � 0.08 7.05 � 0.16 6.81 � 0.13 7.04 � 0.19 6.94 � 0.17*
(20.86)

6.65 � 0.12*
(36.9)

6.17 � 0.13*
(45.37)

5.48 � 0.35*
(61.19)

NPMZ
(5 mg kg�1)

4.34 � 0.06 6.91 � 0.22 6.82 � 0.16 7.17 � 0.21 6.68 � 0.15*
(27.59)

6.48 � 0.11*
(40.61)

5.79 � 0.16*
(55.55)

5.18 � 0.20*
(70.51)

a Statistical analysis of results was conducted between the arthritic group and the control group using the unpaired t-test. Comparison among the
arthritic group and all other groups was conducted using one way ANOVA, followed by Dunette's test. Values are expressed as mean � SD (n ¼ 4).
(*ap < 0.05) represents signicance.

Table 4 Effect of the aqueous extract and nanoparticles of M. zapota leaves on the latency time (seconds) in FCA-induced arthritic ratsa

Latency time (secs)

Groups Day 0 Day 4 Day 8 Day 12 Day 16 Day 20 Day 24 Day 28

Normal control 8.5 � 1.29 8.9 � 0.85 8.5 � 1.29 8.3 � 0.96 8.8 � 0.96 8.62 � 1.15 8.8 � 0.96 9.0 � 0.81
Arthritic control 8.9 � 0.95 7.6 � 1.25 7.2 � 0.56 6.4 � 0.48*a 6.2 � 0.76*a 6.0 � 0.78*a 5.0 � 1.63*a 4.5 � 1.29*a

Positive control 8.6 � 0.95 8.3 � 0.96 7.5 � 1.29 6.3 � 0.96 12.3 � 0.96* 14.5 � 1.29* 17.0 � 1.83* 20.3 � 2.22*
AEMZ (200 mg kg�1) 8.0 � 0.82 7.3 � 0.96 6.4 � 0.85 5.7 � 0.57 8.05 � 1.02 9.9 � 0.85* 11.6 � 0.94* 13.0 � 0.91*
AEMZ (400 mg kg�1) 8.0 � 0.82 7.3 � 1.71 6.5 � 6.50 5.3 � 0.96 7.88 � 1.93 10.1 � 1.65* 12.5 � 1.29* 15.5 � 1.29*
NPMZ (5 mg kg�1) 9.0 � 0.69 7.5 � 1.29 6.5 � 1.29 5.9 � 0.87 10.0 � 0.82* 15.0 � 1.83* 17.1 � 2.09* 17.3 � 2.22*

a Statistical analysis of results was conducted between the arthritic group and the control group using the unpaired t-test. Comparison among the
arthritic group and all other groups was conducted using one way ANOVA, followed by Dunette's test. Values are expressed in mean � SD (n ¼ 4).
(*ap < 0.05) represents signicance.
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a more prominent effect on the % inhibition of paw edema as
compared to the aqueous extract.

Discussion

Arthritis induced by Freund's Complete Adjuvant (FCA) is
primary and secondary chronic arthritis. In the primary
Table 5 Sub-acute effect of the aqueous extract and nanoparticles of M
arthritic ratsa

Groups ESR (mm/1st an Hour)
Hemoglobin co
(g dL�1)

Normal control 2.50 � 1.00 13.68 � 0.34
Arthritic control 10.50 � 2.52*a 10.28 � 0.51*a

Positive control 3.00 � 1.16* 13.50 � 0.26*
AEMZ (200 mg kg�1) 5.00 � 1.16* 12.28 � 0.45*
AEMZ (400 mg kg�1) 4.50 � 1.00* 12.43 � 0.15*
NPMZ (5 mg kg�1) 4.00 � 1.63* 12.65 � 0.26*

a Statistical Analysis of the results was conducted between the arthritic gro
the arthritic group and all other groups was conducted using one way ANOV
(*ap < 0.05) represents signicance.

© 2021 The Author(s). Published by the Royal Society of Chemistry
inammatory phase, the generation of prostaglandins occurs
and the secondary is an immunological state in which autoan-
tibodies are generated. FCA is responsible for the stimulation of
cell mediated immunity and ultimately increases the produc-
tion of immunoglobulins (20). TNF-a is an important cytokine
that is associated with joint inammation and destruction
through chemokine expression, activation of cytokine,
. zapota leaf extract on the hematological parameters in FCA-induced

ntent RBC's count
(106 mL�1)

WBC's count
(1000 mL�1)

Platelet count
(1000 mL�1)

7.53 � 0.41 7.55 � 3.15 584.3 � 35.14
4.55 � 0.70*a 18.85 � 1.57*a 848 � 49.71*a

7.28 � 0.34* 8.15 � 0.59* 555.8 � 28.66*
6.50 � 0.45* 9.73 � 0.84* 685.8 � 120.2*
6.80 � 0.57* 9.23 � 0.54* 604.5 � 57.05*
7.08 � 0.28* 8.80 � 0.55* 652.8 � 92.69*

up and the control group using the unpaired t-test. Comparison among
A, followed by Dunette's test. Values are expressed in mean� SD (n¼ 4).
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Table 6 Sub-acute effect of the aqueous extract and nanoparticles of M. zapota leaf extract on the biochemical parameters in FCA-induced
arthritic ratsa

Groups ALT activity (U L�1) AST activity (U L�1) ALP activity (U L�1)

Normal control 36.76 � 5.78 44.67 � 5.98 117.4 � 6.69
Arthritic control 72.87 � 5.24*a 84.60 � 3.14*a 220.6 � 34.79*a

Indomethacin(4 mg kg�1) 40.72 � 5.18* 47.70 � 3.54* 130.0 � 4.931*
AEMZ (200 mg kg�1) 52.08 � 2.03* 60.00 � 5.66* 148.5 � 7.18*
AEMZ (400 mg kg�1) 48.41 � 11.37* 56.26 � 4.11* 151.5 � 8.93*
Gold NPMZ (5 mg kg�1) 40.72 � 3.42* 52.59 � 3.46* 142.5 � 5.82*

a Statistical analysis of the results was conducted between the arthritic group and the control group using the unpaired t-test. Comparison among
the arthritic group and all the other groups was conducted using one way ANOVA, followed by Dunette's test. Values are expressed in mean � SD (n
¼ 4). (*ap < 0.05) represents signicance.

Table 7 Sub-acute effect of the aqueous extract and nanoparticles of
M. zapota leaf extract on the TNF-a level in FCA-induced arthritic ratsa

Groups

TNF-a level (ng mL�1)

Mean � SD

Normal control 24.12 � 2.51
Arthritic control 60.05 � 1.15*a

Positive control 28.43 � 0.47*
AEMZ (200 mg kg�1) 45.28 � 1.95*
AEMZ (400 mg kg�1) 35.56 � 2.36*
NPMZ (5 mg kg�1) 29.33 � 0.64*

a Statistical analysis of results was conducted between the arthritic
group and the control group using the unpaired t-test. Comparison
among the arthritic group and all other groups was conducted using
one way ANOVA, followed by Dunette's test. Values are expressed in
mean � SD (n ¼ 4). (*ap < 0.05) represents signicance.
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protection of synovial broblasts, expression of endothelial-cell
adhesionmolecules, promotion of angiogenesis, suppression of
regulatory T-cells, and induction of pain.26 The blocking of TNF-
a with monoclonal antibodies and the hindering of a soluble
TNF-receptor fusion protein result in the prevention of
arthritis.29

In rheumatoid arthritis, the administration of gold
compounds results in the accumulation of gold in the lyso-
somes of synovial macrophages. In the synovial lining, gold
Table 8 Sub-acute effect of the aqueous extract and nanoparticles of M

Groups
tGSH content
(mM g�1 tissue)

MDA l
(mM g�

Normal control 4.28 � 0.11 1.99 �
Arthritic control 1.64 � 0.23*a 3.93 �
Positive control 3.17 � 0.35* 2.31 �
AEMZ (200 mg kg�1) 2.59 � 0.35* 3.09 �
AEMZ (400 mg kg�1) 2.76 � 0.24* 2.91 �
Gold NPMZ (5 mg kg�1) 2.87 � 0.29* 2.74 �
a Statistical analysis of the results was conducted between the arthritic gro
arthritic group and all other groups was conducted using one way ANOVA
(*ap < 0.05) represents signicance.

27102 | RSC Adv., 2021, 11, 27092–27106
compounds inhibit IL-1, IL-6, and TNF-a production, signi-
cantly decreasing the macrophage numbers and oxygen radical
generation. Gold salts also inhibit angiogenic properties of the
macrophages and inhibit T-cell proliferation in response to
antigen or mitogen.30 Manilkara zapota was tested for in vitro
antiarthritic activity using inhibition of the protein denatur-
ation model. M. zapota showed signicant protection against
the denaturation of proteins, which showed that it could be
used as an antiarthritic.31 Keeping this in mind, it was
hypothesized that gold nanoparticles of the Manilkara zapota
leaf extract would prove benecial against arthritis.

In the present study, gold nanoparticles of M. zapota leaf
extract showed more prominent decrease in the paw volume
and joint diameter as compared to the aqueous extract. The
presence of terpenoids, tannins, avonoids, and steroids may
contribute to antiarthritic activity of M. zapota in reducing the
paw volume and joint diameter.10 Plant-based nanoparticles
offers advantages such as use of safer solvents, decreased use of
dangerous reagents, feasibility, as well as their adaptability in
use for pharmaceutical, surgical, and medicinal applications.32

Gold nanoparticles (AuNPs) are a promising class of nano-
materials that are inert in the biological environment. They
have physical properties that are suitable in various biomedical
applications owing to their unique size and shape. These
include high surface, special optoelectronic properties,
biocompatibility, charge-to-size ratio, and a tunable surface,
which make them ideal for drug delivery, bio-sensing, and
. zapota leaf extract on the biomarkers in FCA-induced arthritic ratsa

evel
1 tissue)

Catalase activity (mmol
H2O2 per mg per min)

SOD activity
(U mg�1)

0.29 43.89 � 3.79 4.62 � 0.42
0.33*a 17.18 � 3.09*a 1.84 � 0.19*a

0.32* 32.36 � 4.44* 3.55 � 0.45*
0.24* 26.63 � 2.69* 2.51 � 0.19*
0.37* 29.56 � 3.71* 2.78 � 0.24*
0.28* 30.66 � 3.94* 3.06 � 0.12*

up and the control group using the unpaired t-test. Comparison among
, followed by Dunette's test. Values are expressed in mean � SD (n ¼ 4).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Radiograph of the left hind paw of the rat of the control group.

Fig. 12 Radiograph of the left hind paw of the rat of the FCA-induced arthritic group.

Fig. 13 Radiograph of the left hind paw of the rat of the indomethacin group.

Fig. 14 Radiograph of the left hind paw of the rat of the aqueous extract 200 mg kg�1 group.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 27092–27106 | 27103
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Fig. 15 Radiograph of the left hind paw of the rat of the aqueous extract 400 mg kg�1 group.

Fig. 16 Radiograph of the left hind paw of the rat of the nanoparticles group.
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diagnostic applications. Depending on the application, gold
nanoparticles are prepared in different shapes, sizes, and
structures.33

In sub-acute antiarthritic activity, the aqueous extract has
shown 61.42 and 67.61% inhibition of paw edema in volume at
doses of 200 and 400 mg kg�1, respectively, at the 28th day, as
shown in Table 2. The biosynthesized gold nanoparticles
showed 71.42% and indomethacin showed 84.76% inhibition
of paw edema at the 28th day. The percentage inhibition of paw
edema volume by aqueous and biosynthesized gold nano-
particles of M. zapota leaf extract could be attributed to some
active constituents such as oleanic acid, myricitin-3-O-a-L-
rhamnoside, and apigenin-7-O-a-L-rhamnoside present in the
leaves of M. zapota.34

In sub-acute antiarthritic activity, the aqueous extract
showed 50.38 and 61.19% inhibition of paw edema in the joint
diameter at doses of 200 and 400 mg kg�1, respectively, at the
28th day. Nanoparticles exhibited 70.51% inhibition and indo-
methacin showed 83.34% inhibition of paw edema at the 28th

day, as shown in Table 3. Nanoparticles ofM. zapota leaf extract
displayed a more prominent effect on the % inhibition of paw
edema in the joint diameter as compared to the aqueous one. In
rheumatoid arthritis, gold compounds cause a signicant
decrease in the macrophage numbers and inhibit the angio-
genic properties of macrophages and inhibit T-cell proliferation
in response to antigen or mitogen in the synovial lining.35
27104 | RSC Adv., 2021, 11, 27092–27106
Moreover, antinociceptive response with the aqueous extract
and nanoparticles of M. zapota leaf extract-treated groups
signicantly (*p < 0.05) increased the latency time as compared
to the FCA-induced arthritic group, as shown in Table 4.
Nanoparticles of M. zapota leaf extract demonstrated a more
prominent increase in the latency time as compared to the
aqueous extract. The RBC count and hemoglobin levels were
reported to be decreased under arthritic conditions, which is
a common reason of anemia in arthritic patients. WBCs and
platelet count have been reported to increase in rheumatoid
arthritis, which is due to the stimulation of the immune system
in invading antigens. Biosynthesized gold nanoparticles proved
more effective in increasing the Hb content and RBCs count and
in decreasing the WBC's and platelets count as compared to the
aqueous extract.36,37

The ALT, AST, and ALP activity in the serum is the tool to
measure the antiarthritic activity of a particular drug. In the
inammatory process, ALT and AST play an important role in
the formation of biologically-active chemical mediators such as
bradykinins. Elevated levels of ALP have been reported in liver
and bone, which leads to localized bone loss in the form of bone
erosion and periarticular osteopenia. In biochemical analysis, it
has been revealed that the nanoparticles of M. zapota leaf
extract showed a prominent decrease in the ALT, AST, and ALP
activities as compared to the aqueous extract.38

It has been reported that pro-inammatory cytokines,
including TNF-a, play an important role in the pathophysiology
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of rheumatoid arthritis and its level increases in the bone
region of the knee joint.39,40 The aqueous extract and bio-
synthesized gold nanoparticles of M. zapota leaf extract treated
groups signicantly decreased the level of TNF-a as compared
to the FCA-induced arthritic group, as shown in Table 7. Gold
nanoparticles showed more efficacies in decreasing the level of
TNF-a as compared to the aqueous extract. In rheumatoid
arthritis, gold compounds inhibit IL-1, IL-6, and TNF-
a production and a signicant decrease in the macrophage in
the synovial lining.36

Oxidative stress has been reported in rheumatoid arthritis,
which occur due to the overproduction of ROS, which is
produced during cellular oxidative phosphorylation and by
activated phagocytic cells during oxidative bursts.4 The over-
production of the oxidative stress markers such as MDA was
noticed in adjuvant-induced arthritis. This is because during
inammatory disease, phagocytes accumulate in the joint
region and increase the levels of hydroxyl radicals, hydrogen
peroxide, and superoxide radicals.35,41 The tGSH, SOD, and
catalase activities were found to be decrease under the arthritic
conditions.42 The current study revealed that nanoparticles of
M. zapota leaf extract showed a prominent increase in the tGSH
content, CAT activity, and SOD activity as compared to the
aqueous and methanol extracts. Aqueous extract and gold
nanoparticles of M. zapota leaf extract signicantly (*p < 0.05)
decreased the MDA level as compared to the FCA-induced
arthritic animals. Moreover, nanoparticles of M. zapota leaf
extract showed a prominent decrease in the MDA level as
compared to the aqueous extract. The antioxidant potential of
M. zapota leaves is due to the presence of high content of
avonoids and phenols.6 Gold compounds are also responsible
for a signicant decrease in oxygen radical generation in
rheumatoid arthritis.35 On a radiological basis, the improve-
ment in the inammatory condition due to biosynthesized gold
nanoparticles of the M. zapota leaf extract illustrated a more
potent effect as compared to the aqueous extract.43

Conclusion

A facile, inexpensive, ecofriendly, non-hazardous, and green
approach for the synthesis of AuNPs was developed through the
reduction of aqueous HAuCl4 solution using “Manilkara zapota
leaf extract” as the reducing and stabilizing agent. The leaf
extract was used to reduce gold ions into metallic gold. The
antioxidants present in “Manilkara zapota leaf extract” served
the purpose of reduction and stabilization. Thus, an eco-
friendly and non-toxic plant extract can be used as a system-
atic substitute to traditional chemicals. The stability of the
AuNPs was increased using plant polyphenolic compounds.
Different analytical techniques such as UV, FTIR, XRD, SEM,
and zeta potential were used for the conrmation of the AuNPs.
Different factors affecting the synthesis of AuNPs such as the
effect of concentration, temperature, pH, reaction time, and salt
were studied. Manilkara zapota and its gold nanoparticles were
screened for their antiarthritic activity. It was concluded that
the aqueous extract and the gold nanoparticles of M. zapota
leaves possess signicant in vivo analgesic, anti-inammatory,
© 2021 The Author(s). Published by the Royal Society of Chemistry
and antiarthritic activity in FCA-induced arthritis. Bio-
synthesized gold nanoparticles of the aqueous extract of M.
zapota leaves possess more pronounced antiarthritic activity
and TNF-a inhibition as compared to the aqueous extract and
can be used as a potent antiarthritic agent. Advanced studies are
needed to identify the active phytoconstituent(s) of M. zapota
responsible for its antiarthritic activity and also to validate its
safety and efficacy.
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