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Abstract

Recently, herbal medicinal plants have gained more attention worldwide to assimilate in an innovative nanomaterial’s
fabrication. Therefore, this is the first report devoted to emphasizing the biogenic synthesis of palladium nanoparticles
using Madhuca longifolia or Mahua leaves extract (MLE @PdNPs) for their biomedical applications. In this, we have
used the herbal plant M. longifolia leaves as a bioreductant and capping agent. The structural and morphological features
of synthesized MLE @PdNPs have been studied using different analytical techniques. Triangular sheet-like stable MLE@
PdNPs have an average crystallite size of 16.22 nm with a face center cubic (fcc) structure which has been observed. The
biological screening of MLE@PdNPs has been performed against the human lung cancer cells A549 and bacterial strains
S. aureus, K. pneumonia, Salmonella, and E. coli. The minimal inhibitory concentration (MIC or IC-50) value against lung
cancer cells A549 has been calculated 29.20 pg/ml. The IC-50 values have been calculated 26.01, 30.11, 32.12, and 35.16 pg/
mL against S. aureus, K. pneumonia, Salmonella, and E. coli bacterial strains, respectively. The findings of the present work
will become beneficial to expand the studies on the therapeutic potential of MLE@PdNPs in the future. Enthusiastically,
MLE@PdNPs can be a promising material for formulating nanomedicine after subsequent clinical experiments.
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Introduction

The growing edge of science and technology mainly
dedicated to developed nanomaterials of the dimension
lesser than a hundred nanometers, i.e., nanoparticles
(NPs), as they are handy contribution toward smarter, less
heavy, eco-friendly, and stronger surfaces systems (Baig
et al. 2021). Nanomaterials, especially based on noble
metals, gain immense attention due to their surprising
physicochemical characteristics. Nanoparticles’ physical
and chemical properties are different and unpredictable from
those formed in corresponding bulk material (Gangwar et al.
2022; Yaseen et al. 2023). In addition, these characteristics
are enormously dependent on their shape and size.
Also, the shape and size of nanomaterials may be tuned
depending upon the synthesis route, surfactant, or stabilizer
surrounding the nanomaterial to provide them stability, etc.
(Gangwar et al. 2021). Due to the high demand for noble
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metal-based nanomaterials, researchers continuously try to
serve new and intelligent materials with unique features.
Although many studies had reported different methods
for synthesis of metal such as silver (Ag), platinum (Pt),
palladium (Pd), etc., based nanomaterials to successfully
employed in different areas (Abdel-Rahman et al. 2022;
MubarakAli et al. 2022; Muiiiz-Diaz et al. 2022; Prema
et al. 2022). Still, some new methodologies are required to
fulfill the requirements of green chemistry worldwide. In
the present study, we have tried to develop a sustainable
approach to synthesize the palladium nanoparticles (PdNPs)
as they are potentially utilized in different areas (MubarakAli
et al. 2022; Siddiqi & Husen 2016; Vinodhini et al. 2022a).
Environmentally benign or biogenic synthesis of noble
metal-based nanomaterials is preferentially followed in this
work because this leads to the elimination of the formation
of dangerous or unwanted products and the involvement of
non-toxic solvents or surfactants (I. Kumar et al. 2021a, b;
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Noah & Ndangili 2022). Since plants are the source of a
variety of chemicals that can act as a bioreductant as well
as a stabilizer, hence, here plants are preferred for biogenic
synthesis.

The benefit of using plants for biogenic synthesis is
that the experiment can be successfully achieved at its
natural pH and physiological condition of temperature
and pressure. Nevertheless, at the same time, it has
been found that the morphologies, dimensions, and
stability of nanomaterials are remarkably influenced by
temperature, pH, concentration of plant extract/metal ions,
and incubation time (Siddiqi & Husen 2016). Therefore,
the present study deals with Madhuca longifolia leaves
aqueous extract to synthesize MLE@PdNPs. M. longifolia
is a herbal plant, commonly known as Mahua, and also
known as the Moah tree, Moah wood, Mowra butter,
Butternut tree, and Moa tree (Verma et al. 2014). It
belongs to the family of Sapotaceae. It is distributed in
the northern, central, and southern regions of the Indian
Peninsula, Nepal, Sri Lanka, and Myanmar. It is a large-
sized multipurpose tropical tree and flourishes in dry
environments. It is mainly harvested for its oilseeds
and edible flowers (Al Qubeissi et al. 2023; Y. Kumar
et al. 2017; Singh et al. 2022). As per Ayurveda, Mahua
is a medicinal plant and is well known for numerous
phytochemicals, e.g., vitamin A and vitamin C in flowers,
a- and p- amyrin acetates in fruits, and arachidic,
linolenic, oleic, myrisic, palmitic, stearic acid, a-alanine,
aspartic acid, cysteine, glycine, isoleucine, and leucine,
lysine, methionine, proline, serine, threonine, myricetin,
quercetin, and misaponin are present in seeds (Kumar
et al. 2017; Reddy 2022). However, Annalakshmi et al.
reported that there were 20 phytochemicals, including
hydrocarbons, ketones, aldehydes, phenolic acids,
carbohydrates, and heterocyclic compounds present
in Mahua leaves. Also, a highly markable amount of
quercetin was found during high-performance thin-layer
chromatography (HPTLC) (Annalakshmi et al. 2013; Jha
& Mazumder 2018; Reddy 2022).

Besides, it has been found to be effective in curing
eczema, rheumatism, and hemorrhoids. One of the research
reports mentioned that Mahua leaves extract in methanol
was found to be responsible for the enhanced release of
a neuroleptic agent, i.e., GABA, which is agitable to the
neuronal activity in epilepsy patients (Jodh et al. 2022;
Sinha et al. 2017). Consequently, it not only delays the
onset of seizures but also diminishes their duration. Its
leaves are also used to provide symptomatic relief to the
skin affected by eczema. It is an extraordinary remedy
for parasitic infections and shows potent anti-helminthic
activity in the presence of another plant. Moreover, it
shows good antioxidant activity (Kurhade et al. 2022).
After studying the numerous medicinal utilities of the

Mabhua plant, we have planned to incorporate its aqueous
leaf extract as a bioreductant and stabilizing agent for the
synthesis of MLE@PdNPs to employ them in biomedical
applications.

To the best of our knowledge, until today, no articles
report the synthesis of palladium nanoparticles by using
M. Longifolia or Mahua leaves extract (MLE@PdNPs) at
80 “C. The confirmed synthesis of palladium nanoparticles
was investigated by using various characterization
techniques. The biological screening of the MLE®@
PdNPs has been performed against the lung cancer cells
A549 and four bacterial strains, namely S. aureus, K.
pneumonia, Salmonella, and E. coli. The minimal inhibitory
concentration (MIC) for lung cancer cells A549 has been
evaluated by using 96 well plates experiment. However, the
antibacterial efficacy of MLE@PdNPs has been evaluated
by MIC against normal and multiple drug-resistant (MDR)
strains of S. aureus, K. pneumoniae, Salmonella, and E. coli.

Experimental
Materials

PdCl, salt was purchased from Sisco research laboratories
private limited and was used during the synthesis without
further purification. All other chemicals were of analytical
grade (AG) and procured from Sigma and Hi-Media,
Mumbai, India. Note: A stock solution of 0.1 mM has been
prepared by first dissolving PdCl, salt into the required
volume of 1% mineral acid solution and then adding the
double-distilled water to make up the volume of the
graduated flask 100 ml. For buffer and media preparation,
ultrapure milli-Q water was used.

Methods
Collection and extract preparation of mahua leaves

10 g of fresh mature (wet) leaves of Mahua was collected
from the area of SGPGI, Lucknow, Uttar Pradesh (satellite
imagery is shown in Fig. 1). The leaves were washed twice
with distilled water and once double-distilled (dd) water.
Finally, the rinsed leaves were chopped into small pieces,
soaked in a beaker containing 100 ml dd water, and gently
heated for an hour at 60 °C. The filtrate so obtained is mahua
leaves extract (MLE).

Synthesis of MLE@PdNPs

A simple one-pot sequential procedure was involved
in synthesizing MLE@PdNPs. A round-bottom flask
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SGPGI CAMPUS, LUCKNOW

Collection of Madhuca longifolia leaves

Google Earth

Fig. 1 Satellite imagery of the location from where Mahua leaves collected

containing 20 ml MLE and 75 ml dd water was left for an
hour in a thermostat to maintain its temperature at 80 “C.
Then, the thermally equilibrated PdCl, solution (5 ml,
0.01 M) was added dropwise into the round-bottom flask and
fitted it with a water condenser to avoid evaporation of the
reaction mixture. The overall reaction mixture was allowed
to stir on a magnetic stirrer at 3000 rounds per minute (rpm)
at 80 °C for 1 h. The change in reaction mixture color from
blood red to brownish black was observed, which confirms
the formation of MLE@PdNPs colloid. Then, this MLE @
PdNPs colloid was centrifuged for about 20 min to obtain
the powder MLE@PdNPs. This powder MLE @PdNPs was
washed with dd water followed by ethyl alcohol and dried in
an oven for 5 h at 100 °C (as shown in Fig. 2).

Instrumentation

A double-beam spectrophotometer of LAB UV Next
Generation scanned in the wavelength range of 200-700 nm
with a least count of 2 nm was used to record absorption
spectra. Fourier transformed infrared spectrum (FTIR)
spectrum was recorded on the Shimadzu company’s
IR Affinity-1S double-beam spectrophotometer. The
spectrum was recorded in the range of wavenumber from
3600400 cm™! with a resolution of 2 nm. It helps determine
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the functional groups surrounding the synthesized MLE @
PANPs compared to M. Longifolia leaves. It involves the
KBr pellet method; the pellet of prepared MLE @PdNPs
was made by assorting with KBr in 1:1000. The powder
X-ray diffraction was done on a Rigaku diffractometer built
with a 9000 W rotating anode X-ray generator with a Nal
scintillation counter-detection system. The copper (Cu)
anode of the wavelength of 0.154 nm was used to target
the material at an angle (20) range between 10° and 80°.
It helps in predicting the lattice parameter and average
crystallite size of MLE@PdNPs. Field emission scanning
electron microscopy (FESEM) verified the morphology
of the synthesized MLE@PdNPs. To capture the images,
the field emission scanning electron microscope of JSM-
6490 LV, JEOL, Tokyo, Japan, operating at a voltage of
5.0 kV was used. Transmission electron microscopy (TEM)
was used to examine the size, morphology, or topology
of the synthesized MLE@PdNPs. The cryo-TEM (Talos)
transmission electron microscope was used in the present
investigation. Dynamic light scattering (DLS) is used to
determine the electrokinetic potential (£) of the synthesized
MLE @PdNPs. The Nano Zetasizer, Malvern Instruments,
Worcestershire, UK, was used to record the intensity and
number distribution plot.
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Fig.2 Systematic representation of preparation of Mahua leaves extract (MLE) and synthesis of MLE@PdNPs at 80 'C

Evaluation of cytotoxicity of MLE@PdNPs

The 96-well plates method has been used to grow 5x 10
A549 cells and incubated in an incubator for a day at 37 °C
in a humidified 5% CO, atmosphere. After that, the cells
have been subjected to different concentrations of MLE @
PdNPs, i.e., 10, 20, 30, 40, 50, 60, and 70 ug/ml. The
triplicate runs have been performed with incubation for an
extra day. Afterward, into each well, 10 uL MTT was added.
Then, the plates were incubated for 2 h in the same incubator.
Additionally, formazan crystals (FC) were dissolved in
DMSO (100 pL) to make a clear solution and subjected to
record the absorbance at a wavelength (4) of 570 nm using
an ELISA reader (Microplate Reader BIORAD-680).

Study of cytomorphological changes of MLE@
PdNPs-treated A549 cells

The A549 cells were pre-treated with IC-50 concentrations
of MLE@PdNPs and incubated in a CO, (5%) atmosphere
for a day at 37 °C. An inverted phase-contrast microscope
(Nikon ECLIPSE Ti-S, Nikon Corporation, Tokyo, Japan)
was used to study the net morphological variations in treated
cells.

Quantification and detection of production
of reactive oxygen species (ROS)

The generation of ROS in MLE@PdNPs-treated A549 cells
has been determined under the fluorescence microscope.
The observation was based on the following factors such as
fluorescence of a fluorogenic marker, 5-(6)-carboxy-2’,7’-
dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA)
in viable cells. The cells (5 x 10% in each well) were seeded
into 24-well culture plates and incubated for 24 h inside
the CO, (5%) incubator at 37 °C. Later, the cells were
incubated with MLE@PdNPs for 24 h. Ultimately, cells
were incubated with H,DCFDA (10 pM) for 30 min at
37 °C, and other cells were supplemented with 200 pL
of phosphate buffer saline (PBS) in every well. These
plates were kept in a shaker for the next 10 min at room
temperature. The fluorescence of cells was determined
by using a magnifying lens (fluorescence microscope
evosFLc). Quantification of cellular fluorescence from
fluorescence microscopy images was performed by Imagel
software.
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Study of variations in nuclear morphology of cells

The fluorescent nuclear dye DAPI has been used to estimate
the effect of MLE@PdNPs on the genetic materials of
A549 cells. The grown cells were washed with PBS buffer
and then incubated for 10 min with 4% paraformaldehyde
(PFA). Finally, these treated cells were permeabilized with
3% paraformaldehyde and 0.5% Triton X-100, i.e., the
permeabilizing buffer, and stained by DAPI (fluorescence
dye). The images of stained cells were captured using
the fluorescence microscope. The cells with fragmented
and condensed nuclei had been considered apoptotic
cells. ImagelJ software has been used to quantify cellular
fluorescence in cells from fluorescence microscopy images.

Antimicrobial activity

MLE@PdNPs that were synthesized have been examined
for their antibacterial susceptibility against pathogenic
and multidrug-resistant (MDR) bacteria. The antibacterial
effectiveness of MLE@PdNPs was evaluated using the agar
well diffusion method. To produce a uniform microbial growth
plate, bacteria were sub-cultured in 0.03% Luria—Bertani (LB)
broth medium and incubated at 37 °C for 24 h. Then, overnight
cultures were taken and spread on the agar plates. The bacterial
strains were (A) Staphylococcus aureus (MDR), (B) Klebsiella
pneumonia, (C) Salmonella, (D) Escherichia coli (MDR).
The positive control for the investigation of antibacterial
activity was distilled water (DW), and the negative control
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was considered from previously reported studies (Baker et al.
2021). The petri dishes were then incubated for further 24 h at
37 °C. The diameter of the inhibition zone was measured and
contrasted with the control groups to assess the antibacterial
activity of MLE@PdNPs.

Determination of minimal inhibitory concentration
(MIC)

The antibacterial efficacy of MLE@PdNPs has been
evaluated by minimal inhibitory concentration (MIC)
against normal and multiple drug-resistant (MDR) strains
of S. aureus, K. pneumoniae, Salmonella, and E. coli.
Bacterial strains in a mid-logarithmic phase were harvested
and diluted to 2 x 10° colony-forming units per mL (CFU/
mL) in PBS containing 0.03% Luria-Bertani (LB) broth.
The MLE@PdNPs were serially diluted from 2 to 320 pg/ml
in 100 pL of LB medium in 96-well plates according to the
method described elsewhere (Baker et al. 2021). The MIC
was considered the lowest concentration of MLE@PdNPs
at which microbial growth was inhibited. Autoclaved water
was used as a negative control for each experiment.

Result and discussions

A simple one-step process has been used to synthesize
the MLE@PdNPs. In this, palladium chloride was used
as a precursor for the synthesis of MLE@PdNPs. After

Pa*t
R

Other constituents
of MLE

P

Stabilized PANPs

PANPs

Fig.3 Most plausible mechanism for the formation of stabilized MLE @PdNPs using MLE
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Fig. 4 Powdered X-ray diffractogram of MLE @PdNPs

executing experiments with different concentrations of
Pd2+(aq.) solution, the best result for fabricating MLE @
PdNPs from the MLE was 2 x 107> M Pd**(aq.) solution
concentration in mixture at 80 °C. The intensified brownish
black color was observed as time passed and consequently
proved the formation of MLE@PdNPs by reducing the
wine-red-colored Pd**(aq.) solution. This color change
was observed due to stimulation of the surface plasmonic
resonance (SPR) band of MLE@PdNPs (Gangwar et al.
2023; S. Vinodhini et al. 2022a, b). Since MLE constitutes
many phytochemicals in their leaves, it can be an excellent
reducing agent for the fortunate synthesis of MLE @ PANPs
(Bains et al. 2020; Dambhare et al. 2020). However, not all

phytochemicals are involved in the reduction reaction; few
have an excellent ability to act as a stabilizing agent. A most
plausible mechanism (Fig. 3) based on the significant amount
of phytochemical, i.e., quercetin (Annalakshmi et al. 2013;
Dalvi et al. 2022; Khare et al. 2018), was proposed to explain
the synthesis of MLE@PdNPs colloid. The quinone form of
quercetin accompanied the formation of MLE@PdNPs. It
leads to generating hydrogen ions and electrons. Pd** ions
accept these electrons to reduce themselves into MLE@
PdNPs. However, the other constituents of MLE stabilized
the formed MLE@PdNPs by forming the layer over their
surface. Further, the adsorption of other phytochemicals was
also confirmed by FTIR and EDS. Therefore, the biogenic or
green synthesis can be a sustainable approach for stabilized
black-colored MLE @PdNPs formation. The identification
of MLE@PdNPs was done by several analytical techniques
discussed below.

Powder X-ray diffraction study

The diffraction pattern of MLE@PdNPs is shown in Fig. 4.
Three peaks at 20 values 39.98°, 46.48°, and 67.96° were
observed analogous to the (111), (200), and (200) planes,
respectively. It shows face center cubic (fcc) structure
according to JCPDS card numbers 87-0643 and 89-4897
(Fahmy et al. 2020; Gangwar et al. 2023; Venkatesham
et al. 2015). Notably, a broad peak between 28 (in degree)
equals 20°, and 30° is observed due to the adsorption of
phytochemicals on the surface of PANPs to stabilize them
(Seku et al. 2022). Additionally, the PXRD pattern reveals

135K
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0.75K

Intensity

0.60K

045K

0.30K

0.5k 1.04%

39.13%

59.83%
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01 14 27 40 53

6.6 19 92 105 118 131

Energy/keV

Fig.5 EDS profile of MLE@PdNPs with % weight composition of the elements detected
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Fig.6 Images of MLE@PdNPs captured from scanning electron microscope a 30,000 magnification, b 1,00,000 magnification, ¢ TEM image at

50 nm d TEM image at 100 nm

the highly intense peak for the (111) Bragg’s plane. It
suggests that the growth of MLE@PdNPs was preferred
along the (111) plane. The average crystallite size (D) of
the synthesized MLE@PdNPs was estimated using Debye
Scherrer equation and calculated value of D was 16.22 nm.

EDS analysis

Figure 5 represents the EDS profile of MLE@PdNPs. A
sharp peak ~ 1.5 keV energy was also there in the EDS
profile due to the drop-casting of MLE@PdNPs onto silicon/
silicon oxide substrate. A prominent peak between 2.7 and
4.0 keV energy for palladium (Pd) was detected, verifying
the formation of MLE@PdNPs. It shows 59.83% weight
composition of palladium in MLE@PdNPs. Noticeably,
the presence of carbon (C) and oxygen (O) with % weight
composition of 1.04 and 39.13 was observed due to
phytochemicals’ adsorption onto the surface to stabilize
MLE@PdNPs (Gangwar et al. 2022).

@ Springer

Electron microscopy analysis (FESEM & TEM)

The MLE@PdNPs synthesized from MLE were seen under
the field emission scanning electron microscope (FESEM)
and transmission electron microscope (TEM). Figure 6a,
b shows images captured from FESEM at a 100 nm scale
having resolutions of 30 and 100 k. It reveals that MLE@
PdNPs are agglomerated to form a spherical cluster. The
maximum height of the spherical cluster perimeter was
observed to be 80 nm. Therefore, the average diameter of
the cluster was found to be 25.47 nm. Furthermore, Fig. 6¢,
d represents the topology of MLE@PdNPs at a scale of 50
and 100 nm. Our examination showed that the synthesized
MLE @PdNPs are of triangular topology with an average
area of 400 nm?.

UV-visible studies of MLE@PdNPs

The absorption spectra of MLE and pure palladium
chloride solution are shown in Fig. 7a, b, respectively.
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Fig.8 Change in color intensity
of the reaction mixture with the
formation of MLE@PdNPs at
different PdCl, concentrations
and MLE volume

Variation of palladium chloride concentration

Figure 7a shows an absorption peak at A equals 272 nm
corresponding to carbonyl group of the constitutes present
in M. longifolia, while the absorption spectra of palladium
chloride solution (as shown in Fig. 7b) show absorption
maxima at 1 equals 442 nm due to the surface plasmonic
resonance excitation (Kuniyil et al. 2019; Tanreh et al.
2018). From the individual spectral study of MLE and
pure palladium chloride solution, it has been found that no
interruption caused due to MLE while studying MLE@
PdNPs absorption spectra. This finding reveals that the sharp
peak at 442 nm of palladium chloride changes into a broad

Variation of MLE

> o

MLE@PAdNPs
formed after
optimization

spectrum with the formation of MLE@PdNPs (as shown in
Fig. 7c, d). Different experiments have been performed to
achieve a standard condition for MLE @PdNPs synthesis.
The standard condition was finalized by monitoring the
absorption spectra of each set. In the experiment’s first
batch, the palladium chloride solution concentration varied
from 0.5 to 2.0 x 10 M, keeping a fixed volume of MLE
(1 ml), and their corresponding absorption spectra are shown
in Fig. 7c. Likewise, in the experiment’s second batch, the
MLE volume was changed from 1 to 5 ml, keeping a fixed
concentration of palladium chloride solution (0.5x 107> M),
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Fig.9 Fourier transform infrared spectra a pure MLE, b MLE@
PdNPs

and their corresponding absorption spectra are shown in
Fig. 7d. Notably, the formation of MLE@PdNPs was also
observed by the change in a color of the palladium chloride

Table 1 Summarized study of functional groups present in pure MLE

solution from blood red to brownish black (Gangwar et al.
2023; Raut et al. 2013), and the intensity of the color of
MLE @PdNPs was found to be strongly dependent upon the
concentration of palladium chloride solution (as shown in
Fig. 8). Figure 7c inset graph shows that the absorbance
at 442 nm is increased with increasing palladium chloride
concentration. Conclusively, it reveals a reciprocal relation
between palladium chloride concentration and the rate of
formation of MLE@PdNPs at a fixed volume of MLE,
i.e., 1 ml, and it may be suggested that 0.5 x 10~ M is the
optimum concentration for the formation of MLE @ PdNPs.
The formation rate of MLE@PdNPs is first order concerning
palladium chloride solution (Gangwar et al. 2023). Figure 6d
inset shows a complied absorption spectra corresponding
to each variation in MLE and at 0.5 x 10 M palladium
chloride solution. From Fig. 7d inset graph, it is visualized
that on increasing the volume of MLE, the absorbance of
the colloidal MLE @PdNPs first decreases until it reaches
the optimum volume, i.e., 2 ml, and then starts increasing.
It suggests that the rate of formation of MLE @PdNPs first
increases and then decreases. This might happen due to the
competition between different organic moieties present in
MLE to behave as a bioreductant.

FTIR analysis

FTIR spectrum of pure MLE and MLE@PdNPs is shown in
Fig. 9a, b. The presence of different valleys corresponding
to different functional groups in the spectrum is evidence for
the confirmatory synthesis of MLE@PdNPs. The detailed
information of functional group present in pure MLE is
summarized in Table 1, while several bands at 3599.17,
3057.17, 2331.93, 1710.85, 1514.12, 1381.03, 1201.65 &
1018.41, 891.11 cm™! are observed in the FTIR spectrum
of MLE@PdNPs (as shown in Fig. 9b) corresponding to
N-H group; sp>~CH group of aldehyde or alkane; sp-hybrid
carbon—carbon bond; > C = O group of aldehyde; sp>-hybrid
carbon—carbon double bond of aromatic ring; C—N bond of
amide or amine group; C—O bond of ester, alcohol, aldehyde,

Wavenumber Functional groups References

(cm™)

3327.02 Presence of amino (N-H) and hydroxyl (O-H)groups (Gangwar et al. 2023; Gudala et al. 2018; Rehman et al. 2012)
2937.58 Presence of C—H bond of alkane or aldehydic group (Gudala et al. 2018; Rehman et al. 2012)

1627.92 Presence of > C=0 bond of amide (Gangwar et al. 2023; Gudala et al. 2018; Rehman et al. 2012)
1481.33 sp>-hybrid carbon—carbon double bond of aromatic ring (Gudala et al. 2018; Rehman et al. 2012)

1338.59 N=0 bond of nitro group (Gudala et al. 2018; Rehman et al. 2012)

1066 Presence of C—O group of alchol, ester, carboxylic acid, (Gudala et al. 2018; Rehman et al. 2012; Yaseen et al. 2023)

phenol or N-H group of amines

576.71 Bending of C-H group of aromatic ring

(Gudala et al. 2018; Rehman et al. 2012)
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Fig. 11 Cytotoxicity of MLE@PdNPs against A549 cells at different
concentrations

phenol; bending vibration of C—H bond of aromatic ring,
respectively (Gangwar et al. 2023; Patil et al. 2018). The
band below 500 cm™~! is due the interplanar vibration of
MLE @PdNPs. It reveals that MLE@PdNPs are stabilized
by several functional groups of phytochemicals present in

Fig. 12 Cytomorphological
images of MLE@PdNPs against
A549 cells a control, b IC-50
concentrations

Apparent Zeta Potential (mV)

MLE and prevent the formation of clustered MLE @PdNPs
in a liquid state (Gangwar et al. 2023; Gopalkrishnan &
Shimpi 2012; Patil et al. 2018; Yoshikawa et al. 2000).

Dynamic light scattering (DLS) study

DLS is used to study the overall surface charge of the
synthesized MLE @PdNPs. Notably, dd water has been used
as a dispersion medium for MLE@PdNPs. Figure 10 shows
the electrokinetic potential distribution plot with a potential
of —18.40 mV, which inferred negative charge distribution
over the surface of the MLE@PdNPs colloid having
sufficient stability (Gangwar et al. 2023, 2022). Overall
negative charge on the surface might be due to the presence
of other phytochemicals which stabilized the synthesized
MLE@PdNPs (Patil et al. 2018).

Cytotoxicity of MLE@PdNPs-treated A549 cells
and their cytomorphological changes

The MLE@PdNPs were highly active against the lung
cancer cells (cell line A549). The cytotoxicity of MLE@
PdNPs was found to be dose-dependent and increased with
increased concentration of MLE@PdNPs (as shown in
Fig. 11). From Fig. 11, the IC-50 value of MLE@PdNPs
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on A549 cells has been evaluated 29.2 ug/ml. The phase-
contrast microscopy images (shown in Fig. 12a, b) clearly
show the changes in the morphology of untreated cells
and A549 cells that were seen for IC-50 concentrations
of MLE@PdNPs after the incubation for a specific time.
Noticeably, no remarkable and distinct changes in the
morphology of the control cells after the incubating for a
day were observed with the uniform distribution or diffusion
of cells (shown in Fig. 12a). Nonetheless, irregular, necrotic,
shrunken, and detached morphology from the well surface
was observed (Baker et al. 2021; Gangwar et al. 2023).
Also, it has been observed that some of the cells were kept
intact with the plasma membrane, illustrating apoptosis had
begun in A549 cells treated with MLE@PdNPs (as shown
in Fig. 12b).

The cytotoxicity of MLE@PdNPs and their hybrid
nanomaterials may rest on the cell types. The cell
propagation at the subGl cell cycle was stopped upon
the action of MLE@PdNPs (Al-Sheddi et al. 2018). The
activated signaling pathways responsible for apoptosis

Fig. 13 Intracellular ROS
generation in A549 cells images
a control, b MLE@PdNPs, and
¢ quantification of ROS in terms
of percent

were observed due to improved generation of reactive
oxygen species (ROS) by exposure of MLE@PdNPs. Also,
it is responsible for mitochondrial membrane damage and
further leads to irrevocable cell destruction, although the
lysosome degradation during autophagy and increasing
programmed cancer cell death can clearly explain the
apoptosis process (Gurunathan et al. 2009). Due to the
apoptosis process, cell death was noticed in the cells treated
with MLE@PdNPs and ultimately displayed the activation
of caspase-3 and fragmentation/ condensation of chromatin
(Mollick et al. 2019). Conclusively, due to the low toxicity
of MLE@PdNPs and considerably high anti-carcinogenic
properties, the prepared MLE@PdNPs are an excellent
anti-carcinogenic agent. It may be successfully utilized for
treating lung cancer cells (A549 cell lines) after executing
the required clinical trials or experiments (Gangwar et al.
2023).
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Fig. 14 DAPI staining for
cellular apoptosis in A549

cells images a control b
MLE@PdNPs. ¢ Graphical
representation of nuclear
condensation in term of percent.
All the data were expressed in
mean =+ SD of three experiments
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Estimation of reactive oxygen species (ROS) of MLE@
PdNPs-treated A549 cells

To study the production of ROS in A549 cells 5- and
6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate
(DCFHDA) was used. The images captured upon the
projection of DCFHDA on the control cells A549 and
cells interact with MLE@PdNPs are shown in Fig. 13a,
b, respectively. The fluorescence intensity has been
observed relative to the ROS generated in the A549
cells. The present study reveals that the A549 cells
treated with MLE@PdNPs (as shown in Fig. 12b)
indicate the generation of higher intensity fluorescence
than that in controls (Fig. 13a). The biogenic MLE@
PdNPs emitted brilliant fluorescence with mutilated
morphological structure due to stress disrupting impact
in the compactness of plasma membrane caused by ROS
produced. Interestingly, the untreated A549 cells did not
showed any considerable fluorescence and held their
native morphology. However, for quantification ImageJ
software has been used to measure the fluorescence
produced by ROS; MLE@PdNPs-treated A549 cells

generated greater fluorescence than the untreated control
cells (Fig. 13c).

Effect of MLE@PdNPs on nuclear morphology of A549

The fluorescent dye, i.e., 4’,6-diamidino-2-phenylindole
(DAPI), has been used to examine the interaction of MLE@
PdNPs with nuclear materials (as shown in Fig. 14a, b).
Therefore, it helps to prove the internalization of particles
into the nucleus. Previous studies predicted that the
nanoparticles having anionic surface charge density followed
the caveolae-mediated endocytosis and got to the nucleus
without interacting with lysosomes. The A549 cells treated
with MLE@PdNPs (IC-50 value equal to 29.2 ug/ml) were
incubated in an incubator for a day at 37 °C and stained
with DAPI. The apoptotic impact on A549 cells treated
with MLE@PdNPs (Fig. 14a) was more prominent than
on untreated A549 cells (Fig. 14b). To quantify treated
and control cells, the ImageJ software was used (as shown
in Fig. 14c). Also, it is clear from Fig. 13b that more
fluorescence was obtained for the cells treated with MLE@
PdNPs than the untreated cells.
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Fig. 15 Antibacterial zone of
inhibition of NPs against a S.
aureus, b K. pneumoniae, ¢
Salmonella, d E. coli

Mechanism for cytotoxic action

Usually, nanoparticles having negative surface charge
density internalize into the cells via caveolae-mediated
endocytosis apart from diffusion (Chithrani et al. 2006;
Valko et al. 2007). After the dissolution of caveosomes in
the cells, the MLE@PdNPs are released into the cytoplasm.
Because of the high surface energy and exchanging non-
specifically with biomolecules, the free MLE @PdNPs cause
cytotoxicity by generating ROS (0*~, H,0,, OH) (Gangwar
et al. 2023; Valko et al. 2007). Living cells tend to neutralize
intrinsic ROS, but a high level of ROS developed after the
internalization of MLE@PdNPs causes severe damage to
the cells. After internalization, the internalized MLE @
PdANPs can disturb the mitochondrial membrane and cause
damage to the key enzymes with the simultaneous release
of caspase-3. This caspase-3 elicits intrinsic apoptosis with
the simultaneous internalization of MLE@PdNPs into the
nucleus and finally causes cell death (Baker et al. 2021;
Yan et al. 2013). The cell death can be further confirmed by
using DAPI. It was also evaluated that internalized MLE@
PdNPs induced intracellular ROS generation in A549
cells and elicited apoptosis. The DCFDA method has been
employed for evaluating the intracellular ROS production
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Fig. 16 Graph showing antibacterial potential by minimum inhibitory
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96-well plates

in MLE @PdNPs-treated cells, and it has been observed that
it increases with increasing concentration of MLE @PdNPs
compared to control. However, an overall increase in ROS
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production in mitochondria is responsible for the damage
in the inner mitochondrial membrane-inducing disruption.

Antimicrobial activity

The antibacterial activity of MLE@PdNPs was studied
against pathogenic bacterial strains of gram-negative E.
coli, K. pneumoniae; Salmonella; and gram-positive S.
aureus using the well diffusion method. The results of the
antibacterial activity showed that MLE @PdNPs had efficient
antibacterial activity against all gram-positive and negative
bacterial strains. The inhibition zone of MLE @PdNPs
against E. coli, K. pneumonia, Salmonella, and S. aureus
has been 6.5, 6.2, 5.5, and 7.1 mm, respectively. Figure 15
a, b, ¢, and d shows the zone inhibition against S. aureus, K.
pneumoniae, Salmonella, E. coli., respectively.

Minimum inhibition concentration

The antimicrobial activity of MLE@PdNPs was established
by its MIC (Mohana & Sumathi 2020). The inoculated
plates were examined for 24-48 h after incubation at
37 °C. The MIC value of the MLE@PdNPs was found to
be around 30.85 +4.31 pg/mL. The IC-50 values have been
found to be 26.01, 30.11, 32.12, and 35.16 pg/mL against S.
aureus, K. pneumonia, Salmonella, and E. coli, respectively
(as shown in Fig. 16). The results are in good resemblance
with already reported studied against different pathogens
(Chlumsky et al. 2021; Manikandan et al. 2016; Patil et al.
2018; Vinodhini et al. 2022a).

Mechanism of antibacterial action

The bactericidal effect of MLE@PdNPs is due to their
adherence to bacterial cell walls surface and interactions
with sulfur containing. It leads to irreversible change in
sulfur-containing proteins (Abbaszadegan et al. 2015);
reduce the compactness of lipid bilayer; and alter the
permeability of the cell membrane, which leads to leakage
of cellular contents, including ions, sugars, proteins, and
the cellular energy reservoir (Lu et al. 2013). MLE@
PANPs were found active against a panel of G* and
G~ bacteria due to the presence of antibacterial secondary
metabolites, including dibenzopyranones and its derivatives,
tenuazonic acid, altechromone A, altenusin, alternariol,
alternariol monomethylether, altertoxin I, altertoxin II, and
alterperylenol (Qader et al. 2021). Furthermore, MLE @
PdNPs act against bacteria through excessive generation of
reactive oxygen species H,O,, 0%, OH, etc. which interfere
with respiration and membrane transport, release potassium
ions from these cells, and interfere with cellular growth
(Gomaa 2017). They also cause apoptosis-like responses;

lipid peroxidation; depletion of antioxidant enzymes, such
as GSH; and DNA damage (Korshed et al. 2016). These
particles and palladium ions can damage cellular structures
(e.g., ribosomes), and biomolecules such as proteins, lipids,
and DNA, by interacting with them and hence disturb their
maintenance and activities.

Conclusion

This study provides a sustainable method for synthesizing
palladium nanoparticles (MLE@PdNPs) to obey the green
chemistry principles. Here, Madhuca longifolia leaf extract
in an aqueous medium was used as a bioreductant and
stabilizing agent. Incorporating the plant-based extract is
an efficient alternative methodology for the high-yielding
fast synthesis of MLE@PdNPs, which becomes useful for
large-scale synthesis and hence becomes an environmentally
benign method. The advantages of the method we have
used are the elimination of toxic chemicals, surfactants etc.,
easy work-up process, high yield, high tolerance ability
for different functional groups, and a high percentage of
reusability of the nanoparticles in the different areas. The
results reveal that the triangular sheet-like stable MLE@
PdNPs with an average crystallite size of 16.22 nm having
a face center cubic (fcc) structure were obtained. The
biological screening of MLE@PdNPs has been performed
against the human lung cancer cells A549 and bacterial
strains S. aureus, K. pneumonia, Salmonella, and E.coli
which showed that MLE@PdNPs can be a promising
material for formulating nanomedicine after subsequent
clinical experiments. This study will become beneficial to
expand the studies on the therapeutics potential of MLE@
PdNPs in the future.
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