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Abstract

Nanocomposites based on inorganic/graphene nanoparticles have gained remarkable interest as a novel class of hybrid
materials. Scientific community attention towards these substances has been increasing, because of their peculiar charac-
teristics in combining anticipated features of building constructs for specified applications. Graphene oxide (GO) and metal
nanoparticles (MNPs) are using separately in different applications due to their specific limitations. Researchers continue
to explore ways to overcome these challenges and create functional nanomaterials for various fields by combining unique
advantages of GO and MNPs. Here, we used a facile one-step method for the synthesis of reduced graphene oxide—palla-
dium composite (RGO/Pd). Environmental-friendly biofabricated palladium nanoparticles adhered to Polyscias scutellaria
(PS) leaf extract mediated RGO/Pd have been presented in the current investigation. The biofabricated nanohybrid (RGO/
Pd) was analysed utilizing several microscopic and spectroscopic techniques. Further, we have also examined the catalytic
function for the reduction of 2-nitroaniline (2-NA) in detail. Primarily, we observed that the synthesized nanocomposite can
catalyse simultaneous reduction of 2-NA. Furthermore, an added advantage of the as prepared RGO/Pd nanocomposite is its
antimicrobial and antifungal ability. Further, we exhibited that the mesenchymal stem cells of adult goat were viable in the
presence of RGO/Pd of 0.1 mg/mL concentration and their properties of stem cells were retained. The outcomes displayed that
the nanocomposites exhibited outstanding functioning in the killing of dangerous microbial and fungal pathogens. All these
results strengthen the RGO/Pd composite applicability in future for potential therapy in bone tissue engineering applications.
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Introduction

Graphene oxide and metal nanoparticles are using sepa-
rately in different applications due to some limitations like
agglomeration (Jana et al. 2017), reduced electrical conduc-
tivity, limited mechanical strength (Parnianchi et al. 2018),
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size control (Scroccorello et al. 2023). Both GO and MNPs
offer unique advantages; thus, researchers continue to
explore ways to overcome limitations and create functional
nanomaterials for various fields (Ban et al. 2023; Rasuli
et al. 2015). Nanocomposites based on inorganic/graphene
nanoparticles have gained remarkable interest as a novel
class of hybrid materials (Fioravanti et al. 2023; Hashtroudi
et al. 2021). Scientific community attention towards these
substances has been increasing, because of their peculiar
characteristics in combining anticipated features of building
constructs for specified applications (Li. et al. 2015). Unique
opto-electronic, catalytic and magnetic features of graphene
nanocomposites depending on the hybridization along with
nanoparticles (NPs) are utilized in numerous applications
which includes energy storage, imaging, electronics and
catalysis (Kausar et al. 2023; Lee et al. 2022; Sagadevan
et al. 2021; Mundal et al. 2023). Previously, considerable
efforts are made to combine uniformly different varieties of
nanosubstances which include metal oxide and metallic NPs
together with graphene that characteristically increase the
capabilities of these substances because of the synergistic
impact as a consequence of their combination (Ullah et al.
2015; Wang et al. 2014). Besides increasing the capabilities
of graphene, NPs also function as a stabilizing agent over the
agglomeration of discrete graphene layers, which is promi-
nently caused through the van der Waals attraction between
individual graphene sheets (Tang et al. 2014). Addition-
ally, in numerous cases metal NPs intercalation along with
graphene assisted in the exfoliation of discrete graphene
nanosheets from graphite (Gotoh et al. 2011). Hence, novel
approaches and great efforts for fabricating nanohybrids
based on graphene are very essential (Kanwal et al. 2021).
Anchoring of metal NPs on the graphene surface for
synthesis of nanohybrids is categorized generally by two
alternative procedures (Yang et al. 2021): (i) in situ crystalli-
zation (in situ attaching) and (ii) ex situ hybridization (post-
immobilization). Ex situ hybridization includes blending of
discrete solutions of graphene nanolayers and commercially
available NPs or prefabricated NPs (Xia et al. 2014). How-
ever, in situ crystallization of NPs is performed through con-
current reduction of graphene oxide (GO) and correspond-
ing metallic salts utilizing various reducing agents (Bhirud
et al. 2015). Usually, the techniques engaged in NPs in situ
crystallization have been extensively utilized because of
their low cost as they reduce the number of steps in order to
obtain desired product (Leng et al. 2014). Numerous chemi-
cal reduction methods are employed during the in situ syn-
thesis of graphene-based nanohybrids, for instance electro-
chemical, thermal and chemical. Amongst them, chemical
method is the widely employed and most hopeful technique
for bulk-scale preparation of metallic NPs-graphene nano-
hybrids (Cobos et al. 2020; Salim et al. 2021). The chemical
method stands out as a superior approach for synthesizing
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graphene-based nanohybrids due to several key advantages
like simple and rapid production, easy control of particle
size and composition, uniform mixing and large-scale pro-
duction, making it a preferred choice for synthesizing gra-
phene-based materials with enhanced properties (Majumder
et al., 2022).

Numerous nanohybrids have been fabricated through the
in situ reduction of various metallic precursors like H,PdCly,
K,PtCl,, AgNO;, HAuCl, by employing reducing agents,
namely NaBH,, amines and hydrazine hydrate (Han et al.
2013; Zhang et al. 2014a; Xu et al. 2008; Compton et al.
2010). However, nanohybrids synthesized via chemical
techniques generally suffered from poor dispersibility and
irreversible agglomerations of NPs or/and graphene layers to
increase the processing ability of these substances (Dey et al.
2015; Kulia et al. 2012). Additionally, most of the reagents
participated in the in situ reduction and functionalization
processes of nanohybrids are extremely hazardous by their
nature, which are toxic for both human life and environ-
ment (Kulia et al. 2013). Furthermore, the existence of these
extremely hazardous reductants on the nanohybrids surface
in minute quantities could significantly alter capabilities of
these substances and have adverse impacts on its application
in the field of biology (Yin et al. 2015).

In recent times, trend of employing bioreducing agents
in the fabrication of nanosubstances has received immense
acceptance (Adil et al. 2015b). For example, different biore-
ducing agents have been employed for the fabrication of
metallic NPs like microbes, bovine serum albumin, glucose,
ascorbic acid, amino acids, vitamin C and plant extracts
(Hulkoti et al. 2014; Khan et al. 2013a; Bahram et al. 2014;
Nadagouda et al. 2007; Hebbalalu et al. 2013). Amongst
these bioreducing agents, phyto-extracts have gained con-
siderable interest because of their large-scale amounts, easy
availability and low cost (Barman et al. 2013; Akhtar et al.
2013). Additionally, phyto-extracts not only act as a reduct-
ant but also serve as a stabilizer, which restrict the applica-
tion of other chemical capping agents (Makarov et al. 2014;
Khan et al. 2014b). Owing to these, phyto-extracts are not
utilized only in fabrication of metal NPs; however, in sev-
eral other cases they are also applied successfully for GO
reduction (Khan et al. 2014b). Though several metal NPs
are synthesized utilizing phyto-extracts as reductant, their
use in the fabrication of nanohybrids based on graphene has
been restricted so far (Sedki et al. 2015).

Polyscias scutellaria Fosberg is an indigenous plant
extensively employed in traditional medicine to treat a vari-
ety of ailments. The antimicrobial properties of P. scutel-
laria leaves have been investigated, and they are tradition-
ally employed to alleviate body odour, wounds, urinary tract
issues and breast inflammation (Rosa et al. 2019). Research
has demonstrated that P. scutellaria leaves contain bioac-
tive compounds, including alkaloids, saponins, tannins and
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flavonoids, and they possess antibacterial properties. The
alkaloid is the most bioactive compound in P. scutellaria,
as it disrupts the stability of peptidoglycan and degrades
fungal cell walls. Triterpenoid saponins, another active com-
pound, are renowned for their antifungal properties (Arif
et al. 2009). P. scutellaria leaves are an appropriate choice as
reducing and stabilizing agents due to the presence of these
bioactive compounds. On the other hand, Budiono et al. con-
ducted the LC-HRMS to detect bioactive compounds pre-
sent in aqueous extract of PS extract. Majorly compounds
present in PS extract include rutin, quercetin, oleanolic acid,
quercetin-3p-D-glucoside, kaempferol and caryophyllene
oxide. Further, PS extract also contains five terpenes, seven
phenolic and nine flavonoid compounds which including two
flavonoid-3-O-glycosides, two flavonoid-7-O-glycosides and
seven flavanols (Budiono et al. 2023).

In our present investigation, we have showed fabrica-
tion of palladium/highly reduced graphene oxide (RGO/Pd)
nanohybrids utilizing Polyscias scutellaria leaf extract as
bioreducing agent. Several plant biomolecules have been
reported for the synthesis of graphene and their nanocom-
posites (Almas et al. 2014; Fatemeh et al. 2012; Halawany
et al. 2012; Alam et al. 2013; Akhtar et al. 2011). In fact,
the remarkable reducing capability of Polyscias scutellaria
leaf extract is utilized for the first time in one of the past
investigations for GO reduction (Khan et al. 2015a).

In this study, Polyscias scutellaria leaf extract functioned
as both in situ functionalization binding agent and reduct-
ant, which assisted in anchoring of Pd NPs on the surface
of RGO sheets. The fabricated RGO/Pd nanohybrids were
analysed by transmission electron microscopy (TEM), Fou-
rier transform infrared (FT-IR) spectroscopy, X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD) and
ultraviolet-visible (UV/Vis) spectroscopy. Primarily, we
observed that the synthesized nanocomposite has the ability
to catalyse simultaneous reduction of 2-NA. Furthermore, an
added advantage of the as prepared RGO/Pd nanocompos-
ite is its antimicrobial and antifungal ability. Biomolecules
present in plant extract are reported to exhibit antimicrobial
and antifungal activities which then get adsorbed on the sur-
face of RGO. Pd acts as catalyst exhibiting catalytic activity.
Hence, RGO/Pd exhibits potential catalytic and antimicro-
bial properties. The bactericidal activity of graphene-based
metal nanocomposites is significantly influenced by their
physicochemical properties (Hu et al. 2010). The combina-
tion of palladium nanoparticles and reduced graphene oxide
is widely used in the manufacture of medical instruments
and apparatus, as it provides exceptional protection against
infectious microorganisms (Li et al. 2016; Dou et al. 2015).
The outcomes displayed that the nanocomposites exhibited
outstanding functioning in the killing of dangerous microbial
and fungal pathogens. Further, we exhibited that the mesen-
chymal stem cells of adult goat were viable in the presence

of RGO/Pd of 0.1 mg/mL concentration and their proper-
ties of stem cells were retained. All these results strengthen
the RGO/Pd composite applicability in future for potential
therapy in engineering of bone tissue.

Experimental work
Materials

Graphite powder, Na,PdCl, NaBH, (98%) and 2-nitroani-
line (2-NA, 98%) dye were obtained from Sigma-Aldrich,
Shanghai. All the experiments were performed using dou-
ble-distilled water.

Preparation of Polyscias scutellaria leaf extract.

Freshly collected Polyscias scutellaria leaves were thor-
oughly washed utilizing DDW before its application. 10 g
of leaves was suspended in 100 mL of deionized (DI) water
and boiled on a water bath for approximately 20 min. Then,
the mixture was filtered using Whatman No. 1 filter paper to
obtain the final filtrate. Later it was brought down to ambi-
ent temperature and then stored in a refrigerator condition
for future use.

Biofabrication of RGO/Pd NPs utilizing Polyscias scutel-
laria leaf extract.

Graphene oxide (GO) was fabricated from graphite
powder utilizing modified hummers technique (Hummak
et al. 2021). We followed modified Hummers method for
GO synthesis as it exhibits improved level of oxidation,
performance of the reaction and reduce the release of toxic
gases (Cardoso et al. 2019). Leaf extract was mixed with
100 mg of GO, and this solution was subjected to sonication
for about 20 min. Later, the reaction solution was refluxed
for approximately 12 h. Reaction mixture colour was trans-
formed to black from light brown owing to surface plasmon
resonance (SPR) excitation, which indicates GO reduction.
The changes in electronic structure and electronic properties
and enhanced electron transfer under SPR conditions lead to
changes in absorption or reflection of light, resulting in the
colour change. Then the RGO hybrid was separated by per-
forming centrifugation after bringing down to ambient tem-
perature. Then, the obtained residue was rinsed thoroughly
using deionized water through successive centrifugation
process. In order to suspend well in water, the RGO hybrid
was subjected to sonication every time before the process of
centrifugation. 20 mL Na,PdCl, of concentration 0.5 M was
added drop by drop to 50 mL final aqueous extract, and the
resultant mixture was stirred well for 12 h at 100 °C. Lastly,
RGO/Pd nanohybrid was sent for centrifugation process to
separate from reaction solution, and the final mixture was
washed many times utilizing DI water and later air-dried.
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Characterization

Using an X-ray powder diffractometer (XRD) with Cu Ka
radiation (A = 0.15406 nm) and a scanning rate of 0.01° per
step, the crystal phase of the produced samples was meas-
ured. Using Fourier transform infrared (FT-IR) spectroscopy
at room temperature in the range of 4000-400 cm™! with
an RXI [PerkinElmer], the functional groups of the nano-
composite were examined (Al-Rawi et al. 2020). A Quanta
FEG-250 HR-SEM was used to take pictures while a scan-
ning electron microscope (SEM) was used to analyse the
composites morphology. A JASCO V-530 spectrophotom-
eter was used to record UV-Vis spectra. An examination was
performed utilizing X-ray photoelectron spectroscopy (XPS)
with a PHI 5300 apparatus, and a 514-nm laser beam was
used to obtain Raman spectra using a micro-Raman spec-
trometer. Electron-dispersive spectroscopy analysis (EDS)
was performed with an electron-dispersive spectroscopy unit
(Smjecanin et al. 2022).

Catalytic test

Catalytic ability of produced RGO/Pd nanohybrid was exam-
ined utilizing it as catalyst for investigating 2-NA reduction.
In conventional methods, reduction procedure for 50 mL
aqueous 2-NA solution (0.5 mM) comprising 0.1 g NaBH,
which serves as a reductant, was investigated utilizing 5 mg
RGO/Pd nanohybrid as a catalyst. During reaction process,
approximately 1 mL sample was removed from the reac-
tion solution at particular time period and placed in quartz
cuvette for recording absorption spectrum in a time-based
manner. The decrease in the intensity of absorption was
observed for nitro compounds at around 410 nm; also, the
respective rate constants along with various first concentra-
tions of catalysts are measured. In addition, the reduction
process was examined at three different temperatures for
studying the influence of temperature and to measure acti-
vation energy value for reduction process.

Antimicrobial effect-Agar well diffusion
technique

Antimicrobial properties of RGO/Pd nanohybrids were stud-
ied utilizing agar well diffusion technique over four different
pathogenic fungi like Tricoderma viride, Mucor plumbeus,
Candida trophicans and Candida albicans, and 4 patho-
genic microbes, namely Pseudomonas aerunginosa, Bacillus
cereus, Bacillus thuringiensis and Klebsiella pneumonia, in
Muller-Hilton agar (MHA) media supplemented with stand-
ard antibiotic (ketoconazole) suggested by laboratory and
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clinical standard institute. Cell cultures were washed and
placed in petri dishes: approximately 4-mm-diameter-sized
wells were punched out in the petri dishes. RGO/Pd nano-
hybrid was added into each agar well at various doses (50,
30, 20 uL). Dimethyl sulfoxide (DMSO) acts as negative
control and the pathogens were cultured in basal medium.
At optimal conditions, petri dishes were undergone incuba-
tion for about a day at 38 °C. Zone of inhibition diameter
was assessed and expressed as mm, optical photographs of
petri dishes were recorded, and the nanohybrid which was
displaying maximal antibacterial effect for every pathogen
was observed and presented in tabular form.

Viability, isolation and adhesion of goat adipose
tissue-derived MSCs (AdMSCs) on the LOG NPs

For these studies, the 3D structure of RGO/Pd in bulk form
was made for scaffolds, by mixing 4 mg of RGO/Pd to 1X
phosphate buffered saline (4 mL). Later, RGO/Pd dispersion
(1 mg/mL) was allowed for ultrasonication for about 2 h,
which followed by drying at 100 °C. After complete drying
of composite, 1X phosphate-buffered saline (100 pL) was
added to make into slurry.

MSCs derived from goat adipose tissue used in current
study were purchased from TONGWEI Biotechnology Co.,
Ltd (Shanghai, CN). In vitro evaluation of cell viability and
adhesion with MTS analysis (Promega) for 10 days was
performed, and by using propidium iodide (PI) dye (Inv-
itrogen) and calcein AM dye (Invitrogen), the properties
were confirmed at 7th day through microscope. A 24-well
plate coated with RGO/Pd was used to seed Goat Ad MSCs
showing the density of 1.0 x 10* cells/well. By following
the protocols of manufacturer, the cells were stained and
visualized with the help of 40C microscope Zeiss Axiovert
(Carl Zeiss), which was equipped with a DS-QilMc Nikon
Digital Sight camera. Adipose-derived MSCs were equally
seeded onto surfaces of graphene and polystyrene control for
comparison as polystyrene plays a role in cellular processes,
including proliferation and cell viability.

AdMSCs trilineage differentiation of goat on RGO/
Pd

As described previously with the help of media and identi-
cal passages we performed adipogenesis, osteogenesis and
chondrogenesis on the plates coated with nanoparticles
(Khan et al. 2014c¢). All the assays were performed at the
same time on surface of graphene and polystyrene surfaces
to compare the results.
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Results and discussion

FT-IR spectroscopic analysis was mainly utilized to monitor
the surface functionalization procedure and modifications in
GO surface chemical compositions throughout the immo-
bilization of phyto-extract, succeeded by anchoring of Pd
NPs over it. FT-IR spectrum analogous to RGO/Pd, RGO,
GO and PS extract is presented in Fig. 1. In the spectrum
of leaf extract, absorbency bands centred at 1631, 2947,
3456 cm™! were because of the stretching oscillations cor-
related with C=0, C—H and phenolic O—H linkages corre-
spondingly. Absorbency peaks appeared at 1095, 1292 and
1434 cm™! were attributed to stretching oscillations of C—N
and C=C linkages (Nasrollahzadeh et al. 2016). Generally,
FT-IR spectrum of graphene oxide was either diminished or
its intensities were considerably decreased after the reduc-
tion procedure, which at the same time confirms the fabri-
cation of RGO. Obviously, in FT-IR spectra analogous to
RGO/Pd nanocomposite, absorbance bands appeared at ~
1740 cm™! for the stretching vibrations of C=0 linkage and
~ 1630 cm™ for the stretching vibrations of C=C linkage
correlated with the disappearance of GO, whereas the inten-
sities of wide band at approximately 3440 cm~! analogous to
O—H functionalities are relatively decreased, thus suggest-
ing GO reduction to RGO (Veisi et al. 2019). Absorbance
band centred at 3456 cm™! attributed to phenolic O—H func-
tionality was relatively narrow and this phenomenon was
due to the O—H peak destruction which occurred because
of the consequence of anchoring RGO and Pd NPs on to the
surface. Altogether, these results confirm the binding of PS

Plant extract

RGO/Pd

3440

Transmittance

1630
GO

3456
1610

3480

3500 3000 2500 2000 1500 1000 500

Wave number (cm™')

Fig.1 FT-IR spectrum of plant extract, GO, RGO and RGO/Pd nano-
composite

extract bioconstituents on the RGO/Pd or RGO surface as a
stabilizing agent.

UV-Vis spectroscopic studies were employed to inves-
tigate the fabrication of Pd NPs and RGO as well as to
confirm the PS extract as a reducing agent transforming
the GO and Pd** ions into RGO and Pd NPs correspond-
ingly. UV-Vis spectrum analogous to RGO/Pd nanohybrid,
RGO, GO and PS extract is presented in Fig. 2. UV spectra
representative to PS extract (violet) shows the peaks at a
wavelength ranging between 210 and 225 nm and 280 and
325 nm which were owing to transition of C=0 linkage as
well as benzoyl linkage transitions suggesting the existence
of phenolics (Nasrollahzadeh et al. 2016). Usually, GO dis-
plays 2 different peaks centred at ~ 301 nm attributed to
n—* transitions of C=0 linkage and the peak situated at ~
230 nm was attributed to the t—n* transitions of aromatic
C=C linkage. While reducing by PS extract, the plasma
peak gradually red-shifts to 270 nm, suggesting that GO
is reduced and the electronic conjugation within graphene
sheets is restored upon PS extract reduction, reflecting
increased m-electron concentration and structural ordering,
which is consistent with the restoration of sp2 carbon and
possible rearrangement of atoms (Kuila et al. 2011; Chowlla
et al. 2010). UV-Vis spectra of biofabricated RGO utilizing
PS extract displays an extra peak at ~ 230 nm (GO) together
with red colour shift to ~ 270 nm (RGO) suggesting the
accomplishment of reaction process along with the synthesis
of RGO (Veisi et al. 2019). PdC1, displays a familiar absor-
bency peak a ~ 420 nm. Without these absorption bands
in UV spectra representative to RGO/Pd clearly confirms
the instantaneous reduction of both PdC1, and GO along
with the fabrication of RGO/Pd nanocomposite. UV-Vis
spectra analogous to RGO/Pd nanocomposite display two
absorbency peaks at ~ 325 and ~ 280 nm which were quiet
similar to the bands of PS extract (Veisi et al. 2016). This

270 Plant extract

RGO ——

RGO/Pd

GO —_—

0.8

0.6

Absorbance

0.4

0.2

210 310 410 510 610

Wavelength (nm)

Fig.2 UV-Vis spectrum of GO, RGO, RGO/Pd and plant extract
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evidently shows the presence of leftover plant molecules on
RGO/Pd nanohybrid surface as a reductant.

Raman spectroscopy has been considered as an essential
method to study the functionalization procedure. Figure 3
displays the Raman spectrum which indicates GO reduc-
tion. Two intense absorption peaks of G band (~ 1592 cm™)
and D band (~ 1349 cm™!) were noticed, representative to
graphitic (sp>-hybridized) and diamondoid (sp*-hybridized)
structures, correspondingly. We can observe shift in D and
G band in RGO compared to GO, this reflects the reduction
process in RGO. This is familiar that D and G band intensity
ratio (Ip/I;;) is stringently correlated to with the amount of
functionalities. Elevated ratio of I,/I5 for RGO (i.e. 1.21)
over graphene oxide (i.e. 0.89) indicates C=0 linkage resto-
ration following the hydrothermal reduction process utilizing
leaf extract (Su et al. 2009).

Intensity

1000 1400 1600
Raman shift (cm?)

Fig. 3 Raman spectra of GO and RGO. The G band and D band of
GO appear at 1592 cm™! and 1349 cm™!

X-ray photoelectron spectroscopy (XPS) was used to
evaluate the reduction level and composition of the synthe-
sized RGO/Pd composite. The full-spectrum XPS analy-
sis, as shown in Fig. 4A, indicates the presence of palla-
dium, oxygen, nitrogen and carbon on the surface of the
Pd NPs and RGO. The Pd XPS spectra shown in Fig. 4B
show two double peaks with binding energies of 340.4 eV
and 335.1 eV, respectively, that correspond to Pd3d,,, and
Pd3ds,,. The fact that these values are in good agreement
with the predicted binding energies for metallic Pd indicates
that PS extract does not adsorb on the Pd particle surface.
The C1s XPS spectra of RGO and GO are shown in Fig. 4C.
Only 27% of GO is found in the Cls spectra, but 52% of
RGO is attributed to graphitic carbon, which is prominently
peaks at 284.6 eV in the RGO spectrum. Compared to 30%
in GO, the shoulder peak at 286 eV, which is ascribed to
C—OH (epoxy/hydroxy) groups, makes up 19% of the RGO
structure. O=C—0, another oxygen-containing group, is
present in RGO (288.9 eV) in much smaller amounts than
in GO. Furthermore, carbonyl groups are responsible for a
new shoulder peak in the RGO profile that is located about
287.6 eV. Figure 4D shows the high-resolution O1s spec-
tra of GO and RGO. The Ols photoelectron peak of GO is
located at 532.5 eV, whereas the peak of RGO is located
at 532.4 eV. These results suggest that RGO still includes
carbonoxygen groups, albeit in smaller amounts.

Using EDS analysis, the new RGO/Pd nanohybrids pal-
ladium metal content was confirmed (Fig. 5). The samples
weight percentages were 48%, 49% and 3% for carbon,
oxygen and palladium, respectively. Palladium has a lower
weight proportion than the other elements.

Intensity / a.u.

Accumulative
Epoxy of hydroxy C-OH
Cc-C

Pd3dy, D

GO

350 345 340

Binding energy / ¢V

335 330

Intensity / a.u.

GO

Intensity (cps)

292 290 288 286 284 282

1000 800 600 400 200 0 EY 540 538

Binding energy / eV

Binding cnergy (¢V)

Binding energy / eV

Fig.4 XPS spectra of RGO/Pd, GO and RGO (A), high-resolution Pd spectrum (B), high-resolution O1s spectra of RGO and GO (C) and high-

resolution Cls spectra of RGO and GO (D)
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Fig.5 EDS spectra of RGO/Pd
NPs showing the presence of
elemental peaks

Elements Weight %
Cc 48.46 + 1.41
[0} 48.90 + 3.45

PD 2.63 +1.27

Fig.6 TEM images (A), SAED pattern (B) and HR-TEM images (C) of RGO/Pd nanocomposite

Mean crystallite size of Pd NPs adhered on the RGO sheet
was observed to be 12—15 nm. HR-TEM photographs and
SAED pattern of RGO/Pd nanocomposite (Fig. 6) illustrate
high crystalline morphology of Pd NPs and the RGO sheet.
Inter-planar distance between the fringes was observed to be
0.23 nm which agreed with indexing lattice (111) of Pd face
centred cubic (FCC) structure (Chen et al. 2011).

Perfect crystalline morphology and well distribution
of Pd NPs over RGO sheets were assigned absolutely to
the introduction of bioconstituents exist in extract, which
functioned as decorating, stabilizing and reducing agents
instantaneously for homogenous immobilization of pal-
ladium precursors on the surface of graphene layers with
no agglomeration.
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Figure 7 displays XRD analysis pattern of synthesized
nanohybrid. XRD studies display diffraction peak at 20
angle value of 10 to 25° at lattice plane (002) correlated
with RGO. Sharp peaks centred at 20 values of 67.7°,
46.4° and 39.9° could be attributed to (220), (200) and
(111) indexing planes for the extremely crystalline FCC
structure of Pd (Nasrollahzadeh et al. 2016; Veisi et al.
2019).

Catalysis
Fabricated RGO/Pd nanohybrid was investigated for cata-

lytic performance over another environmental contaminant,
i.e. reduction of 2-NA other than that specifically for the

(111)

=

g (200)

Z (220)

5

E

10 20 30 40 50 60 70 80

20 (degrees)

Fig.7 XRD pattern of RGO/Pd nanocomposite
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concurrent reduction of 2-NA and dyes. Reduction of 2-NA
was considered as an ideal reaction process to confirm
the catalytic capability of fabricated RGO/Pd nanohybrid.
Meanwhile, nitro compounds were supposedly very hazard-
ous and these were released as dissipates into water directly
from various industries; therefore, their removal or transfor-
mation to useful substance is essential (Zhou et al. 2010).
Several methods were used for removal of heavy metal ions
at trace levels. Punica granatum showed effective for pre-
concentration of seven heavy metal ions (Sulejmanovic et al.
2023). Zahra et al. (2024) used silicate nanoco-polymer for
toxic metals extraction. In addition, Ali et.al. (2023) syn-
thesized GO/CuO-NCs and applied for the removal of Ni**
and Cd** ions from a binary metal ion system. Reduction
process was monitored by recording the reduction in absorp-
tion near highest peak 410 nm in relation to time. Firstly,
reduction reaction was analysed in the existence of NaBH,
alone and noticed that only insignificant proportion of nitro
compound had undergone reduction process when com-
pared to amine as depicted in Fig. 8A. The probable causes
for this were large energy barrier for activation, and direct
reaction between NaBH, and 2-NA could not produce ade-
quate energy for overcoming that barrier. However, adding
appropriate catalyst could accelerate the reduction reaction
through a new path which lowers the activation energy.

Hence, 2-NA reduction rate was considerably elevated
utilizing RGO/Pd nanohybrid as catalyst which can be
noticed by the reduction in 2-NA absorption intensity near
410 nm (Fig. 8B). As this process was performed with large
amounts of NaBH,, to predict the values of reduction rate
constants pseudo first-order kinetic model was utilized
(Ghosh et al. 2004).

Rate equation was given as:

)
(v )

0 . : 15min—— :
250 300 350 400 450 500 550
Wavelength (nm)

Fig.8 UV-Vis absorption spectrum showing the gradual reduction of 2-NA A without catalyst; B with catalyst
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where C, represents initial concentration of 2-NA (mM),
C, represents the concentration at specific time period t and
K,pp Was considered as the approximate reduction rate con-
stant. It could be observed by that plotting In (Ct / Co) over
time period gives a straight line for 3 various concentra-
tions of catalytic agent (0.005 g, 0.004 g as well as 0.002 g)
(Fig. 9). Elevation in the slope of graphs along with the K,
values was noticed with increased catalytic agent concentra-
tion from 0.002 g to 0.005 g. Such rise could be described
due to the existence of a greater volume of active sites for
catalysis that accelerates efficient collisional frequency, and
therefore increases rate of catalytic reaction. Hence, quantity
of catalytic agent was major tool for checking nitro com-
pound reduction. K,,, maximal value was observed as 6.43
x 1073 /sec at 5 mg catalytic agent in this study which is
remarkably greater when compared to the values described
previously by a researcher (Cheng et al. 2015) for the cata-
lytic reduction of 4-NP utilizing RGO-dependent catalyst.
Catalytic performance of Pd NPs-graphene nanohybrid has
also been investigated at three various temperatures such
as 50, 40 and 30 °C and fixing other factors as constants.
Through Fig. 10, it was evident as the linear patterns of In
(Ct/ Co) against time period in graphs were noticed at vari-
ous values of temperature with increased K, value to 7.66
X 1073 / sec from 3.45 x 1072 as the temperature raised to
50° from 30 °C. Such an elevation in reduction rate along
with temperature raise might be because of greater mean
kinetic energies of dye compounds, and therefore increased
rate of efficient collisions between the molecules. Steadiness
in linear pattern also suggests the uniform scattering of Pd

A Catlyst concentration (g)

15

-2

-3

Ln (Ct/Co)

-4

-5

>

0.005g N\

-6

Fig.9 A Effect of RGO/Pd concentration on determination of approximate rate constant (i.e. k.

the quantity of RGO/Pd catalyst

20

NPs on the surface of RGO sheets (Lin et al. 2011; Ajmal
et al. 2014).

Antimicrobial activity

Figures 11, 12, 13 display the antibacterial properties of
RGO/Pd nanohybrid, GO over 4 pathogenic bacteria, namely
Pseudomonas aerunginosa, Bacillus cereus, Bacillus thur-
ingiensis and Klebsiella pneumonia. Inhibition zone diam-
eter was assessed after a day. Inhibition zones of various
microbes are given in Tab 1. Mechanism of antimicrobial
effect of RGO/Pd nanohybrid was dependent on liberation
of reactive oxygen species (ROS) (Yamamoto et al. 2000).
The chemical reactions amongst hydrogen peroxide (H,0,),
proteins and additional chemical moieties prevented the
microbial growth (Zhang et al. 2008). Microbial plasma
membrane composed of proteins, so the Pd NPs exist in
the composite disrupt the plasma membrane and react with
membrane proteins (Hariharan et al. 2012) which damage
and distort the microbial cell. Intra-cellular substances have
been leaked; cellular respiratory mechanistic chain was
disrupted, resulting in the disorganization and damage to
plasma membrane, and finally causes cell death.
Antimicrobial property of fabricated nanohybrid was
determined by assessing the inhibition zone diameter over
the standard antibiotic amikacin (Figs. 11). Bacteriostatic
activity of samples on previously mentioned pathogenic
organisms was determined, and maximum inhibitory activity
was noticed over gram-positive microbes (B. cereus (G+ve)
and B. thuringiensis (G+ve)). The cell walls of gram-pos-
itive microbes composed of peptidoglycan layers can be
effortlessly penetrable. Cell walls of gram-negative microbes

0.005 e
0.004 o
0.003

0.002 @

Kapp X 103

0.001

0 2 B 6 8

Catalyst Concentration (g)

) for 2-NA reduction. (B) k,,, dependence on
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Fig. 10 A Effect of temperature on rate constant for 2-NA reduction using RGO/Pd catalyst. B k,,, dependence on temperature

Fig. 11 Antimicrobial activity of RGO/Pd nanocomposite against K.
Pneumoniae, B. thuringiensis, B. cereus and P. aerunginosa

were composed of phospholipids along with lipopolysac-
charide that renders it as impermeable. Inhibition area of
Bacillus cereus, B. thuringiensis (G+ve) was 15 as well as
14 mM in diameter correspondingly. Utilized standard anti-
biotics showed inhibition zone as 17 and 16 mM in diam-
eter for the mentioned microbes. This was because of the
existence of Pd NPs adhered on the surface of RGO which
was indicated in SEM micrographs. NP shape existing in
the complex showed little influence on their activity, greater
the surface area of GO, higher the Pd NPs concentration
which yields good antimicrobial property (Yamamoto et al.

@ Springer
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Fig. 12 Antifungal activity of RGO/Pd nanocomposite

2003). Electrostatic attraction between negatively charged
cellular membrane of pathogens and positively charged NPs
increases the antimicrobial capability of RGO/Pd nanohy-
brid (Dibrov et al. 2002). Similar catalytic and antimicrobial
studies were reported by Siddique et al. (2021).

Figure 12 displays the antifungal effect of RGO/Pd nano-
hybrid over the 4 pathogenic fungi, namely Tricoderma
viride, Mucor plumbeus, Candida trophicans and Can-
dida albicans. Evident zone of inhibition was noticed after
employing fabricated RGO/Pd nanohybrid over the fungi in
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relation to standard antibiotic ketoconazole. Figure 13 dis-  Biocompatibility studies
plays the antibacterial activity of RGO/Pd nanohybrid over

the 4 pathogenic bacteria and fungi along with the stand- ~ MTS proliferation assay was used to evaluate the cell viabil-
ard antibiotics. Similar studies were reported by Selvi etal. ity of initially isolated and then characterized and cryopre-
(2024). served goat adipose tissue-derived MSCs in in vitro using
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Fig. 15 AdMSCs differentiation was assessed without (A-C) and with treatment of RGO (D-F)

RGO films (17). MSCs maintained the cell viability and
their proliferation was retained on RGO films, which are
similar to the surface coated with polystyrene (Fig. 14A).
Later the cell viability was confirmed by fluorescent live-
dead staining (Fig. 14B). Using calcein AM dye (green fluo-
rescence), it was concluded that the cells stick to the films of
graphene and the cell viability was retained.

Properties of mesenchymal cell in the presence
of RGO/Pd

Multipotency of MSCs was determined by trilineage differ-
entiation of mesenchymal stem cells in vitro when RGO is
present. As concluded by the staining patterns of oil red o,
alizarin red and alcian blue, goat adipose-derived MSCs had
undergone adipogenesis, osteogenesis and chondrogenesis,
respectively, when media of lineage-specific is present on
LOG 2D (Fig. 15).

Conclusions

Environmental-friendly biofabricated palladium nanopar-
ticles adhered to Polyscias scutellaria (PS) leaf extract-
mediated reduced graphene oxide (RGO/Pd) composite was
prepared. The prepared RGO/Pd composite is characterized
using different microscopic and spectroscopic techniques.
Mean crystallite size of Pd NPs adhered on the RGO sheet
was observed to be 12—15 nm. EDS analysis confirmed the
presence of Pd, C and O elements in the RGO/Pd nano-
composite. Further, the nanocomposite was tested for their

@ Springer

catalytic activity, antifungal, antimicrobial and bone regen-
eration. The RGO/Pd nanocomposite has shown to be a
successful adsorbent for the removal of several industrial
dyes from aqueous solutions. It is synthesized using a sim-
ple one-step procedure. It also has antimicrobial qualities
and acts as an effective catalyst for the elimination of the
aromatic pollutant 2-nitroaniline (2-NA). RGO/Pd exhibited
very good catalytic efficacy towards the reduction of 2-NA
which is an aromatic pollutant. Furthermore, prepared RGO/
Pd nanocomposite showed very good antifungal ability. Fur-
ther, the mesenchymal stem cells of adult goat were viable
in the presence of RGO/Pd of 0.1 mg/mL concentration and
their properties of stem cells were retained. All these results
strengthen the reduced graphene oxide applicability in future
for potential therapy in bone tissue engineering applications.
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