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Nanotechnology has vast applications in almost all fields of science and technology. The use of medicinal plants for the synthesis of
metallic nanoparticles has gained much attention nowadays. In the current research work, six medicinal plants were used for the
synthesis of gold nanoparticles (AuNPs) and iron nanoparticles (FeNPs). The synthesized nanoparticles were characterized by
different techniques including UV-visible spectrophotometry, scanning electron microscopy (SEM), and Fourier transform
infrared spectroscopy (FTIR). Furthermore, the activities of green synthesized nanoparticles were screened in vitro using, for
example, antibacterial, antioxidant, cytotoxic, and DNA protection assays. Both FeNPs and AuNPs had spherical shapes with an
average size less than 50 nm and were found to have good antimicrobial and nontoxic effects. Furthermore, FeNPs from Ficus
microcarpa demonstrated high drug loading efficiency (65%) as compared to an anti-inflammatory drug (diclofenac potassium,
DEFP). We also evaluated the drug delivery potential, as well as anti-inflammatory and anticoagulant properties, of nanoparticles in
vivo. Interestingly, AuNPs of Syzygium cumini exhibited strong anti-inflammatory potential as compared to DFP and diclofenac-
loaded FeNPs of Ficus microcarpa. The results suggest potential pharmacological applications of biogenic synthesized AuNPs and
FeNPs which can be explored further. The study revealed that the green synthesized AuNPs and FeNPs provide a promising
approach for the synthesis of drug-loaded nanoparticles and consequently in the field of targeted drug delivery.

1. Introduction

Nanotechnology has gained much popularity nowadays in
almost all fields of science and technology, because of its vast
applications in medicine, chemistry, electronics, and engi-
neering [1, 2]. Various chemical, physical, and biological
approaches are now being used for the synthesis of metallic

nanoparticles [3, 4]. Chemical methods involve the use of
toxic chemicals that not only pose a risk to the environment
and human health but also have the problems of low stability
and aggregation of particles [5]. Hence, the plant-based
biological approach is considered ideal over other microbes-
mediated biological methods due to low cost, high repro-
ducibility, eco-friendliness, less reaction time, and
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elimination of cell culture step [6-9]. Plant extracts contain
many different kinds of phytochemicals that serve as strong
reducing and stabilizing agents, which drive the synthesis of
nanoparticles [10-12]. Therefore, the size, shape, and other
properties of synthesized nanoparticles may vary depending
on the nature and source of the plant being used [13]. Plant
extract-based synthetic approach is widely reported in the
literature [14, 15], but there is still a lot to be explored
regarding the reduction potential of various phytochemicals
because of the diversity and high potential of plants in
producing nanoparticles of different sizes and shapes [16].

Phyllanthus emblica, Syzygium cumini, Mentha piperita,
Rosa indica, Mallotus philippensis, and Ficus microcarpa are
important medicinal plants of Pakistan. These plant extracts
have been reported for significant pharmacologically effects,
including anti-inflammatory, antitumor, hepatoprotective,
antidiabetic, antioxidant, and antimicrobial activities
[17-20]. Many studies have indicated that phytochemicals
such as polyphenols, hydrolyzable tannins, flavonoids, al-
kaloids, terpenoids, and proteins present in these plant
extracts are the major bioactive compounds responsible for
their different biological activities [21, 22]. Phytochemicals
are capable of reducing metal ions to nanoparticles but also
help in their stabilization [23, 24].

In the present study six medicinal plants, Phyllanthus
emblica, Syzygium cumini, Mentha piperita, Rosa indica,
Mallotus philippensis, and Ficus microcarpa, were used to
synthesize gold (AuNPs) and iron (FeNPs) nanoparticles of
different morphology and biological activities. Nanoparticles
were characterized by UV-visible spectrophotometry,
scanning electron microscopy (SEM), and Fourier transform
infrared spectroscopy (FTIR). Biological activities of AuNPs
and FeNPs were evaluated in vitro by antibacterial assay,
DPPH free radical scavenging assay. Nontoxic effects of
nanoparticles were assessed by brine shrimp cytotoxicity
assay and inhibition of hydroxyl free radical-induced DNA
damage assay. To minimize the side effects, like gastric ir-
ritation due to high dose administration of nonsteroidal
anti-inflammatory drugs like diclofenac potassium (DEP),
we also developed a method to load DFP on green syn-
thesized AuNPs and FeNPs coupled with folic acid for
targeted diclofenac delivery. The efficacy of drug-loaded
nanoparticles was assessed in vivo using the mouse model.

2. Material and Methods

2.1. Preparation of Gold and Iron Nanoparticles. A volume of
500 uL, 1 mL, 2mL, and 4 mL of the aqueous leaf extract (2 g/
100 mL) was carefully added to 25mL of 1 mM aqueous
chloroauric acid (HAuCl,) and ferrous sulfate heptahydrate
(FeSO,4.7H,0) (Sigma Aldrich Chemical Co., St. Louis, Mo,
USA) solution. The flasks containing the mixture of extract
and corresponding salts were incubated at 50°C for 24 h in
the dark.

2.2. Characterization of Nanoparticles. All synthesized
nanoparticles were characterized by the following
techniques.
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2.3. UV-Visible Spectroscopy Analysis. UV-visible spectrum
of gold and iron nanoparticles was monitored by UV-visible
spectroscopy (Agilent UV-visible spectrophotometer). Re-
spective plant extract and salt solutions were used as con-
trols. The measurement was carried out at wavelength ranges
of 400-800 nm and 200-400 nm for characterization of gold
and iron nanoparticles, respectively.

2.4. Scanning Electron Microscopy (SEM). The shape and size
of nanoparticles were evaluated by SEM using an analytical
scanning electron microscope (JSN, 6490A, Tokyo, Japan).
Thin films of the nanoparticles were prepared on a carbon-
coated copper grid by simply dropping a very small amount
of the sample on the grid, and excess solution was removed
by blotting paper.

2.5. Fourier Transform Infrared Spectroscopy (FTIR).
FTIR spectra of gold and iron nanoparticles were recorded
in KBr pellets using a PerkinElmer spectrophotometer
(Thermo Scientific, USA). The wavenumber range was se-
lected in the range of middle infrared of 4000-400 cm ™. The
peaks obtained were plotted as wavenumber (cm™) in X-
axis and as percentage transmittance in Y-axis.

2.6. Temperature Dependent Stability of Nanoparticles.
The biosynthesized nanoparticles were stored at 4°C and
analyzed through UV-visible spectrophotometer for eight
months for stability.

2.7. Antibacterial Assay. The antibacterial activity of green
synthesized nanoparticles was evaluated by the disc
diffusion method as described previously [25]. Seven
bacterial strains, i.e., Bacillus subtilis (B. subtilis), Sal-

monella typhi (S. typhi), Enterobacter aerogenes
(E. aerogenes), Pseudomonas septic (P. septica), Staphy-
lococcus aureus (S. Aureus), Micrococcus luteus

(M. Luteus), and Escherichia coli (E. coli), were used on
nutrient agar plates. Sterile filter paper discs impregnated
with 5uL of each nanoparticle solution with 20 yg/mL,
10 ug/mL, 5ug/mL, and 2.5pug/mL final concentration
were placed on the seeded plates. Disc infused with
Kanamycin (standard antibacterial) served as a positive
control. Plates were incubated at 37°C for 24h. After
incubation, the diameter of the zone of inhibition was
measured with the help of the vernier caliper. Nano-
particles producing an inhibitory concentration (MIC)
were determined by standard threefold broth micro-
dilution method. A stock solution of each active nano-
particle was serially diluted in 96-well plates with Mueller
Hinton broth. A standardized inoculum for each bacterial
strain was prepared as an inoculum size of 5x10* CFU/
mL in each well. Then, plates were incubated at 37°C
overnight. The MIC was calculated as the lowest con-
centration of the nanoparticles inhibiting the growth of
bacterial strain by measuring OD at 600 nm, and the assay
was performed as triplicated analysis.
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2.8. DPPH Free Radical Scavenging Assay. The free radical
scavenging activity of samples was determined by the re-
ported method with some modifications [26]. Each nano-
particle sample (10 uL) with final concentration of 100 ug/
mL, 50 ug/mL, 25 ug/mL, and 12.5 ug/mL was mixed with
0.1 mM DPPH (190 uL) in 96-well plate. Deionized water
and ascorbic acid were used as negative and positive con-
trols, respectively. The reaction was carried out in triplicate,
and mixtures were incubated in the dark at 37°C for 30 min.
Following incubation, the absorbance of samples was
measured at 517 nm using a microplate reader. ICs, was
calculated by TableCurve software (version 4), and the free
radical scavenging potential of the sample was calculated
with the help of the following formula:

1 — absorbance of sample
x 100

scavenging activity (%) = ( absorbance of control

(1)

2.9. Brine Shrimp Cytotoxicity Assay. Brine shrimp cyto-
toxic assay was used to assess the toxicity of nanoparticles
[27]. Artemia salina (brine shrimp) eggs (Ocean Star Inc.,
USA) were hatched in seawater (34g/L). After 24h,
shrimps were transferred to vials, with almost 15 in each
vial. The test samples with the final concentrations of
50 ug/mL, 25 ug/mL, and 12.5 yg/mL were added, and the
final volume was made up to 5 mL. The whole procedure
was carried out in triplicate. The vials were kept under
light at 25-28°C for 24 h of incubation. After 24 h, sur-
viving brine shrimps were counted by 3x magnifying
glass. Percentage viability was calculated using the fol-
lowing formula:

(2)

control — test
—— | x 100.
control

percentage viability = (

drugadded during preparation — drug in the supernatant

2.10. Inhibition of Hydroxyl Free Radical-Induced DNA
Damage Assay. DNA protection ability of nanoparticles
against hydroxyl free radical-induced DNA damage was
determined in vitro using a DNA protection assay [27]. The
reaction was performed in PCR tubes with 16 yL of the total
volume having 4 uL of pBR322 DNA (0.5 ug), 3 L of 2 mM
FeSOy,, 4 uL of 30% H,0,, and 5uL of nanoparticles with
1000, 100, and 10pug/mL final concentrations. DNA of
pBR322 treated with 2 mM FeSO,4 and 30% H,O, was used as
positive control while untreated pBR322 DNA served as
negative control (P). To check the effects of samples on
DNA, prooxidant control containing the sample and un-
treated pBR322 was used. The mixtures were then incubated
at 37°C for 1 h. Reaction mixtures were run on 0.8% agarose
gel electrophoresis in 1x TBE buffer using 1 Kb ladder (L).
The gel was visualized by using gel documentation system
(Bio-Rad Laboratories, California, USA).

2.11. Preparation of Drug-Loaded Nanoparticles. DFP was
loaded on green synthesized AuNPs and FeNPs of Syzygium
cumini and Ficus microcarpa according to the reported
method [28]. A stock solution of DFP (10 mg/mL) was
prepared, in addition to further serial dilutions, i.e., 4 mg/
mL, 2mg/mL, and 1 mg/mL. The concentration of drug to be
used for loading was optimized by carrying out reactions of
drug loading at the above concentrations. 2 mL of optimized
concentration (e.g., 2mL of 2 mg/mL drug) of the drug was
added to 6 mL of AuNPs and FeNPs (1 mg/mL), and the
mixture was allowed to stir for 24 h and then centrifuged at
14,000rpm for 30 min. Drug-loaded nanoparticles were
washed twice with deionized water. The pellet (that contains
drug-loaded nanoparticles) was again dispersed in deionized
water for characterization. Drug loading was evaluated by
measuring the absorbance of supernatant and standard drug
solution at 276 nm. The efficiency of drug adsorption was
calculated using the following formula:

% loading efficiency = <

2.12. Preparation of Diclofenac-Loaded Folic Acid Attached
Nanoparticles. 150 mg of 1-ethyl-3-(3-dimethyl amino-
propyl)carbodiimide (EDC) was dissolved in 2.5mL of
0.1 M NaOH, and 150 mg of folic acid (FA) was added to
the mixture and then activated for 3 h. Casein (500 mg)
dissolved in 10 mL of 0.1 M NaOH was added to it and
stirred for 24h. It was then dialyzed against water to
obtain casein-folic acid conjugate and to remove
unreacted EDC and folic acid from that conjugate. 1 mL
of the conjugate was added to drug-loaded nanoparticles
(5mg/mL) and stirred for 12h, followed by centrifuga-
tion to synthesize drug-loaded folic acid attached
nanoparticles. The free drug in the supernatant was de-
termined by measuring its absorbance at 276 nm.

amount of drug added during preparation

) % 100. (3)

2.13. Anti-Inflammatory Assay. The anti-inflammatory po-
tential of nanoparticles was assessed by the carrageenan-
induced mouse paw edema test as reported previously [29].
Rats were divided according to weight and marked with a
specific number. Drug dose was given according to the
weight of the rat. All samples were dissolved in DMSO at a
concentration of 1 mg/mL, DFP was used as the positive
control, and DMSO was used as the negative control.
Weighed rats were divided into groups (n =7). Animals were
fed orally by feeding tubes 60 min before carrageenan in-
jection. 100 uL of freshly prepared carrageenan was injected
into sub-planar tissues of the left hind paw of each rat.
Plethysmometer (Ugo Basile 7140) calculated the paw vol-
ume instantly before and after the carrageenan injection at 0,



1, and 3 h intervals. Three readings were recorded at each
time interval. The increase in paw volume for subsequent
time intervals was calculated by the following formula:

A-B
percentage inhibition = [ (T) x 100 ], (4)

where A is edema of control rats and B is edema of treated
rats.

2.14. Anticoagulant Assay. Nanoparticles were screened for
their anticoagulant activity by the rat capillary method used
previously to determine the time delay in clot formation
after the treatment [30]. After 1 h of dosage, the rat-tail was
pierced with the help of a lancet, and the tail blood was filled
in capillary tubes and placed in a water bath at 37°C. After
60s, the small parts of the capillary tube were fragmented
each 10s until the thread of fibrin is visualized between the
pierced ends of the tube. Aspirin was used as the positive
control, and saline in 10% DMSO served as the negative
control. Clot formation time was measured in seconds, and
the ratios were calculated using International Normalized
Ratios [31]. The INR values were calculated by the following
formula:

PT sample o
INR=[—F—| . 5
(PT control) ®)

In this equation, PT represents the prothrombin time
(clotting time) and ISI represents the international sensi-
tivity index as per WHO guidelines.

2.15. Statistical Analysis. The data were analyzed statistically
by one-way analysis of variance (ANOVA) followed by
Tukey’s test using GraphPad Prism 8.0 software. Results are
expressed as mean+SD, and p<0.05 is considered
significant.

3. Results and Discussion

3.1. Biosynthesis and Characterization of Gold and Iron
Nanoparticles. In this study, gold and iron nanoparticles
were synthesized from six different medicinal plants, i.e.,
Phyllanthus emblica, Syzygium cumini, Mentha piperita,
Rosa indica, Mallotus philippensis, and Ficus macrocarpa,
to check the comparative potential and efficacy of these
strong antioxidant plants in the synthesis of nano-
particles. We already evaluated the comparative antiox-
idant activities of the plants [32]. In the current study,
different concentrations of each plant extract were mixed
with the solution of HAuClO, and FeSO,.7H,0, incu-
bated for 12-24h. Change in color of solution, purple/
violet and black/brown, indicated the synthesis of gold
and iron nanoparticles, respectively (Figures 1(a) and
1(b)). UV-visible spectrophotometric analysis revealed
characteristic peaks of gold nanoparticles at 541 nm and
iron nanoparticles at 215nm (Figure 1(c)). Metal salts
and extracts (used as controls) did not show peak at
characteristic =~ nanoparticle ~ wavelength. Sharp
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characteristic peaks of nanoparticles were observed at the
optimal concentration of each extract. Stability studies of
nanoparticles showed that most of the green synthesized
gold and iron nanoparticles were found to be stable for
eight months (Figure 1(d)). Only Phyllanthus emblica and
Syzygium cumini gold nanoparticles showed a redshift
indicating poor stability, while in the case of iron
nanoparticles there was some change in the peak wave-
length of Mallotus philippensis and Ficus microcarpa. Any
redshift in surface plasmon resonance band may be due to
an increase in either nanoparticle size, particle aggre-
gation, or both. Moreover, the poor stability of these
particles may be due to an increase in particle size and
aggregation over time [33, 34]. SEM analysis of green
synthesized gold and iron nanoparticles revealed the
uniform texture, small size (less than 50nm), and
spherical shape of nanoparticles (Figure 2(a)). The
AuNPs of Mallotus philippensis and FeNPs of Rosa indica
exhibited the smallest size (i.e., 29 nm and 28 nm, re-
spectively). This is because of the different reduction
capacities of each plant extract. The volume of extract
used for nanoparticle synthesis also affects nanoparticle
size [24, 33, 35]. SEM images also revealed that AuNPs
have less agglomeration than FeNPs. This might be due to
the magnetic behavior of iron nanoparticles and their
larger surface area to volume ratio, as they tend to ag-
gregate to reduce surface energy. These particles can be
coated with a biocompatible polymer to remove ag-
glomeration [36, 37]. The major plant biomolecules re-
sponsible for the reduction, stabilization, and capping of
AuNPs and FeNPs were further verified by FTIR spec-
troscopy. The disappearance of characteristic functional
group peak of plant extract in spectra of nanoparticles
(both gold and iron) showed that these functional groups
are involved in the synthesis of nanoparticles [38, 39].
Any shift in the peak of functional groups shows their
involvement in the capping of nanoparticles. Considering
this, FTIR spectra of all green synthesized nanoparticles
were interpreted as shown in Table 1. Results showed the
involvement of phytochemicals of plant extracts such as
phenolics, alkaloids, flavonoids, and proteins in the
synthesis and stability of nanoparticles. Some represen-
tative FTIR spectra are shown in Figure 2(b).

3.2. Antibacterial Activity. Antibacterial activity of green
synthesized AuNPs and FeNPs was assessed by using disc
diffusion assay. Plant extracts and metal salts used for
metallic nanoparticles synthesis were used as controls. Initial
screening was done at 20 yg/mL. To calculate minimum
inhibitory concentration (MIC), 10 yug/mL, 5pug/mL, and
2.5ug/mL concentrations of nanoparticles were used. Our
results showed that most of the AuNPs and FeNPs exhibited
strong antibacterial activity against two Gram-positive
strains (S. aureus and M. luteus) and one gram —ve strain
(E. aerogenes) with very low MIC value, ie., 2.5ug/mL
(Figure 3(a)). At high concentrations, gold nanoparticles of
Ficus microcarpa and Phyllanthus emblica significantly
inhibited the growth of E. coli (gram —ve strain). Previous
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Fi1GuRre 1: (a) Color change of extract showing the synthesis of different gold nanoparticles (AuNPs). (b) Color change of extract showing the
synthesis of different iron nanoparticles (FeNPs). (c) UV-visible spectrum of (A) Phyllanthus emblica AuNPs (P. emblica AuNPs), (B)
Syzygium cumini (AuNPs) (S. cumini AuNPs), (C) Mentha piperita AuNPs (M. piperita AuNPs), (D) Rosa indica AuNPs (R. indica AuNPs),
(E) Mallotus philippensis AuNPs (M. philippensis AuNPs), (F) Ficus microcarpa AuNPs (F. microcarpa AuNPs), (G) Phyllanthus emblica
FeNPs (P. emblica FeNPs), (H) Syzygium cumini FeNPs (S. cumini FeNPs), (I) Mentha piperita FeNPs (M. piperita FeNPs), (J) Rosa indica
FeNPs (R. indica FeNPs), (K) Mallotus philippensis FeNPs (M. philippensis FeNPs), (L) Ficus microcarpa FeNPs (F. microcarpa FeNPs). (d)
UV-visible spectrum showing stability of (A) P. emblica AuNPs, (B) S. cumini AuNPs, (C) M. piperita AuNPs, (D) R. indica AuNPs, (E)
M. philippensis AuNPs, (F) F. microcarpa AuNPs, (G) P. emblica FeNPs, (H) S. cumini FeNPs, (I) M. piperita FeNPs, (J) R. indica FeNPs, (K)

M. philippensis FeNPs, (L) F. microcarpa FeNPs.
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FIGURE 2: (a) SEM images of (A) P. emblica AuNPs, (B) S. cumini AuNPs, (C) M. piperita AuNPs, (D) R. indica AuNPs, (E) M. philippensis
AuNPs, (F) F. microcarpa AuNPs, (G) P. emblica FeNPs, (H) S. cumini FeNPs, (I) M. piperita FeNPs, (J) R. indica FeNPs, (K) M. philippensis
FeNPs, (L) F. microcarpa FeNPs. (b) FTIR spectra of (A) S. cumini AuNPs and S. cumini extract, (B) F. microcarpa AuNPs and F. microcarpa

extract.
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TaBLE 1: Interpretation of FTIR results.
SN Type of Reducing agents of plant extracts involved in Capping agents of plant extracts involved in stabilizing
nanoparticles nanoparticle synthesis nanoparticles
1. Polyphenols
. . . 2. Flavonoids
1 P. emblica AuNPs Aldehyde/ketone containing phytochemicals 3. Proteins
4. Alkaloids
) S. cumini AuNPs Alcohols and aromatic rings containing 1. Polyp‘henols
phytochemicals 2. Proteins
1. Polyphenols
3 M. piperita AuNPs Alkyl halide containing phytochemicals 2. Flavonoids
3. Proteins
4 R. indica AuNPs Alcohols and phenols containing phytochemicals L. Carboxylic acid
' P g phyt 2. Amides containing phytochemicals
M. philippensis - . 1. Proteins
5 AuNPs Alcohols and phenols containing phytochemicals 2. Polyphenols
F. microcarpa . . . 1. Polyphenols
6 AuNPs Alkyl halides containing phytochemicals 2. Proteins
1. Polyphenols
7 P. emblica FeNPs Aldehyde/ketone containing phytochemicals 2. Benzoid compound
3. Flavonoids
- 1. Polyphenols
8 S. cumini FeNPs Polyphenols 5 Flavonoids
N i . . 1. Proteins
9 M. piperita FeNPs  Polyphenols aromatic ring containing phytochemicals 2. Polyphenols
.o . 1. Proteins
10 R indica FeNPs Proteins polyphenols 2. Polyphenols
. . 1. Polyphenols
11 M-p :;;‘li;ps ensts Flavonoids tannins 2. Proteins
3. Alkaloids
. Nitro group and alkyl halide containing 1. Proteins
12 F. microcarpa FeNPs phytochemicals 2. Polyphenols

P. emblica AuNPs: Phyllanthus emblica gold nanoparticles, S. cumini AuNPs: Syzygium cumini gold nanoparticles, M. piperita AuNPs: Mentha piperita gold
nanoparticles, R. indica AuNPs: Rosa indica gold nanoparticles, M. philippensis AuNPs: Mallotus philippensis gold nanoparticles, F. microcarpa AuNPs: Ficus
microcarpa gold nanoparticles, P. emblica FeNPs: Phyllanthus emblica iron nanoparticles, S. cumini FeNPs: Syzygium cumini iron nanoparticles, M. piperita
FeNPs: Mentha piperita iron nanoparticles, R. indica FeNPs: Rosa indica iron nanoparticles, M. philippensis FeNPs: Mallotus philippensis iron nanoparticles,

F. microcarpa FeNPs: Ficus microcarpa iron nanoparticles.

reports showed that AuNPs and FeNPs have more bacte-
ricidal effects for gram —ve bacteria than for gram +ve ones
due to the thick peptidoglycan cell wall [40, 41]. In the
current study, green synthesized nanoparticles showed more
or less the same antibacterial effect against both strains. The
effect might be due to their small size, which enabled them to
penetrate into the thicker wall of gram +ve bacteria, as well.
Literature shows that gold nanoparticles may kill bacteria
either by changing the membrane permeability, decreasing
ATP levels by inhibition of ATP synthase, or inhibiting the
binding of tRNA ribosomal subunit [42, 43]. On the other
hand, iron nanoparticles might exhibit bactericidal effects by
inducing reactive oxygen species that may cause damage in
the protein and DNA of the bacteria through oxidative stress
[44, 45].

3.3. DPPH Free Radical Scavenging Activity. Free radical
scavenging potential of nanoparticles was evaluated by
DPPH assay at concentrations of 100 ug/mL, 50 ug/mL,
25 ug/mL, and 12.5 yg/mL. Among plant extracts and metal
salts, Phyllanthus emblica extract and iron salt showed
significant free radical scavenging potential having ICs,

values of 10.6ug/mL and 18.9 ug/mL, respectively. Gold
nanoparticles synthesized in this study have not shown free
radical scavenging potential except Phyllanthus emblica and
Syzygium cumini gold nanoparticles, which showed anti-
oxidant potential at a higher concentration of 200 yg/mL
(Figure 3(b)). This is contrary to most of the reported
studies, which showed the good antioxidant potential of gold
nanoparticles [42, 46]. This may be because of some
structural differences in these gold nanoparticles [40]. It is
quite interesting to note that, among the six iron nano-
particles, Phyllanthus emblica and Syzygium cumini iron
nanoparticles possess good free radical scavenging power
with ICs, values <100 yg/mL. This may be due to the very
low ICs, values of these extracts as compared to other ex-
tracts. The antioxidant property of iron nanoparticles could
be due to capping antioxidants (from extract) as well as due
to ferrous salt being a good antioxidant.

3.4. Cytotoxic Activity. To evaluate nontoxic behavior, the
investigated nanoparticles were subjected to brine shrimp
cytotoxic assay. The results indicated a nontoxic effect of
gold and iron nanoparticles with 100% viability
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FIGURE 3: (a) Minimum inhibitory concentration of gold and iron nanoparticles against bacterial strains; S.A Staphylococcus aureus,
M.L Micrococcus luteus, B. sub Bacillus subtilis, B. sep Bacillus septica, E. coli Escherichia coli, E.A Enterobacter aerogenes, S.T Staphylococcus
aureus. (b) IC50 values of antioxidant potential of gold iron nanoparticles (FeNPs and AuNPs) assessed by DPPH free radical scavenging
assay. (c) Brine shrimp cytotoxic assay, percent viability of brine shrimps at 50 ug/mL dose of gold and iron nanoparticles (FeNPs and
AuNPs). (d) (A) DNA damage assay of gold nanoparticles (AuNPs), (B) DNA damage assay of iron nanoparticles (FeNPs); L: DNA ladder
(LKb), P: pBR322 plasmid, X: pBR322 plasmid treated with FeSO, and H,O, (positive control), 1: pBR322 plasmid + 1000 yg/mL of
nanoparticles, control for the prooxidant effect, 2: plasmid + 1000 yg/mL of nanoparticles + FeSO, + H,O,, 3: plasmid + 100 yg/mL of
nanoparticles + FeSO, + H,0,, 4: plasmid + 10 yg/mL of nanoparticles + FeSO, + H,O,. Data represent the mean of triplicate with statistical

significance a: p <0.001, b: p<0.01.

(Figure 3(c)). The results are consistent with the reported
findings that metal oxide nanoparticles (such as iron
oxide particles) form agglomerates of size up to 400 nm
that cannot be ingested by Artemia salina larvae, and thus
these particles accumulate in the gut but do not cause
mortality for exposure of 24 h [47, 48].

3.5. Inhibition of Hydroxyl (OH) Free Radical-Induced DNA
Damage Assay. The prooxidant or antioxidant potential of
nanoparticles was assessed through an OH free radical
scavenging assay. When OH radicals attack DNA, the
supercoiled form of DNA changes into an open circular
form if there is a single-strand break. On the other hand,
in the case of a double-strand break, a linear form is
produced moving between the above two forms [49]. Our

results showed that all gold nanoparticles were good
oxidants, but when these particles were mixed with H,O,
and FeSO,, complete DNA damage was seen, demon-
strating the neutral behavior of gold nanoparticles
(Figure 3(d)A). Iron nanoparticles in prooxidant control
showed light damage to DNA giving both open circular
and supercoiled bands (i.e., single-strand break)
(Figure 3(d)B). When these iron nanoparticles were
mixed with H,O, and FeSO,, they completely damaged
DNA at all concentrations. This may be due to the release
ofiron from nanoparticles that have the potential to cause
the conversion of H,O, and superoxide anions to OH
radicals. Furthermore, free iron ions can cause OH-in-
duced modifications of purine and pyrimidine and could
give the surplus amount of iron, thus causing the pro-
duction of highly reactive hydroxyl radicals by the Fenton
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FIGURE 4: UV-visible spectra of diclofenac potassium and drug-loaded nanoparticles of (a) diclofenac potassium (DFP), (b) Syzygium
cumini AuNPs, (c) Ficus microcarpa AuNPs, (d) Syzygium cumini FeNPs, (e) Ficus microcarpa FeNPs.

reaction [50]. We observed that the extracts of Phyl-
lanthus emblica (at conc. of 1000 ug/mL and 100 yg/mL),
Rosa indica, Syzygium cumini, Mallotus philippensis, and
Ficus microcarpa (only at conc. of 1000 yug/mL), used a
control, showed slight protection.

3.6. Analysis of Drug-Loaded Nanoparticles. Due to small size
and good in vitro activities, AuNPs and FeNPs of Syzygium
cumini and Ficus microcarpa were selected for drug loading. The
highest percentage of drug loading was seen in Ficus microcarpa
FeNPs, ie., 65%. After drug loading, supernatant (containing
free drug) and pellet (containing drug-loaded nanoparticles)
were compared with standard drug. UV-visible peak analysis
indicated good folic acid attachment only in the case of FeNPs
(Figure 4). The redshift (from 238 nm to 275 nm) was seen only
in the case of iron nanoparticles when they interacted with
casein-folic acid conjugate. This may be because ligand at-
tachment, as well as drug loading, depends on nanoparticle

surface properties, such as structure and charge [51]. FTIR
spectrum of drug-loaded nanoparticles was compared with DFP
(Figure 5(e)). Ficus microcarpa diclofenac-loaded iron nano-
particles (with 65% loading) showed two characteristic peaks of
diclofenac potassium at 3285.54cm™' and 2920.81 cm™!
(Figure 5(d)). These peaks show the drug binding with phenols,
alcohol, and carboxylic acids groups capped on the surface of
nanoparticles. Ficus microcarpa gold nanoparticles and Syzy-
gium cumini gold nanoparticles showed characteristic peaks of
diclofenac at 2919.5cm™" and 2921.3cm™" (Figures 5(a) and
5(b)). Syzygium cumini iron nanoparticles showed no diclofenac
peaks at all (Figure 5(c)). This may be due to the lowest
diclofenac loading efliciency of Syzygium cumini iron nano-
particles, ie., 27%.

3.7. Anti-Inflammatory Activity. In vivo anti-inflammatory
potential of AuNPs and FeNPs was assessed by carrageenan-
induced rat hind paw edema test. Results showed that
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potassium loaded FeNPs, (e) diclofenac potassium (DFP).

Syzygium cumini gold nanoparticles exhibited strong anti-
inflammatory activity as compared to control (Figure 6).
These particles might show anti-inflammatory effects by in-
ducing the level of proinflammatory cytokines, i.e., TNF-al-
pha, which is the reported anti-inflammatory mechanism for
gold nanoparticles [52]. This strong anti-inflammatory ac-
tivity may be due to some capping agents of Syzygium cumini
extract. Ficus microcarpa gold nanoparticles did not exhibit
significant inhibition to edema. This might be because the
generation of proinflammatory cytokines depends on the
material and size of nanoparticles [53]. Iron nanoparticles
exhibited less anti-inflammatory activity as compared to gold
nanoparticles. Results of FeNPs are consistent with the
previous studies; these particles are known to induce in-
flammation via oxidative stress [54]. The exact mechanism is

not known but it may be because inflammatory response also
depends on nanoparticle composition [55].
Diclofenac-loaded Ficus microcarpa gold nanoparticles have
not shown any anti-inflammatory activity. Diclofenac-loaded
Syzygium cumini gold nanoparticles exhibited less activity than
Syzygium cumini gold nanoparticles (without any drug), which
shows that either drug was not loaded properly or folic acid
attachment to drug-loaded particles might cause such drastic
change to nanoparticle surface that it could not reduce edema to
such an extent. The same case was observed for drug-loaded
Syzygium cumini iron nanoparticles. Ficus microcarpa drug-
loaded iron nanoparticles showed higher edema inhibition than
DFP and Ficus microcarpa FeNPs (without any drug). These
results correlate with the highest loading efficiency of Ficus
microcarpa drug-loaded iron nanoparticles, ie., 65%. This
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shows that diclofenac-loaded folic-acid-coupled iron nano-
particles can be used for drug delivery systems as they enhanced
the effect of the drug possibly by lowering the side effects and
increasing the specificity of the drug towards the target cell. The
above results indicate the increase of anti-inflammatory activity
and decrease in paw swelling over time. The highest anti-in-
flammatory activity was recorded at 3™ h.

3.8. Anticoagulant Assay. The anticoagulant activity of
nanoparticles was checked by the capillary tube method. Table 2
shows that all nanoparticles do not have anticoagulant activity
as blood clotting time is decreased in all samples concerning
negative control. These results are consistent with the reported
findings that nanoparticles can find an escape from the normal
defense system, rapidly enter the systemic circulation, and cause
platelets aggregation [56]. Nanoparticles effect on platelets
aggregation also depends on particle size, shape, and surface
(i.e., electrical properties and surface charge). Nonsteroidal anti-
inflammatory drug (DFP) is known to inhibit platelet aggre-
gation and increase bleeding time. In the present study,
diclofenac-loaded nanoparticles exhibited a better blood co-
agulation effect as compared to control. This may be due to the
attachment of DFP on the surface of the nanoparticles.
However, it can be seen that diclofenac-loaded Ficus microcarpa
iron nanoparticles (with 65% drug loading efficiency) showed
increased clotting time as compared to Ficus microcarpa iron
nanoparticles (without diclofenac).

TaBLE 2: Effect of nanoparticles on blood clotting time.

SN Sample Clotting time (sec)
1 Negative control 101+1.15°
2 S. cumini AuNPs 35+7.5"
3 S. cumini AuNPs (drug loaded) 30+9.8°
4 F. microcarpa AuNPs 29+3.5"
5 F. microcarpa AuNPs (drug loaded) 29+7.9°
6 S. cumini FeNPs 47+7.5°
7 S. cumini FeNPs (drug loaded) 43455
8 F. microcarpa FeNPs 17+18.3*
9 F. microcarpa FeNPs (drug loaded) 30+24.4°
10 Positive control 12+1.2

Data represent the mean of triplicate measurements with statistical sig-
nificance a: p<0.001, b: p<0.01; + shows standard deviation. S. cumini
AuNPs: Syzygium cumini gold nanoparticles, S. cumini FeNPs: Syzygium
cumini iron nanoparticles, F. microcarpa AuNPs: Ficus microcarpa gold
nanoparticles, F. microcarpa FeNPs: Ficus microcarpa iron nanoparticles.

4. Conclusion

In conclusion, an eco-friendly, green chemistry-based ap-
proach has been devised to synthesize metallic nanoparticles
coupled with folic acid for targeted delivery of DFP to
inflamed cells. The synthesized gold and iron nanoparticles
were stable at refrigerated temperature and showed a small
size range (i.e., less than 50nm). Both gold and iron
nanoparticles proved to be good antibacterial agents against
gram +ve and gram —ve bacteria. Among all synthesized
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nanoparticles, Phyllanthus emblica and Syzygium cumini
synthesized iron nanoparticles served as DPPH free radical
scavengers, while gold nanoparticles did not show antiox-
idant potential. Gold nanoparticles were protective while
iron nanoparticles did not show any protection against DNA
damage. Among gold and iron nanoparticles, only Syzygium
cumini synthesized gold nanoparticles showed strong anti-
inflammatory potential. The biological activity of synthe-
sized gold and iron nanoparticles was more than their
corresponding salts and extracts. As a result, it is possible
that these stable and nontoxic metallic nanoparticles can be
used for targeted drug delivery and disease therapy.
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