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Editorial: Biofabrication of
nanostructures for environmental,
agricultural, and biomedical
applications
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Editorial on the Research Topic
Biofabrication of nanostructures for environmental, agricultural, and
biomedical applications

The Research Topic entitled “Biofabrication of Nanostructures for Environmental,
Agricultural, and Biomedical Applications” was dedicated to original research and
reviews articles on bio-inspired processes for fabrication of nanomaterials for
antimicrobial, antibiofilm, anticancer, tissue engineering, dye degrading and
biocontrol applications. Various bacteria, fungi, algae, medicinal plants their
metabolites such as lignin, silbinin, curcumin, play active role in the synthesis of the
nanoparticles and their stabilization. Challenges exist using biological materials to
synthesize nanostructures compared to physical-chemical techniques. This comes
from the complexity of the resulting biochemical mixture and limitations within the
physical chemical parameters of the synthesis. However, the challenges become
advantages as the biomolecules involved in the biogenic synthesis often bestow
unique and superior properties. The biogenic nanoparticles tend to be more
biocompatible and are thus considered as ideal candidate to design nanomedicine
(Patil and Chandrasekaran, 2020). Here in this issue, we see creative examples in
using biomaterials to create unique natural materials, and nano structures towards
interesting applications.

Bilal et al. developed novel guided tissue regeneration (GTR) membranes from mucilage
extracted from the chia seed, Lignin@ZnO, and polyvinyl alcohol (PVA). The ZnONPs were
irregular with size lesser than 50 nm. The membrane exhibited randomly interconnected
structures, with smooth morphology with Lignin@ZnO. The GTR showed satisfactory
swelling and mechanical properties while the degradation started after 24 h. Further,
superior antibacterial activity of the GTR was reported against Staphylococcus aureus
and Escherichia coli.

In another study, Ravi et al. developed silibinin conjugated gold nanoparticles (Sb-
GNPs) for anticancer applications against lung carcinoma cell line (A549). The
hydrodynamic size of GNPs and Sb-GNPs were 107 ± 9 nm and 163 ± 5 nm,
respectively while the zeta potentials were −19.6 mV ± 0.648 and −22.2 mV ± 0.458 mV,
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respectively. The pH responsive release of silibinin was confirmed to
be facilitated by an acidic pH up to 200 min. The IC50 value of Sb-
GNPs was 4.8 μM (w.r.t. Sb concentration) while it was 24.8 μM for
the free silibinin.

Bloch et al. reported phytofabrication of zinc oxide particles
(ZnOPs) and silver mixed zinc oxide particles (ZnOAg1Ps,
ZnOAg10Ps, ZnO10Ag1Ps) using Plumbago auriculata leaf
extract (PALE) by varying the concentration of the metal
precursor salts, i.e., zinc acetate and silver nitrate. It was
speculated that the phytochemicals such as polyphenols,
flavonoids, reducing sugar, starch, citric acid and plumbagin
might have played a significant role in the synthesis and
stabilization of the nanoparticles that varied in size from 90 to
400 nm, approximately. The nanocomposite (ZnOAg10Ps)
exhibited 95.7% photocatalytic degradation of methylene blue
with a rate constant of 0.0463 s−1 that followed a first order
kinetics.

Tawre et al. used Curcuma aromatic rhizome extract for
synthesis of silver nanoparticles (CAAgNPs) with efficient
antibacterial, antibiofilm and synergistic effects against
multidrug-resistant (MDR) pathogens. The nanoparticles were
spherical and monodispersed with size around 13 ± 5 nm. The
minimum inhibitory concentrations (MICs), minimum
bactericidal concentrations (MBCs) and minimum biofilm
inhibitory concentrations (MBICs) of CAAgNPs against
Pseudomonas aeruginosa, NCIM 5029 and PAW1, and, S.
aureus, NCIM 5021 and S8 were in range from 8 to 128 μg/mL.
Pronounced biofilm disruption (50%) and antimicrobial synergy
with antibiotics was noted against P. aeruginosa PAW1 and S.
aureus S8.

Yet in another study by Ghosh et al. T. cordifolia leaf extract was
used for the synthesis of AgNPs with the size ranging from 43.82 ± 1.
023 nm to 91.28 ± 1.12 nm. Both Tinospora cordifolia extract and
the AgNPs inhibited the bacteria with the zone of inhibition
equivalent to 10–15 mm and 12–18 mm, respectively. The AgNPs
inhibited the bacterial biofilm which was speculated to be the result
of directly interaction as well as reduction of biofilm associated
polysaccharides, lipids, and nucleic acids.

The mini-review by Ngcongco et al. discusses the advances in
bacteria, fungi, and plant mediated synthesis metallic nanoparticles
with enzymatic activity identical to that of peroxidase,
haloperoxidase, oxidase, catalase, hydrolase, and superoxide
dismutase. Further, the vital aspects such as toxicity, mechanism
and patents in the area of the nanozymes are also covered.

An interesting research by Malhotra et al. reports synthesis of
ZnONPs employing an ethanolic extract of Eupatorium odoratum.
The phytogenic nanoparticles revealed a hexagonal phase with
wurtzite structure with a particle size of ~50 nm that significantly
inhibited bacterial pathogens with high killing efficacy (99.99%) at
500 μg/mL concentration. Further, the commercial central venous
catheters (CVCs) coated with the phytogenic ZnONPs could
significantly resist the biofilm formation by P. aeruginosa, E.
coli and S. aureus.

Singh et al. employed Serratia sp. ZTB29 strain for bacteriogenic
fabrication of spherical copper oxide nanoparticles (CuO-NPs)
with an average size of 22 nm. It was speculated that the bacterial
metabolites with the ester (C=O), carboxyl (C=O), amine (NH),

thiol (S-H), hydroxyl (OH), alkyne (C-H), and aromatic amine
(C-N) groups played a key role in the synthesis and stabilization
of the CuO-NPs. The nanoparticles could significantly inhibit
phytopathogenic bacteria and fungus, such as Xanthomonas sp.
and Alternaria sp., respectively. It is important to note that the
treatment with CuO-NPs also improved the growth
characteristics of maize plants that support its agricultural
applications.

Trzcińska-Wencel et al. reported mycogenic AgNPs and
ZnONPs using Fusarium solani IOR 825. The AgNPs were
spherical with a size of 8.27 nm while the ZnONPs were larger in
size (117.79 and 175.12 nm). The nanoparticles inhibited bacterial
pathogens, namely, Agrobacterium tumefaciens IOR 911,
Pectobacterium carotovorum PCM 2056, Pseudomonas syringae
IOR 2188, Xanthomonas campestris IOR 512. Also, both AgNPs
and ZnONPs inhibited the mycelial growth of Alternaria alternata,
Fusarium culmorum, Fusarium oxysporum, Phoma lingam, and
Sclerotinia sclerotiorum. Interestingly, the mycogenic AgNPs
exhibited a sterilization effect on maize seeds while ZnONPs
promoted the growth of the seedlings with notable improvement
in the fresh and dry biomass.

The content of this Research Topic can be summarized as use
of biogenic nanomaterials with attractive physicochemical and
optoelectronic properties for inhibition of bacteria, fungi, cancer
along with environmental and agricultural applications.

Control over the geometry of the nanoparticles can result in the
desired optoelectronic and physicochemical properties. Although
biogenic nanoparticles are non-toxic and environmentally safe,
optimized synthesis methods must be designed. Despite being
sustainable and environmentally friendly, biogenic fabrication is
often time-consuming because of the cultivation time required to get
adequate microbial biomass. Moreover, they are not monodispersed.
These challenges can be addressed by rational selection of
microorganisms, optimization synthesis parameters such as
duration, pH, temperature, concentration of precursors, culture
age, and cell density. This may allow scale up for large-scale
production of nanoparticles.

Another important aspect is the recovery of the intracellularly
synthesized nanoparticles. While it is easier to recover the
extracellular nanoparticles by employing either filtration or
centrifugation, recovery of the intracellularly produced
nanoparticles may involve cell disruption by physical, chemical,
and/or biological methods. The cells can be disrupted by
ultrasonication, freeze-thaw, SDS, NaOH treatment for release of
the nanoparticles from the cell interior. Detailed mechanism for the
synthesis can be deciphered by integrated approach using genomics,
proteomics and metabolomics. Further, genetically modified
microbes can be developed with high nanobiotechnological
potential with desired control over shape and size. The
functionalization studies will help to understand the surface
modification, drug loading efficiency, drug release kinetics,
targeted delivery, drug uptake, accumulation, and stability that
will help to develop novel nanomedicine. In view of the
background, this Research Topic will enable the rational
development of bioprocesses for synthesis, recovery, modification
and application of tailor made nanostructures using bacteria, fungi,
plants and their metabolites.
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Authority, Cairo, Egypt, 10Chemistry Department, Faculty of Science, King Khalid University, Abha, Saudi Arabia

Periodontal disease is a common complication, and conventional periodontal surgery can
lead to severe bleeding. Different membranes have been used for periodontal treatment
with limitations, such as improper biodegradation, poor mechanical property, and no
effective hemostatic property. Guided tissue regeneration (GTR) membranes favoring
periodontal regeneration were prepared to overcome these shortcomings. The mucilage
of the chia seed was extracted and utilized to prepare the guided tissue regeneration (GTR)
membrane. Lignin having antibacterial properties was used to synthesize lignin-mediated
ZnO nanoparticles (~Lignin@ZnO) followed by characterization with analytical techniques
like Fourier-transform infrared spectroscopy (FTIR), UV–visible spectroscopy, and
scanning electron microscope (SEM). To fabricate the GTR membrane, extracted
mucilage, Lignin@ZnO, and polyvinyl alcohol (PVA) were mixed in different ratios to
obtain a thin film. The fabricated GTR membrane was evaluated using a dynamic
fatigue analyzer for mechanical properties. Appropriate degradation rates were
approved by degradability analysis in water for different intervals of time. The
fabricated GTR membrane showed excellent antibacterial properties against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) bacterial species.

Keywords: ZnO nanoparticles, mucilage, lignin, GTR membrane, antimicrobial activity
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INTRODUCTION

Guided tissue regeneration (GTR) techniques have been
effectively used to treat periodontal problems and have
supported the possibility of bone regeneration. GTR is a
distinctive healing approach for periodontal infections
(Caballé-Serrano et al., 2019). This technique uses the
membranes as mechanical barriers to produce a gap around
the flaws, allowing the formation of a new bone without the
struggle for space by the nearby connective tissues. Membranes
for GTR treatment must be biocompatible, have the appropriate
degradation summary, have good physical and mechanical
properties, and have enough continuous power (Shi et al.,
2014; He et al., 2017; Khorshidi et al., 2018). GTR membranes
should be permeable for cellular adaptation and adequate
nutrient approval. Usually, the membranes are distributed into
two classes: 1) non-resorbable and 2) bio-resorbable membranes.
Non-resorbable membranes like expanded
polytetrafluoroethylene (e-PTFE) should be detached after
implantation through the surgical process.

On the other hand, bio-resorbable membranes involving
collagen-based membranes are not essential to be removed
since they reduce by period and do not need surgical removal
(Caballé-Serrano et al., 2019; Ahmadi et al., 2020; Sadaf Ul et al.,
2021). Moreover, non-biodegradable membranes made from
titanium and polytetrafluoroethylene (PTFE) seem to be in
great danger of postoperative problems as a second surgical
process is necessary to recover implantations (Caballé-Serrano
et al., 2019). So, biodegradable resources could be highly
appropriate for the fabrication of the GTR membrane (Liu
et al., 2020). Periodontal infections rise from constant
inflammation, started by the accumulation of bacteria inside
the dental tissue cells. Periodontitis development will have
severe consequences like the fascination of alveolar bone
tissues, the parting of epithelial tissues from the tooth, and the
disruption of the periodontal ligament cells (PDL). Numerous

biomaterials have been examined for the GTR application (Xue
et al., 2014; Liang et al., 2020; Zhang et al., 2020). While choosing
an ideal biomaterial for the GTR membranes, the subsequent
needs must be measured, such as wound maintenance, space
creation and protection, the safety of the fundamental blood clot,
and the capability to eliminate undesirable tissues (Mota et al.,
2012). Collagen has been one of the most common resources used
to fabricate GTR membranes. However, this biomaterial is
obtained from animal resources and has a connected danger
of infection spread and related moral and ethnic issues, and
causes immunogenic responses too.

Chitosan has drawbacks involving poor mechanical strength
during its swelling, reducing its usage in various fields.
Furthermore, its low mechanical power and the rapid
resorption level of this biomaterial are a concern to several
clinicians. In addition, by the enzymatic action of
macrophages, polymorphonuclear leucocytes, and numerous
microbes, fast collagen degradation can generate collagenase,
which restricts membrane resistance to collapse. This result
permits undesired cells to arrive at the wound place (Sela
et al., 2003). Furthermore, the antibacterial action of the
chitosan-based membrane is inferior at a neutral pH,
restricting its use as an antibacterial (Hezma et al., 2019).
Since collagen and chitosan-based membranes have presented
such restricted properties, fresh and new resources with good
properties are a requisite (Bottino et al., 2011). Natural polymers
are sustainable and more biocompatible, and possess a higher
biodegradable rate than synthetic polymers.

Moreover, natural polymers can display receptor-binding
ligands to the cells. However, low mechanical strength restricts
their application. For GTR applications, pure synthetic polymer
or natural polymer scaffolds are generally insufficient. Pure
synthetic polymers may have poor rigidity, hydrophobic
character, or comparatively less bioactivity. On the other hand,
the degradation results of the synthetic polymers are occasionally
unfavorable for the freshly produced tissue. In contrast, the

Scheme 1 | Schematic representation of the synthesis of GTR membrane.
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natural polymers may reduce so rapidly (biodegradable) to be
utilized for the GTR. Therefore, an anticipated method is
required that includes the usage of the combinations of
synthetic and natural polymers in definite proportions to
merge the benefits of both kinds (Abdelaziz et al., 2021).

Current reports show that using ZnO NPs also permits the
development of bone growth, increases the osteoblast
proliferation process, and prevents both Gram-negative and
Gram-positive bacterial growth (Abdulkareem et al., 2015).
For several years, Zn has also been utilized in dentistry as the
main filler constituent of dental adhesives (Padovani et al., 2015).
Lignin is an excellent applicant for the growth of new resources
because of the phenolic and aliphatic hydroxyl functional groups
in its structure and prevents the development of microbes,
including Staphylococcus aureus and Escherichia coli. The
lignin’s antimicrobial activity can decrease the danger of
bacterial migration on the layer of the material. Mucilage, a
natural extract from chia seeds, is unique (Muñoz et al., 2012).
Mucilage has an excellent capacity for making films. There is
growing attention to natural hydrocolloids for the production of
decomposable films due to their non-toxic, low-cost, non-
irritating quality, and other benefits (Beigomi et al., 2018).
PVA is an extensively used, biocompatible, hydrophilic, water-
soluble, and biodegradable synthetic polymer with more excellent
mechanical applications appropriate for medical uses, including
dental applications, bone regeneration, and wound healing (Zhou
et al., 2020). The -OH groups in PVA can be a source of hydrogen
bonding and help develop polymer composites (Khodiri et al.,
2020).

In this study, we synthesized and introduced the Lignin@ZnO
nanoparticles, used extracted mucilage from chia seeds to
fabricate the GTR membrane, and used the PVA as a
thickener and emulsion stabilizer (Scheme 1). Because
microbial impurities are also the major reason for periodontal
diseases, it is necessary to add materials or agents with
antibacterial properties, prepare the infection-responsive GTR
membrane, and increase its biological and mechanical strength.
For this reason, Lignin@ZnO nanoparticles were added because
of their broad-spectrum antibacterial properties.

EXPERIMENTAL

Materials
Zinc chloride (ZnCl2), sodium hydroxide (NaOH), Luria Bertani
(LB) broth, and agar nutrients were obtained from Sigma Aldrich
and used as received. PVA was purchased from Deajung. Chia
seeds were purchased from the local market in Lahore, Pakistan.
Ultra-filtered highly purified deionized water was utilized
throughout the experimental procedure.

Extraction of Lignin
Lignin was precipitated and attained by centrifugation and
further purified by ethanol and ether. According to the
previously reported method, lignin was extracted from bagasse
(Joshi et al., 2019). First, 20 g bagasse was soaked in 200 ml HCl
(0.1 N) solution for 24 h. Then it was filtered and washed with

distilled water. Then bagasse was placed in 100 ml distilled water
containing NaOH (3 mg) and 30% H2O2 (3 ml) and was
irradiated with microwave in a microwave oven for 400W for
30 min. This bagasse solution was filtered, and the filtrate was
acidified by concentrated sulfuric acid to pH 4.

Synthesis of Lignin@ZnO
The Lignin@ZnO nanoparticles were synthesized by using the
probe sonication method. Solution A was prepared by adding
0.05 M zinc chloride (0.47 g) into 70 ml of deionized water.
Sodium hydroxide (0.3 g) and lignin (0.6 g) were added to
30 ml of deionized water with continuous stirring until lignin
was dissolved entirely (solution B). Afterward, solution B was
added dropwise into solution A with further stirring for 15 min.
The resulted solution was sonicated for 20 min at 60 amplitudes,
using a pulse rate with a gap of 5 s. The synthesized sample was
separated by centrifuge at 8000RPM for 10 min and dried in the
oven at 80°C for 3 h.

Extraction of Mucilage From Chia Seeds
The chia seeds were cleaned manually to eliminate dust particles.
Chia seeds were added to the water with water and seeds in a ratio
of 20:1 and continuously stirred at 450 RPM. To remove the
mucilage layer from the surface of the seeds, the water–seed
mixture was stirred by an overhead mixer using a four-blade
propeller at 800 RPM for 2 h (Beigomi et al., 2018). Then
mucilage was separated from seeds using cheesecloth
(Supplementary Figure S1).

Preparation of Membrane
PVA (1.6 g) was dissolved in mucilage (8 ml) with continuous
stirring until a homogeneous mixture was formed. Three
polymeric solutions were prepared in the PVA/mucilage
solution by adding various ratios of Lignin@ZnO (1% (0.08 g),
2.5% (0.2 g), and 5% (0.4 g)). The resultant mixtures were stirred
to improve the nanoparticles dispersions. Furthermore, 1%
glycerol (0.08 ml) was added to each solution as a filler agent.
The resulting solutions were stirred for a further half an hour to
ensure that the solutions were completely homogeneous. The
prepared solutions were poured into three petri dishes. The petri
dishes were placed into the oven at 75°C for 3 h. After 3 h, the
petri dishes were taken out of the oven, and three membranes of
different compositions were prepared. The prepared membranes
were evaluated for the antibacterial and mechanical study
(Supplementary Figures S2, S3).

Characterization
Chemical analysis (functional group identification) of the
reaction mixture was performed using Fourier transform
infrared spectroscopy (FTIR, Thermo Scientific Nicolet
6700) over a wavelength range from 400 to 4000 cm−1 at a
resolution 4 cm−1. The optical properties of the synthesized
Lignin@ZnO were characterized using UV–visible
spectroscopy. UV spectra of the reaction mixture were
recorded at (LAMBDA 25) spectrophotometer in the
wavelength range of 200–800 nm, whereas resuspending
ZnO NPs monitored the stability of ZnO NPs in distilled
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water. These aqueous suspensions were sonicated at room
temperature (25 min) for the uniform dispersion of ZnO
NPs. The surface and cross-sectional morphologies of the
fabricated membranes were studied by scanning electron
microscopy (SEM, TESCANV LMU). The fabricated novel
membranes were observed under an optical microscope
(Optika B-600 MET) to evaluate the membrane’s
morphology and overall fiber structure. The mechanical
properties (i.e., tensile strength, Young’s modulus, and
elongation at break) of all the fabricated membranes were
evaluated by using a universal testing machine
(electrodynamics fatigue testing machine, Walter + bai AG,
Switzerland). Rectangular membranes (30 mm × 5 mm) were
tested. The crosshead speed was set at 5 mm/min. The tensile
modulus was calculated from the slope of the initial linear part
of the curve (Castro et al., 2018). A swelling test determined
the swelling index of the membrane. The water content of the
GTR membrane was determined by swelling the membrane in
pH 7.4 of phosphate-buffered saline (PBS) at room
temperature. The dry weight of the membranes was
measured to estimate the amount of antibiotic solution that
the membrane could absorb. After measuring the dry weight,
the membranes were immersed in PBS for different time
intervals (30 min, 1, 2, 4, and 24 h) to confirm the perfect
swelling.

Water intake(%) � Ww −Wi

Wi
× 100, (1)

where Wi is the initial weight of the sample and Ww is the
weight of a sample after dipping in PBS (Lian et al., 2019). The
in vitro antibacterial activity of the fabricated membrane-
synthesized Lignin@ZnO and commercial zinc oxide powder
was examined against Staphylococcus aureus (S. aureus, ATCC
6538 a representative Gram-positive bacteria) and Escherichia coli
(E coli, ATCC 8739 a representative Gram-negative bacteria)
through the detection of the inhibition zone using the disc
diffusion method. After that, 0.32 g of nutrient broth was
taken in two different flasks with 25 ml of water in each flask,

and it was then autoclaved at 121 °C for 21 min. It was cooled, and
in one flask, Gram-positive bacteria were added, and in another
flask, Gram-negative bacteria were added. These flasks were kept
for 24 h in a shaker. Then in another flask, 200 ml water was taken
and 2 g of nutrient broth and 4 g agar were added to it. It was
heated and stirred until the water boiled. Then this mixture was
poured into a petri dish and was cooled, and the flask placed in
the incubator was taken out from the incubator after 24 h of
incubation. Bacterial culture was carried out using the incubated
bacteria, and nutrient agar plates were swabbed with bacterial
strain broth to form a lawn growth of E. coli and S. aureus. Small
pieces of the prepared membrane were placed on the petri plates.
The plate was then placed in an incubator at 37 °C for 24 h (Lian
et al., 2019).

Amoxicillin and tetracycline disks were used as standard
antibiotic discs. Tetracyclines are a collection of broad-
spectrum antibiotics that can prevent protein synthesis by
binding to the ribosomal subunit in the mRNA translation
complex (Qiu et al., 2020). Amoxicillin is used to treat a large
diversity of bacterial contaminations. This medication is a
penicillin-type antibiotic. It works by preventing bacterial
growth. This antibiotic treats only bacterial infections.
Amoxicillin is used in dentistry to treat dental alveolar
abscesses, endodontic infections, and advanced forms of
periodontal diseases. So, elements that promote an increase in
amoxicillin resistance in the oral microbiota are of concern to
both medical and dental practitioners (Zhao et al., 2021). After
24 h, plates were taken out from the incubator, and the diameter
of the zone of inhibitions around the antibiotic disc was measured
in millimeters. The experiments were performed in triplicate.
Results showed that both synthesized Lignin@ZnO and
fabricated novel membranes presented prominent bactericidal
activity against both bacterial strains.

Morphology Investigation of Bacteria
The cultures of bacteria were centrifuged for 2 min at 6,000 rpm,
washed three times with phosphate-buffered saline (PBS, 7.4),
and mixed with 2.5% glutaraldehyde solution for 4 h. The cells
were dehydrated with consecutive treatment of 30, 50, 70, 80, 90,
and 100% ethanol for 15 min, respectively. The dehydrated cells
were coated with gold by sputtering under vacuum and imaged
using a FE-SEM. Using the FE-SEM, the morphological changes
of bacterial cells were observed after treating the samples for 24 h.

RESULTS AND DISCUSSION

FTIR Analysis
FTIR spectra was used to identify the presence of different
functional groups in the tested samples. FTIR spectra of ZnO,
mucilage, Lignin@ZnO, and 1, 2.5, and 5% Lignin@ZnO-GTR
membranes is shown in Figure 1 while all the frequencies
exhibited by the different functional groups are compiled in
Table 1. The pure ZnO spectrum peaks at 530 cm−1, which
shows the ]-Zn-O stretching frequency (Jose et al., 2020).
Mucilage shows various peaks at 3,340 cm−1, 1,045 cm−1,
1,607 cm−1, and 1,508 cm−1 for ]-OH (broad), ]-C-O-C of

FIGURE 1 | FTIR spectra of lignin, ZnO NPs, Lignin@ZnO, mucilage, 1,
2.5, and 5% Lignin@ZnO-GTR membranes.
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glycosidic linkage imide-1 in chia seeds mucilage, and ]-COO for
uronic acids, respectively (Darwish et al., 2018). Spectrum for
Lignin@ZnO shows peaks at 3,270 cm−1 (broad, ]-OH
stretching), 1037 cm−1 (]-C-O-C stretching) for phenol units,
and 1,639 cm−1 (]-C-H stretching aliphatic) (Jose et al., 2020).
The peaks at 1,080 cm−1 and 1,180 cm −1 are characterized as
C-O-C stretching. The FTIR spectrum for Lignin@ZnO exhibits
almost all peaks of pure lignin, which indicates that mediation of
ZnO into lignin is successfully done. Different membranes are
formed by adding mucilage and different loading ratios of
Lignin@ZnO, which shows other peaks corresponding to
mucilage and lignin. The FTIR spectrum of membranes shows
a peak at 3,251 cm−1 (ν-OH stretching), but the peak value is
lower than the lignin and mucilage -OH peak, which confirms the
presence of hydrogen bonding between different components in
the membrane (Pulit-Prociak et al., 2020).

A fragile band around 1,500 cm−1 is the characteristic band of
the lignin (Câmara et al., 2020). A peak around 1,457 cm−1 is a
deformation of lignin CH2, and CH3 is stated to be stretching the
C=O and C=C lignin aromatic rings (Lun et al., 2017).
Membranes also show stretching frequency at 2,928 cm−1 for
aromatic ]-C-H bonds, indicating the presence of phenolic units

from lignin. A peak at 1,037 cm−1 showed the C-O-C glycosidic
linkage from mucilage polysaccharides. In membranes, band at
1,419 cm−1 indicates the CH2 bending, the peak at 1,165 cm −1

shows the stretching of C–O, the band at 1,080 cm−1 to 1090 cm−1

represents the bending of the OH group, and the peak at 843 cm−1

carbon–carbon stretching. Furthermore, the peak at 1,409 cm−1

(for ]-COO carboxylic group) from uronic acids of
polysaccharide of mucilage, 1,558 cm−1 (for ]-C=C stretch)
from phenolic units, 1,564 cm−1 (aliphatic ]-C-H stretching)
from lignin and mucilage, and 500–600 cm−1 from ZnO
further confirm the formation of the GTR membrane
(Figure 1 and Table 1).

UV–Visible Analysis
The UV–visible spectra of lignin, Lignin@ZnO, 1, 2.5, and 5%
membranes are shown in Figure 2. The peak at 286 nm is
attributed to extended conjugation with different substituents
on the cyclic benzene ring of lignin (Joshi et al., 2019). The peak at
320 nm is associated with lignin-mediated ZnO nanoparticles
(Lignin@ZnO). The absorption peak shift toward the higher
wavelength (redshift) is observed twice during this whole

TABLE 1 | FTIR data of ZnO, Lignin@ZnO, mucilage, 1, 2.5, and 5% Lignin@ZnO-GTR membranes.

ZnO Lignin Lignin@ZnO Mucilage Membranes Assignments

1% 2.5% 5%

- - 3,270 3,344 3,251 3,239 3,245 ](OH stretching) from carbohydrate and lignin
- - - - 2,928 2,923 2,923 ](C-H aromatic) from phenolic lignin
- - - - 1707 1707 1719 ](C=O stretching) from carbohydrate
- - 1,639 1,601 1,564 1,551 1,558 ](C-H aliphatic stretching) from mucilage
- 1,457 1,639 - 1,558 1,570 1,558 ](C=C aromatic stretching) from lignin
- - - 1,508 1,409 1,415 1,421 ](-COO carboxyl group) from mucilage and uronic acid
- 1,515 - - 1,409 1,415 1,415 (]-CH3 stretching) from lignin phenolic compounds
- - 1,130 1,124 1,130 1,130 1,136 ] (C-O bending) from pyranose
- - 1,043 1,037 1,043 1,037 1,031 ](C-O-C) stretch and ](C-O-H) bending
- - - 1,037 1,056 1,043 1,074 ] (C-O-C stretching) from glycosidic linkage
500–600 - 525 - 528 527 529 Stretching of ZnO NPs

FIGURE 2 | The UV–visible spectrum of lignin, Lignin@ZnO, 1, 2.5, and
5% Lignin@ZnO-GTR membranes. FIGURE. 3 | XRD spectra of synthesized ZnO NPs, Lignin@ZnO, Lignin,

and fabricated membrane (1%).
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procedure: first, during the complex formation of Lignin@ZnO
and second, when the GTR membrane was formed by adding the
mucilage and PVA into the Lignin@ZnO with different loading
ratios such as 1%, 2.5%, and 5% (wt./wt.). The peak intensities are
increased as we increase the loading ratios of Lignin@ZnO. The
broad peaks are observed at ~335 nm for differently loaded
membranes (1%, 2.5%, and 5%). This redshift phenomenon
confirmed the Lignin@ZnO and GTR membrane formation in
the first and second steps, respectively (Patra et al., 2014; Joshi
et al., 2019; Jose et al., 2020).

XRD Results
The crystalline structure, crystal orientation, phase purity, and
the crystallite size of the synthesized ZnO NPs, Lignin@ZnO,
pure lignin, and fabricated GTRmembrane were characterized by
XRD analysis. XRD diffractogram of ZnO NPs and Lignin@ZnO
displayed characteristic peaks at 31.87°, 34.54°, 36.46°, 47.67°,
56.85°, 62.84°, and 68.19°, which can be attributed to 100, 002, 101,
102, 110, 103, and 112 reflection planes of a hexagonal wurtzite
structure of ZnO NPs (Figure 3).

Similarly, a diffractogram of lignin displays the diffraction
peaks at 31.87°, 34.16°, 37.99°, 46.27°, and 52.51°, which also agree
with 100, 002, 101, 102, 110, 103, and 112 reflection planes.
Previously, many studies have reported the hexagonal wurtzite
structure of ZnO NPs. The vigorous intensity and narrow width
of diffraction peaks of both types of synthesized ZnO NPs
revealed that the resulting nanoparticles were highly crystalline
(Abbasi et al., 2017). Lignin@ZnO showed an intense peak, which
belonged to the (100) plane; it was higher than that observed for
the (100) plane. As no characteristic peak for impurity originated,

the synthesized ZnO nanoparticles can be considered to have
excellent crystalline nature. The main change was detected in the
peak widths with the similarity in the unit cell parameters of both
forms of synthesized ZnO nanoparticles with lignin and without
lignin. The broadening of peaks in XRD was a consequence of a
decrease in crystallite size. In the XRD pattern of the GTR
membrane, the diffraction peak situated at 20.51° is allocated
to a semicrystalline structure of the GTR membrane (Joshi et al.,
2019).

SEM Study
SEM images of PVA/mucilage, Lignin@ZnO, and Lignin@
ZnO-GTR membrane (containing 1% @Lignin@ZnO) are
shown in Figure 4. Figure 4A shows an SEM micrograph
of chia seed mucilage with PVA. When PVA is added with
chia seed mucilage, then there will be smooth morphology
like a polymer structure inside (Dehghani et al., 2020); on the
upper surface, agglomeration is shown due to evaporation of
water from the surface that would lead toward the partial
insolubility of mucilage and its accumulation (Salazar Vega
et al., 2020). In this study, attained ZnO NPs seemed irregular
in shape, and the size of the particles is in the nano range,
mostly less than 50 nm. However, the particles are
agglomerated, as shown in Figure 4B. The obtained results
clearly illustrate that the Lignin@ ZnO was well prepared
without impurities. But in the membrane, Lignin@ZnO
particles dispersed throughout the membrane because of
biopolymer addition and cavities provided by those
polymers. EDX studies of ZnO NPs and membranes are
shown in Supplementary Figures S4, S5.

FIGURE 4 | SEM images of (A) PVA/mucilage, (B) Lignin@ZnO, and (C) Lignin@ZnO-GTR membrane, and (D) zoom image of the cross section from (C).
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Morphological Analysis
Figure 4 shows the microscopic evaluation of the membranes
in which randomly interconnected structures, smooth
morphology, and distributions of Lignin@ZnO are observed.
As stated previously, morphological examinations of
membranes revealed that Lignin@ZnO percentage increased,
and fibers became rougher in membranes (Münchow et al.,
2015). The water drop could not penetrate wild and smooth
fibers. The observed difference could be a consequence of the
change in the surface properties of membranes like roughness
(Türkkan et al., 2017). However, it could be found that the
morphology of fibers, including diameter, porosity, and
surface structure, was influenced by many
processing parameters such as viscosity of suspension
determined by polymer concentration and additives
(Ahmadi et al., 2020).

When biopolymers (PVA/mucilage) solutions are mixed
with Lignin@ZnO, they exhibit the electrostatic force of
interactions (i.e., hydrogen bonding) between PVA,
mucilage, and Lignin@ZnO. During the hydrogen bonding
formation, the interaction of polymers with each other would
not be fine but random-like structure because of the extraction
procedure. When the extraction is applied, it causes
disturbance in the orientation of the polymer matrix.
Figure 4 membrane image shows some cracks presumably
caused by air bubbles incorporated during membranes
formation (Figure 4B). Moreover, some particles with
thread forms (increased as Lignin@ZnO concentration
increased) were observed, which can be attributed to the
mucilage structure (Beigomi et al., 2018).

Mechanical Properties
First, prepared membranes were cut into 5-mm-width and 35-
mm-long strips. The load–deformation curves at a speed of
5 mm/min were recorded (He et al., 2019) to obtain the
stress–strain curves of the membranes. The mechanical
performance (e.g., tensile strength, Young’s modulus, and
strain) of the synthesized membranes is presented in
Table 2. According to previous results, the mechanical
properties of the polymer matrix composites filled with
nanoparticles could be influenced by fixed or variable
parameters such as the chemical composition of matrix and
filler and interaction between them, membrane architecture,
morphology, size, and dispersion nanoparticles. Among the
aforementioned parameters, distribution of Lignin@ZnO, fiber
diameter, and interaction between Lignin@ZnO and polymer
chains play essential roles in the final mechanical properties of
the membrane (Ahmadi et al., 2020). The addition of the
Lignin@ZnO decreased the mechanical characteristics;
however, strain increased, which was improved with an
increased percentage of Lignin@ ZnO, as shown in Figure 5
(Münchow et al., 2015).

The tensile strength of the membrane having Lignin@ZnO
(5 wt%) was lower than the other membrane having 2.5 and 1
Lignin@ ZnO wt%. It may be attributed to the fact that during
solution casting, the Lignin@ZnO particles dispersed in the
polymer matrix decreased the physical cross-link strength
between the polymer blend chains and Lignin@ZnO due to
aggregation nano-filler in a polymer matrix; as a result,
fractures quickly developed. The increase in toughness value
with an increase in the content of Lignin@ZnO has been

TABLE 2 | E modulus, strain (percentage), and tensile strength of the synthesized 1, 2.5, and 5% Lignin@ZnO-GTR membranes.

Sample E-modulus (GPa) Tensile strength (Pa) Strain percentage (%)

Lignin@ZnO-GTR membranes (1%) 0.12 22.66 66.43
Lignin@ZnO-GTR membranes (2.5%) 0.07 18.73 71.42
Lignin@ZnO-GTR membranes (5%) 0.19 14.36 91.59

FIGURE. 5 | Strain (percentage) and tensile strength of the synthesized
membrane having a different ratio of ZnO NPs.

FIGURE 6 | Swelling property of the 1, 2.5, and 5% Lignin@ZnO-GTR
membranes.
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ascribed to the rise in the polymeric matrix local density. This
result reveals that the dispersion of the Lignin@ZnO in
composites plays a significant role in determining the
elasticity modulus, tensile strength, and toughness (Hezma
et al., 2019). Enhancing the ratio of the Lignin@ZnO causes the
disposition of the accumulations. The occurrence of these
bunches reduced the actual weight move from the polymer
medium to the filler by decreasing the surface capacity in
association with NPs and causing the stress ratio, causing the
lower stress transmission at the boundary and eventually the
mechanical characteristics (Figure 5; Table 2) (Makaremi
et al., 2016).

Swelling Properties
The detection of water absorption properties is essential in
studies on barrier membranes. Higher water absorption
performance results in better nutritional uptake ability and
exudate absorption by a GTR membrane, which will promote
cell growth and the absorption of inflammatory exudates by the
GTR membrane. Different types of cross-linked hydrogel
swelling studies have been conducted using this procedure
(Türkkan et al., 2017). Then there is a slight decrease in
swelling capacity for all samples until equilibrium after 24 h
was reached (Kowalski et al., 2019). The degree of swelling also
decreases with the increasing concentration of Lignin@ZnO (He
et al., 2017). Based on the literature, the appropriate penetration,
uniform distribution, and effective size of zinc oxide
nanoparticles may decrease the hygroscopicity (Soltani et al.,

2013). The swelling data show that the membrane having 1%
Lignin@ZnO has the highest swelling ratio and that of the 5%
Lignin@ZnO membrane was the smallest, as shown in Figure 6.
Analyzing the water absorption results, the maximum amount
of water absorption after 30 min can be observed. The result
indicates that an increased concentration of Lignin@ZnO
reduced the actual water absorption performance of the GTR
membrane. The swelling degree of each of the membranes is
presented in Table 3.

TABLE 3 | Membrane swelling degrees of various types of fabricated membranes.

Time Swelling ratio of
Lignin@ZnO-GTR membrane (1 %)

Swelling ratio of
Lignin@ZnO-GTR membrane (2.5 %)

Swelling ratio of
Lignin@ZnO-GTR membrane (5 %)

30 min 108.2 116.4 101.1
Hour 146.3 181.3 121.8
2 h 166.6 202.1 138.1
3 h 171.4 210.9 147.1
4 h 176.6 219.0 154.3
24 h 175.7 215.3 141.1
28 h 168.1 208.3 135.5

FIGURE 7 | Zone of inhibition of synthesized Lignin@ZnO and commercial zinc oxide powder for (A) E. coli, (B) S. aureus, and (C) zone of inhibition of GTR
membrane against E. coli.

FIGURE 8 | Zone of inhibition exhibited by the ZnO powder, Lignin, and
1, 2.5, and 5% Lignin@ZnO-GTR membrane against S. aureus, and E. coli.
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Antibacterial Activity
Among all metal nanoparticles, ZnO NPs are biocompatible and
show non-toxicity with human cells. These features of ZnO NPs
make them potent against many microorganisms (Abbasi et al.,
2017). The agar disk diffusion process was utilized to detect the
antibacterial activity, as shown in Figure 7. This study evaluated
the antibacterial efficacy of synthesized ZnO NPs, commercial
zinc oxide powder (ZnO), and fabricated GTR membranes
toward two bacterial strains Escherichia coli and the
Staphylococcus aureus. Sterilization of membranes, by
irradiation, has been examined and analyzed. All the samples
were sterilized using UV light, which successfully inactivates
microorganisms. The optical images showed that synthesized
Lignin@ZnO and fabricated membranes showed strong
antibacterial results compared to commercial zinc oxide
powder and lignin alone, as shown in Figure 7A–C.

The comparative results are also shown in Figure 7. The
antibacterial action in the membrane and ZnO NPs is due to the
production of reactive oxygen species (ROS) and metal ions
(Zn2+) (Aadil et al., 2019). These bind to the membrane of the
bacteria and hinder the protein transport channels that disturb
the transport of materials within the membrane. These can also
attach to the DNA and different enzymes alter the shape and
structure of the enzymes and DNA and disturb their functioning
(Aadil et al., 2019). The bactericidal property of zinc oxide
nanoparticles may be recognized for their capability to
interrelate with the cell membrane of numerous bacterial
classes. Zinc powerfully combines with proteins and lipids,
altering the osmotic equilibrium and enhancing the membrane
permeability (Abdulkareem et al., 2015). Furthermore, ZnO NPs
enhance the oxidative pressure inside the bacteria cell due to their
capability to produce Zn2+ ions and the reactive oxygen species

(ROs) inside the microbial cells, which can also prevent the
development of the planktonic bacterial species (Padovani
et al., 2015). ZnO NPs have selected poisonousness to bacterial
species and have antibacterial properties against spores
(microorganisms) that are temperature-resistant and pressure-
resistant (Murfadunnisa et al., 2019). Some studies display a
negative association between the size of the nanoparticles and
cytotoxicity. However, there is no such relation in the literature
about this activity for the zinc oxide NPs (Garcia et al., 2018).
ZnO NPs are also biocompatible and biologically safe with
distinctive structural, thermal, and electrical applications,
changing particle morphology, size, orientation, and shape
(Abbasi et al., 2017).

The zone of inhibition around the membrane displays the
limit of progress of the bacteria around the membrane locality.
This procedure shows that the membrane and Lignin@ZnO NPs
can prevent the gain of the microbes, so in the periodontal tissue,
it can inhibit the colonization of the bacteria. The zone of
inhibition is explained via the graph in Figure 8. The
antibacterial property of Lignin@ZnO and membranes is
greater than that of commercial ZnO powder. Lignin@ZnO
showed greater efficacy for S. aureus than for E. coli. All
membranes (1, 2.5, 5%) showed excellent antibacterial
properties against E. coli compared to S. aureus. The
inhibition zone test demonstrates that Lignin@ZnO-GTR has a
better antimicrobial ability than free ZnO.

Furthermore, the morphological changes of Lignin@ZnO-
GTR toward the bacteria (E. coli and S. aureus) were observed
using the field emission scanning electron microscope (FE-
SEM). Intact E. coli and S. aureus in Figures 9A,C have
distinct outer membranes, indicating that high-vacuum and
high-energy electron beams do not affect bacteria cell
structure. However, after co-incubation with Lignin@ZnO-
GTR for 24 h, the cellular cohesion was weakened with heavy
damage to the outer membranes (Figures 9B,D), and death of
bacteria may occur due to cytoplasm outflow. In general, the
cell of E. coli is less thick than S. aureus, and more damage to
E. coli was observed (Abdul et al., 2019; Rauf et al., 2019; Liu
et al., 2021).

CONCLUSION

The present study fabricated the guided tissue regeneration
membrane (GTR) using Lignin@ZnO and extracted mucilage
from chia seeds. In periodontal regeneration, GTR membranes
are seen as an attractive strategy. The addition of Lignin@ZnO
nanoparticles to the membrane enhanced the antibacterial
properties and strength of the membrane. The chemical
structures and properties of the materials were characterized
using UV–visible spectroscopy, FTIR, and SEM after every
reaction process. Moreover, the FTIR results presented
satisfactory relations between ZnO nanoparticles, polymer, and
mucilage. The SEM images showed that the ZnO NPs have
agglomeration and a diameter of less than 50 nm. The study
of swelling and mechanical properties of fabricated membranes
presented satisfactory results; degradation of the fabricated

FIGURE 9 | FESEM images of (A–B) E. coli and (C–D) S. aureus treated
with different time: (A,C) 0 h and (B,D) 24 h.
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membrane was started after 24 h. The zone of inhibition against
bacterial species for the zinc oxide nanoparticles and membrane
was measured more than that for commercial zinc oxide powder.
The antibacterial properties of Lignin@ZnO-based GTR
membranes resulted in a reduction of S. aureus and E. coli
viability. The membrane exhibited successful results, which
proved the potential of the membrane to be used in
periodontal regeneration. MTT biocompatibility and
hemocompatibility assay can be performed to further evaluate
the GTR membrane in vivo in a mouse model.
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Lung cancer presents one of the most challenging carcinomas with meager

5-year survival rates (less than 20%), highmetastasis and high recurrence due to

chemo- and radio- resistance. An alternative or complementation to existing

prognosis modalities is the use of phytochemicals such as silibinin, which

targets essential cytokines, angiogenic factors and transcription factors for a

profound anti-tumor effect. However, the problems of low solubility in an

aqueous physiological environment, poor penetration, high metabolism and

rapid systemic clearance limit the therapeutic use of silibinin. Conjugation of

gold nanoparticles (GNPs) with silibinin may overcome the above challenges

along with distinct advantages of biocompatibility, optical properties for

monitoring and causation of cytotoxicity in cancer cells. The current study

thus aims to develop silibinin conjugated gold nanoparticles (Sb-GNPs) with

pH responsive release in the cancer microenvironment, optimizing several

parameters for its higher activity and further evaluate the nanoplatform for

their efficacy in inducing cell death in vitro against A549 lung cancer cells. GNPs

was synthesized using trisodium citrate dihydrate as the reducing agent and

further used for the conjugation of silibinin. The synthesized GNPs were found

to be monodispersed and spherical in shape. The silibinin was successfully

conjugated with gold nanoparticles and long-term stability of GNPs and Sb-

GNPs nanoconjugates in suspension phase was confirmed by FTIR and DLS.

Anticancer properties of Sb-GNPswere confirmed by different assay usingMTT,

Trypan blue dye exclusion assay and cell cycle analysis assay. After conjugation

of silibinin with GNPs, the efficacy of silibinin increased 4–5 times in killing the

cancer cells. This is the first report on using silibinin gold nanoconjugate system

for lung cancer therapy with promising future applications.
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Introduction

Despite breakthroughs in cancer understanding, treatment

techniques, and novel treatments, cancer patient survival rates

have slightly improved. Chemotherapy, immunotherapy, and

radiotherapy alone are ineffective cancer treatments. New

cancer survival and mortality control techniques are needed

(Da Silva et al., 2016; Dai et al., 2017; Pucci et al., 2019;

Mahdinloo et al., 2020; Bagherifar et al., 2021). As an

alternative or complementary to traditional chemo or

radiotherapy, naturally occurring phytochemicals (such as

flavonoids, isoflavones, and lignans) with antioxidant or

hormone-like actions are being explored for cancer (Ghosh

et al., 2021a; Ahmad et al., 2021; Aboushanab et al., 2022;

Lim & Park, 2022). These cancer-suppressing phytochemicals

act mainly by affecting the signaling molecules that have either

been abnormally activated or silenced. These signaling

molecules, which are usually kinases, are responsible for

activating genes that regulate cell growth, differentiation, and

apoptosis (Melim et al., 2022). In order to minimize the

chemotherapeutic induced drug toxicities and associated drug

resistance in lung cancers, the use of nutraceuticals such as

silibinin has taken precedence in recent times. Silibinin is a

flavonolignan obtained from the silymarin extract of Silybum

marianum (milk thistle) plant often explored historically for liver

disorders as well as cancers (Abenavoli et al., 2018; Verdura et al.,

2021). In some in-vivo studies, silibinin has been reported to

inhibit angiogenesis, cell proliferation, drug resistance and

metastasis in lung cancer models (Mateen et al., 2013). The

anti-cancer activity of silibinin is attributed to the suppression

of the angiogenic factor VEGF (Vascular Angiogenic Growth

Factor) and targeting of multiple cytokines such as IL-1β, TNF-
α and IFNγ (Singh et al., 2006; Tyagi et al., 2009). Moreover,

transcription factor STAT3 is known to be the intrinsic target of

silibinin in primary lung cancers. When activated by the

phytochemical, silibinin lowers the levels of VEGF regulators

such as cyclooxygenase-2 (COX2) and inducible nitric oxide

synthase (iNOS) (Singh et al., 2006; Verdura et al., 2021).

Additionally, silibinin is also reported to increase drug

sensitivity in drug-resistant lung cancers with acquired

mutations in ALK-TKI and EGFR receptors (Singh et al., 2006).

The delivery of any therapeutic molecule comes with a

series of challenges. Rapid renal clearance, difficulty in

crossing the cell membrane to the cytosol, relatively larger

sizes, poor stability, reduced systemic delivery and uneven

release profiles are major challenges of using phytochemical

molecules without any transfection agents. In terms of

pharmacokinetics, only 23%–47% of orally administered

silibinin is absorbed from the gastrointestinal tract and is

metabolized by cytochrome class of enzymes (Jančová et al.,

2007; Ahmad et al., 2021). Conjugation of phytochemical

molecules with nanoparticles helps in overcoming the

above challenges along with distinct advantages such as

desired penetration, controlled release, optimal distribution

and specificity (Ghosh et al., 2021b; Srivastava et al., 2021;

Melim et al., 2022; Nikdouz et al., 2022). Several

nanoplatforms such as those based on glycyrrhizic acid,

PVP PEG, PLGA, chitosan, carbon nanotubes, lipid, and

magnetic nanoparticles have been explored for conjugation

with silibinin (Takke & Shende, 2019). The state-of-the-art

has fewer reports on silibinin conjugated metal nanoparticles

which could be a nascent, promising area of research with

advantageous properties. In this respect, gold (Au)

nanoparticles find several medicinal uses because of their

inherent biocompatibility (being a non-reactive element),

optical properties (for easy detection) and advantagous

surface functionalization. Additionally, Au nanoparticles

are reported to possess antibacterial and anticancer

properties caused by oxidative stress as well as cell DNA

damage (Aljarba et al., 2022).

Lung cancer, also known as bronchogenic carcinoma, is a

condition characterized by uncontrolled cell development in the

lungs. It is the leading cause of cancer-related deaths. Usually,

primary lung cancers are carcinomas and develop within the wall

or epithelial cells of the bronchial tree (Lemjabbar-Alaoui et al.,

2015). Cancers can also arise from the lung’s pleura,

mesothelioma, or sometimes from supporting tissues such as

blood vessels (Rao & Wei, 2022). Lung cancer is one of the most

dangerous and difficult to treat malignancies because it tends to

spread early in its course. While lung cancer can spread to any

organ in the body, it most commonly spreads to the adrenal

glands, liver, brain, and bone (Wang et al., 2022). Various other

types of tumours can also metastasize to the lungs. The survival

rate in the case of lung cancer is relatively low, although if

detected at an early stage, the 5-year survival rate increases to

5–10% through chemotherapy (Pirker & Zhou, 2022). Lung

cancer is classified as NSCLC (non-small cell lung carcinoma)

or SCLC (small cell lung carcinoma). NSCLC is more common

than SCLC but responds less well to chemotherapy. There are

three main subtypes of NSCLC, namely squamous cell lung

carcinoma, adenocarcinoma and large cell carcinoma or

undifferentiated carcinoma. Small cell lung carcinoma (SCLC)

is strongly related to smoking. It often originates in the primary

and secondary bronchi and proliferates to form large tumors that

spread to other parts (Lemjabbar-Alaoui et al., 2015; Pirker &

Zhou, 2022). Initial response to chemotherapy is good, but

metastasis is high and results in a worse prognosis. Other

lung cancers include pleuropulmonary blastoma, carcinoid

tumor and metastatic tumors. Mutations that cause the

uncontrolled growth of cancer cells are either inherited or

acquired. Often, between exposure to a carcinogen and the

appearance of cancer, a latency period of years or decades

might exist. Mutations in the K-ras proto-oncogene are

responsible for 10–30% of lung adenocarcinomas (Aviel-

Ronen et al., 2006; Herbst et al., 2008; Ghimessy et al., 2020;

Tian et al., 2022).
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The anticancer activity of silibinin gold nanoconjugate is

an unexplored but promising area of research. Conjugates of

silibinin and Au nanoparticles are expected to result in a two-

way action against persistent tumours. NPs can co-load

multiple components for simultaneous administration,

shield payloads from degradation and premature release,

and passively or actively target tumours through increased

permeability and retention or surface modification with

ligands (Duan et al., 2019). In the current study, we

reported the conjugation of gold nanoparticles with

silibinin with pH-responsive release, optimizing several

parameters for its increased activity and have further

explored their efficacy in inducing cell-death in-vitro

against A549 lung cancer cells. Collectively, we proposed

that such a nanoparticle-mediated system provides a

natural product-based anticancer therapeutic platform with

promising biomedical applications.

Material and methods

Tetrachloroauric (III) acid (HAuCl4.3H2O), trisodium citrate

dihydrate (C6H5Na3O7. 2H2O) were procured from SRL, Mumbai,

India. Silibinin, DMSO, RPMI (Roswell Park Memorial Institute

medium), fetal bovine serum, 1X trypsin-EDTA solution, MTT

powder, were purchased from Sigma Aldrich Chemicals Pvt. Ltd.

Human lung adenocarcinoma cell line A549 was obtained from

National Centre for Cell Science, Pune (India).

Preparation of stock solutions of gold salt,
trisodium citrate dihydrate and silibinin

Tetrachloroauric acid (1 gm) was dissolved in 50 ml of

autoclaved MilliQ water to yield a final concentration of

50.78 mM stock solution of tetrachloroauric acid. Trisodium

citrate dihydrate (2.94 gm) was dissolved in 200 ml of

autoclaved MilliQ water to yield a final concentration of

50 mM stock solution. The silibinin powder (4.824 mg) was

dissolved in 10 ml ethanol (100%) to yield a final

concentration of 1 mM stock solution.

Synthesis of gold nanoparticles

Gold nanoparticles were synthesized by the standard defined

method of Turkevich and Frens with slight modifications, where

citrate is used as a reducing agent at 100°C (Wuithschick et al., 2015).

For the synthesis of gold nanoparticles, the reduction of

tetrachloroauric acid solution was carried out by mixing of

tetrachloroauric acid (0.5 mM) and trisodium citrate (2.5 mM) and

by heating the reaction solution with continuous stirring. Several

reaction parameters, including tetrachloroauric acid concentration,

trisodium citrate concentration, temperature, and stirring speed were

optimised to achieve controlled shape and size of GNPs. Synthesis of

GNPs was monitored by using UV-Visible spectroscopy.

Optimization of concentration of
tetrachloroauric acid for GNPs synthesis

Keeping all the other reaction parameters constant, different

concentration of tetrachloroauric acid ranging from 0.1 mM to

1.00 mM was taken for the synthesis of GNPs. The reaction was

carried out by mixing the tetrachloride with trisodium citrate to

provide reducing environment followed by its incubation at

100°C for 30 min to obtain the GNPS. UV-Visible spectra of

synthesized GNPs colloidal solution was taken in the range of

200 nm – 900 nm.

Optimization of concentration of
trisodium citrate dihydrate for GNPs
synthesis

A range of concentrations of trisodium citrate dihydrate were

taken for the optimizing the concentration for the synthesis of

GNPs, while keeping all the other reaction parameters constant.

The concentrations of trisodium citrate dihydrate ranges from 1.5

mM to 20 mM. A fixed optimized concentration of tetrachloauric

acid was mixed with these different concentrations of trisodium

citrate dihydrate for the synthesis of Gold NPs at 100°C for 30 min.

UV-Visible spectra of Gold NPs colloidal solution was taken to

determine the required optimum concentration of trisodium

citrate dihydrate for nanoparticles synthesis.

Optimization of temperature for the GNPs
synthesis

Keeping other reaction parameters constatnt, the synthesis of

GNPs were carried out at different temperatres (30°C, 45°C, 60°C,

90°C, 105°C and 120°C). A fixed optimized concentration of

tetrachloroauric acid and trisodium citrate dihydrate was mixed,

and the reaction was done at these different temperatures for 30min

to synthesized GNPs. UV-Visible spectra of synthesized GNPs

colloidal solution was taken to determine the optimum temperature.

Optimization of reaction time for the
GNPs synthesis

A range of different time periods were taken for the GNPs

synthesis while keeping all the others parameters constant including

1 min, 5 min, 10 min, 20 min, 30 min, 40 min, 50 min, and 60 min

respectively. A fixed optimized concentration of tetrachloroauric

Frontiers in Chemistry frontiersin.org03

Ravi et al. 10.3389/fchem.2022.1018759

21

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1018759


acid and trisodium citrate dihydrate wasmixed, and the reactionwas

done for the above mentioned time periods at the optimized

temperature for the Gold NPs synthesis. UV-Visible spectra of

Gold NPs colloidal solution was taken to determine the

optimum time of incubation required for the synthesis of GNPS.

Optimization of stirring speed for the
GNPs synthesis

In an attempt to optimize the stirring speed of incubation, the

synthesis of GNPs were carried out at 300 rpm, 400 rpm,

500 rpm, 600 rpm, and 700 rpm respectively keeping other

parameters constant. After 30 min of incubation, UV-Visible

spectra of GNPS colloidal solution were taken to determine the

optimum time period required for its synthesis.

Purification of GNPs

GNPs were purified by centrifuging a prepared sample of

colloidal solution for 30 min at 10,000 rpm followed by washing

the pellet 2–3 times with double distilled water. The colloidal GNPs

solution was centrifuged until a pellet containing clear solution was

obtained. The pellet was further dried at 37°C. The pellet was then

scraped with a spatula and grounded with a mortar and pestle to

produce a fine powder of GNPs for further experiment.

Conjugation of silibinin with GNPs using
physical adsorption process to form
silibinin-gold nanoparticles (Sb-GNPs)
nanoconjugates

The stock solution of Gold NPs (1 mg/ml) was prepared from

the purified powder in double distilled water. This solution was

sonicated for an hour at room temperature to obtain the uniform

and homogeneous colloidal solution of nanoparticles. Freshly

prepared silibinin solution (concentration ranges from 5µM to

100 µM) was then added to GNPs solution and mixed by

continuous stirring at 500 rpm for 1 h at 4°C. This process

ensured the conjugation of silibinin over the surface of gold

nanoparticles. Excess silibinin was removed by centrifuging the

sample at 10,000 rpm for 10 min and discarding the supernatant.

The pellet of Sb-GNPs nanoconjugates was washed 2–3 times

with double distilled water and used for further experiment.

The optimization of silibinin concentration was done by

making a saturation curve of silibinin. For this optimization, a

range of concentrations of silibinin were taken to be conjugated

with GNPs. The different concentrations were 5 μM, 10 μM,

15 μM, 25 μM, 50 μM, 75 μM, and 100 μM, respectively. During

these conjugation reactions, the concentration of GNPs as well as

other important reaction parameters were kept constant. Further, a

saturation curve of silibinin conjugated with gold nanoparticles at

different concentrations of silibinin was plotted by taking the

absorbance at 288 nm and 528 nm respectively. The amount of

unconjugated silibinin in the supernatant of nanoconjugates and

the percentage of silibinin binding in nanoconjugates was

calculated using the standard curve.

Characterization

Absorption spectra of the GNPs and nanoconjugates were

measured by UV-Visible spectroscopy. The size, shape and

morphology of GNPs and nanoconjugates were examined using

transmission electronmicroscopy (TEM), JEOL 2100Fmicroscope

operated at 100 kV. Energy-dispersive X-ray analysis was also done

using this instrument. Samples for TEM and EDAX were prepared

by drop coating purified GNPs onto carbon-coated copper TEM

grids. DLS measurements were used to determine the Zeta

potential and polydispersity index of the GNPs and

nanoconjugates were carried out using the spectroscatterer

RiNA, GmbH class3B. The 1 mg powder was dispersed in

distilled H2O to produce a suitable scattering intensity and

values were obtained at an angle of 90° sin 10 mm diameter

cells at 20°C for 10 cycles. Fourier transforms infrared (FTIR)

spectroscopy was used to determine the functional groups present

in silibinin and nanoconjugates respectively. FTIR spectra of the

purified GNPs and nanoconjugates were recorded between

4,000 cm−1 and 400 cm−1 with a resolution of 4 cm−1.

Release study of silibinin with different
pH values

Centrifugation of 200 ml of the nanoconjugates solution at

10,000 rpm for 30 min at 4°C resulted in the collection of red

pellet at the bottom of centrifuge tube. The collected pellet was

distributed into several fractions. The 100 μl of each fraction was

diluted with 900 μl of phosphate buffer solution (PBS), which had

pH values of 7.4 (physiological) and 5 (acidic, mimicking tumour

microenvironement), respectively. The diluted fraction was

incubated at 0 min to 6 h, then centrifuged at 10,000 for

10 min at 4°C and collect the supernatants of respective

solutions. Further, the absorbance of each supernatant was

measured at 288 nm using a UV-Visible spectrophotometer.

Further, obtained results were plotted against the percentage

release and corresponding time points.

In vitro evaluation of anticancer efficacy of
Sb-GNPs nanoconjugates

A549 cells were grown as adherent monolayer in RPMI

1640 containing 10% FBS and 1% antibiotic (pen-strep) at
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37°C, and 95% humidified incubator with 5% CO2. Sterile

conditions were maintained all the times. Exponentially

growing cells (sub confluent cells) were used in the entire set

of experiments. For treatment with the drug, 105 cells were seeded

in a 60 mm culture dish and incubated at 37°C for 48 h. After 24 h

of seeding the cells, the consumed medium was removed from

the plates. The cells were treated with different concentrations of

the drug suspended in the medium and control was treated with

the medium without the drug. Each set of treatments was done in

triplicates to minimize experimental error. The medium

containing different concentrations of the drug was added to

each set of plates and the plates were incubated at 37°C.

MTT assay

Cells were treated with different concentration of drug.

After treatment (24 h and 48 h respectively), media was

removed and 100 μl of MTT at the concentration of 5 mg/

ml in 1X PBS was added to each well. The 96 well plate was

incubated at 37°C in 5% CO2 incubator for 4 h. The MTT

solution was removed and 100 μl of DMSO was added per

well. The wells of the plate were read on an ELISA plate reader

at 570 nm wavelength after 10 min of incubation in the dark.

The data were recorded using the software package SoftPro

Max. The cell viability was represented as percent cell viability

(Bahuguna et al., 2017).

Cell death/viability assay by trypan blue
dye exclusion

After desired treatments, the cells in the supernatants were

collected from each plate and transferred to the corresponding

15 ml tubes. The attached cells were removed after trypsinization

(l ml of trypsin/plate). Once the cells were completely detached,

2 ml of chilled 1x PBS was added to each plate. Cells were flushed

out of the plate completely and were transferred to

corresponding falcon tubes. The cell suspension was spun at

1,500 rpm for 5 min. The supernatant was discarded slowly. The

FIGURE 1
UV-Vis Spectra of Gold nanoparticles solutions synthesised by varying concentrations of tetrachloauric acid. The experiments were done in
triplicate and results within each pair differed by < 3.
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pellet was washed with 1x PBS and the pellet was resuspended in

1 ml fresh 1x PBS. For viability assay, 100 μl of the homogeneous

cell suspension was transferred to a microcentrifuge tube. To this

suspension, 10 μl of 0.4% trypan blue dye was added. The

suspension was mixed well and left for 5–10 min at room

temperature. 10 μl of stained cell suspension was pipetted out

of the tube and loaded on each chamber of haemocytometer. The

procedure was repeated for each set of samples. The percentage

of viable cells was calculated by dividing the number of viable

cells by a total number of cells multiplied by 100.

Biocompatibility of silibinin, GNPs and
silibinin conjugated GNPs

Biocompatibility study of any drug is very important before

its use as a therapeutic. Therefore, in the present study, the

biocompatibility of silibinin, GNPs and silibinin conjugated

GNPs (Sb-GNPs) against normal human (HEK293T) cell were

investigated with the help of MTT assay.

Hemolysis assay

The hemolytic activity of GNPs, silibinin, and Sb-GNPs were

determined as described in our earlier publication (Mishra et al.,

2013b). Fresh RBCs were collected from healthy human and

washed (1500 RPM; 10 min) three times in PBS buffer (150 mM

NaCl, pH 7.4) and re-suspended in PBS at 2% hematocrit.

Aliquots of 100 µl suspension were added to wells of 96-well

plate containing different concentrations of GNPs, silibinin and

Sb-GNPs respectively. PBS alone taken for obtaining baseline

values and Triton X-100 (0.4%) in PBS to get 100% hemolysis.

After incubation at 37°C for 3 h, the samples were centrifuged

FIGURE 2
UV-Vis Spectra of Gold nanoparticles solutions synthesised by varying concentrations of trisodium citrate dihydrate. The experiments were
done in triplicate and results within each pair differed by < 3.
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and supernatant was used to determine the hemolytic activity

measured in terms of hemoglobin release as monitored by

absorbance at 415 nm (Molecular Devices, Sunnyvale, CA,

United States). Triton X-100 treated control samples were

diluted 10-fold before measuring babsorbance. Further, Base

line value was subtracted from each data point. Percent

hemolysis expressed with reference to 100% hemolysis value

(positive control; Triton X-100 treated RBCs).

Cell cycle analysis

20,000 cells of lung cancer (A549) were attached in 6 well plates

and treated with silibinin conjugated gold nanoparticles. After the

termination of experiment, all cells were obtained using

trypsinization process and centrifuged at 1,200 rpm followed by

their processing and FACS study as per earlier reported method

(Singh et al., 2021). The cell suspension was ready using the

silibinin conjugated gold nanoparticles treated plates, and

centrifuged at 1,500 rpm for 5 min. Further, supernatant of

centrifuged sample was discarded, and the pellet was again

suspended in 500 µl of mixture of saponin and PI solutions

[saponin (0.3%), PI (25 mg/ml), EDTA (0.1 mM), and RNase A

(10 mg/ml)]. The process was carried out in dark condition. The

data were obtained and processed with the help of Cell Quest

software in a FACS Cali bur (Becton Dickinson, United States)

system for 10,000 events per sample and analyzed after proper

gating, to get the cell percentage in each stage of the cell cycle.

Statistical analysis

All experiments were conducted three times. Their mean ±

SD data were observed for statistical significance, values based on

one-way ANOVA software along with Dunnett’s post hoc test

(Singh et al., 2021). The statistical mean average values are found

p*<0.05, p**<0.01, and p***<0.001, matching those of reported

value.

FIGURE 3
UV-Vis Spectra of Gold nanoparticles solutions synthesised by varying temperature. The experiments were done in triplicate and results within
each pair differed by < 3.
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Results and discussion

The formation of gold nanoparticles (AuNPs) using

trisodium citrate as the reducing agent was observed under

visible light due to a change in the color of the solution. The

reaction mixture turned brownish-black after 2–3 min of the

reaction and then ruby-red due to excitation of surface

plasmon vibrations in gold nanoparticles. The appearance

of brownish-black colour initially validated the occurrence of

a redox reaction whereby Au3+ ions are reduced to Au0 by

FIGURE 4
UV-Vis Spectra of Gold nanoparticles solutions synthesised by varying time points of synthesis reaction. The experiments were done in triplicate
and results within each pair differed by < 3.

TABLE 1 Table showing the % of conjugated Silibinin to GNPs and % of unbound free Silibinin during conjugation reaction when varying
concentrations of silibinin taken for the reaction. The experiments were done in triplicate and results within each pair differed by < 3.

Concentration of silibinin
(µM)

Silibinin-GNPs conjugated (%) Unbound
free silibinin (%)

5 54.67 45.33

10 71.77 28.23

15 71.3 28.7

25 75.88 24.12

50 80.6 19.4

75 80.4 19.6

100 77 23.00
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FIGURE 5
(A) Transmission electron microscopy (TEM) images of free, purified gold nanoparticles; (B) Transmission electronmicroscopy (TEM) images of
Silibinin conjugated gold nanoparticles; (C) Energy dispersive X-ray analysis (EDAX) of gold nanoparticles and Silibinin conjugated gold nanoparticles;
(D) Fourier transformed infrared spectroscopy (FTIR) spectra of free, purified gold nanoparticles, free Silibinin and Silibinin conjugated gold
nanoparticles.
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trisodium citrate (reducing agent). Gold nanoparticles

exhibit a distinct optical feature commonly referred to as

localized surface plasmon resonance (LSPR) which is the

collective oscillation of electrons in the conduction band

of gold nanoparticles in resonance with a specific

wavelength of incident light. LSPR of gold nanoparticles

resulted a strong absorbance band which can be measured

spectroscopically (Figure 1). The LSPR spectrum is

dependent both on the size and shape of gold

nanoparticles. The peak absorbance wavelength increases

with particle diameter and for unevenly shaped particles

such as gold nanourchins, the absorbance spectrum shifts

significantly into the far-red region of the spectrum when

compared to a spherical particle of the same diameter. The

absorbance of the sample correlates linearly to the

concentration of nanoparticles in the solution. The

synthesis of gold nanoparticles at a varying concentration

of trisodium citrate dihydrate is shown in Figure 2. This

spectrum shows that when the concentration of trisodium

citrate dihydrate is 2.5 mM, the sharpest and narrowest peak

appears, indicating that nanoparticles of nearly uniform

shape and size are synthesized at this concentration. As a

result, the optimal concentration of trisodium citrate

dihydrate was observed to be 2.5 mM. The synthesis of

gold nanoparticles at various temperatures is depicted in

FIGURE 6
Release study of silibinin from GNPs with different pH values
(pH 5 and 7). Each point represents the outcome of a pair of
readings, with many points showing errors smaller than the
symbols.

FIGURE 7
(A) In vitro anticancer efficacy of free GNPs; (B) In vitro anticancer efficacy of free Silibinin and Sb-GNPs.
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Figure 3. This spectrum shows that when gold nanoparticles

are synthesized at 90°C, the sharpest and narrowest peak

appears, indicating that nanoparticles of nearly uniform

shape and size are synthesized at this temperature. As a

result, the synthesis reaction’s optimal temperature was

determined to be 90°C. Figure 4 depicts the synthesis of

gold nanoparticles over time. When comparing the spectra

of solutions before and after 30 min, the spectra at 30 min and

beyond 30 min displayed a strong and narrow peak. This

suggested that the optimum time to make gold nanoparticles

was 30 min.

Humans have traditionally used silibinin for various

applications, and acute and chronic levels of silibinin

administration in animals and humans have shown no harm

(Dheeraj et al., 2018). In several pre-clinical cancer models,

such as skin, prostate, colorectal, and lung cancer, it has shown

significant efficacy in reducing or delaying both tumor

initiation and promotion associated events. Because of its

widespread use as a popular dietary supplement, biological

-tolerance, and low toxicity, silibinin intake has been shown

to be beneficial for preventing several disorders. In the given

study, we have sought to conjugate silibinin to gold

nanoparticles to enhance its efficacy against lung cancer. For

this, different concentrations of silibinin were taken for

conjugation to gold nanoparticles and maximum binding

was observed at 50 μM of silibinin as shown in Table 1. At

50 μM, 80.6% of initial silibinin taken for the conjugation

reaction binds to the gold nanoparticles, while only 19.4%

remained unconjugated in the reaction mixture. Similar

trends in immobilization efficiency with increasing enzyme

load have been reported by other researchers (Mishra et al.,

2013a; Ahmad et al., 2014b). Based on this observation, for

further use in bulk conjugation reactions, 50 μM concentration

of silibinin was chosen as the optimum concentration for

further experiments.

The optical and physical properties of gold nanoparticles

were determined by their size (diameter), shape, surface

structure, and aggregation state. For functionalizing or

conjugating the surface of gold nanoparticles with a

biological compound, it is necessary to characterize them to

assess the effect of surface functionalization on naked gold

nanoparticles. For this, a variety of techniques must be used to

characterize both bare and surface-functionalized gold

nanoparticles. We have performed TEM to analysed the

size, shape and morphology of the GNPs and Silibinin

conjugated GNPs. The TEM images of free GNPs and

silibinin conjugated GNPs showed nearly monodispersed

and spherical shape (Figures 5A,B). Energy-dispersive

X-ray spectroscopy (EDAX) is an analytical technique

intended for the chemical or elemental analysis of gold

nanoparticles. EDAX analysis was performed using TEM.

EDAX analysis of silibinin conjugated GNPs showed the

presence of gold atom (Figure 5C). The DLS studies were

carried out to determine the hydrodynamic radius which

reveals that the average diameter was found to be 107 ±

9 nm for GNPs and 163 ± 5 nm for silibinin GNPs

nanoconjugates. The increase in size indicates that the

silibinin was successfully conjugates with GNPs. The

particle size distribution was determined by calculating

Polydispersity index (PDI). PDI was found to be 0.3

(GNPs) and 0.5 (Sb-GNPs conjugates). Further, zeta

potentials were determined to check the stability of

colloidal suspensions and found to be -19.6 mV ± 0.648

(GNPs) and -22.2 mV ± 0.458 mV (Sb-GNPs

nanoconjugates), which indicate a long-term stability of

gold and Sb-GNPs nanoconjugates in suspension phase.

FTIR spectra has indicated sharp peak to understand the

possible mechanism of association of silibinin on GNPs

(Figure 5D). The IR peak at 1,670 cm−1 appeared for

stretching vibration of C=O (observed for silibinin) shifting

to lower wavenumber in the case of silibinin conjugated gold

nanoparticles with reduced intensity thereby indicated the

possible interaction of silibinin by its C=O functional group

during conjugation to gold nanoparticles. Also, at around

3,400 cm−1, peak which showed absorption by -OH functional

FIGURE 8
(A) Effect of treatment by Silibinin and Silibinin conjugated
GNPs on cell growth and viability after 24 h; (B) Effect of treatment
of silibinin and silibinin conjugated GNPs (Sb-GNPs) on cell death
after 24 h.
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group of silibinin was observed with reduced intensity in case

of silibinin conjugated gold nanoparticles, which indicates the

interaction of–OH group of silibinin during conjugation with

gold nanoparticles (Ahmad et al., 2015; Sadaf et al., 2020).

The release of silibinin in pH 7 (physiological pH) and

pH 5 (acidic pH mimicking tumour microenvironment) was

monitored by UV-Vis spectroscopy. The result showed that

the release of silibinin in acidic pH increased with time from

up to 25–200 min and got saturated at 300 min. However, in

physiologic pH (pH - 7) lower release of silibinin was observed

as compared to release in acidic pH (pH ~ 5). It is well

established that the physiological pH is around 7.4 while

that of the tumor microenvironment is in the acidic range.

Our results showed that silibinin conjugated gold

nanoparticles enhanced the delivery of silibinin to cancer

cells (Figure 6). Free gold nanoparticles did not show

significant cytotoxicity toward cancer cell lines (Figure 7A).

Cell viability of free silibinin and silibinin conjugated gold

nanoparticles were tested on lung carcinoma cell line (A549)

by performing the MTT assay, and it was found that both have

decreased the cell viability. Silibinin conjugated gold

nanoparticles showed IC50 value at 4.8 μM (w.r.t. Sb

concentration) while the IC50 value in the case of free

silibinin is 24.8 μM Free gold nanoparticles did not show

significant cytotoxicity toward cancer cell lines (Figure 7B).

IC50 value for the formulation was calculated using freely

available COMPUSYN software. Trypan blue dye exclusion

assay was performed to assess the percentage cell viability after

the treatment with silibinin and Sb-GNPs. It was observed that

the cell viability decreased more when treated with Sb-GNPs

than treatment with free silibinin. The 5 μM dose of

conjugated silibinin showed the same decreased in cell

viability (approx. 35–40%) as compared to the 25 μM of

free silibinin. The results indicates that the low

concentration of Sb-GNPs nonoconjugates have achieve the

same effect as compared to high concentration of free

silibinin. The similar effects can be observed in terms of

cell death of the cancer cells. This observation clearly

showed that on conjugation with gold nanoparticles, the

efficacy of silibinin increased 4–5 times in inhibiting and

killing the cancer cells (Figures 8A,B). Further, data of

biocompatibility of GNPs, silibinin, Sb-GNPs on normal

FIGURE 9
Effect of (A) Free GNPs; (B) Silibinin and Sb-GNPs against normal cell viability (HEK293T).
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FIGURE 10
(A) Percentage hemolysis of human RBCs caused by GNPs; (B) Percentage hemolysis of human RBCs caused by Silibinin and Sb-GNPs. Triton-
X-100 (0.4%) was used as positive control.

FIGURE 11
Effect of Silibinin and Sb-GNPs on cell cycle arrest in lung cancer cells.
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cell (HEK293) clearly indicate that these compounds are non-

toxic in nature. (Figures 9A,B). The investigation of hemolytic

activity is important to determine the biocompatibility of

GNPs, silibinin and Sb-GNPs with RBCs. Therefore, the

hemolytic activity of GNPs at different concentrations

(1–128 μg/ml) and for silibinin and Sb-GNPs (1–128 µM)

was determined against freshly human RBCs. Figure 10

showed the percentage of hemolysis, which depicts that the

hemolysis caused by the GNPs, silibinin and Sb-GNPs is very

less as compared with positive control (Triton X100). Thus,

the result of the present study indicating the safety of these

nanoconjugates (Sb-GNPs) at low concentrations provides

support for further investigations. Simillar studies was done

by others (Mishra et al., 2013b; Ahmad et al., 2014a).The effect

of Sb-GNPs on cell cycle progression of A549 (lung cancer

cells) were studied with IC50 concentrations obtained by MTT

assay. It was found that the IC50 dose treatment of Sb-GNPs

arrest the growth of cancer cells in G1 phase (Figure 11).

Several studies have explored the preparation of silibinin

conjugated inhalable nanoparticles as well as Silibinin-

loaded PLGA/PEG NPs but that of gold-conjugated ones

are few in comparison (Mogheri et al., 2021; Raval et al.,

2021). Thus, the above study provides a promising route to

develop formulations using silibinin conjugated metal

nanoparticles with novel anticancer applications.

Conclusion

In the present study, Sibilinin conjugated GNPs was

synthesized and further investigated their cytotoxic effect on

lung cancer cells. Silibinin is of considerable importance which

could help prevent normal tissue cytotoxicity in lung cancer

patients. Beyond its hepatoprotective effects, the

pharmacological activity of silymarin is being revisited due to

growing evidence that suggests potential anti-cancer activity.

Various evidence indicates that silibinin is a possible drug

candidate for tumor growth inhibition and further its efficacy

can be enhanced by using nanoparticles (Liu et al., 2020). GNPs

was synthesized using trisodium citrate dihydrate as the reducing

agent and further it was used as a matrix for the conjugation of

silibinin. The techniques TEM, EDAX, DLS and FTIR were

performed to characterize the optical and physical properties

of gold nanoparticles and its conjugates. The results indicate that

the silibilin was successfully conjugated with monodispersed and

spherical shape gold nanoparticles.

After characterization, the anticancer efficacy of silibinin

and silibinin conjugated gold nanoparticles was evaluated by

in vitro assays such as MTT assay and Trypan blue dye

exclusion assay. It was found that the enhanced cytotoxic

and growth inhibitory effects of Gold-Silibinin

nanoconjugates as compared to silibinin alone. This opens

up the possibility of developing anti-cancer compositions

based on silibinin linked nanoparticles.
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Phytofabrication of the nanoparticles with exotic shape and size is an attractive area

where nanostructures with noteworthy physicochemical and optoelectronic

properties that can be significantly employed for photocatalytic dye degradation.

In this study a medicinal plant, Plumbago auriculata leaf extract (PALE) was used to

synthesize zinc oxide particles (ZnOPs) and silver mixed zinc oxide particles

(ZnOAg1Ps, ZnOAg10Ps, ZnO10Ag1Ps) by varying the concentration of the metal

precursor salts, i.e. zinc acetate and silver nitrate. The PALE showed significantly high

concentrations of polyphenols, flavonoids, reducing sugar, starch, citric acid and

plumbagin up to 314.3 ± 0.33, 960.0 ± 2.88, 121.3 ± 4.60, 150.3 ± 3.17, 109.4 ± 2.36,

and 260.4 ± 8.90 μg/ml, respectively which might play an important role for green

synthesis and capping of the phytogenic nanoparticles. The resulting particles were

polydispersed which were mostly irregular, spherical, hexagonal and rod like in

shape. The pristine ZnOPs exhibited a UV absorption band at 352 nm which shifted

around 370 in the Ag mixed ZnOPs with concomitant appearance of peaks at

560 and 635 nm in ZnO10Ag1Ps and ZnOAg1Ps, respectively. The majority of the

ZnOPs, ZnOAg1Ps, ZnOAg10Ps, and ZnO10Ag1Ps were 407, 98, 231, and 90 nm in

size, respectively. Energy dispersive spectra confirmed the elemental composition of

the particles while Fourier transform infrared spectra showed the involvement of the

peptide and methyl functional groups in the synthesis and capping of the particles.

The composites exhibited superior photocatalytic degradation of methylene blue

dye, maximum being 95.7% by the ZnOAg10Ps with a rate constant of 0.0463 s−1

following a first order kinetic model. The present result clearly highlights that Ag

mixed ZnOPs synthesized using Plumbago auriculata leaf extract (PALE) can play a

critical role in removal of hazardous dyes from effluents of textile and dye industries.

Further expanding the application of these phytofabricated composites will promote

a significant complementary and alternative strategy for treating refractory pollutants

from wastewater.
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1 Introduction

Recent industrial revolution has led to environmental

pollution that has created a great concern. Several industries

associated with dye, textiles, tanning of leather, paper and pulp

are common sources of refractory pollutants in the water bodies.

Discharge of the dye contaminated effluents cause soil, ground

and surface water pollution (Mani and Bharagava, 2017; Din

et al., 2021). Since 4000 years, textile dying technology exists

although in ancient times, natural dyes were predominantly used.

In 1856, first synthetic dye named “mauveine” was synthesized

by William E. Perkin employing oxidation of impure aniline

(Fagier, 2021). After the discovery of diazotization and azo

coupling, majority of synthetic dyes were developed. Around

thousand dyes are commercially available today. Approximately

10,000 different dyes and pigments are used which requires

production of 0.7 million tons of synthetically generated dyes

every year across the globe (Hashmi et al., 2021). These

hazardous dyes cause majority of water pollution and inhibit

the photosynthetic activity of aquatic plants due to reduction in

the penetration of sunlight. It induces the toxic effect on aquatic

life as dye contains aromatic, heavy metals and chloride (Saraf

et al., 2015). The dye contaminated water also causes soil

pollution and adversely affects the germination of seed

(Kumar et al., 2015). The synthetic dyes show harmful effects

on animals and humans. Evaporation of chemicals from the dye

effluents into air leads to allergic reaction as they are absorbed by

skin (Saleh and Djaja, 2014).

Several chemical and physical methods such as

adsorption, precipitation, flocculation, electrolysis,

oxidation, reduction, electrochemical treatment, ion

exchange are used for the removal of dyes from polluted

water (Gautam et al., 2017). But these methods are

complicated, expensive and are not ecofriendly. Hence,

removal of dyes by biological methods is considered as

promising alternative due to their cost effective, less sludge

producing and ecofriendly nature (Bloch et al., 2020). Several

microbes such as bacteria, fungi and algae are also used to

degrade wide range of dyes (Daneshvar et al., 2007).

Nanotechnology driven solutions for dye removal are more

efficient owing to the smaller size, significantly large ratio for

surface area to volume and exotic physico-chemical and opto-

electronic properties of nanoparticles (Mandeep and Shukla,

2020). Synthesis of nanomaterials includes various physical,

chemical and biological methods (Nitnavare et al., 2022).

Nanoparticles synthesized using chemical and physical

methods have several disadvantages as compared to

biological synthesis since, they employ toxic and corrosive

chemicals for reduction and stabilization (Ghosh et al., 2016).

Microorganisms mediated syntheses of nanoparticles are

slower and give only a limited number of morphological

feature (Ghosh et al., 2022).

The use of medicinal plants for nanoparticles synthesis has

acquired a great attention due to the ease in scaling up for larger

production, apart from being cost effective and environmental

friendly (Jamdade et al., 2019). Several nanoparticles composed

of elemental gold, silver, copper, platinum, and palladium are

synthesized using plants which show antimicrobial, antifungal,

antibiofilm, cytotoxic, and photocatalytic properties (Shende

et al., 2018). Novel nanocomposites of silver-loaded

mesoporous zinc oxide and silver-titania are recently reported

from extracts of Lycium barbarum L. for photocatalytic and

therapeutic applications (Sharwani et al., 2021; Sharwani et al.,

2022). Likewise, biogenic fabrication of silver nanoparticle-

modified zeolitic imidazolate framework was reported as ideal

for designing a non-enzymatic electrochemical sensor

(Mohammad et al., 2022). Several carbon-based metal

nanocomposites can also be used for photocatalytic

degradation of hazardous dyes (Khan, 2021). In other studies

biogenic zinc oxide nanoparticles (ZnONPs) synthesized from

bulb and leaf extract of Costus woodsonii exhibited narrow band

gap (Khan et al., 2019a,b).

On the basis of ethno botanical knowledge, Plumbago

auriculata is widely used medicinal plant that possesses many

secondary metabolites in its root and aerial parts (Govindan

et al., 2020). Phytochemicals such as phenols, flavonoids,

alkaloids, carbohydrates and saponins present in P. auriculata

may help in synthesis of nanoparticles and may act as stabilizing

and capping agent. The leaf and stem are rich in plumbagin, a

napthoquinone that possesses antimicrobial, antibiofilm,

anticancer and antifungal activities (Singh et al., 2018). The

present study attempted to synthesize zinc oxide particles

(ZnOPs) and silver mixed zinc oxide particles (ZnOAgPs)

using P. auriculata leaf extract (PALE) for photocatalytic dye

degradation.

2 Materials and methods

2.1 Collection of plant material and plant
extract preparation

The plant specimen of P. auriculata along with flower was

collected from the campus of RK. University, Rajkot, India. The

plant was authenticated by taxonomist of Department of

Bioscience, Saurashtra University, Rajkot, India. The collected

P. auriculata leaves were washed thoroughly and were shade

dried at ambient temperature for 10 days. Dehydrated leaves
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were pulverised to fine powder using electrical blender. A 5 g of

dry leaf powder was added in deionized water (100 ml) and

heated at 60°C for 20 min to prepare PALE. A Whatman no

1 filter paper was used for filtering the extract. The recovered

filtrate was stored at 4°C and the same batch was used during all

further experiments.

2.2 Phytochemical analysis

2.2.1 Total phenolic content
Folin-Ciocalteau reagent (0.5 ml) was added to PALE (3 ml)

and incubated for 3 min at 25°C. Thereafter 2 ml of 7% sodium

carbonate (Na2CO3) was added followed by incubation at 100°C

for 1 min in a boiling water bath. The absorbance was recorded at

650 nm (Luximon-Ramma et al., 2002). A standard gallic acid

curve with concentration ranging from 10 to 100 μg/ml was used

to determine the total phenolic content of PALE.

2.2.2 Total flavonoid content
Initially 2% aluminium chloride (2 ml) dissolved in methanol

was mixed with equal volume of PALE. The reaction mixture was

incubated in darkness at 25°C for 10 min. The absorbance

measured at 368 nm was extrapolated on a standard quercetin

curve prepared in a range from 10 to 100 μg/ml for estimating the

total flavonoid content (Wolfe et al., 2003).

2.2.3 Total reducing sugar content
The 3, 5-Dinitrosalicylic acid (DNSA) reagent was mixed

with equal volume (1 ml) of PALE and incubated for 5 min at

100°C. Thereafter, 10 ml of deionized water was added followed

by recording of the absorbance at 540 nm (Miller et al., 1959). A

standard glucose curve prepared in a range from 100 to 1000 μg/

ml was used to find the total reducing sugar in PALE.

2.2.4 Total starch content
Total starch content was estimated using anthrone reagent.

PALE (1 ml) was added in anthrone reagent (4 ml) followed by

incubation at 100°C for 8 min. After cooling the absorbance was

recorded at 630 nm. The standard glucose curve (10–100 μg/ml)

was used for the estimation of total starch content

(Thayumanavan et al., 1984).

2.2.5 Total citric acid content
The citric acid was estimated as per protocol reported by

Saffaran et al. (1948). In brief, 5% trichloroacetic acid and PALE

were mixed in equal volume (0.5 ml) to which 4 ml of acetic

anhydride was added followed by incubation at 60°C for 10 min.

In the next step pyridine (0.5 ml) was mixed and incubated at 60°C

for 40 min. Reaction mixture was further allowed to incubate in ice

bath. After 5 min total citric acid content in PALE was evaluated by

recording the absorbance 540 nm and extrapolating on a citric acid

standard curve prepared in a range from 10 to 400 μg/ml.

2.2.6 Total ascorbic acid content
The PALE (4 ml) was initially brominated using 250 μL of

bromine water followed by 250 μL of thiourea. Further 1 ml of

2, 4− Dinitrophenylhydrazine (DNPH) was added and was

incubated at room temperature for 3 h. Then, 85% sulphuric

acid (7 ml) was added and the absorbance was recorded at

540 nm. Standard ascorbic acid (1–10 μg/ml) was used to

determine total ascorbic acid content (Sadasivam et al., 2008).

2.2.7 Total plumbagin content
Total plumbagin content was estimated by adding 10% alcoholic

potassium hydroxide (KOH) into equal volume (0.5 ml) of PALE in

which 1.5 ml of absolute alcohol was further added. Total plumbagin

content was estimated by recording the absorbance at 520 nm and

using a standard curve prepared by varying plumbagin

concentration from 100 to 1000 μg/ml (Israni et al., 2010).

2.3 Synthesis of zinc oxide particles

At first, a stock solution of 10 mM of zinc acetate (ZnC4H6O4)

salt was prepared by mixing it in 100 ml of deionized water under

stirring condition. Then, 5 ml of PALE was added to the 95 ml of

ZnC4H6O4 stock solution and stirred again at 150 rpm for 24 h at

room temperature. After incubation, brown coloured pellets were

collected by centrifuging the reaction mixture for 20 min at

10,000 rpm. The pellets were washed twice with distilled water

by alternate centrifugation and redispersion for three times. The

collected pellets were allowed to calcinate in muffle furnace at

400°C for 4 h (Naseer et al., 2020).

2.4 Synthesis of Ag mixed zinc oxide
particles

Silver (Ag) mixed ZnOPs were fabricated by varying the

concentration of AgNO3 and ZnC4H6O4. The salt solutions

were mixed in identical concentration of 1 and 10 mM for the

synthesis of ZnOAg1Ps and ZnOAg10Ps, respectively. For

the synthesis of ZnO10Ag1Ps, 10 mM of ZnC4H6O4 was

mixed with 1 mM of AgNO3. Synthesis of respective

particles was carried out by mixing 5 ml PALE into 95 ml

of each reaction mixture under stirring condition (150 rpm

for 24 h). The synthesized particles were recovered and

washed similar to the process discussed above. The

collected pellets were further calcinated at 400°C for 4 h in

a muffle furnace (Thakur et al., 2020).

2.5 Characterization

At first, the UV-Vis. Absorption spectra of the bio-

synthesized particles were analyzed by using UV-Visible
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spectrometer (UV-1900, Shimadzu, Japan) operating at a resolution

of 1 nm. The photoluminescence properties of the synthesized

samples were recorded with Fluorescence Spectrophotometer (F-

4700, Hitachi, Japan) at an excitation wavelength (λex) of 340 nm

(Jangir et al., 2017). The surface morphology of particles was

determined using transmission electron microscopy (TEM,

Tecnai G2 F30, Thermo Fisher, United States) operating at an

accelerating voltage of 300 kV. Before that a droplet of the prepared

sonicated sample was placed directly on the carbon-coated copper

grid that was subsequently dried at 37°C (Basri et al., 2020). Further,

energy dispersive X-ray analysis (EDAX) was employed for

determining the elemental composition using Octane ELITE T70,

EDAX, United States equipped in the TEM. Hydrodynamic size of

the synthesized particles was estimated employing dynamic light

scattering in a Particle Size/Zeta Potential Analyzer, Microtrac,

United States (Salunke et al., 2014). The crystalline phases

present were determined using the X-ray diffraction (XRD,

EMPYREAN 3, Malvern Panalytical B.V. Netherlands). The

broad-scan analysis was typically conducted within the range of

10–900 using the Cu Kα (λCu = 1.540 Å) X-radiation. The functional

groups associated with the particles were characterized by Fourier-

transform infrared (FT-IR) using ThermoNIColet FTIR

spectrophotometer (Nicolet Instrument, Thermo scientific,

United States). The washed particles sample (20 µL) was mixed

with 20 mg KBr and was dried at 50°C in hot air oven. The mixed

powder was exposed to infrared source of 500–4500 cm−1 (Brus,

1986).

2.6 GC-MS/MS analysis

The analysis was performed using an Agilent GC (7890A)

equipped with a CTC Combipal (CTC Analytics, Switzerland)

autosampler, connected to a triple quadrupole mass spectrometer

(7000B, Agilent Technologies, Santa Clara, United States). The

instrument was controlled by Mass Hunter software (ver.

B.05.00.412). The multi-mode inlet (MMI) was operated in split

mode. Later, 2 µL of the PALE sample was injected into a

gooseneck liner (78.5 × 6.5 mm, 4mm). Two HP-5MS (5%

phenylmethylpolysiloxane, Agilent Technologies, United States)

capillary columns (15 m × 0.25 mm, 0.25 µm) were connected

through a purged ultimate union (Backflush-PUU). Ultra-pure

grade helium (BOC India Ltd., Kolkata) was used as the carrier

gas, with a constant 1.2 ml/min flow. The oven temperature was

programmed to start at 90°C (1min hold), then ramped at 40°C/min

to 170°C (0 min hold), followed by 15°C/min up to 290°C with a 6-

min hold. This resulted in a total run time of 21 min. The

temperatures of the ion source and transfer line were set to 230°C

and 290°C respectively. Considering the number of molecules, it was

important to optimise the chromatographic separation and mass

spectrometric parameters to ensure the selectivity and sensitivity in

analysis. The mass range was scanned from 50 to 550amu. The

identification of components was based on the comparison of their

mass spectra with those of NIST mass spectral library.

2.7 Photocatalytic methylene blue dye
degradation

The photocatalytic activity of ZnOPs and the ZnOAgPs was

evaluated as the protocol reported earlier (Zachariah et al., 2008). In

short, initially 0.4 g L−1 of each particle sample was added to 125 ml

of 7.5 μMMB dye dissolved in distilled water with an initial neutral

pH of 6.67. Thereafter, the resulting mixture was stirred to

equilibrate stirring in the darkness (that is, without the UV

irradiation) for 1 h in order to stabilize the adsorption of MB on

the sample surface. The aqueous suspension was then subjected to

UV irradiation in the photoreactor chamber (LZC-4X, Luzchem,

Canada) using the 14 UVA lamps (6 top and 8 side lamps) with an

emission peak intensity of 350 nm with concomitant magnetic

stirring for 1 h. After each 10 min intervals, 8 ml aliquot was

recovered and centrifuged (Hettich EBA 20, Sigma-Aldrich

labware, Bengaluru, India). The supernatant was collected and

examined using a UV-visible absorption spectrophotometer (UV-

2401 PC, Shimadzu, Japan) to determine the residual MB

concentration in the aqueous dye solution.

MBadsorbed(%) � C−60 − C0

C−60
× 100 � A−60 − A0

A−60
× 100 (1)

where, C-60 and C0 are the MB concentrations within the aqueous

solution before (time (t) = 60 min) and after (t = 0 min) the

adsorption experiment conducted in the dark condition; while,

A−60 and A0 are the corresponding absorbance values. The

normalized concentration of MB remaining in the solution after

stirring in the dark condition for 1 h is calculated using Eq. 2.

MBresidual(%) � C0

C−60
× 100 � A0

A−60
× 100 (2)

The normalized concentration of MB remaining in the

solution under the UV irradiation is calculated using Eq. 3.

TABLE 1 Phytochemicals content of PALE.

Phenolic (μg/ml) Flavonoid (μg/ml) Reducing sugar
(μg/ml)

Starch (μg/ml) Citric acid
(μg/ml)

Ascorbic acid
(μg/ml)

Plumbagin (μg/ml)

314.30 ± 0.33 960.0 ± 2.88 121.30 ± 4.60 150.30 ± 3.17 109.40 ± 2.36 1.97 ± 1.55 260.40 ± 8.90
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MBresidual(%) � Ct

C−60
× 100 � At

A−60
× 100 (3)

where, Ct is the MB concentration remaining within the aqueous

dye solution after the UV irradiation time of t = tmin; while,At is

the corresponding absorbance value.

The first order kinetic constant (k) for the degradation of MB

is calculated using Eq. 4

ln
C0

Ct
� kt (4)

3 Results

3.1 Phytochemical analysis

The plants belonging to family of Plumbaginaceae are known to

be a potential source of various phytochemicals such as phenols,

flavonoids, napthoquinone, alkaloids, and carbohydrates that might

play an important role in formation of particles by redox reaction.

Table 1 shows high flavonoid content (960.0 ± 2.88 μg/ml) and

phenolic content (314.3 ± 0.33 μg/ml) in PALE. The Plumbago is

known to contain a napthoquinone called plumbagin which showed

its presence even in PALE at a concentration of 260.0 μg/ml. Other

phytochemicals such as citric acid, ascorbic acid and starch were also

noted to be present in PALE. Hence, the presence of these

phytochemicals may help in converting zinc acetate to ZnOPs.

3.2 UV-Visible absorption and
photoluminescence spectroscopy
analyses

Brown color precipitates were formed during reaction which

converted to greyish white after calcination indicating synthesis

of ZnOPs and ZnOAgPs. The UV-Vis absorption spectra of the

synthesized particles were recorded as shown in Figures 1A–D.

Figure 1A indicates the UV-Vis absorption spectrum of ZnOPs

which showed a broad absorption in the range of 300–490 nm.

The main characteristics peak of ZnOPs was observed at 352 nm.

The slightly blue shifted peak position of ZnONPs with respect to

bulk ZnO was observed implying lower particle size of ZnONPs

in comparison to bulk ZnO.

On silver doping, the UV-Vis absorption spectrum of the

ZnOAg1Ps revealed two characteristics peaks at 370 nm and

FIGURE 1
UV-Vis absorption spectra of the (A) ZnOPs; (B) ZnOAg1Ps; (C) ZnO10Ag1Ps; (D) ZnOAg10Ps synthesized by using PALE at room temperature.
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635 nm, respectively as revealed in Figure 1B. Further, with the

increase of the concentration of salts in ZnO10Ag1Ps, the

absorbance peak became prominent at ~560 nm as evident in

Figure 1C and blue shifted in comparison to that of ZnOAg1Ps.

This blue shift may have arisen due to the decrease of optical

scattering caused by grain growth and the reduction of grain

boundary density (Lv et al., 2011). The UV-Vis absorbance

spectrum of ZnOAg10Ps showed only the main characteristics

peak of ZnOPs at 371 nm while there is no sharp peak observed

for silver except some enhancement of visible absorbance as seen

in Figure 1D. Here, the peak of ZnOPs is predominant over the

peak of silver because during the preparation of the sample, the

concentration of the zinc acetate was much higher as compared

to that of silver nitrate. It is interesting to observe that the relative

visible absorbance in the UV-Vis spectra of ZnOAg1Ps,

ZnOAg10Ps, and ZnO10Ag1Ps increased significantly

compared to that of pure ZnOPs. This increased visible

absorbance indicates that these samples will be highly active

in visible light thereby having promising photocatalytic dye

degrading ability which is evaluated in the subsequent section.

Further, the movement, separation, and recombination of

photo-generated electron and hole (e−−h+) pairs in the

FIGURE 2
(A) Photoluminescence emission spectra of ZnOPs, ZnOAg1Ps, ZnOAg10Ps, ZnO10Ag1Ps; (B–E) the Gaussian fitted PL emission spectra of
ZnOPs, ZnOAg1Ps, ZnOAg10Ps, ZnO10Ag1Ps, respectively.
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synthesized particles were measured by recording the room

temperature PL emission spectra at 300 nm excitation which are

shown in Figure 2A. The PL intensity of the ZnOAgPs decreased as

compared to that of the ZnOPs which indicated an effective transfer

of the interfacial charge from ZnO to Ag, serving as an electron sink

that doesn’t allow the photo-induced carriers to recombine. Hence,

the ZnOAgPs are estimated to show improved photocatalytic dye

degradation performance than that of the pristine ZnOPs (Kadam

et al., 2018). The Gaussian fitted PL emission spectra of the

synthesized samples are shown in Figures 2B–E, respectively. It

was observed that ZnOPs show a strong near band edge emission

band that was centered at ~340 nm in all samples. The Gaussian

fitted deconvoluting PL emission spectra of the synthesized particles

showed some additional bands at ~405, ~420, ~456 and ~470 nm

wavelengths, that are specific to oxygen vacancy states (Vo
+ and

Vo
++) which was singly and doubly charged as well as defects in

ZnOPs (Saoud et al., 2015).

3.3 HRTEM image, DLS, and XRD analyses

The morphology of the synthesized particles was determined

using HRTEM images, as shown in Figure 3. The HRTEM image

of ZnOPs clearly showed two anisotropic microstructures of

hexagonal and spherical (Figures 3A,B) shapes. The size and

diameter of the observed hexagonal and spherical structures were

observed to be 350 and 500 nm, respectively. It should be noted

that the mentioned size of the particles are specific to the ones

seen in the HRTEM image and not an average of several particles.

The particle size of ZnOPs was also found by DLS analysis and

the corresponding bar diagram is shown in the inset of Figure 3B.

The size of ZnOPs was ranging from 289 to 1635 nm with

maximum number of particles of size 407 nm. A nanorod of

diameter ~40 nm and length ~350 nm was observed in

ZnOAg1Ps sample (Figure 3C). There were some

polydispersed spherical particles of size ~50–200 nm as

observed in ZnOAg1Ps also (Figure 3D). The particle size

distribution of ZnOAg1Ps were in a range from 85 to 409 nm

with majority of size ~98 nm as seen in the inset of Figure 3D.

Similar rods were also spotted for ZnOAg10Ps that were ~50 ×

~10 nm in dimension as evident from Figure 3E. Apart from the

rods, there were some spherical particles of size ~30 nm as well.

The size of the ZnOAg10Ps was ~171–1635 nm with majority

being around 231 nm as shown in inset of Figure 3F. A similar

trend was also observed for ZnO10Ag1Ps where the rod shaped

particles were larger in size (~758 nm) as seen in Figures 3G,H.

FIGURE 3
HRTEM images of particles synthesized using PALE. (A) ZnOPs with hexagonal shape (scale: 200 nm); (B) spherical shaped ZnOPs (scale:
200 nm) and inset showed the bar diagram of DLS data; (C) Rod shaped ZnOAg1Ps (scale: 50 nm); (D) Spherical ZnOAg1Ps (scale: 200 nm) and inset
showed the bar diagram of DLS data; (E) Rod shaped ZnOAg10Ps (scale: 20 nm) and inset showed the bar diagram of DLS data; (F) spherical shaped
ZnOAg10Ps (scale: 50 nm); (G) Rod shaped ZnO10Ag1Ps (scale: 100 nm) (H) spherical shaped ZnO10Ag1Ps (scale: 5 nm), and inset showed the
bar diagram of DLS data.

Frontiers in Chemistry frontiersin.org07

Bloch et al. 10.3389/fchem.2022.1013077

40

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1013077


The size of the particles ranged from 72 to 687 nmmost of which

were around 90 nm.

The elemental zinc (Zn), oxygen (O), and silver (Ag) in the

composites were confirmed by EDAX spectra as shown in

Figure 4. The purity of ZnOPs was confirmed by the presence

of Zn and O in Figure 4A. Figure 4B indicated the presence of Zn

and Ag up to 16.8% and 16.6%, respectively in ZnOAg1Ps.

Figure 4C showed 25.3% Zn and 24.6% Ag in

ZnOAg10 whereas ZnO10Ag1Ps exhibited 57.2% Zn and 8.5%

Ag as evident from Figure 4D.

The XRD pattern obtained for the samples ZnOPs,

ZnOAg1Ps, ZnO10Ag1Ps, and ZnOAg10Ps are presented in

Figure 5. The obtained diffraction angle, the identified

diffracting planes, the corresponding phases of ZnO (JCPDS

file No.36-1451) and silver (JCPDS file No: 01-087-0597) are

tabulated in Table 2. The planes of Ag are marked by * (star) for

better clarification.

Hence, the XRD pattern analyses of the synthesized samples

confirmed the presence of ZnO and silver (Ag) nanoparticles in

our synthesized samples.

3.4 FTIR spectroscopy analysis

The PALE comprises different phytochemicals such as

phenolic, flavonoid, reducing sugar, starch, citric acid, ascorbic

acid, plumbagin, etc, that played a significant role for reducing

Ag+ and Zn2+ ions and stabilizing the synthesized particles. The

PALE showed numerous characteristic bands in the FTIR spectra

as depicted in Figures 6A,B. The peak at 3550 cm−1 is

corresponding to the peptide linkage associated N–H stretch

vibrations (Kannan and John, 2008), while the peak at 2994 cm−1

is specific to the stretching vibration of methyl groups (Li et al.,

FIGURE 4
Representative spot EDS spectra of (A) ZnOPs; (B) ZnOAg1Ps; (C) ZnOAg10Ps; (D) ZnO10Ag1Ps.

FIGURE 5
XRD patterns obtained for the different samples.
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2007). The peak at 1395 cm−1 is attributed to germinal methyl

group (Tripathy et al., 2010). The peak at 1067 cm−1 is attributed

to the bending vibration of C–OH groups and the antisymmetric

stretching band of polysaccharides and/or chlorophyll associated

C–O–C groups (Jain et al., 2011). These peaks indicated the

presence of different phytochemicals in the PALE extract. The

FTIR spectra of the synthesized ZnOAgPs composites by PALE

are shown in Figure 6B. The peak at 3550 cm−1, which is

associated to the N–H stretch vibrations from the peptide

linkages is slightly blue shifted for ZnAg1Ps and ZnAg10Ps

while it remains at the same position for Zn10Ag1Ps. The

main characteristic peaks of Zn-O vibration at 584 cm−1 was

observed for all three samples (Mahalakshmi et al., 2020).

Additionally, there are some other peaks observed at 2166,

2042, 1573, 1383, 1203, 1075, and 640 cm−1 which may be

originated from the different vibrational bands of phenolic,

flavonoid, sugar, starch, citric acid, ascorbic acid, and

plumbagin (Jyoti et al., 2016).

3.5 GC-MS/MS analysis

The major phytochemicals detected in PALE were

dodecanoic acid, methyl ester, benzene, (3-octylundecyl)-,

methyl stearate, methyl tetradecanoate, palmitic acid, methyl

ester and others as evident from Table 3. These phytochemicals

might have played a significant role in synthesis of the

composites and their stabilization.

3.6 Photocatalytic dye degradation

In order to investigate the photocatalytic degradation ofMBdye,

phytogenic ZnOPs and ZnOAgPs weremixed withMB dye solution

and reacted for various time intervals. The photocatalytic activity of

ZnOPs and ZnOAgPs is shown in Figure 7. The degradation of MB

under UV irradiation in presence of ZnOPs and ZnOAgPs

synthesized by PALE was monitored using an UV-visible

spectrophotometer. The absorption maxima of MB was centered

at 664 nm and shoulder peak at 614 nm in visible region (Figure 7).

The main absorption peak steadily decreased and

eventually approached the base line when treated with the

particles as clearly evident from Figures 7A–D. The plot of ln

(C0/C) vs. time for the catalytic degradation of MB is shown in

Figure 8 while the visible colour change indicating dye degradation

can be seen in Figure 8C. The experimental data fits well with the

first order kinetic model with variable rate constants (k1) as given in

Table 4. ZnOAg10Ps showed the maximum MB dye adsorption

(12.5%), followed by ZnO10Ag1Ps and others. ZnO10Ag1Ps

showed maximum MB dye degradation of 95.7% with a rate

constant of 0.0463 s−1 followed by others.

4 Discussion

Recently, ZnOPs have drawn much attention as promising

photocatalyst which is mainly attributed to their attractive

TABLE 2 Analysis of XRD patterns presented in Figure 5.

Sample 2θ (deg.) Diffracting plane

ZnOPs 31.8 (100)

34.4 (002)

36.2 (101)

47.5 (102)

56.5 (110)

62.8 (103)

67.9 (112)

69.1 (201)

ZnOAg1Ps 31.8 (100)

34.5 (002)

36.2 (101)

38.1 *(111)

44.3 *(200)

56.5 (110)

64.4 *(220)

77.9 *(311)

81.5 *(222)

ZnO10Ag1Ps 31.8 (100)

34.4 (002)

36.2 (101)

38.1 *(111)

44.3 *(200)

47.5 (102)

56.6 (110)

62.8 (103)

64.4 *(220)

67.9 (112)

69.1 (201)

77.3 *(311)

81.4 *(222)

ZnOAg10Ps 31.8 (100)

34.4 (002)

36.2 (101)

38.1 *(111)

44.3 *(200)

56.6 (110)

62.8 (103)

64.4 (220)

77.3 (311)

81.4 (222)
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properties that include high UV light absorption, high exciton

binding energy (60 meV), high electron mobility, tunable

morphology, easy availability, economical production and

nontoxic nature (Ansari et al., 2017; Kim and Jo, 2017).

However, the chemical and physical methods of ZnOPs

synthesis involve hazardous reaction conditions and toxic

chemicals for reduction and stabilization (Adersh et al.,

2015). Hence, PALE mediated biofabrication is a green

route for synthesis of ZnOPs with photocatalytic properties

(Kitture et al., 2015). However, the photocatalytic potential of

ZnOPs is often limited due to fast recombination of photo-

excited electron–hole pairs in the single-phase semiconductor

and a low quantum yield. This further limits the application

and commercialization potential of pristine ZnO for

photocatalytic degradation process (Saravanam et al.,

2015a; Lee et al., 2015). One of the prominent solutions to

deal with this bottleneck is to dope noble metals in the ZnOPs

for synergistic enhancement of the photocatalytic activity

(Saravanam et al., 2015b; Ansari et al., 2013; Ansari et al.,

2015). Hence, we have attempted to mix Ag in the biogenic

ZnOPs at various concentrations that might offer several

advantages. Ag was selected because of its attractive

properties such as, high electrical and thermal conductivity,

high work function, and cost effectiveness (Zeng et al., 2017;

Gami et al., 2022). Although some of the studies give an

account on the chemically synthesized core shell ZnO/Ag

photocatalysts, there are no reports on Ag mixed ZnOPs

from P. auriculata (Andrade et al., 2017; Gupta et al., 2017;

Rafaie et al., 2017; Sampaio et al., 2017). The advantage of

phytofabricated ZnOAgPs is the stable deposition of the Ag on

the semiconductor’s active surface which is protected by the

phytochemicals unlike the chemical methods where the

leaching of Ag from the composite system can pollute the

water apart from affecting the photocatalytic reactions due to

reduction in active surface. Also, the biogenic stable ZnOAgPs

might be resistant to photo-chemical corrosion that often

results under adverse or extreme abiotic conditions (Li

et al., 2013; Ma et al., 2017). These phytofabricated

composites enhance the proximity of the interface between

semiconductor and Ag which is important for transfer of

charge and optimization of plasmon–exciton interactions

(Das et al., 2015).

Kadam et al. (2018) reported that this strategy accelerates

Fermi level equilibrium and can reduce the band gap energy

that in turn can promote separation of the interfacial charge

and accelerate electron transfer. Additionally, this can

prevent interaction from harsh chemicals and hence

restrict agglomeration and degradation of the metal

particles (Ansari et al., 2014). Nanostructured noble

metals serve as active reaction sites and efficient electron

traps that oppose the charge carriers to recombine (Guy and

Ozacar, 2016).

In our study, the UV-Vis peak of ZnOPs was prominent in

the ZnOAgPs indicating the higher amount of ZnO in the

composites. It is important to note that the absorption spectra

of ZnOAgPs didn’t show superposition with the individual

single-component particles which might be attributed to the

strong electronic coupling between the Ag and ZnO (Satter

et al., 2014). Ag mixed in the ZnO increased separation of

charge, while the high ZnO content in the vicinity resulted in

the increase in the refractive index of the surrounding medium

which resulted in the shifting of the SPR band (Karmakar

FIGURE 6
FTIR spectra of particles synthesized by PALE. (A) PALE and ZnOPs; (B) ZnOAg1Ps, ZnOAg10Ps, and ZnOAg10Ps.
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et al., 2020; Robkhob et al., 2020). Further, PL spectra

provided strong scientific evidence of the distinct

quenching of the emission in ZnOAgPs which was

attributed to the efficient charge transfer from ZnO to Ag

interface (Misra et al., 2014). Morphological analysis using

HRTEM showed anisotropy among variously mixed

structures. Spheres, rods, hexagons were observed. Our

results are well in agreement with the ZnONPs synthesized

using Salvia officinalis leaf extract (Abomuti et al., 2021).

Ahmed et al. (2020) also synthesized similar Au/ZnO

nanoparticles by using Carya illinoinensis leaf extract for

enhanced photocatalytic degradation of Rhodamine B dye.

In another study, ZnONPs synthesized by Ziziphus jujuba

leaves extract also formed irregular agglomerated particles

with variable shape and size where irregular flake-shape

composites were formed with very small particles with an

average particle size of 20 nm. Some particles were well-

defined with spherical shape having an average particle size

of 15 nm (Alharthi et al., 2021). The FTIR spectra confirmed

the involvement of the active functional groups of the

phytochemicals present in PALE for the synthesis and

stabilization of the particles. Ameen et al. (2021) also

reported similar involvement of the functional groups

during synthesis of ZnONPs from Acremonium potronii.

Both ZnOPs and ZnOAgPs exhibited promising

photocatalytic MB dye degradation which was found to be

a function of reaction time. Phytogenic ZnONPs from aqueous

extract of Vitis rotundifolia showed malachite green dye

degradation after 150 min where the initial strong

absorption peak visible at 620 nm gradually decreased with

TABLE 3 Main compounds detected in PALE by GC-MS/MS.

Sr.No Name of
compound

Rt
(min)

Molecular
formula

Molecular
mass
(g/mol)

Retention
index

Area
(%)

1 Benzene, (3-octylundecyl)- 3.317 C25H44 344.62 2501 15.7

2 Disilicic acid (H6-Si2-O7), hexamethyl ester 4.252 C12H30O7Si2 342.53 1200 1.8

4 1-Nitro-β-d-arabinofuranose, tetraacetate 4.887 C13H17NO11 363.27 1301 0.4

5 Melezitose 5.124 C18H32O16 504.438 1801 1.3

6 trans-Isoeugenol 6.073 C10H12O 164.2011 1000 0.4

7 1,4-Benzenedicarboxylic acid, dimethyl ester 7.008 C10H10O 194.18 1001 6.5

8 Dodecanoic acid, methyl ester 7.066 C13H26O 214.3443 1301 27.3

9 Benzenemethanimine, α-phenyl- 8.092 C13H11N 181.2331 1300 2.0

10 Methyl tetradecanoate 8.532 C15H30O 242.3975 1501 6.5

11 2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl ester 8.892 C10H10O3 178.1846 1000 2.0

13 Nicotinamide, 2,6-dimethoxy-4-methyl- 9.743 C9H12N 196.203 900 0.7

14 1,4-benzenedicarboxylic acid, 2-hydroxyethyl methyl ester 9.846 C11H12O5 224.21 1101 0.6

15 (+)-Asarinin 10.074 C20H18O6 354.4 2001 0.5

16 Palmitic acid, methyl ester 10.566 C17H34O2 270.45 1700 8.3

17 2,3-Dimethyl-5-(trifluoromethyl)-1,4-benzenediol # 11.047 C9H9F3O2 206.16 901 0.6

18 16β-Hydroxyboldenone 11.258 C19H26O2 286.4 1900 0.6

19 Androsta-1,4-dien-3-one, 17-hydroxy-17-methyl-, (17α)- 11.544 C20H28O2 300.4 2001 0.5

20 (6-Isocodeine)/Morphinan, 7,8-didehydro-4,5-epoxy-3,6-bis
[(trimethylsilyl)oxy]-, (5α,6α)-

11.687 C18H21NO3 299.4 1800 0.4

21 Methyl petroselinate 12.368 C19H36O2 296.5 1901 1.1

22 Oleic acid, methyl ester 12.424 C19H36O2 296.5 1900 0.6

23 8-Methylnonanoic acid, methyl ester 12.601 C11H22O 186.2912 1101 3.2

24 Methyl stearate 12.68 C19H38O2 298.5 1900 11.8

26 Nonanoic acid, 9-(o-propylphenyl)-, methyl ester 12.869 C19H30O2 290.45 1901 0.4

27 10,13-Octadecadiynoic acid, methyl ester 13.019 C19H34O2 294.5 1900 0.4

28 Carnegine (6,7-dimethoxy-1,2-dimethyl-3,4-dihydro-1H-
isoquinoline)

13.195 C13H19NO2 221.29 1301 0.3

29 Benzene, 2-(1-decylundecyl)-1,4-dimethyl- 13.328 C29H52 400.7232 2900 0.3

30 Dihydroxanthin 14.066 C17H24O5 308.4 1701 0.3

31 n-Hexadecylsuccinic anhydride 14.466 C20H36O3 324.5 2002 0.3
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time (Brindhadevi et al., 2020). However, in case of

ZnO10Ag1Ps the degradation of the MB was 95.7% within

60 min which was comparatively faster. Davar et al. (2015)

reported photocatalytic degradation of methyl orange, methyl

red and methylene blue dyes by the ZnONPs synthesized using

lemon juice. On mixing with Ag the photocatalytic activity of

ZnOPs against MB was increased which is in close agreement

where AgNPs synthesized using Gongura leaves were

decorated on to ZnONPs fabricated by hydrothermal route.

The 5% AgNPs containing ZnO composites photodegraded

(MB) dye up to 99.21% within 75 min under UV light

irradiation (Jadav et al., 2020). The concentration of MB

decreased with the increase in time which was due to redox

reaction. The superior photocatalytic activity in mixed ZnOPs

might be attributed to the creation of additional energy levels

positioned between the VB, and CB of the ZnO, that resulted

in the dopant incorporation mediated extension of the light

absorption range (Chaudhari et al., 2022). Moreover, creating

more defect levels within ZnO helps to produce efficient traps

of e‾, which in turn decreases the possibility of the

recombination rate resulting in the rapid formation of

active radicals (Karthik et al., 2022). Previous reports

establish the mechanism for the same which indicate light

absorption mediated VB to CB transfer of the photoexcited

electrons upon irradiation. Therefore, the transit of the

photoexcited VB electrons to the CB/impurity energy levels

from the host lattice results in the generation of high amount

of O2—associated with d-d transitions. During this time,

transfer of the VB photoexcited holes to the surface occurs

that interrelate with water molecules, eventually generating

large amount of •OH oxidative radical species. During the

oxidation, the organic pollutants can catch the photoexcited

holes. Hence, being tough and non selective, the generated

reactive oxygen species can result in promising dye

degradation at the surface of the photocatalyst. Similar

results were noted with ZnO based nanocomposites

synthesized using S. lycopersicum, coconut husk, Allium

cepa L, Syzygium cumini, Ruellia tuberose, Artocarpus

heterophyllus for degradation of chemical dyes such as,

Congo red, methylene blue, metanil yellow, crystal violet,

and malachite green (Vidya et al., 2017; Rajkumar et al.,

2019; Preethi et al., 2020; Sadiq et al., 2021; Vasantharaj

et al., 2021; Priyadharshini et al., 2022). In view of the

background, it is evident that Ag mixed phytogenic ZnOPs

FIGURE 7
Absorption spectra of reduction of methylene blue dye by particles. (A) ZnOPs; (B) ZnOAg1Ps; (C) ZnOAg10Ps; (D) ZnO10Ag1Ps.
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mediated dye removal can be a powerful strategy for dye

contaminated wastewater treatment.

5 Conclusion

The current study reports the facile synthesis of pristine

and Ag-mixed ZnOPs employing an environmentally benign,

rapid and efficient route using P. auriculata leaf extract. The

concentrations of the precursor metal salt concentrations

were varied to get three different composites denoted as

ZnOAg1Ps, ZnOAg10Ps, and ZnO10Ag1Ps. The particles

were polydispersed with spherical, rod, hexagonal and

irregular shapes. The phytochemical analysis revealed

significant amount of polyphenols, flavonoids, starch,

reducing sugar, citric acid and plumbagin in PALE that

might play a critical role in the synthesis and the

stabilization of the nanoparticles. The structural and optical

analysis confirmed the formation of crystalline pure ZnOPs as

well as Ag doping. Both phytogenic ZnOPs and ZnOAgPs

showed superior photocatalytic MB dye degrading ability.

Maximum MB dye degradation up to 95.7% with a rate

constant of 0.0463 s−1 was exhibited by ZnO10Ag1Ps.

Hence, phytofabricated Ag mixed ZnOPs can help to

develop promising strategy for treating hazardous dye

contaminated industrial effluents to ensure clean

environment.
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Hospital acquired infections caused due to ESKAPE pathogens pose a challenge

for treatment due to their growing antimicrobial resistance.Curcuma aromatica

(CA) is traditionally known for its antibacterial, wound healing and anti-

inflammatory properties. The present study highlights the biogenic synthesis

of silver nanoparticles (CAAgNPs) capped and stabilized by the compounds

from CA rhizome extract, also further demonstrating their antibacterial,

antibiofilm and synergistic effects against multidrug-resistant (MDR)

pathogens. CAAgNPs were synthesized using aqueous rhizome extract of CA

(5 mg/ml) and AgNO3 (0.8 mM) incubated at 60°C up to 144 h. UV-vis

spectroscopy, field emission scanning electron microscopy (FESEM),

transmission electron microscopy (TEM), energy dispersive spectroscopy

(EDS) and X-ray diffraction (XRD) revealed CAAgNPs with characteristic peak

at 430 nm, 13 ± 5 nm size of spherical shape, showing presence of silver and

crystalline nature, respectively. Dynamic light scattering (DLS) and zeta potential

confirmed their monodispersed nature with average diameter of 77.88 ±

48.60 nm and stability. Fourier transform infrared spectroscopic (FTIR)

analysis demonstrated the presence of phenolic -OH and carbonyl groups

possibly involved in the reduction and stabilization of CAAgNPs. The minimum

inhibitory concentrations (MICs), minimum bactericidal concentrations (MBCs)

and minimum biofilm inhibitory concentrations (MBICs) of CAAgNPs against

Pseudomonas aeruginosa, NCIM 5029 and PAW1, and, Staphylococcus aureus,

NCIM 5021 and S8 were in range from 8 to 128 μg/ml. Almost 50% disruption of

pre-formed biofilms at concentrations 8–1,024 μg/ml was observed.

Fluorescence microscopy and FESEM analysis confirmed cell death and

disruption of pre-formed biofilms of P. aeruginosa PAW1 and S. aureus S8.

Checkerboard assay demonstrated the synergistic effect of CAAgNPs

(0.125–4 μg/ml) in combination with various antibiotics (0.063–1,024 μg/ml)

against planktonic and biofilm forms of P. aeruginosa PAW1. The study confirms

the antibacterial and antibiofilm activity of CAAgNPs alone and in combination
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with antibiotics against MDR pathogens, thus, reducing the dose as well as

toxicity of both. CAAgNPs have the potential to be used in wound dressings and

ointments, and to improve the performances of medical devices and surgical

implants. In vivo toxicity of CAAgNPs however needs to be tested further using

mice models.

KEYWORDS

silver nanoparticles, Curcuma aromatica, antibiotics, synergy, multidrug-resistant,
biofilms

1 Introduction

Pseudomonas aeruginosa and Staphylococcus aureus are

amongst the six pathogens belonging to the “ESKAPE” group

(Enterococcus faecium, Staphylococcus aureus, Klebsiella

pneumoniae, Acinetobacter baumannii, Pseudomonas

aeruginosa, and Enterobacter spp.) that are commonly

associated with the hospital acquired nosocomial infections. P.

aeruginosa and S. aureus exhibit multidrug-resistance (MDR)

and virulence traits boosting the difficulty level of the treatment.

The mounting antibiotic resistance has led the requisite for

developing alternative strategies which can act on planktonic

as well as biofilm forms of the MDR pathogens (Mulani et al.,

2019). Moreover, biofilm formation by MDR pathogens

contributes for the tolerance towards antibiotics making the

treatment challenging (Gaidhani et al., 2014; Kamble and

Pardesi, 2020; Tawre et al., 2021).

Medicinal plants or phytochemicals derived from them have

been used as traditional medicines for treating bacterial

infections. Plants contain a wide range of phytochemicals

namely flavonoids, alkaloids, tannins, and terpenoids as their

bioactive constituents which are accountable for their biological

activity. Few important constituents from the plant extracts are

insoluble in water which limits their usage in clinical practice.

These constituents are less absorbed due to their inability to cross

the lipid membranes of the cells and are highly sensitive to the

acidic pH of the stomach, thereby reducing their bioavailability

and efficacy (Gafur et al., 2020).

Other alternative strategies such as nanoparticles (NPs),

antimicrobial peptides, phage therapy and photocatalytic therapy

have been reported against MDR pathogens (Mulani et al., 2019).

Advances in nanotechnology has created a benchmark in the field of

biomedicine. The biological methods utilize an ecofriendly approach

for the synthesis of NPs, over the physical and chemical methods

requiring harsh reaction conditions that generate toxic and

hazardous by-product (Altinsoy et al., 2019; Ansar et al., 2020;

Mostafavi et al., 2022). Amongst the biogenic sources, synthesis of

NPs using medicinal plants is widely explored. The phytochemicals

from plants serve as reducing, stabilizing and capping agents for the

synthesis of NPs hence offering diverse biomedical applications

(Mohanta et al., 2020; Ghosh et al., 2021; Javed et al., 2021).

Amongst NPs, silver nanoparticles (AgNPs) are

reconnoitered as potential antimicrobial agents and widely

accepted for medical applications such as coating of medical

devices and surgical implants, preparation of wound dressings

and gels (Rai et al., 2009). Medicinal plant-mediated synthesis of

AgNPs has attracted researchers due to their promising

antibacterial and antibiofilm properties. NPs therefore offer a

promising therapeutic platform for the development of

innovative biofilm impeders (Koo et al., 2017; Pardesi et al.,

2019; Singh et al., 2021). The factors influencing the biological

activity of NPs include size distribution, morphology, surface

charge, surface chemistry and capping agents (Cheon et al., 2019;

Fahimirad et al., 2019). AgNPs synthesized using extracts of

Foeniculum vulgare (Talank et al., 2022), Picea abies and Pinus

nigra (Macovei et al., 2022), Zataria multiflora (Barabadi et al.,

2021), Punica granatum (Swilam and Nematallah, 2020),

Lysiloma acapulcensis (Garibo et al., 2020), Gardenia resinifera

(Parit et al., 2020), Brassica oleracea (Ansar et al., 2020), Piper

betle (Shah et al., 2019), Prosopis juliflora (Arya et al., 2019),

Rumex hastatus (Rashid et al., 2019), Galega officinalis

(Manosalva et al., 2019) and Terminalia mantaly (Majoumouo

et al., 2019) have been known to exhibit enhanced antimicrobial

activity against P. aeruginosa and S. aureus. Biofilm inhibition by

AgNPs synthesized using extracts of Zataria multiflora (Barabadi

et al., 2021), Piper betle (Shah et al., 2019) Rhodiola rosea (Singh

et al., 2018a), and Cannabis sativa (Singh et al., 2018b) have been

reported in P. aeruginosa and S. aureus. AgNPs have been

reported for their cytotoxicity by inducing oxidative stress

caused due to the generation of reactive oxygen species (ROS)

and free radicals and finally leading to cell death (Tripathi and

Goshisht, 2022). Ag+ ions disrupts the mechanism of cell division

leading to morphological changes in the cell and sudden death

(Woo et al., 2008).

Curcuma aromatica (CA), a perennial herb, belonging to the

Zingiberaceae family is mostly found in India and China. The

germacrone component from the hexane extract of CA has been

reported for its antimicrobial activity against Gram-positive

bacteria (Revathi and Malathy, 2013). Despite the widespread

use of CA in traditional medicine for treating various disorders,

only sparse literature has scientifically evaluated and validated its

therapeutic efficacy. We have previously reported the anticancer
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activity of AgNPs synthesized using aqueous rhizome extract of

CA (CAAgNPs) (Nadhe et al., 2020). These CAAgNPs were

found to be less cytotoxic (IC50 > 200 μg/ml) against peripheral

blood mononuclear cells (PBMCs) proposing their suitability for

biomedical applications. Another study has reported the

antimicrobial and antibiofilm potential of AgNPs synthesized

using CA rhizome extract (Thomas et al., 2018). These AgNPs

were incorporated in polymethyl methacrylate thin films which

were used against the cariogenic bacterium Streptococcus mutans.

Considering the limited data available for synthesis,

characterization, and applications of CAAgNPs, we present a

detailed information on the synthesis and characterization of

CAAgNPs using aqueous rhizome extract of CA. The present

study also demonstrates the antibacterial and antibiofilm

potential of CAAgNPs against representative ESKAPE

pathogens (P. aeruginosa and S. aureus) which are a major

challenge to treat any wound infections. Since CA has been

traditionally used to treat wound infections, we proposed that the

synthesized AgNPs were stabilized by phytochemicals from CA

extract offering a novel strategy for treating wound infections.

We further tested the synergistic effect of CAAgNPs in

combination with antibiotics belonging to different classes

against planktonic and biofilm forms of an extensively drug-

resistant (XDR) clinical isolate.

2 Materials and methods

2.1 Plant material and extract preparation

The dried rhizomes of CA were purchased from the local

market based in Pune, Maharashtra, India and identified by a

botanist from Botanical Survey of India (Western Regional

Centre), Pune, Maharashtra, India (Identification No.

1603220017147). CA rhizomes were washed with distilled

water, surface sterilized with 70% ethanol and dried under the

shade followed by pulverization into fine powder. Aqueous

rhizome extract was prepared by heating 0.5 g% (w/v) of CA

powder for 1 h. The extract was filtered using Whatman filter

paper no. 1 and the filtrate was stored at 4°C until further use.

2.2 Microorganisms used

Pseudomonas aeruginosa NCIM 5029 (ATCC 27853),

Staphylococcus aureus NCIM 5021 (ATCC 25923),

Pseudomonas aeruginosa PAW1 (clinical wound isolate) and

Staphylococcus aureus S8 (clinical pus wound isolate) were

used for antibacterial studies. P. aeruginosa PAW1 was

concluded as an extensively drug-resistant (XDR) pathogen,

resistant to ≥5 classes of antibiotics recommended by Clinical

and Laboratory Standards Institute (CLSI, United States, 2018)

except for polymyxin B, gentamicin and netilmicin (Tawre et al.,

2021). S8 was referred to as MDR pathogen, resistant

to ≥3 antibiotic classes (Kamble and Pardesi, 2020).

2.3 Synthesis of Curcuma aromatica silver
nanoparticles

Silver nitrate salt (AgNO3, 99.9%) (SRL, India) was

procured and used without any further purification. Aqueous

stock solution of silver nitrate (100 mM) was prepared in a

stoppered volumetric flask and stored in amber colored bottle.

CAAgNPs were synthesized using 0.5 g% (w/v) aqueous

rhizome extract of CA with varying concentrations of

AgNO3 (0.4–1 mM) to optimize the parameters for the

synthesis. The mixture was incubated at 50°C and was

monitored daily for up to 144 h. Color change from yellow

to brown was observed by spectral analysis using UV-vis

spectroscopy (Spectra Max M2, Molecular Devices,

United States). AgNO3 concentration showing maximum

peak for the synthesis of CAAgNPs was chosen and further

optimization at different temperatures viz, 50, 60, and 70°C for

144 h was done. The maximum peak for the synthesis of

CAAgNPs was read using UV-vis spectroscopy. Synthesized

CAAgNPs were concentrated in a freeze drier (approximately

10 mg/ml) and stored at 4°C until further use.

2.4 Characterization of Curcuma
aromatica silver nanoparticles

The surface morphology and particle size of CAAgNPs were

analyzed using field emission scanning electron microscopy

(FESEM) (FEI Nova Nano SEM 450, Netherlands) and

transmission electron microscopy (TEM) (Tecnai G2 20U

FEI, Netherlands). A drop of CAAgNPs was dried on glass

slide and copper grid for FESEM and TEM analysis respectively

(Singh et al., 2018b). Thin CAAgNPs films on glass slides were

prepared for analysis of phase formation using X-ray

diffractometer (XRD) (D8 Advanced Brucker, Germany) with

a Cu Kα (1.5 Å) source (Ghosh et al., 2012). The presence of

silver ions in the CAAgNPs was detected by energy dispersive

spectrometer (EDS) (JED-2300; JEOL) equipped with TEM at

an energy range 0–20 keV. The functional groups present in the

CAAgNPs were identified using Fourier-transform infrared

(FTIR) spectroscopy (Jasco FT/IR-6100, Japan). CAAgNPs

powder was mixed with potassium bromide and exposed to

an infrared source of 400–4,000 cm−1. Similarly, aqueous

rhizome extract of CA was concentrated in a freeze drier and

the powder was processed for FTIR analysis (Ghosh et al., 2012).

The hydrodynamic diameter and zeta potential of the

CAAgNPs were measured using dynamic light scattering

(DLS) analysis (Nano-ZS90, Malvern, United Kingdom)

(Barabadi et al., 2021).
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2.5 Antibacterial studies

2.5.1 Effect of Curcuma aromatica silver
nanoparticles on MDR/XDR pathogens
2.5.1.1 Minimum inhibitory concentrations (MICs) and

minimum bactericidal concentrations (MBCs)

MICs of synthesized CAAgNPs (10 mg/ml stock solution)

were tested against P. aeruginosa, NCIM 5029 and PAW1 and, S.

aureus, NCIM 5021 and S8 using broth microdilution method

(CLSI, United States, 2021). Briefly, O.D. adjusted culture having

105 CFU/ml in Luria Bertani (LB) broth was added to the

microtiter plate. CAAgNPs were added to the microtiter plate

at concentrations ranging from 2 to 1,024 μg/ml by serial

dilution. The aqueous rhizome extract of CA (100 mg/ml;

concentrated in a freeze drier) was also tested at

concentrations ranging from 2 to 4,000 μg/ml. The wells

having LB medium alone and culture inoculated LB medium

were considered as negative and positive controls respectively.

The plates were read at 540 nm using a microplate reader at 0 h

and incubated at 37°C to note the readings after 24 h. MBCs were

determined by spotting 10 µl of the medium from each well of the

microtitre plates on to LB agar plates. The minimum

concentration at which there was no growth was considered

as MBC. The experiment was performed in triplicates.

2.5.2 Effect of Curcuma aromatica silver
nanoparticles on biofilms formed by MDR/XDR
pathogens

The effect of CAAgNPs on biofilms was evaluated

through biofilm inhibition and disruption assays against P.

aeruginosa, NCIM 5029 and PAW1 and, S. aureus, NCIM

5021 and S8. Minimum biofilm inhibitory concentrations

(MBICs) of CAAgNPs were determined using crystal violet

staining assay (Gaidhani et al., 2014). Briefly, LB containing

105 CFU/ml of the test isolate was added to the wells of the

microtiter plate. CAAgNPs were then added at

concentrations ranging from 2 to 1,024 μg/ml. Similarly,

MBICs of CA rhizome extract were determined at

concentrations ranging from 2 to 4,000 μg/ml. The wells

having LB medium alone and culture inoculated LB

medium were considered as negative and positive controls

respectively. Plates were incubated for 24 h at 37°C. After

incubation, the bacterial cell suspension was slowly aspirated

without disturbing the biofilm to remove the planktonic cells

and wells were washed twice with phosphate-buffered saline

(PBS). Biofilms were stained with 0.1% crystal violet at 37°C

for 10 min. The wells were then washed with PBS and allowed

to air dry. The stained biofilms were then solubilized in 33%

acetic acid. The biofilm formation was measured at 590 nm

using a microtiter plate reader. The experiment was

performed in triplicates.

Similarly, biofilm disruption assay was performed using O.D.

adjusted culture as mentioned above. Plates were incubated at

37°C for 24 h to allow the biofilm formation. CAAgNPs were

then added to the pre-formed biofilms at varying concentrations

(2 to 1,024 μg/ml) and plates were further incubated at 37°C for

24 h. The treated biofilms were measured using the protocol as

described above. The experiment was performed in triplicates.

Percent biofilm inhibition or disruption was calculated as

follows.

Percent biof ilm inhibition or disruption

� (A590nm without CAAgNPs − A590nm with CAAgNPs)
A590nm without CAAgNPs

X 100

where A stands for absorbance.

2.5.3 Live/dead staining of Curcuma aromatica
silver nanoparticles treated pre-formed biofilms
of MDR/XDR pathogens

Fluorescence microscopic analysis was performed for the

qualitative estimation of the cell viability in the pre-formed

biofilms of P. aeruginosa PAW1 and S. aureus S8 treated with

and without CAAgNPs using LIVE/DEAD BacLight™ Bacterial

viability kit (Invitrogen, California). Briefly, biofilm was allowed

to form on the sterile cover slips for 24 h at 37°C (Tawre et al.,

2021). Further, the pre-formed biofilm was treated with

CAAgNPs at their respective MBICs for 24 h at 37°C.

Untreated biofilm was kept as control. The cover slips were

then removed from the medium and washed twice with PBS. The

biofilms were stained with BacLight dye mixture and incubated

for 15 min under dark conditions. The biofilms were then washed

twice with PBS to remove the excess stain. The fluorescence from

live (green) and dead (red) cells was observed using filters with

excitation wavelength of 450–490 nm and 545–570 nm

respectively under fluorescence microscope (Zeiss Axioscope

A1, Germany) with 100× objective. The images were

processed using ImageJ software.

2.5.4 Field emission scanning electron
microscopy of Curcuma aromatica silver
nanoparticles treated pre-formed biofilms of
MDR/XDR pathogens

Effect of CAAgNPs on pre-formed biofilms of P. aeruginosa

PAW1 and S. aureus S8 was observed under FESEM

at ×30,000 magnification. Briefly, LB containing 105 CFU/ml

of culture was dispensed in 12 well plates. Sterile glass slides

of approximately 5 × 5 mm in size were placed in each well. The

plates were incubated at 37°C for 24 h and biofilm was allowed to

form on the surface of the slide. Further, the pre-formed biofilm

was treated with CAAgNPs at their respective MBICs for 8 h at

37°C. Untreated biofilm was kept as control. Glass slides

containing biofilm were then removed from the medium,

washed twice with PBS and processed for FESEM analysis

(Tawre et al., 2021). Briefly, the biofilms were fixed with 2.5%

glutaraldehyde at 4°C for overnight and then washed with PBS.
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Further, biofilms were washed with a series of ethanol gradations

20, 40, 60, 80 and 90% for 15 min each, and twice with absolute

ethanol. The slides were air-dried, coated with gold, and observed

under FESEM at 30,000× magnification.

2.5.5 Synergistic effect of Curcuma aromatica
silver nanoparticles in combination with
antibiotics against planktonic and biofilm forms
of P. aeruginosa PAW1

The synergistic effect of CAAgNPs in combination with

antibiotics was evaluated using the checkerboard assay using

an XDR P. aeruginosa PAW1 isolate. Seventeen antibiotics were

selected for the synergy assays against P. aeruginosa PAW1 as per

our earlier report (Tawre et al., 2021). Briefly, O.D. adjusted

culture (105 CFU/ml) in LB broth was added to the microtiter

plate. Checkerboard assay was performed using each antibiotic

(0.0625–1,024 μg/ml) tested in combination with CAAgNPs

(0.25–8 μg/ml) (Berenbaum, 1978). Antibiotics alone and

CAAgNPs alone were also tested. Antibiotics were serially

diluted from higher to lower concentrations and CAAgNPs

were added to each well of a row at selected concentration.

The wells having LB medium alone and culture inoculated LB

medium were considered as negative and positive controls

respectively. Plates were incubated at 37°C for 24 h and O.D.

was read at 540 nm. The experiment was performed in triplicates.

Percent viability for each combination was determined and

fractional inhibitory concentration (FIC) index was calculated

as follows:

FICA � MICsA in combination
MICsA

FICN � MICsN in combination
MICsN

∑ FIC � FICA + FICN

where A indicates antibiotics; N indicates CAAgNPs.

The interaction was described as synergistic if FIC index

value was ≤0.5, additive if 0.5 < FIC≤ 1, indifferent if 1 < FIC<
2 and antagonistic if FIC ≥2. The effect of the combination on P.

aeruginosa PAW1 viability was represented in the form of heat

plots indicating the interactions as synergistic, additive, or

antagonistic (Habash et al., 2017).

Biofilm inhibition assay was performed using checkerboard

assay as described above using a combination of CAAgNPs with

antibiotics. Crystal violet staining assay was performed as

described above and percent biofilm inhibition was

determined. The experiment was performed in triplicates.

2.6 Statistical analysis

All the experiments were replicated three times for each assay

and the results were determined as means ± SD. Statistical

analysis using one-way ANOVA was carried out followed by

Tukey’s HSD post hoc test for biofilm inhibition and disruption

assays. Differences were considered statistically significant at p <
0.01 or p < 0.05. Graphical analysis of the data was performed

using Graph pad prism 9.

3 Results

3.1 Synthesis and characterization of
Curcuma aromatica silver nanoparticles

Gradual color change from yellow to brown was observed

during CAAgNPs synthesis with a strong surface plasmon

resonance (SPR) band within an average of λmax 430 nm

(Figure 1A). Optimization study revealed that 0.5 g% (w/v)

aqueous rhizome extract of CA and 0.8 mM of AgNO3

incubated at 60°C for 144 h gave the maximum synthesis of

CAAgNPs (Figures 1B,C). Spectrum analysis displayed the

maximum peak of CAAgNPs at 0.8 mM concentration of

AgNO3 (Figure 1D).

TEM analysis revealed that the CAAgNPs were

monodispersed with spherical shape and 13 ± 5 nm in size

analyzed using ImageJ software (Figures 2A,B). The peak at

3 KeV was observed in EDS analysis confirming the presence of

elemental silver (Figure 2C). FESEM analysis endorsed spherical

morphology and uniformity in the shape of CAAgNPs

(Figure 3A). Elemental mapping conducted through EDS

demonstrated the presence of silver (Figure 3B). It was also

evident that elements of C, O, and N were uniformly

distributed on the surface of CAAgNPs suggesting the presence

of phytochemicals involved in the stabilization of CAAgNPs. XRD

analysis showed diffraction peaks at 38.0°, 44.86°, 64.70°, and 77.4°

and these corresponds to (111), (200), (220), and (311) planes of a

face-centered cubic (fcc) structure of silver crystals (Figure 4A).

The data was matched with the standard Joint Committee for

Powder Diffraction Set (card 040783) confirming a face-centered

cubic structure for CAAgNPs. Functional groups associated with

aqueous rhizome extract of CA and CAAgNPs were identified by

FTIR (Figure 4B). The FTIR analysis of aqueous rhizome extract of

CA indicated peaks at 1,214 cm−1 related to aromatic CO

stretching vibration, 1,361 cm−1 related the olefin bending

vibration of the CC group bound to the benzene ring of the

curcumin, 1,596 cm−1 related to C=C double-bond stretching, and

2,977 cm−1 related to C-H stretching. The FTIR results of CAgNPs

indicated peaks at 1,404 cm−1 related to the presence of C-C, in

which CH3 bending occurred; 1,660 cm−1 related to C=O with

carbonyl stretching and the existence of amide-1 (-NHCO of

amide), where the proteins are bent; 2,921 cm−1for the

extension of the C-H bond with alkanes vibration and aldehyde

C-H stretching. DLS illustrated the average hydrodynamic

diameter of CAAgNPs to be 77.88 ± 48.60 nm (Figure 4C) and

the -23.8 mV of zeta potential (Figure 4D).
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3.2 Antibacterial and antibiofilm activity of
Curcuma aromatica silver nanoparticles

MICs of CAAgNPs against P. aeruginosa, NCIM 5029 and

PAW1 were 16 and 8 μg/ml respectively, whereas those for S.

aureus, NCIM 5021 and S8 were 32 and 64 μg/ml respectively

(Table 1). MBCs of CAAgNPs against P. aeruginosa, NCIM

5029 and PAW1 was 32 μg/ml, whereas those for S. aureus,

NCIM 5021 and S8 was 128 μg/ml (Table 1). MICs, MBCs and

MBICs of the aqueous rhizome extract of CA against all four isolates

were 3 mg/ml, >3mg/ml and 3 mg/ml respectively. MBICs of

CAAgNPs against all four isolates was the same as their MICs

against planktonic cells. Biofilm inhibition was observed in a dose-

dependent manner for all the isolates tested (Figures 5A,B). Different

letters on the bars indicate that mean values of the treatments are

significantly different at p < 0.01 according to Tukey’s post hoc test.

Error bars indicates the standard deviation from the three biological

replicates.

FIGURE 1
Optimization of CAAgNPs synthesis (A) UV-visible spectrum for aqueous CA rhizome extract and synthesized CAAgNPs (maximum peak at
430 nm). “a” in the inset indicates yellow colored aqueous CA rhizome extract before synthesis and “b” indicates brown colored CAAgNPs after
synthesis. Time course of CAAgNPs synthesis at (B) 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1 mM concentration of AgNO3, and (C) 50, 60, and 70°C
temperatures. (D) UV-visible spectrum for CAAgNPs synthesis using range of concentrations of AgNO3 at 144 h.

FIGURE 2
TEM imaging of CAAgNPs at (A) 50 nm and (B) 20 nm scales revealed the spherical shape and size in the range of 13 ± 5 nm. (C) EDS analysis
indicated the peak for the presence of Ag+ at 3 KeV.

Frontiers in Chemistry frontiersin.org06

Tawre et al. 10.3389/fchem.2022.1029056

55

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1029056


3.3 Biofilm disruption by Curcuma
aromatica silver nanoparticles

The treatment of 24 h old biofilms with CAAgNPs

resulted in disruption of biofilms, varying between

34.08%–76.60% (P. aeruginosa NCIM 5029), 36.21%–

67.79% (P. aeruginosa PAW1), 10.76%–78.94% (S. aureus

NCIM 5021) and 22.48%–69.12% (S. aureus S8). Different

letters on the bars indicate that mean values of treatments are

significantly different at p < 0.01 or p < 0.05 (indicated with

FIGURE 3
(A) SEM imaging of CAAgNPs revealed spherical and uniform shape observed under 1,00,000 × magnification at 500 nm scale. (B) Elemental
mapping of silver (red color) in CAAgNPs using EDS at 600 nm scale. Uniform distribution of C, O, and Ag elements on the surface of CAAgNPs
indicating successful coating.

FIGURE 4
Characterization of CAAgNPs (A) XRD analysis showed diffraction peaks at 38°, 44.86°, 64.70°, and 77.4° corresponding to (111), (200), (220) and
(311) planes of a face-centered cubic (fcc) structure of silver crystals revealing crystalline nature. (B) FTIR analysis of CAAgNPs represented by “A (red
line)” indicates a peak at 1,404 cm−1 related to the presence of C-C, 1,660 cm−1 related to C=O and 2,921 cm−1 for the extension of the C-H bondwith
alkanes vibration and aldehyde C-H stretching. FTIR analysis of CA rhizome extract represented by “B (blue line)” indicates a peak at 1,214 cm−1

related to aromatic CO stretching vibration, 1,361 cm−1 related the olefin bending vibration of the CC group bound to the benzene ring of the
curcumin, 1,596 cm−1 related to C=C double-bond stretching, and 2,977 cm−1 related to C-H stretching (C) DLS analysis confirmed the uniformity
and average hydrodynamic diameter of CAAgNPs to be 77.88 ± 48.60 nm. (D) Zeta potential at −23.8 mV indicated stability of CAAgNPs.
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asterisk) according to Tukey’s post hoc test. Error bars

indicate the standard deviation from the three biological

replicates. Percent disruption in MDR clinical isolates (P.

aeruginosa PAW1 and S. aureus S8) was less as compared to

the antibiotic sensitive standard isolates (P. aeruginosa

NCIM 5029 and S. aureus NCIM 5021). Complete

eradication of biofilm was not observed in any of the four

isolates tested even at CAAgNP concentrations as high as

1,024 μg/ml (Figures 5C,D).

Fluorescence microscopic images revealed that the

untreated pre-formed biofilms of P. aeruginosa PAW1 and

S. aureus S8 have a greater number of viable cells indicated by

green color obtained at 528 nm for SYTO9 signal (Figures

6A,B). Comparatively, greater number of dead cells indicated

by red color obtained at 645 nm for PI signal were observed for

CAAgNPs treated pre-formed biofilms (Figures 6C,D). The

cells which were about to die were indicated by yellow-orange

color. FESEM analysis revealed that the untreated biofilms of

P. aeruginosa PAW1 as well as S. aureus S8, were intact without

any alterations in the cell morphology (Figures 7A,B).

Comparatively, disruption of the cells and extracellular

matrix in 24 h old biofilm of P. aeruginosa PAW1 and S.

TABLE 1 Antibacterial and antibiofilm activity of CAAgNPs against MDR/XDR pathogens.

Microorganisms MICs (µg/ml) MBCs (µg/ml) MBICs (µg/ml)

P. aeruginosa NCIM 5029 16 32 16

P. aeruginosa PAW1 8 32 8

S. aureus NCIM 5021 32 128 32

S. aureus S8 64 128 64

Note: MICs-Minimum inhibitory concentrations; MBCs-Minimum bactericidal concentrations; MBICs-Minimum biofilm inhibitory concentrations.

FIGURE 5
Percent biofilm inhibition of (A) P. aeruginosa, NCIM 5029 and PAW1 and (B) S. aureus, NCIM 5021 and S8 after treatment with CAAgNPs at
concentrations ranging from 2 to 1,024 μg/ml. Error bars indicate standard deviation from three biological replicates. Different alphabets on top of
the bars indicates differences considered statistically significant at p < 0.01. Percent biofilm disruption of (C) P. aeruginosa, NCIM 5029 and PAW1 and
(D) S. aureus, NCIM 5021 and S8 after treatment with CAAgNPs at a concentration ranging from 2 to 1,024 μg/ml. Error bars indicate standard
deviation from three biological replicates. Different alphabets on top of the bars indicates differences considered statistically significant at p < 0.01.
Single “*” (asterisk) indicates differences considered statistically significant at p < 0.05.
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FIGURE 6
Fluorescence microscopic analysis of 24 h pre-formed biofilms under 100 × objective. Untreated pre-formed biofilms of (A) P. aeruginosa
PAW1 and (B) S. aureus S8 with greater number of viable cells (green) obtained at 528 nm for SYTO9 signal. CAAgNPs treated pre-formed biofilms of
(C) P. aeruginosa PAW1 and (D) S. aureus S8 with greater number of dead cells (red) obtained at 645 nm for PI signal. Few cells indicated by yellow-
orange color were about to die.

FIGURE 7
FESEM images of 24 h pre-formed biofilms at 30,000 × magnification. Untreated biofilms of (A) P. aeruginosa PAW1 and (B) S. aureus S8;
CAAgNPs treated biofilms of (C) P. aeruginosa PAW1 and (D) S. aureus S8. Disruption of extracellular matrix and cell morphology was observed in
treated biofilms at respective MICs.
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aureus S8 at their respective MICs of CAAgNps was observed

(Figures 7C,D).

3.4 Synergistic activities of Curcuma
aromatica silver nanoparticles in
combination with antibiotics against
planktonic and biofilm forms of P.
aeruginosa PAW1

MICs for antibiotics against P. aeruginosa PAW1 were

adopted from our published work (Tawre et al., 2021).

Synergistic effect was observed for all combinations of

CAAgNPs with antibiotics since FICi was <0.5 (Table 2). The

percent viability calculated for each combination of CAAgNPs

with antibiotics was represented in the form of a heat plots

(Figures 8A–D; Figures 9A–E; Figures 10A–E; and Figures

11A–C). Heat plots gave a better understanding of synergistic

behavior of combination of CAAgNPs with antibiotics like

isobologram plots of drug-drug interaction (Tallarida, 2016).

FICi value < 0.5 for each combination (indicated by an asterisk)

was lying below the dashed line (passing through the respective

MICs of CAAgNPs and antibiotics) which indicated synergistic

interaction.

Interestingly, two classes of antibiotics namely cephems

(ceftazidime and cefepime) and carbapenems (meropenem,

dorepenem, imipenem) in combination with CAAgNPs showed

antagonistic effect at higher concentrations. Conversely, they

showed synergistic effect at lower concentrations.

The FICi values for all combinations of CAAgNPs with

antibiotics were ≤0.5 against P. aeruginosa PAW1 biofilm

(Table 2) indicating a synergistic interaction.

4 Discussion

The emergence of antibiotic resistance has created a threat

making it empirical to develop alternative treatment strategies

TABLE 2 FICi values of combination of CAAgNPs with antibiotics against planktonic and biofilm forms of P. aeruginosa PAW1.

Antibiotics MICs (µg/ml)
Planktonic cells

FICi MBICs (µg/ml)
Biofilm forms

FICi

A B C D E

Penicillins

Piperacillin 128R 0.125 1 0.126 0.125 2 0.251

Monobactams

Aztreonam 16I 0.125 2 0.258 4 2 0.500

Lipopeptides

Colistin 16I 0.25 0.5 0.078 0.5 1 0.125

Aminoglycosides

Gentamicin 0.25S 0.0625 0.25 0.281 0.0625 0.25 0.313

Tobramycin 64R 0.25 0.5 0.066 0.125 1 0.127

Amikacin 64R 1 0.25 0.047 0.25 1 0.129

Netilmicin 0.5S 0.0625 0.25 0.156 0.0625 0.5 0.188

Cephems

Cefepime >1024R 0.125 1 0.125 1 4 0.500

Ceftazidime >1024R 0.125 1 0.125 0.5 4 0.500

Fluoroquinolones

Ciprofloxacin 256R 0.125 1 0.125 0.25 2 0.251

Norfloxacin 512R 0.25 1 0.125 0.25 2 0.250

Levofloxacin 512R 0.25 1 0.125 2 2 0.254

Ofloxacin >1024R 0.125 1 0.125 0.125 2 0.250

Gatifloxacin 256R 0.125 1 0.125 4 1 0.141

Carbapenems

Doripenem 1024R 0.125 2 0.250 0.125 4 0.500

Meropenem 1024R 0.125 2 0.250 0.25 2 0.250

Imipenem 1024R 0.125 2 0.250 1 4 0.500

Note: A: MICs of antibiotics, B: lowest effective concentration of antibiotics (µg/ml) in combination with CAAgNPs; C: lowest effective concentration of CAAgNPs (µg/ml) in combination

with antibiotics. S: sensitive; I: intermediate; R: resistant. FICi, represents-Synergistic: FIC≤ 0.5; Additive: 0.5 < FIC≤ 1; Indifferent: 1 < FIC< 2; Antagonistic: FIC ≥2.
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against infections caused due to MDR pathogens. AgNPs have

explicitly substantiated their role in the field of biomedicine due

to their properties. Numerous medicinal plants have been

employed to synthesize AgNPs and are reported for their

antibacterial and antibiofilm properties against MDR

pathogens (Siddiqi et al., 2018; Fahimirad et al., 2019).

Since ancient times the medicinal value of CA has been

acknowledged for antibacterial and wound healing properties.

The proteases from turmeric species have procoagulant and

fibrinogenolytic activity. This provides a scientific basis for the

traditional use of turmeric to stop bleeding and promote wound

healing processes (Shivalingu et al., 2016). In the present study, it

was proposed that the phytochemicals from the aqueous rhizome

extract of CA may be involved in the stabilization of the

CAAgNPs, and also enhancing their wound healing and

antimicrobial properties.

The nature of the plant extract, its concentration,

concentration of the metal salt, and other parameters such as

pH, temperature and time of incubation certainly influence the

yield and other characteristics of the synthesized NPs (Akhtar

et al., 2013; Fahimirad et al., 2019). The phytochemicals present

in the plant extract reduce the Ag+ ions to Ag0, followed by

capping and stabilization of newly synthesized AgNPs

(Fahimirad et al., 2019). Maximum rate of CAAgNPs

synthesis was observed at 0.8 mM AgNO3 concentration as

compared to the lower concentrations. Reduction in the rate

of synthesis was seen at higher concentrations. Similarly, it has

been reported that with increased concentration of AgNO3 it gets

deposited on the surface of AgNPs by forming unclear surfaces

(Fahimirad et al., 2019). There was increase in the rate of

CAAgNPs synthesis with rising temperatures till 60°C with

increasing incubation period till 144 h. The optimized

parameters for the maximal synthesis of CAAgNPs were 0.5%

(w/v) of aqueous rhizome extract of CA treated with 0.8 mM

AgNO3 solution, incubated at 60°C for 144 h. These CAAgNPs

were found to be stable, even after one year. The optimization

studies certainly suggested that the experimental parameters such

as concentration of AgNO3, temperature and reaction time have

an overall impact on the synthesis of CAAgNPs. TEM technique

assured the size (13 ± 5 nm) and spherical shape of the

CAAgNPs. Earlier studies with AgNPs derived using CA have

documented its spherical shape with few rods and triangles

ranging in size of 20–40 nm (Thomas et al., 2018). Detailed

characterization of CAAgNPs was not documented in the earlier

report. Our study confirms the characteristics of CAAgNPs

thoroughly. FESEM also confirmed the spherical shape of

CAAgNPs. Further elemental mapping and EDS analysis

displayed the presence of silver. XRD validated the crystalline

nature of CAAgNPs. DLS revealed that the average

hydrodynamic diameter of CAAgNPs was 77.88 ± 48.60 nm

which was higher than the size measured using TEM. Since

TEM measures the core size of CAAgNPs and DLS measures the

hydrodynamic radius of CAAgNPs, which includes the coating

on its surface. Earlier studies have suggested similar reports with

FIGURE 8
Heat plots demonstrating synergistic effect of CAAgNPs in combination with antibiotics against P. aeruginosa PAW1. Representation of
normalized values of percent viability after treatment of CAAgNPs (0–8 μg/ml) with (A) Piperacillin (0–128 μg/ml), (B) Azetreonam (0–64 μg/ml), (C)
Cefepime (0–1,024 μg/ml) and (D) ceftazidime (0–1,024 μg/ml) respectively. Untreated cells with hundred percent viability indicated by darker red
boxes. Lighter red boxes indicate reduced cell viability. Dashed line passes through theMICs and “*” (asterisk) below it represents the FICi values
suggesting a synergistic effect.
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differences in size measurement using TEM and DLS analysis

(Ansar et al., 2020). Zeta potential confirmed the negative charge

on CAAgNPs which keeps the particles monodispersed and

prevents agglomeration. NPs with negative zeta potential

values suggest there are strong repulsive forces between the

NPs, that prevent the agglomeration of the NPs in solution

(Majoumouo et al., 2019).

Plants and their parts contain carbohydrates, fats,

proteins, nucleic acids, pigments and several types of

secondary metabolites which act as reducing agents to

produce nanoparticles from metal salts without producing

any toxic by-product (Siddiqi et al., 2018). The phytochemical

constituents of CA reported in literature include germacrone,

curdione, curcumin, dehydrocurdione, zederone, curcumenol,

zedoarondiol and β-sitosterol (Pintatum et al., 2020; Umar

et al., 2020). These phytochemicals are known for various

biological activities and therefore may act as reducing agents

involved in synthesis of CAAgNPs and also play a role in their

capping and stabilization. The FTIR absorption spectra of CA

rhizome extract and CAAgNPs demonstrated shifts in peak

from 1,596 cm−1 to 1,660 cm−1 which corelates with the

involvement of phenolic -OH and carbonyl groups as

stabilizing and reducing agent in the formation of

CAAgNPs. Shift in peak from 1,214 cm−1 to 1,177 cm−1

correlates with the involvement of aromatic CO group. The

presence of these functional groups confirmed that the

CAAgNPs are capped with compounds from CA rhizome

extract suggesting their involvement in stabilization. These

results are consistent with the earlier studies reported for

medicinal plants (Mohanta et al., 2020; Muniyappan et al.,

2021).

The antibacterial activity of AgNPs is certainly dependent on

their shape and size; the smaller the size higher is the activity

(Dakal et al., 2016; Duran et al., 2016). Ag+ ions are released from

AgNPs which then penetrate through the bacterial cell wall,

rupturing it and leading to denaturation of proteins and leading

to cell death (Siddiqi et al., 2018). Through the present study, we

focused on antibacterial and antibiofilm activities of CAAgNPs

against MDR pathogens. Lower MICs were observed against P.

aeruginosa, NCIM 5029 (16 μg/ml) and PAW1 (8 μg/ml) as

compared to S. aureus, NCIM 5021 (32 μg/ml) and S8 (64 μg/

ml) suggesting that Gram-negative bacteria are more sensitive to

CAAgNPs than Gram-positive bacteria. Comparable results were

observed with AgNPs synthesized using Cannabis sativa in an

FIGURE 9
Heat plots demonstrating synergistic effect of CAAgNPs in combination with antibiotics against P. aeruginosa PAW1. Representation of
normalized values of percent viability after treatment of CAAgNPs (0–8 μg/ml) with (A) Gentamicin (0–8 μg/ml), (B) Netilmicin (0–8 μg/ml), (C)
Tobramycin (0–64 μg/ml), (D) Amikacin (0–64 μg/ml), and (E) Colistin (0–16 μg/ml) respectively. Untreated cells with hundred percent viability
indicated by darker red boxes. Lighter red boxes indicate reduced cell viability. Dashed line passes through the MICs and “*” (asterisk) below it
represents the FICi values suggesting a synergistic effect.
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FIGURE 10
Heat plots demonstrating synergistic effect of CAAgNPs in combination with antibiotics against P. aeruginosa PAW1. Representation of
normalized values of percent viability after treatment of CAAgNPs (0–8 μg/ml) with (A)Ciprofloxacin (0–256 μg/ml), (B)Gatifloxacin (0–256 μg/ml),
(C)Norfloxacin (0–512 μg/ml), (D) Levofloxacin (0–512 μg/ml) and (E)Ofloxacin (0–1,024 μg/ml) respectively. Untreated cells with hundred percent
viability indicated by darker red boxes. Lighter red boxes indicate reduced cell viability. Dashed line passes through the MICs and “*” (asterisk)
below it represents the FICi values suggesting a synergistic effect.

FIGURE 11
Heat plots demonstrating synergistic effect of CAAgNPs in combination with antibiotics against P. aeruginosa PAW1. Representation of
normalized values of percent viability after treatment of CAAgNPs (0–8 μg/ml) with (A) dorepenem (0–1,024 μg/ml), (B)meropenem (0–1,024 μg/
ml) and (C) imipenem (0–1,024 μg/ml) respectively. Untreated cells with hundred percent viability indicated by darker red boxes. Lighter red boxes
indicate reduced cell viability. Dashed line passes through the MICs and “*” (asterisk) below it represents the FICi values suggesting a synergistic
effect.
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earlier study (Singh et al., 2018b). The antibacterial studies of

AgNPs against P. aeruginosa PAO1 have demonstrated the MIC

of 12.5 μg/ml (Shah et al., 2019). In an earlier report, MICs of

synthesized AgNPs against S. aureus were 8 μg/ml (Talank et al.,

2022) and 4 μg/ml (Barabadi et al., 2021). These observations also

suggests that smaller size of the AgNPs in the range 8–20 nm

display lower MICs as compared to the large size AgNPs. The

difference in susceptibility pattern is attributed to the thin cell

wall and double cell membrane of Gram-negative bacteria

through which AgNPs can penetrate (Pal et al., 2007).

Contrary, penetration of AgNPs is prevented in Gram-positive

bacteria due to thick cell wall with negatively charged

peptidoglycan resulting in weaker antibacterial effect (Feng

et al., 2000). The aqueous rhizome extract of CA displayed

very high MICs, MBCs and MBICs as compared to the

CAAgNPs. The antibacterial and antibiofilm activity of

CAAgNPs can be attributed to the functional groups such as

phenolic and aromatic from the aqueous rhizome extract of CA

present on the surface of CAAgNPs. There is a possibility that

these phytochemicals may be involved in the stabilization of

CAAgNPs which deserve merit to be further explored. These

observations are well supported with earlier studies on AgNPs

derived from Camellia sinensis, suggesting that polyphenols of

plant extract present onto the surface of AgNPs pose

antimicrobial activity (Onitsuka et al., 2019). Our previous

work demonstrated the potential of curcumin functionalized

iron oxide nanoparticles by displaying improved inhibition of

Agrobacterium tumefaciens when compared to bare iron oxide

nanoparticles (Kitture et al., 2012). Hence, the superior

antibacterial activity of CAAgNPs found in this study is well

in agreement with the previous report.

One of the major reasons for acquiring drug resistance by

pathogenic bacteria is biofilm formation. Elimination of

biofilms becomes a major concern while treating such

infections, as the pathogens do not respond to the

antibiotic therapy making it imperative to develop

innovative strategies. Consequently, new agents should

effectively aid in inhibiting planktonic as well as biofilm

forms of the pathogen (Pardesi et al., 2019). AgNPs

synthesized from medicinal plants are well reported to

inhibit biofilms formed by P. aeruginosa (Singh et al.,

2018a; Singh et al., 2018b; Arya et al., 2019). The AgNPs

synthesized using CA rhizome extract have also been reported

to be incorporated in polymethyl methacrylate thin films

which displayed antimicrobial and antibiofilm (inhibition

up to 94%) activity against the cariogenic bacterium

Streptococcus mutans. Similarly, in the present study,

CAAgNPs were effective in complete biofilm inhibition of

P. aeruginosa, NCIM 5029 and PAW1, S. aureus, NCIM

5021 and S8 at their respective MICs. In an earlier study,

91.02% inhibition of S. aureus biofilm was observed after

treatment of AgNPs synthesized using Z. multiflora

(Barabadi et al., 2021). In another study, treatment with

three types of AgNPs displayed >99% of biofilm inhibition

at 100, 50 and 60 μg/ml concentrations for P. aeruginosa and

at 90, 60 and 60 μg/ml concentrations for S. aureus (Mohanta

et al., 2020). Although biofilm disruption assay demonstrated

around 50% reduction in the biofilm mass at the respective

MICs, however, >1,024 μg/ml of concentration was required

for the complete disruption of biofilm. Live/Dead staining of

CAAgNPs treated pre-formed biofilms of P. aeruginosa

PAW1 and S. aureus S8 revealed that very few cells were

viable (green) and greater number of the cells were dead

(dead). Disruption of pre-formed biofilms matrix of P.

aeruginosa PAW1 and S. aureus S8 observed through

FESEM analysis also demonstrated the antibiofilm

potential of CAAgNPs. Reduction in the cell numbers and

disruption of the cell surface morphology as compared to

untreated control was observed. Comparable results were

observed in earlier studies after treatment of pre-formed

biofilms of P. aeruginosa and S. aureus with AgNPs (Singh

et al., 2018b; Singh et al., 2019a; Singh et al., 2019b). These

findings suggest a possibility that Ag+ ions are released from

CAAgNPs that adhere to the cell membrane, internalize

through cell membrane, damage the cell components, and

consequently leads to the cell death.

Repeated use of antibiotics has developed resistance towards

the existing antibiotics and currently no new antibiotics are in the

pipeline (Mulani et al., 2019). Similarly, it is conveyed in an

earlier study that repeated exposure to AgNPs may develop

resistance in the organisms (Panacek et al., 2018).

Consequently, alternate strategies such as combination

therapies involving antibiotics with AgNPs to treat MDR

pathogens should come into play. Such combination therapy

will reduce the dosage of antibiotic and AgNPs well below their

MICs which otherwise required a high amount to exhibit the

inhibitory effects on MDR pathogens. Reduced dosage will

minimize any toxic effects on the host cells.

Representation of percent viability of P. aeruginosa

PAW1 treated with CAAgNPs in combination with antibiotics

using heat plots gives a better understanding of synergism. In the

present study, the combination of CAAgNPs with antibiotics

from class, penicillins, monobactams, aminoglycosides and

fluoroquinolones suggested synergistic effects (FICi <0.5).
Similar results were obtained in another study where AgNPs

were used in combination with aztreonam and tobramycin

against P. aeruginosa PAO1 biofilms. Smaller size AgNPs

(10 and 20 nm) were found to be more effective at lower

concentrations as compared to larger size AgNPs (40, 60 and

100 nm). The study also suggests that the antimicrobial activity of

AgNPs can be affected by the factors such as strain dependent

differences, source of AgNPs synthesis and surface modifications.

(Habash et al., 2014; Habash et al., 2017). The efficacy of

polymyxin B in combination with AgNPs was enhanced as

compared to polymyxin B alone (Salman et al., 2019). AgNPs

synthesized using D. bulbifera tuber extract have displayed
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synergistic effect in combination with antibiotics against P.

aeruginosa (Ghosh et al., 2012). Earlier report has

demonstrated non-specific synergistic activity of antibiotics

with AgNPs against P. aeruginosa and S. aureus (Panacek

et al., 2015). Interestingly, synergistic effect was also observed

with two classes of antibiotics namely cephems (ceftazidime and

cefepime) and carbapenems (meropenem, imipenem or

dorepenem) at lower concentrations when in combination

with CAAgNPs, however, an antagonistic effect was observed

at higher concentrations.

Earlier reports have suggested the role of AgNPs in altering

the cell membrane integrity, leading to increase in the cell

permeability thereby allowing the entry of antibiotics inside

the cell (Vazquez-Munoz et al., 2019). Further studies to

understand the mechanistic action of CAAgNPs therefore

needs to be investigated. Antagonistic interactions indicate a

possibility that high antibiotic concentrations (of cephems and

carbapenem class) just below the MIC values hinder the

CAAgNPs activity. This observation also needs to be further

investigated to understand the mechanism that leads to

antagonistic effects.

Complete inhibition of biofilm was observed with

CAAgNPs in combination with antibiotics which occurred

at concentrations much below their individual MICs and

displayed synergistic effect. In earlier reports, the

synergistic effect of AgNPs with polymyxin B has been

reported against P. aeruginosa biofilm. This further affirms

the role of CAAgNPs as an effective antibacterial and

antibiofilm agent. FICi of CAAgNPs in combination with

antibiotics obtained using MBICs indicated their synergistic

effect on biofilm forms of P. aeruginosa PAW1.

The use of AgNPs as antibiofilm coatings in surgical

implants, antimicrobial agents in topical applications, or as

formulations in wound dressings has shown promising

results in animal models (Mulani et al., 2019). However,

there is a thin line in between the in vitro studies being

performed and execution of these findings into the clinical

trials. There is a noteworthy advancement where AgNPs were

incorporated in topical gel for antimicrobial activity in a

phase I trial (Clinical Trial Registration: NCT03752424).

More such agents should be clinically tested in terms of

their efficacy and safety to be made commercially available

in the market. Therefore, before employing AgNPs in

medicine, their biocompatibility becomes a crucial factor

(Qing et al., 2018). Low toxicity of AgNPs derived using

Lysiloma acapulcensis towards human peripheral blood

lymphocytes has been documented (Garibo et al., 2020). In

an earlier report, the effect of AgNPs on PBMCs was tested

considering the possibility that AgNPs may penetrate the skin

and enter the bloodstream. AgNPs were found to be nontoxic

towards PBMCs (Banasiuk et al., 2016). In our earlier study,

CAAgNPs were tested for their toxic effects on PBMC’s

(Nadhe et al., 2020) and showed IC50 > 200 μg/ml which is

much higher than the MICs against MDR pathogens reported

in the present study. These findings suggests that CAAgNPs

have the potential to be used for therapeutic applications

against MDR pathogens as they exhibit low toxic effects on

PBMCs. In vivo safety and efficacy studies of CAAgNPs

concerning mice models becomes imperative before the

execution of CAAgNPs for further biomedical applications.

Forthcoming studies focusing on mechanistic action of

CAAgNPs such as inhibition of efflux pump activity,

membrane permeabilization and change in membrane

potential of bacterial cells needs to be investigated.

5 Conclusion

Overall, CAAgNPs are promising candidates to be used as

antibacterial as well as antibiofilm agents against MDR pathogens

(singly or in combination with antibiotics). Combination studies

revealed that the required concentrations of antibiotics and

CAAgNPs can be further lowered, thereby, reducing the toxic

effects caused, if any. The low toxicity of CAAgNPs observed

against PBMCs suggests their potential use in biomedical

applications. We recommend possible uses of CAAgNPs in the

preparation of wound dressings, gels or ointments, and coating of

medical devices, catheters, and dental and orthopedic implants.
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Biogenic metallic nanoparticles as
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The use of biological systems such as plants, bacteria, and fungi for the synthesis of
nanomaterials has emerged to fill the gap in the development of sustainable
methods that are non-toxic, pollution-free, environmentally friendly, and
economical for synthesizing nanomaterials with potential in biomedicine,
biotechnology, environmental science, and engineering. Current research
focuses on understanding the characteristics of biogenic nanoparticles as
these will form the basis for the biosynthesis of nanoparticles with multiple
functions due to the physicochemical properties they possess. This review
briefly describes the intrinsic enzymatic mimetic activity of biogenic metallic
nanoparticles, the cytotoxic effects of nanoparticles due to their
physicochemical properties and the use of capping agents, molecules acting
as reducing and stability agents and which aid to alleviate toxicity. The review also
summarizes recent green synthetic strategies for metallic nanoparticles.
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biogenic metallic nanoparticles, nanozymes, capping agents, toxicity, green synthesis

1 Introduction

Recent advances in nanotechnology have allowed researchers to develop devices with
promising potential for use in a wide variety of applications in biomedicine, biotechnology,
environmental science, and engineering (Bundschuh et al., 2018; Dan, 2020). Nanoparticles
are the basic fundamental component in nanotechnology with sizes that range from 1 to
100 nm (Alavi and Karimi, 2018; Khan et al., 2019; Speranza, 2021). These structures offer
major advantages due to their unique physicochemical properties such as their small sizes
and diverse morphologies, large surface area to volume ratio, and in the case of metallic
nanoparticles, their magnetization (Bundschuh et al., 2018). These physicochemical
properties can be exploited for a broad spectrum of applications and present possible
solutions to emerging global issues such as antimicrobial resistance, environmental
pollution, and energy and food production (Ealias and Saravanakumar, 2017).

There is thus a need for more sustainable methods of synthesizing nanoparticles that are
non-toxic, pollution free and more environmentally friendly when compared to the
conventional chemical and physical methods for nanoparticle synthesis (Alavi and
Karimi, 2018; Huynh et al., 2020; Bahrulolum et al., 2021; Ying et al., 2022). Recent
studies focused on the use of biological organisms including plants, bacteria, yeast, fungi,
lichens or algae to synthesize nanoparticles; in a method referred to as biological synthesis
(Patil and Chandrasekaran, 2020; Nguyen et al., 2021; Ying et al., 2022). Proteins, enzymes,
phenolic compounds, amines, alkaloids and pigments are some of the molecules in plants
and microorganisms that can synthesize nanoparticles due to their reduction capability
(Nadaroglu et al., 2017). The chemical and physical methods of synthesizing nanoparticles
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involve the use of reducing agents and stabilizing agents for the
reduction of metal ions and to prevent agglomeration of the
nanoparticles, however, these agents tend to be toxic to the
environment and significantly contributes to nanoparticle toxicity
which is highly unfavourable especially in the biomedical field (de
Lima et al., 2012; Qu et al., 2019; Huynh et al., 2020; Nayak et al.,
2021). In biological synthetic methods, biological organisms can
produce biomolecules that act as reducing and stabilizing agents
(Bahrulolum et al., 2021). These agents are not harmful to the
environment, and maintain the stability of the synthesized
nanoparticles thereby rendering them non-toxic (Nadaroglu
et al., 2017).

Earlier reviews have highlighted the nanozyme activity of
various types of nanoparticles (Ragg et al., 2015; Wu et al., 2019;
Wang et al., 2020b; Ge et al., 2022). Some excellent review articles
have also highlighted the biogenic strategies of metallic
nanoparticles and advances in their role for biomedical
application (Singh et al., 2021a; Nayak et al., 2021; Srivastava
et al., 2021; Nayak et al., 2022). This mini review is different in
that in provides an up to date overview of various biogenic strategies
for metallic nanoparticle production, the role of biogenic synthesis
as capping agents and up to date use of biogenic metallic
nanoparticles as nanozymes.

2 Biogenic metallic nanoparticles

Many different biological organisms have been found to have an
ability to synthesize a variety of metallic nanoparticles, with themost
recent (2018–2022) studies presented in Supplementary Table S1 in
the Supplementary Information. Although Supplementary Table S1
covers plants, bacteria, fungi and lichen as systems that can be used
for metallic nanoparticle production, it should be noted that
Bryophytes also have an inherent ability to produce metallic
nanoparticles. To the best of our knowledge, bryophytes have not
been used to produce metallic nanoparticles from 2018, and thus a
review by Srivastava et al. (2021) gives a good overview of the
bryophytes used for metallic nanoparticle production (Srivastava
et al., 2021).

Plants are promising candidates for nanoparticle synthesis
because they detox and reduce the accumulation of metals as they
alter the chemical composition of metals making them non-toxic
and thus producing nanoparticles as a by-product (Nadaroglu
et al., 2017; Zhang et al., 2020). Plant extracts such as sugars,
flavonoids, sapogenins, proteins, enzymes, tannins, phenolics,
alkaloids, steroids, and organic acids, can be obtained from plant
parts, such as leaves, stems, roots, fruit, bark, flowers, seeds and
buds (Moodley et al., 2018; Yulizar et al., 2020). The extracts act
as reducing agents which result in the production of
nanoparticles. Recently, plant extracts from Citrus sinensis,
Lawsonia inermis, Artemisia haussknechtii, Cochlospermum
gossypium and Juglans regia have been reported for their use
in nanoparticle synthesis (Alavi and Karimi, 2018; Kredy, 2018;
Srivastava et al., 2019).

Bacteria are also target candidates in nanoparticle production
because of their rapid growth, cost-effectiveness, easy culturing, and
since their growth conditions and environment can be easily
controlled and manipulated (Nadaroglu et al., 2017). The

emergence of resistance mechanisms in bacteria as a means of
overcoming the harmful effects of metals also contributes to their
ability to biosynthesize metallic nanoparticles. These mechanisms
include transitions in the redox state, the operation of efflux systems,
the buildup of metals inside the cell, intracellular precipitation, and
extracellular creation of complexes (Figure 1A) (Moodley et al.,
2021). These nanoparticles were believed to be formed through a
method involving the NADH-dependent reductase enzyme, which
goes through oxidation to create NAD+ and potentially, the lost free
electron could turn Ag+ into AgNPs (Gurunathan et al., 2009;
Sintubin et al., 2009).

Bacteria have the ability to convert heavy metal ions into
nanoparticles by reducing them (Capuzzo, 2021). These
advantages can therefore be exploited for nanoparticle synthesis.
Bacteria including Pseudomonas stutzeri, Desulfovibrio alaskensis,
Morganella psychrotolerans and Lactobacillus casei were recently
reported to synthesize a variety of nanoparticles (Xu et al., 2018;
Capeness et al., 2019).

Fungi are also ideal candidates for nanoparticle synthesis as their
growth is easy and cost effective for laboratories and also at the
industrial scale (Molnár et al., 2018). These organisms secrete a large
number of enzymes and they have a large surface area due to their
mycelia which play a vital role in rapidly forming nanoparticles as
these characteristics causes metal precursor salts to be quickly
converted to metallic nanoparticles (Khandel and Shahi, 2018; Li
et al., 2021). Fungi such as Ganoderma lucidum, Lignosus
rhinocerotis, Trichoderma longibrachiatum, and Penicillium
corylophilum were recently used for the synthesis of metallic
nanoparticles (Elamawi et al., 2018; Katas et al., 2019; Fouda
et al., 2020; Nguyen et al., 2021).

3 The intrinsic enzyme mimetic activity
of biogenic metallic nanoparticles

Nanoparticles are known to be multifunctional and among the
functions that they possess is the ability to catalyse reactions.
Initially, the catalytic activity of nanoparticles was a result of the
conjugation of catalysts or enzymes to the shell of the nanoparticles
and therefore the nanoparticles would provide magnetic properties
while the catalyst or enzyme on the surface of the nanoparticles
provided the catalytic activity (Gao et al., 2007). This drew the
interest of researchers to other possible intrinsic enzyme-like
activities that nanoparticles may possess.

Nanoparticles exhibiting enzyme-like catalytic activities,
referred to as nanozymes, act as mimic enzymes that can
replace natural enzymes because natural enzymes have
disadvantages in their catalytic functions due to the high cost
of production, the time consuming process for production,
denaturation in harsh environmental conditions and therefore
must have suitable pH and temperature, and specific substrates
(Ragg et al., 2015; Ahmed et al., 2019; Singh, 2019; Rastogi et al.,
2021). Since nanozymes are easy to produce with low cost, have
high stability, and good robustness; they are suitable candidates
for applications requiring catalytic functions and were found to
possess enzymatic activity identical to that of peroxidase,
haloperoxidase, oxidase, catalase, hydrolase, and superoxide
dismutase as summarized in Figure 1B (Ragg et al., 2015;
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Ahmed et al., 2019). To date, there are more than 300 types of
nanomaterials that have been found to possess the intrinsic
enzyme-like activity (Gao and Yan, 2016).

Ferrihydrite nanoparticles synthesized from the bacteria
Comamonas testosteroni exhibited peroxidase-like activity similar
to that of horseradish peroxidase (HRP), and these nanoparticles

FIGURE 1
Synthesis, enzyme function and toxicity of metallic nanoparticles. (A) Is a schematic representation of biosynthesis of metal nanoparticles by
microorganisms, (B) depicts the enzyme mimetic activity of biogenic nanoparticles and (C) shows the mechanisms of nanoparticle toxicity. Substrates
used are 3, 3′, 5, 5′-Tetramethylbenzidine (TMB), 3, 3′-Diaminobenzidine (DAB), o-phenylenediamine (OPD), or 3,4-dihydroxyphenylalanine (DOPA).
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were able to catalyze reactions of the peroxidase chromogenic agents
3, 3′, 5, 5′-Tetramethylbenzidine (TMB), 3, 3′-Diaminobenzidine
(DAB), and o-phenylenediamine (OPD) in the presence of H2O2

(Ahmed et al., 2019). This peroxidase-like activity displayed by the
bacteria was exploited to develop a colorimetric method for the
detection of H2O2 and glucose which was used for successfully
detecting glucose in human serum (Ahmed et al., 2019). Magnetic
nanoparticles referred to as magnetosomes, synthesized from
Magnetospirillum gryphiswaldense (magnetotactic bacteria) also
exhibit intrinsic peroxidase-like activity indicated by their ability
to catalyze TMB in vitro in the presence of H2O2 (Guo et al., 2012).
The peroxidase-like activity of magnetosomes plays a role in
reducing enhanced intracellular reactive oxygen species (ROS)
levels generated under conditions having low oxygen and high
iron concentration (Guo et al., 2012; Lin et al., 2019). ROS are
very reactive chemical molecules containing oxygen, generated in
cell organelles including the endoplasmic reticulum (ER),
peroxisomes and the mitochondria (Yu et al., 2020b). This ROS
elimination role is thought to be significant for the survival of
magnetotactic bacteria growing under similar conditions (Guo
et al., 2012; Lin et al., 2019). The peroxidase mimetic activity of
magnetosomes has been used for the detection of H2O2 and glucose
(Hu et al., 2010).

Plant extracts contain products that comprise functional groups
including phenolic acids, proteins, polyphenol, bioactive alkaloids,
terpenoids and sugars, which reduce metal ions in the synthetic
mechanism for nanoparticles (Das et al., 2022a). These functional
groups can stabilize the synthesized nanoparticles and improve their
catalytic efficiency (Das et al., 2022a). Palladium nanoparticles
synthesized using gum kondagogu, a tree gum from C.
gossypium, were used for developing a colorimetric assay for
quantifying cholesterol from human serum based on the
peroxidase-like activity exhibited by the synthesized nanoparticles
(Rastogi et al., 2021). This study showed the potential application of
the intrinsic peroxidase mimicking properties of the palladium
nanoparticles for diagnostic, detection and quantification
purposes (Rastogi et al., 2021).

Prunus nepalensis fruit extract was used for synthesizing gold
nanoparticles exhibiting peroxidase-like catalytic activity (Das et al.,
2022a). The catalytic activity of the gold nanoparticles was
confirmed by the ability to catalyze the oxidation of the substrate
TMB in the presence of H2O2 (Das et al., 2022a). It was found that
the gold nanoparticles exhibited a higher maximum reaction
velocity and affinity for TMB compared to natural horse radish
peroxidase (Das et al., 2022a). The improved catalytic efficiency of
the gold nanoparticles is said to have been a result of the functional
groups present in the fruit extract (Das et al., 2022a). This
peroxidase-like activity of the gold nanoparticles was exploited
for a potential colorimetric immuno-sensing assay for the
detection of Mycobacterium bovis, a bovine tuberculosis
transmitted from cattle to humans through the “consumption of
unpasteurized milk” (Smith et al., 2004; Das et al., 2022a). Silver
nanoparticles synthesized from Cucumis sativus and Aloe vera
extracts, with the A. vera extract used as a capping agent,
catalyzed the reduction of methyl orange dye and para-nitro-
phenol (Riaz et al., 2022). This indicated the potential of these
nanoparticles in the degradation of nitro-phenols that are found in
industrial waste.

Ferrihydrite nanoparticles from Trichoderma guizhouense
synthesized during interaction of the fungus with hematite,
whereby fungi take up minerals to form nanoparticles, also
exhibited peroxidase-like activity (Yu et al., 2020a). Fungi interact
with minerals and biomineralize them into nanoparticles, and this
interaction is known as fungus-mineral interaction. The interaction
is important in the transformation of rocks, minerals and metals, the
degradation of rhizospheric organic matter and phosphate fixation.
The generation of ROS was observed during fungal growth and
therefore, the concentration of these species must be maintained at
sub-toxic levels (Yu et al., 2020a). The peroxidase-like activity of the
synthesized ferrihydrite nanoparticles reduced the generated ROS,
lowering their toxic effects. It was suggested that the production of
the nanoparticles caused the ROS generated during fungal growth to
decrease, therefore maintaining the concentration of the ROS at sub-
toxic levels.

The enzymatic activity of biogenic nanoparticles similar to
natural enzymes presents a platform whereby they can be
exploited for developing several methods for diagnostic, detection
and biosensing applications. To date, there are numerous patent
applications and patents that have been granted for nanozyme
production and nanozyme systems which highlights the
importance of these small molecules. A list of these patents and
patent applications are listed in Table 1, together with a summary of
various applications of biogenic nanoparticles that have recently
been evaluated, highlighting the versatility of these nano molecules.

4 Toxicity of nanoparticles and the role
of capping agents

Nanoparticle toxicity presents a challenge, especially in areas
such as biomedicine, cosmetics, agriculture and the food science,
and thus there is a need for the development of nanoparticles with
low cytotoxicity. The main physicochemical properties that
determine toxicity of nanoparticles are size, shape, surface
chemistry, surface composition, surface area to volume ratio and
stability (Aillon et al., 2009; Sukhanova et al., 2018). The primary
mechanisms of toxicity of metallic nanoparticles stem from them
entering the cell via endocytosis, which places them within an acidic
lysosome resulting in oxidation and release of metal ions. The
intracellular metal ions can then exert a myriad of toxic effects as
summarised in Figure 1C (Repetto et al., 2010; Carrillo-Carrion
et al., 2014).

Fortunately, encapsulation strategies have recently been on the
radar of researchers in a bid to reduce the toxic effects of
nanoparticles as it could provide stability to the nanoparticle and
reduce its susceptibility to release metal ions.

Capping agents are molecules that play an essential role in the
growth, aggregation, and physicochemical properties of
nanoparticles by regulating their size, shape, geometry, and
surface chemistry (Javed et al., 2022; Sidhu et al., 2022). Capping
agents can firmly adsorb on the nanoparticle surface forming a
single or multilayer protective coating thus providing long term
nanoparticle stability (Javed et al., 2022). Capping agents can consist
of proteins, carbohydrates, amino acids, and lipids (Bulgarini et al.,
2021) and can prevent aggregation of nanoparticles (Sidhu et al.,
2022).
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Capping agents are found in biological organisms, and they can
act as reducing and stability agents, an advantage that is noteworthy
for biogenic nanoparticles (Guilger-Casagrande et al., 2021), (Javed
et al., 2022). In addition, capping agents from biological organisms
can be introduced to the chemical synthetic strategies and this has
become an essential strategy in lowering the cytotoxic effects of
chemically synthesized nanoparticles (Sidhu et al., 2022).

The encapsulation of nanoparticles with capping agents forms a
barrier between the inner core of the nanoparticle and the
surrounding environment, improving nanoparticle solubility,
reactivity, interactions with biomolecules, preventing aggregation
and inducing their biological functions (Weingart et al., 2013). A
study by Guilger-Casagrande et al. (2021) evaluated the effects and
functions of capping agents on the stability of silver nanoparticles
synthesized by the fungal strain Trichoderma harzianum by
comparing the stability of the nanoparticles with and without
capping agents. It was found that when capping agents were
removed from nanoparticles, the diameter of the nanoparticles

increased and it was proposed that the reason for this may be
“subsequent aggregation of the nanoparticles” (Guilger-Casagrande
et al., 2021).

Soliman et al. (2022) suggested that extracellular enzymes and
proteins from Trichoderma saturnisporum acted as capping
agents in the synthesis of silver and gold nanoparticles. Puri
and Patil (2022) confirmed the presence of phytochemicals by
screening Tinospora cordifolia extract used for synthesizing
selenium nanoparticles. Among the phytochemicals present in
the extract were phenolics and flavonoids and the hydroxyl
groups of these biomolecules were proposed to act as capping
agents (Puri and Patil, 2022). Highly stable, negatively charged,
spherically shaped and nano-sized selenium nanoparticles were
synthesized from the plant extracts and it was suggested that the
stability of the nanoparticles was due to the phytochemicals
detected in the extract (Puri and Patil, 2022). Silver
nanoparticles synthesized using yeast extract were capped by
biomolecules from the extract, and the resulting silver

TABLE 1 List of Nanozyme Patent Applications and Summary of Recent Nanoparticle applications.

Invention Inventors Application
number

Year Country References

Nanozymes, methods of making nanozymes, and methods of
using nanozymes

Cao, Y.C., Liu, C., Liu, H., Wang, Z.,
and YangS.H.

WO2011133504-A2 2011 WIPO (PCT) Cao et al. (2011)

Synthesis method of enzyme-mimic magnetic nanocatalysts,
and enzyme-mimic magnetic nanocatalysts thereby

Jang, J., Lee, S., and Lee, J KR101350722B1 2014 South Korea Jang et al. (2014)

Nanozymes, methods of making nanozymes, and methods of
using nanozymes

Cao, Y.C., and Liu, C WO2015023715A1 2015 WIPO (PCT) Cao and Liu
(2015)

Nanozymes, methods of making nanozymes, and methods of
using nanozymes

Cao, Y.C., and Liu, C US20160215279A1 2016 United States Cao and Liu
(2016)

Nanoparticle-attached enzyme cascades for accelerated
multistep biocatalysis

Medintz, I.L., Vranish, J.N., Ancona,
M., Susumu, K., and DiazS.A.

US20180171325A1 2017 United States Medintz et al.
(2017)

Stabilized polymeric nanocapsules, dispersions comprising the
nanocapsules, and methods for the treatment of bacterial

biofilms

Rotello, V.M., Landis, R.F., Gupta,
A., and LeeY.W.

WO2017040024A1 2017 United States Rotello et al.
(2017)

PD-IR nanoparticles used as peroxidase mimics Xia, X 20,170,199,179 2017 United States Xia (2017)

Nanozymes, methods of making nanozymes, and methods of
using nanozymes

Cao, Y.C., Liu, C., Liu, H., Wang, Z.,
and YangS.H.

US 10,081,542 B2 2018 United States Cao et al. (2018)

Ig E detection and allergy diagnostic method using enzyme-
mimetic nanozyme-based immunoassay

Lee, S., Lee, S., Kim, M., Shin, S., Lee,
J., and Kim, M

WO2018084340A1 2018 WIPO (PCT) Lee et al. (2018)

Enzyme-encapsulated nanoparticle platform Ortac, I., Esener, S.C., Yayla, I.G.,
and Messmer, B

US10300152B2 2019 United States Ortac et al.
(2019)

RNA silencing nanozymes Cao, Y.C., and Jiang, T 20210139873 2021 United States Cao and Jiang
(2020)

Application Function References

Antimicrobial Agents Activity against bacterial and fungal growth Dong et al. (2019), Akpinar et al. (2021), Sarwer et al. (2022),
Soliman et al. (2022)

Bioremediation Degradation of heavy metals, pesticides,
insecticides, herbicides and dyes from polluted environments

Tripathi et al. (2018), López-Miranda et al. (2019), Chaudhari et al.
(2022), Gami et al. (2022), Salama et al. (2022)

Delivery Systems Delivery of cancer targeting genes and therapeutic drugs Abolhasani Zadeh et al. (2022)

Enzyme Immobilization Immobilization of enzymes from reaction mixtures Fotiadou et al. (2021)

MRI Contrast Agents Molecular imaging, diagnosis and treatment of diseases Cai et al. (2019), Nan et al. (2021), Wei et al. (2021)
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nanoparticles exhibited shapes, sizes and surface chemistry that
exhibited good long-term stability (Shu et al., 2020).

Biogenic nanoparticles thus present a promising potential for a
variety of applications with the added advantage of low toxicity due
to their inherent capping potential, a feature that is lacking in
physicochemical synthetic strategies that are reliant on addition
of synthetic capping agents resulting in labor intensive multi-step
processes (de Lima et al., 2012).

5 Current scenarios and challenges

The emergence of nanotechnology has seen nanoparticles
having widespread application and being the molecule of choice,
resulting in them being in high demand. Although there are
numerous synthetic strategies for nanoparticle production, the
physical and chemical routes pose many challenges such as the
need for expensive equipment, capping agents and harmful
chemicals, and production of monodisperse nanoparticles with
similar morphology is not so straight forward. Green synthetic
methods, using inherent biological machinery and
phytochemicals as capping and stabilization agents, is therefore
seen as the preferred method for nanoparticle production.
However, large scale production is still seen as a challenge and
researchers are daily evaluating new strategies for scaling up. One of
the novel methods that could be explored for large scale production
of nanoparticles is investigating the role of soil microbes in
influencing plant growth and uptake of nutrients. This could
have importance in nanoparticle production as soil microbes
could directly affect how metals and nutrients are taken up by
plants before being packaged into nanoparticles (Das et al., 2022b).

6 Conclusion and future prospects

The use of biological organisms for synthesizing nanoparticles is
increasing as these organisms produce their own reducing and
stabilizing agents that are involved in reducing metal ions to
nanoparticles and also providing encapsulation. The biogenic
nanoparticles thus have the important benefit of reduced toxicity
and have immense application in a wide variety of biotechnology
and biomedical fields such as drug delivery systems, scanning
techniques, cosmetics, and assay systems. There is thus huge
potential for exploiting biogenic nanoparticles for our
advancement, however the scaling up of nanoparticle production
is still an area that requires more research. An exciting area of

research that could possibly result in an effective scaling up
mechanism could be the role of soil microbes in plant growth as
a symbiotic relationship could potentially be manipulated to allow
improved metal and nutrient uptake by the plants thereby resulting
in increased nanoparticle production.
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Medicinal plants are long known for their therapeutic applications. Tinospora
cordifolia (commonly called gulancha or heart-leaved moonseed plant), a
herbaceous creeper widely has been found to have antimicrobial, anti-
inflammatory, anti-diabetic, and anti-cancer properties. However, there remains
a dearth of reports regarding its antibiofilm activities. In the present study, the anti-
biofilm activities of phytoextractof T. cordifolia and the silver nanoparticles made
from this phytoextract were tested against the biofilm of S.taphylococcus aureus,
one of the major nosocomial infection-producing bacteria taking tetracycline
antibiotic as control. Both phytoextract from the leaves of T. cordifolia, and the
biogenic AgNPs from the leaf extract of T. cordifolia, were found successful in
reducing the biofilm of Staphylococcus aureus. The biogenic AgNPs formed were
characterized by UV- Vis spectroscopy, Field emission Scanning Electron
Microscopy (FE- SEM), and Dynamic light scattering (DLS) technique. FE- SEM
images showed that the AgNPs were of size ranging between 30 and 50 nm and
were stable in nature, as depicted by the zeta potential analyzer. MIC values for
phytoextract and AgNPs were found to be 180 mg/mL and 150 μg/mL against S.
aureusrespectively. The antibiofilm properties of the AgNPs and phytoextract were
analyzed using the CV assay and MTT assay for determining the reduction of
biofilms. Reduction in viability count and revival of the S. aureus ATCC
23235 biofilm cells were analyzed followed by the enfeeblement of the EPS
matrix to quantify the reduction in the contents of carbohydrates, proteins and
eDNA. The SEM analyses clearly indicated that although the phytoextracts could
destroy the biofilm network of S. aureuscells yet the biogenicallysynthesizedAgNPs
were more effective in biofilm disruption. Fourier Transformed Infrared Radiations
(FT- IR) analyses revealed that the AgNPs could bring about more
exopolysaccharide (EPS) destruction in comparison to the phytoextract. The
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antibiofilm activities of AgNPs made from the phytoextract were found to be much
more effective than the non-conjugated phytoextract, indicating the future prospect
of using such particles for combatting biofilm-mediated infections caused by S
aureus.

KEYWORDS

Tinospora cordifolia, phytoextract, green synthesis, biogenic silver nanoparticles, biofilms,
Staphylococcus aureus, biofilm

1 Introduction

Development of biofilm is a natural tendency of bacteria, to
survive adversities (Donlan, 2002). It is a syntrophic cluster of
sessile bacterial cells, remaining shielded by aself-secreted
extracellular polymeric substance (EPS). With the help of such
polymeric substances, the bacterial cells can spread over biotic and
abiotic surfaces and their binding with such surfaces plays a
significant role in spreading the pathogenicity and virulence of
the respective bacteria (Haiko and Westerlund-Wikström, 2013).
The diversity of the biochemical constitution of the EPS matrix
leads to different capacities of surface adherence with the
substratum, which in turn causes a wide range of adaptations to
adverse environmental conditions (Kostakioti et al., 2013). The
EPS prevents the penetrance of antibiotics and other drugs
resulting in the development of antibiotic resistance and multi-
drug resistance. In today’s clinical point of view, biofilm-associated
chronic and acute infections are the most challenging to treat, and
day by day these infections start to threaten human health globally
Staphylococcus aureusis one of the predominant bacteria
responsible for causing community-acquired and nosocomial
infections and such infections often become life-threatening
(Silva- Santana et al., 2020). S. auruesis a Gram-positive
bacterium and it is a human commensal that continuously
colonizes the frontal niches of about 20%–25% of fit adult
communities and 60% remain occasionally colonized (Ellis
et al., 2014). The attachment of S. aureusto the surfaces of
medical implants and host tissues results in the development of
matured biofilm resulting in the persistence of chronic infections
(Foster et al., 2014). The development of biofilm and their
residence in the EPS matrix lessens their susceptibilities to
different antibiotics and host immunity, which makes these
infections difficult to eradicate (Chatterjee et al., 2014). The
biofilms of Staphylococcus aurues are known to cause infections
such as bacteremia, endocarditis, multiple sclerosis and sepsis
(Sheykhsaran et al., 2022). Various parameters lead to the
development of biofilms. These factors include particular gene
expressions and communication among proteins that help in
adherence of the biofilm to the substrate. During more
advanced stages of the infections caused by Staphylococcus
aureus biofilms, bacterial cells get dispersed from the biofilms
and get spread to the secondary sites thereby worsening the
infection. The World Health Organization (WHO) has classified
a list of antibiotic-resistant pathogens, based on the priority of
finding new alternative therapies for treating those infections,
which can no longer be treated with the available antibiotic
therapeutic strategies. There are three stages of priority list
pathogens: Priority 1 (critical), priority 2 (high) and priority 3

(medium). Among the priority list of pathogens, WHO has
considered S. aureus in the second priority group (high priority)
because S. aureus is resistant against a wide class of antibiotics
including methicillin and vancomycin. Vancomycin was one of the
last resort antibiotics to eradicate the methicillin-resistant S. aureus
(MRSA) infections. Prolonged or suboptimal exposure to
vancomycin has led to the development of decreased
vulnerability of the S. aureus associated infections. This
decreased susceptibility can be also due to the thickening of the
EPS matrix and various antibiotic inactivating enzymes present in
the EPS matrix (Al-Marzoqi et al., 2020).

Silver is an antimicrobial substance with antiseptic,
antibacterial, and anti-inflammatory properties (Fong et al.,
2005). When silver is in a soluble state, such as Ag+1 or Ag0

clusters, it is physiologically active. Ag+ is the ionic version of
silver in silver sulfadiazine, silver nitrate, as well as other ionic
silver compounds. Silver is used as an ingredient in various
ointments, creams, medicines, and medical instruments.
Nanoparticles of silver have unique characteristics attributed to
their very small size, which helps in enhancing their bioavailability
and efficacy. Silver nanoparticles (AgNPs) possess inhibitory
actions on bacterial, fungal, and viral growth (Jeong et al.,
2005). AgNPs are increasingly explored by researchers because
of their cytotoxic and antibacterial potential due to their easy
attachment with the bacterial cell walls. This adherence impacts
the cellular respiration and permeability leading to cell death.
Moreover, AgNPs can easily enter the cells and bind with the
biomolecules, including protein and DNA through their
phosphorous and sulfur groups, respectively (Aabed and
Mohammed, 2021). Besides, their antimicrobial properties, their
biosynthesis process is comparatively cost-effective (Capek, 2004).
Physical and chemical methods of AgNPs synthesis involve the use
of toxic reagents and result in a very low yield of AgNPs. However,
the biogenic method of AgNPs synthesis is environment-friendly,
readily-scalable, simple and involves only natural reagents, so they
are free from potential toxicities and also biocompatible (Emeka
et al., 2014). Hence, the biological methods for the preparation of
nanoparticles have more advantages over chemical and physical
methods of AgNP synthesis, via processes like ultrathin film
procedure, thermal evaporation, synthesis through diffusion
flame, lithographic process, electrodeposition, sol-gel technique,
chemical solution and vapor deposition, catalytic process,
hydrolysis and method of co-precipitation (Hu et al., 2020).
However, the exact mechanism of anti-biofilm activities of
AgNPs is not yet clearly understood. It is being presumed that
their extremely small sizes lead to the increase in oxidative stress
within the bacterial cells through the generation of reactive oxygen
species (ROS) or through denaturation of the fatty acids present
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TABLE 1 GC-MS analysis of phytoextract of T. cordifilia

Sl No Rt Name of the compounds Molecular
formula

Molecular Wt
(g/mol)

Structure

1 4.94 Isopinocarveol C10H16O 152.23

2 8.60 Caryophyllene C15H24 204.35

3 9.38 Benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl C15H22 202.34

4 10.45 (+)-Sativen C15H24 204.35

5 10.78 Methyl 4,7,10,13-hexadecatetraenoate C17H26O2 262.4

6 11.70 7-epi-cis-sesquisabinene hydrate C15H26O 222.37

7 12.13 2,5-Octadecadiynoic acid, methyl ester C19H30O2 290.4

8 12.71 Phenol, 2-methyl-5-(1,2,2-trimethylcyclopentyl)-, (S)- C15H22O 218.33

9 13.33 Phenol, 2,4-bis(1,1-dimethylethyl) C22H30O 310

(Continued on following page)
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inside the cell membrane and increasing peroxidation of lipids.
Once, the AgNPs penetrate the cells they destabilize the
intracellular biomolecules and structures leading to the death of
the bacterial cells (Rozhin et al., 2021). Table 1 below describes
about the potential applications of AgNPs in different fields.

In this study, we threw light on the green synthesis of AgNP from
the leaf extracts of T. cordifoliaand tested the efficacies of the
phytoextract alone as well as biogenic AgNPs as antibiofilm agents
against the biofilms formed by S. aureus. This study also investigated
the antibacterial properties of the AgNP nanoconjugates biogenically
synthesized from T. cordifolia leaf extract along with investigation of
anti-biofilm activity. The leaf extracts of T. cordifolia are generally
enriched with diterpenoids, sterols, aliphatics and alkaloids. These
bioactive compounds can potentially act as reducing agents in the
biosynthesis of AgNPs. Pertinent to the increased resistance against
the available antibiotics, AgNP nanoconjugates have been synthesized
to overcome the problem of antibiotic resistance as well as to
punctuate the persistence of acute and chronic biofilm-associated
infections caused by S. aureus since biofilms are extremely

impermeable to the penetration of antibiotics or other antibacterial
agents due to the presence of multiple drug efflux pumps and
antibiotic inactivating enzymes. The nanoconjugates of silver
synthesized from the leaf extract of T. cordifolia can penetrate
deeper and reach the sessile bacterial cells residing within the
biofilms of S. aureus due to their small sizes.

2 Materials and methods

2.1 Preparation of Tinospora cordifolia leaf
extract

The leaves of T. cordifoliawere collected from the local gardens of
West Bengal under the guidance of Botanist, India and they were
washed with double distilled water and dried. After that, the leaves
were crushed with 95% methanol followed by incubation for 16–24 h
at room temperature (Quave et al., 2012). Then the phytoextract was
sieved using a gauge cloth followed by centrifugation at 5000 rpm for

TABLE 1 (Continued) GC-MS analysis of phytoextract of T. cordifilia

Sl No Rt Name of the compounds Molecular
formula

Molecular Wt
(g/mol)

Structure

10 14.97 5-Isopropyl-2,8-dimethyl-9- oxatricyclo [4.4.0.0 (2,8)]
decan-7-one

C14H22O2 222.32

11 17.79 17-Octadecynoic acid C18H32O2 280.4

12 17.96 Z,Z,Z-4,6,9-Nonadecatriene C19H34 262.5

13 20.51 n-Propyl cinnamate C12H14O2 190.24

14 26.71 Dasycarpidan-1-methanol, acetate (ester) C20H26N2O2 326.4

15 28.86 Piperine C17H19NO3 285.34
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10 min and the supernatant was collected and stored at 4°C for further
use. The methanol used was of analytical grade and purchased from
HiMedia.

2.1.1 Synthesis of biogenic AgNP preparation using
leaf extract of Tinospora cordifolia

10% w/v of properly washed and dried T. cordifolialeaves were
crushed in 20 mL of double distilled water. The aqueous extract was
then sieved with a gauge cloth followed by centrifugation at 5,000 rpm
for 10 min and the supernatant was collected. 90 mL of 1 mM silver
nitrate solution was prepared, to which, 10 mL of phytoextract was
added dropwise while stirring with a magnetic stirrer (Jalal et al.,
2016). The biosynthesis of AgNPs was confirmed by the change in
color from white to reddish brown. This reaction mixture was further
centrifuged at 5000 rpm for 10 min and the pellets were collected
followed by washing twice with distilled water and re-suspended in
phosphate buffered saline (PBS).

2.2 Characterization of the biologically
synthesized AgNPs

The biogenically synthesized AgNPs were characterized using various
techniques such as UV-Vis spectroscopy, Field Emission Scanning
Electron Micrograph (FE- SEM), Dynamic Light Scattering (DLS) and
measurement of zeta potential, which are all listed below.

2.2.1 Characterization using UV-Vis spectroscopy
The synthesis and stability of biogenic AgNPs can be detected by

the UV-Visible spectra of the AgNP solution (Sharma et al., 2020).
Double distilled water was used as blank. The absorbance spectra of

the reddish brown AgNP solution were recorded at wavelengths
ranging from 300 to 700 nm by using Lasany LI- 294/
296 Microprocessor single beam UV-Vis spectrophotometer.

2.2.2 Characterization by using Field Emission
Scanning Electron Microscope (FE- SEM)

The biogenically synthesized AgNPs were dropped cast on a cover
slip and oven-dried (Jalal et al., 2016). Then the dried sample of AgNPs
was visualized under JEOL JSM- 7600F Field Emission Scanning
Electron Microscope at a voltage of 15 kV to determine the surface
morphology of the biogenic AgNPs.

2.2.3 Characterization by using Dynamic Light
Scattering (DLS) and zeta potential measurement

The hydrodynamic diameter, zeta potential (surface charge),
and particle distribution intensity (polydispersity index/PdI) of
AgNPs can be examined using DLS by the process of measuring the
dynamic variations of the intensity of light scattering caused by
Brownian motion of the particles (Elamawi et al., 2018). All the
measurements were performed in triplicate with 1min of
equilibration time at 25°C temperature in a ZetasizerNanoseries
(Nano- ZS). The mode of data processing was set to high multi-
modal resolution.

2.3 Cultivation of the Staphylococcus aureus
ATCC 23235 working strain and development
of biofilm

Biofilm forming strain of Staphylococcus aureus ATCC
23235 was grown in Luria Bertani broth (SRL) overnight at a

Field of application Utility of the AgNPs in the field References

Anaesthetics Breathing mask coating and coating of endotracheal tubes for mechanical support of ventilation Mocanu et al. (2013)

Diagnostics Pyramids made of nanosilver to enhance the process of biological detection. Ultrafast and ultrasensitive platforms for
clinical diagnosis of myocardial infarction. Fluorescence associated sensing of RNA with turntable coated with AgNPs
having plasmonic properties

Lee and Jun (2019)

Drug therapy Remote controlled LASER light associated microcapsule opening Ivanova et al. (2018)

Optics Coating of contact lens Nguyen et al. (2021)

Imaging Dendrimer and silver nanoconjugate to label cells. Silver sand nanoconjugates as fluorescent core shell nanoballs used in
molecular and cellular imaging of the malignant cells

Homan et al. (2010)

Neurology Catheter coating for drainage of cerebrospinal fluid (CSF) Wallace et al. (2017)

Orthopaedics Bone cement additive used in implantable substances manufactured with layers of clay andAgNP stabilized with starch.
Intramedullary nail coating used in fractures of long bones. Implant coating in orthopaedic stockings for replacement of
joints.

Poon et al. (2021)

Patient care AgNP used as superabsorbent nanogel for incontinence substances Shen et al. (2018)

Pharmaceutical Dermatitis treatment. AgNPs inhibit the replication of HIV-I, helps in treating ulcerative colitis, wound healing
characteristics

Mathur et al. (2018)

Biomedical Anti-fungal, anti-bacteria, anti-inflammatory, anti-viral, anti-cancer and anti-angiogenic agent Burdusel et al. (2018)

Textiles Medicinal devices and textiles, textile coating to block UV rays Mirzaei et al. (2021)

Food industries Food processing and packaging using AgNP coatings Zorraquin- Pena et al.
(2020)

Environmental applications Water and air disinfection, disinfection of groundwater, drinking water and biological wastewater Jaffri and Ahmad (2018)
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temperature of 37°C at pH 7.4. The bacterial strains that were used
in this study were cultured within an Erlenmeyer flask of 100 mL
containing 50 mL of Luria Bertani broth at pH seven and were
incubated for 24 h at 37°C. The biofilm formation by the working
bacterial strain was analyzed by the use of the microplate assay
method. Biofilm growth depends on the synergistic activities of the
concentrations of sugar and salt. The optimal concentration for
the formation of biofilms was found by adding various
concentrations of glucose (0.25%–10% w/v) and NaCl (0.5%–

7% w/v) in the culture broth. All the experimental setups were
incubated at 37°C for a period of 72 h.

2.4 Study of antimicrobial activities of
phytoextract and biogenic AgNPs

Antimicrobial activities of phytoextract from T. cordifoliaand
biogenic AgNPs and standard antibiotics were detected by
analyzing the diameter (in millimeters) of the inhibition zones
obtained by agar well diffusion method. Various agar plates
containing the test bacterial strain were treated with
phytoextracts, AgNPs, and antibiotics at different
concentrations in wells, punctured on the plates. The plates
were incubated at 37°C for 24 h and observed for inhibition
zones in accordance with the specifications made by the
National Committee for Clinical Laboratory Standards (Patra
et al., 2014).

2.5 Determination of minimum inhibitory
concentration (MIC)

The MIC values of the phytoextract from T. cordifoliaand the
biogenic AgNPs were determined against S. aureus ATCC
23235 by the technique of microdilution (Jeyaseelan and
Jashothan, 2012). 10 µL of S. aureus ATCC 23235 was
inoculated in 5 mL of LB broth and treated with phytoextract
(concentrations ranging from 10 to 50 μg/mL) and biogenic
AgNPs (concentrations ranging between 1 and 50 μg/mL),
except in the control tubes. The test tubes were incubated at
37°C for a period of 24 h and the bacterial growth intensity was
measured spectrophotometrically at 660 nm.

2.6 Determination of minimum biofilm
eradication concentration

The minimum biofilm eradication concentration was
calculated using an MTT assay (Baishya et al., 2016). In 96-well
plates, added100 µl of LB broth and 2 µL of S. aureus ATCC
23235 was added to each well and incubated at 37°C for 72 h.
The LB broth was discarded after 72 h at 37°C to remove
the planktonic cells, and 20 µL of phytoextract and biogenic
AgNPs was added to all of the wells except the control
(untreated microbe) followed by the addition of MTT reagent
and mixing it well with the help of cyclomixer including control
and incubated at 37°C for 4 h and the absorbance was measured
at 550 nm using Thermo Scientific Multiskan Sky ELISA plate
reader.

2.7 Determination of reduction of biofilm
formation by Staphylococcus aureus ATCC
23235 on treatment with phytoextract and
biogenic AgNPs

Themicrotiter plate techniquewas used to estimate biofilm formation
quantitatively (Lahiri et al., 2021b). In this method, six-well plates were
used and each well was filled with 5 mL LB Broth a single coverslip was
dropped in each of the wells, and 20 µL of S. aureusATCC23235 cells was
added to all the wells. After 72 h of incubation at 37°C, 100 µL of
treatment was added and kept in the incubator for 24 h at 37°C. The
planktonic cells were gently removed and the coverslip was taken out and
stained with crystal violet dye (0.1% w/v in acetic acid) for 1 min. After
discarding the excess crystal violet dye, the stained cells were treated with
acetic acid for 1 min and absorbance of the acetic acid from the coverslip
was measured at 540 nm spectrophotometrically. A sterile growing
medium only and a functioning solution were employed as negative
and positive controls, respectively, in the assay. The following formula was
used to compute the percentage of biofilm inhibition:

Percentage %( ) of biof ilm inhibition

� ODat 540 of non − treated cells( )

− ODat 540nm of treated cells( )
ODat 540nm of non − treated cells( )

X 100 (1)

2.8 Detection of viability and revival count of
the sessile bacterial cells

The bacterial cells were grown in an LB broth containing chitin flakes
(0.1% w/v) for a period of 72 h and then the broth was discarded to
remove the planktonic cells and the chitin flakes were washed with sterile
double distilled water. Followed by washing, fresh LB broth was added
followed by the addition of 240 µL of phytoextract, AgNPs, and standard
antibiotic (tetracycline). The bacterial growth was spectrophotometrically
determined at 660 nm at regular time intervals of 2 h (Ding et al., 2015).
After measuring the viability count of the sessile biofilm cells, the
remaining broth from the test tubes was discarded and the sessile
cells, which were attached to the chitin flakes were washed with
sterilized double distilled water to eliminate any planktonic cells before
being refilling with 5 mL of fresh LB broth in each test tube. The density of
these cells was spectrophotometrically measured at 660 nm to detect any
revival of the biofilm-forming cells after withdrawing the treatment.

2.9 Enfeeblement of extracellular polymeric
substances (EPS)

The mechanism of extraction of EPS associated with the biofilm-
forming bacterial cells, 30 µL of S. aureus ATCC 23235 inoculum was
added to 15 mL of LB broth containing chitin flakes and grown for a
period of 72 h at a temperature of 37°C. After 72 h, the LB broth was
discarded to eliminate the planktonic cells and the chitin flakes were
washed with sterile double-distilled water. Then 240 µL of
phytoextract and AgNPs were added to the respective conical
flasks, except for the control, and incubated for a period of 1 h.
5 mL of phosphate-buffered saline (PBS) at pH 7.2 was added in
each conical flask and cyclospinned for 2–3 min for breakage of the
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biofilm by hindering the interactions and keeping the EPS components
together within the matrix. The PBS was then transferred to 15 mL
flacon tubes followed by centrifugation at 6000rpm for 15 min s at 4°C.
The pellet was re-suspended in 2.5 mL of 10 mM TrisHCl (at pH 7.8).
20mM beta-mercaptoethanol (BME) and 1 mM phenylmethylsulfonyl
fluoride (PMSF) was added to the above suspension in a ratio of 1:1.
The cell suspensionwas provided with heat shock by placing it between
hot water and ice for 5 min each and the process was repeated for
4–5 times for all the samples. The suspensions were then centrifuged at
5000 rpm for 30 min at 4°C and the supernatant was transferred in
fresh tubes followed by the addition of 1 mL of 10% Trichloroacetic
acid (TCA) in acetone and incubated for at least 72 h at 4°C. After 72 h,
the suspensions were again centrifuged at 5000 rpm for 30 min at 4°C
followed by the washing of the protein pellet with 90% acetone and air
drying. The pellet was dissolved in 500 µL of rehydration buffer
(Teanpaisan et al., 2017).

2.9.1 Reduction in total carbohydrate content of EPS
The content of carbohydrates present in the EPS was quantified

using the Anthrone method (Meade et al., 1982). In this method, to
each of the EPS samples, 50 µL of 80% phenol was added and mixed
completely for 2 mins using vortex followed by the addition of 2 mL of
concentrated sulfuric acid and the color turned to deep red. The
mixture was incubated at room temperature for 10 min before being
measured spectrophotometrically for a reduction in carbohydrate
content in EPS at 490 nm.

2.9.2 Reduction in total protein content of EPS
Protein content was estimated by using Bradford assay, which is

the shortest sensitive method of simple dye binding assay and was
developed by Marion M. Bradford in 1976. In this method, 2 µL of
samples were loaded in a 96-well plate with 100 µL of Bradford reagent
followed by incubation at room temperature for 5 min, and the

FIGURE 1
Graphical representation UV- Visible absorption spectra of AgNPs from leaf extract of Tinospora cordifolia showing absorbance peak at the wavelength
of 430 nm.

FIGURE 2
Particle size distribution of the biogenic AgNP solution synthesized from the leaf extract of Tinospora cordifolia.
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absorbance of protein content in the EPS was measured using Thermo
Scientific Multiskan Sky ELISA plate reader at 595 nm.

2.9.3 Reduction in total eDNA content of EPS
For estimating the eDNA content of EPS, the EPS samples were

diluted with cold 100% ethanol in a 1:3 ratio followed by incubation at 4°C
for 2 h and spectrophotometrically measured at a wavelength of 560 nm.

2.10 FTIR analysis of the EPS matrix after
treatment

Biofilm produced by S. aureus ATCC 23235 on chitin flakes in LB
broth for 72 h at 37°C was treated separately with phytoextract of T.
cordifolia and the biogenic AgNPs followed by drying in a hot air oven.
The FT-IR spectra were recorded in the range between 450 and
4000 cm-1 with a PerkinElmer FT- IR Spectrometer (Frontier) (Pati
et al., 2020).

2.11 Detection of biofilm reduction by
scanning electron microscopy (SEM)

Biofilms developed on chitin flakes in LB broth after incubation
for 72 h at 37°C, were treated with the phytoextract as well as with the
biogenic AgNPs and incubated for 2 h at 37°C. Thereafter, the broth
was discarded and the chitin flakes were washed with 0.9% (w/v) NaCl
for removing any leftover planktonic cells. The samples were then
suspended in 2.5% glutaraldehyde for 20 mins followed by repeated
dehydration using upgraded ethanol. The dried chitin flakes

containing the sessile colonies were visualized under a ZEISS EVO-
MA 10 scanning electron microscope (Lahiri et al., 2021a).

2.12 Reagents and chemicals

All chemicals and reagents used in the experimentation are of
analytical grade and were purchased from HiMedia and SRL.

2.13 Statistical analyses

All the experiments were performed in triplicate and the results
were depicted as mean ± SD (standard deviation).

3 Results and discussion

3.1 Identification of the bioactive compounds
from the phytoextract of Tinospora cordifolia

It was observed that the phytoextract of T. cordifolia comprised of
different chromophoric groups such as -OH, phenolic, unsaturated
carbonyls, etc. Mass spectrum interpretation through GC-MS of
unidentified bioactive compounds and comparing them with the
database stored in National Institute Standard and Technology
(NIST) library verified the biochemical identity of 15 compounds
from T. cordifolia extract. The molecular formula, name of the
compounds, peak area, molecular weight, and bioactivity of the
experimental materials were determined. The relative percentage

TABLE 2 Size of the particle and zeta Potential analysis.

Type of NPs Polydispersity index (PDI) Size of the particle (nm) Zeta potential (mV)

Green-synthesized AgNPs 0.201 ± 0.005 43.82 ± 1.02–91.28 ± 1.12 −11.37 mV

FIGURE 3
Zeta potential of AgNPs biosynthesized from the leaf extract of Tinospora cordifolia.
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composition of each bioactive compound was calculated by
comparison with the average peak area with respect to the total
area (Table 1).

3.2 Characterization of the biogenic AgNPs

3.2.1 Determination of UV- Vis spectra of the
biogenically synthesized AgNPs

UV-Vis spectroscopy acts as an important technique for the
purpose to detect the synthesis of AgNPs with the monitoring of
electronic structures and optical properties of the synthesized NPs.

The electron clouds undergo oscillation on the surface of the NPs
possessing the ability to absorb the electromagnetic waves possessing a
particular frequency. This mechanism is termed surface plasmon
resonance (SPR) which in turn is being recorded by the use of a
UV-Vis spectrophotometer (Smitha et al., 2008). The UV- Visible
spectra of the biogenically synthesized AgNPs using the leaf extract of
T. cordifolia presented a peak at 430 nm (Figure 1) in correspondence
with the surface plasmon response of AgNPs. The peak was similar to
the work performed by Marhaby and Seoudi 2016 which also depicted
the AgNPs synthesized by 4-Nitrophenol fetched at a peak at 423 nm
(Almarhaby and Seoudi, 2016). Another work showed the peak of
biogenic AgNPs from Clinacanthus nutans at 450 nm (Mat Yusuf

FIGURE 5
(A) Inhibitory zones on addition of AgNPs (B) Antimicrobial efficacy of biogenic AgNPs from Tinospora cordifolia and (C) Antimicrobial efficacy of the
phytoextract of Tinospora cordifolia.

FIGURE 4
FE- SEM images of biogenic AgNPs from T. cordifolialeaves.
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et al., 2020). Biogenic synthesis of AgNPs is based on conditions like
the type of solvent being used, the reducing agent, and the non-toxic
substance being used for the purpose of stabilizing the nanoparticles
(Raveendran et al., 2003). The change in the intensity of the
wavelength is based on the increase in the number of NPs that are
formed as a result of the reduction of silver ions along with the
biomolecules that are present within the system. It is usually observed
that the SPR bands become sharper and undergoes a shift to shorter
wavelengths with the rise in temperature indicating a decrease in the
size of the particles. The reduction in the size of the NPs is due to an
enhancement in the reduction time during the mechanism of
synthesis. Consumption of silver ions takes place during the
process thereby blocking the phenomenon of secondary reduction
taking place on the surface of AgNPs (Yang and Li, 2013). It has been
observed that NPs that absorb wavelengths between 400 and 900 nm
are spherical in shape (Yusuf et al., 2020).

4 Particle size distribution and surface
charge analysis of the biogenic AgNPs

Dynamic light scattering (DLS) is the technique used for the
purpose of measuring the average size of the NPs within liquid
suspension requiring fewer volumes of samples. The measurement
of the size is based on the Brownian motion theory which denotes the
randommovement of the particles randomly in suspension or gas. The
dynamic fluctuation from the intensity of light scattering is used for
measuring the average size of the NPs (Murdock et al., 2008). The size
of the biogenically synthesized AgNPs ranged between 43.82 ±
1.023 nm- 91.28 ± 1.12 nm (Figure 2). A considerable number of
peaks appeared below 100 nm (Table 2).

It was observed that the calculated PDI was 0.201 ± 0.005 for the
green-synthesized NPs which is within the range from 0–1 in which
0 signifies monodisperse and one is polydisperse (Murdock et al., 2008).
Thus the result signifies that the synthesized AgNPs were present in the
monodisperse phase and aggregations of particles were minimum.
Experimental conditions have a direct influence on morphology, size,
and stability (Ghorbani et al., 2011). The agglomeration of NPs
sometimes occurs due to the presence of bioactive compounds
present within the solution (Shameli et al., 2012). The charges of the
moving particles under the impact of the electric field can be calculated
with the help of Zeta Potential (Bhattacharjee, 2016). Negative charges

were observed around the particle which does not represent the actual
surface charge (Figure 3). The presence of the negative charge is due to
the absorption of bioactive compounds on the surface of
AgNPs(Moldovan et al., 2016). Temperature plays a vital role in the
regulation of the stability of the NPs and thereby increases the value of
zeta potential. The high amount of zeta potential results in the
development of repulsive forces thereby preventing aggregation of
the particles (Priyadarshini et al., 2013).

4.1 FE- SEM analyses of the AgNPs

Green-synthesized AgNPs were studied under FE-SEM and it was
observed that the NPs were spherical in shape (Figure 4) that was as
per the SPR peak being observed in the UV-spectroscopy. The peak
was observed at 430 nm which indicated the spherical nature of the
NPs. In the presence of a protective agent, the sides of the NPs showed
slightly elliptical or oval (Ahila et al., 2016), High surface tension and
energy resulted in the agglomeration of the NPs (Wang et al., 2020).

4.2 Antimicrobial activity determination of the
phytoextract and AgNPs against
Staphylococcus aureus ATCC 23235

Amongst the phytoextract and the biogenic AgNPs, the biogenic
AgNPs depicted zones of inhibition of 12–18 mm while that of the
phytoextract was 10–15 mm (Figure 5A). A control setup was
arranged using ethanol and tetracycline that did not show
significant antimicrobial activity against S. aureus ATCC
23235 proving that the test bacteria developed resistance against
ethanol as well as a tetracycline antibiotic. The biogenic AgNPs
possessed a MIC value of as low as 10 μg/mL (Figure 5B) while the
phytoextract showed a MIC value of 15 μg/mL (Figure 5C), which is
quite higher in comparison to the AgNPs. This determines that the
phytoextract along with AgNPs can have better effects against
Staphylococcus aurues ATCC 23235 than phytoextract alone. This
may be due to the higher penetration capacities of the AgNPs, which
can penetrate deep within the bacterial cells and bring about their
destruction. This observation was similar to the previously published
work where the AgNPs exhibit an inhibitory effect within the range of
4–64 μg/mL (Attallah et al., 2022).

FIGURE 6
Anti-biofilm efficacies of biogenic AgNPs, phytoextract and antibiotic Tetracycline against Staphylococcus aureus ATCC 23235.
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4.3 Antibiofilm property determination of
phytoextract and AgNPs

Both the phytoextract as well as the biogenic AgNPs demonstrated
antibiofilm properties against S. aureus ATCC 23235 (Figure 6).

However, the biogenic AgNPs showed a percentage reduction of
more than 83.14% ± 0.56% of the biofilm, while that of the
phytoextract and tetracycline were around 60.12% ± 1.23% and
50.25% ± 0.87% respectively. The reduction of biofilm by AgNPs
were found to be statistically significant (p < 0.01) Figure 1. The

FIGURE 7
(A): Viability count reduction followed by treatment with phytoextract, AgNPs, and tetracycline and (B) Revival of the cells after withdrawal of the
treatment.

FIGURE 8
Probable mode of action involved in the eradication of biofilm matrix by biogenically synthesized AgNPs from Tinospora cordifolia.
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biosynthesized AgNPs exhibited greater efficacy of action due to the
doped bioactive compounds from the plant source (Miškovská et al.,
2022).

4.4 Reduction in viability and revival count of
the sessile cells after treatment

It was found that the viability count of the sessile colonies of
Staphylococcus aurues ATCC 23235 demonstrated the highest
reduction in the presence of biogenic AgNP than the phytoextract
and tetracycline (Figure 7A). The efficacy of the biofilm eradication
was further validated by the negligible revival of the cells after the
withdrawal of the respective treatments for 24 h (Figure 7B).

4.5 Reduction in the contents of the biofilm
matrices of Staphylococcus aureus ATCC
23235 by biogenic AgNPs and phytoextract

Structural composition disruption of the biofilm matrices, namely
carbohydrates, proteins, and eDNA leads to biofilm destabilization. It

was observed that the maximum reduction of carbohydrates, proteins,
and eDNA of the EPS matrix was brought about due to the activity of
the biogenically synthesized AgNPs than the phytoextract alone or
tetracycline. Carbohydrate content was reduced by about 90.12% ±
0.56% by the biogenic AgNPs while that with phytoextract and
tetracycline were about 65% ± 1.03% and 50% ± 0.98%
(Figure 8A). The content of protein was significantly reduced by
around 85% ± 1.26% by the biogenic AgNPs while that with
phytoextract and tetracycline were around 65% ± 0.75% and 45% ±
1.02% (Figure 8B). The eDNA content was reduced to about 80% ±
1.23% by the biogenic AgNPs in comparison to the phytoextract,
which reduced the eDNA content by 65% ± 0.85%, and tetracycline,
which decreased the content of eDNA by 50% ± 0.45% (Figure 8C).

4.6 FTIR analysis of the EPS modification by
the biogenic AgNPs and phytoextract

FT- IR was performed for analyzing the modifications in the
functional groups of the EPS matrix of S. aureus ATCC 23235 after
treating with the biogenically synthesized AgNPs and the phytoextract
(Figure 9). Remarkable modifications in the spectral regions of
polysaccharides (890–1175 cm-1), lipids (3,000–2800 cm-1), proteins
(1700–1500 cm-1), and nucleic acids (1,300–900 cm-1) were analyzed
in the FT- IR spectroscopy. The biogenic AgNPs brought about the
highest reduction in peak intensities, shape alterations, and shifts in
wavelengths of S. aureus ATCC 23235 in comparison with the control
sample and sample treated with phytoextract. This suggests that the
biogenic AgNPs could directly interact and decrease the concentration
of various EPS constituents such as polysaccharides, lipids, and nucleic
acids as evidenced by the reduced peak intensity data.

4.7 Photomicrographic analyses of the
removal of biofilm by treatment with biogenic
AgNPs and phytoextract

The best anti-biofilm activity was observed with the biogenic
AgNPs than the phytoextract and this indicates that the
phytoextract acts synergistically well when combined with NPs
than phytoextract alone. AgNP- treated (Figure 10B) and

FIGURE 10
Scanning electron micrograph of Staphylococcus aureus (A) before and (B) after treatment with biogenic AgNPs (C) Staphylococcus aureus ATCC
23235 after treatment with phytoextract seen at a magnification of × 15000.

FIGURE 9
Comparative FT-IR spectra showing the effect of treatment by
phytocompound and AgNPnanoconjugate.
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phytoextract-treated (Figure 10C) bacterial sessile cells were observed
under SEM, which depicted clear biofilm disruption of the sessile cells
after treatment as compared with the control samples (Figure 10A).

5 Conclusion

The application of natural products for human welfare is time
immemorial and their usage are getting enhanced with every
passing day. Tinospora cordifolia is a widely available weed
possessing numerous health-beneficial activities (Ahmad et al.,
2021) and can be used successfully for irreversible disruption of
the biofilm-associated cells of S. aureus. T. cordifoliacan also be
effectively used in the green synthesis of biogenic AgNPs from
silver nitrate. Such kind of NP synthesis can be deemed to be
environmentally friendly since it is free from any type of harmful
chemicals or reducing substances since the entire NP synthesis
process is biogenic. However, the exact mode of action of AgNPs on
bacterial cells is yet to be known in detail. Some of the experimental
results indicated that these NPs mainly interact with the cell
surfaces of several bacteria (Mikhailova, 2020). On the surfaces
of cells, the AgNPs get adhered to the cell wall and cell membrane
of bacteria thereby penetrating deep inside the intracellular
organelles and modifying the biomolecular signal transduction
pathways. In the case of Gram-positive bacteria such as S.
aureus, the AgNPs find their way to the cytoplasm by
membrane property modification leading to the dissipation of
proton motive force (PMF) and lead to the damage in the
bacterial cell due to membrane destruction (Durán et al., 2016).
The penetration of AgNPs lead to the development of oxidative
stress within the cells leading to the generation of reactive oxygen
species (ROS), which oxidize the double bonds of the membrane
fatty acids allowing the production of free radicals and damage to
the cell membrane (Vega-Baudrit et al., 2019). The preliminary
step for the formation of biofilms gets inhibited by the presence of
AgNPs. This is because the AgNPs can bind with the
cellular surface thereby altering the adhesive compounds such as
extra polymeric matrices, which are involved in the aggregation of
bacterial cells and biofilm formation (Gurunathan et al., 2014).

The biologically synthesized AgNPs have demonstrated good
anti-biofilm efficacy, suggesting that they could be employed as an
antibiofilm weapon against the biofilm-associated infections caused
by S. aureus. Experimental observations clearly indicated that
biofilm removal is accomplished through irreversible denaturation
of EPS matrices and subsequent inhibition of biofilm formation by S.
aureus. The mode of action of these biogenic AgNPs synthesized

from the leaf extract of T. cordifoliais mainly by EPS matrix
denaturation. Hence, these NPs can act as potential drug
candidates for controlling chronic and persistent infections
caused by the biofilms of S. aureus.
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Phyto-assisted synthesis of zinc
oxide nanoparticles for
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catheters

Akshit Malhotra1,2, Suchitra Rajput Chauhan3, Mispaur Rahaman4,
Ritika Tripathi3, Manika Khanuja5 and Ashwini Chauhan1*
1DepartmentofMicrobiology, TripuraUniversity, Suryamaninagar, Tripura, India, 2Invisiobiome,NewDelhi, India,
3Centre for Advanced Materials and Devices (CAMD), School of Engineering and Technology, BML Munjal
University, Gurgaon, Haryana, India, 4Central Instrumentation Centre, Tripura University, Suryamaninagar,
Tripura, India, 5Centre for Nanoscience and Nanotechnology, Jamia Millia Islamia, New Delhi, India

Medical devices such as Central Venous Catheters (CVCs), are routinely used in
intensive and critical care settings. In the present scenario, incidences of Catheter-
Related Blood Stream Infections (CRBSIs) pose a serious challenge. Despite
considerable advancements in the antimicrobial therapy and material design of
CVCs, clinicians continue to struggle with infection-related complications. These
complications are often due colonization of bacteria on the surface of the medical
devices, termed as biofilms, leading to infections. Biofilm formation is recognized as a
critical virulence trait rendering infections chronic anddifficult to treat evenwith 1,000x,
the minimum inhibitory concentration (MIC) of antibiotics. Therefore, non-antibiotic-
based solutions that prevent bacterial adhesion on medical devices are warranted. In
our study, we report a novel and simple method to synthesize zinc oxide (ZnO)
nanoparticles using ethanolic plant extracts of Eupatorium odoratum. We investigated
its physio-chemical characteristics using Field Emission- Scanning ElectronMicroscopy
and Energy dispersive X-Ray analysis, X-Ray Diffraction (XRD), Photoluminescence
Spectroscopy, UV-Visible and Diffuse Reflectance spectroscopy, and Dynamic Light
Scattering characterization methods. Hexagonal phase with wurtzite structure was
confirmed using XRD with particle size of ~50 nm. ZnO nanoparticles showed a band
gap 3.25 eV. Photoluminescence spectra showed prominent peak corresponding to
defects formed in the synthesized ZnO nanoparticles. Clinically relevant bacterial
strains, viz., Proteus aeruginosa PAO1, Escherichia coli MTCC 119 and
Staphylococcus aureus MTCC 7443 were treated with different concentrations of
ZnO NPs. A concentration dependent increase in killing efficacy was observed with
99.99% killing at 500 μg/mL. Further, we coated the commercial CVCs using green
synthesized ZnO NPs and evaluated it is in vitro antibiofilm efficacy using previously
optimized in situ continuous flow model. The hydrophilic functionalized interface of
CVC prevents biofilm formation by P. aeruginosa, E. coli and S. aureus. Based on our
findings, we propose ZnO nanoparticles as a promising non-antibiotic-based
preventive solutions to reduce the risk of central venous catheter-associated infections.

KEYWORDS

green synthesis, plant mediated synthesis, zinc oxide nanoparticles (ZnO NPs),
nanoparticle coatings, anti-biofilm coatings, device associated infections, anti-
microbial resistance, medical devices
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1 Introduction

Intravascular catheters are indispensable in modern day critical
care settings (Smith and Nolan, 2013). Annually, in US alone,
implantation of 0.15 billion intravascular catheters has been
witnessed (Shah et al., 2013). Intravascular catheters like
peripherally inserted catheters, central venous catheters and
totally implantable venous access ports (TIVAPs) are implanted
in patients for various applications such as renal dialysis (Agarwal
et al., 2019), nutritional support (Pittiruti et al., 2009),
administration of chemotherapy (Kim et al., 2010) and
hemodynamic monitoring (Huygh et al., 2016). Unfortunately,
the use of central venous catheters is associated with high
infection rates (Marco et al., 2018) besides other complications
such as mechanical failure (Copetti and de Monte, 2005) and
thrombosis (Lebeaux et al., 2014b). In clinics, ~5%–8% TIVAPs
get contaminated by structurally complex microbial biofilm
communities due to microbial adhesion upon their surface
(Lebeaux et al., 2014a; Stressmann Franziska et al., 2017). Hence,
clinicians are challenged with the combined mortality, morbidity
and economic burden associated with the use of central venous
catheters (Marco et al., 2018). Despite adoption of effective frontline
procedures such as prophylactic and therapeutic antimicrobial lock
solutions (Niyyar, 2012), aseptic care bundles (O’Grady et al., 2011)
or use of next-generation catheter designs employing anti-fouling
materials (Ricardo et al., 2020)) deleterious microbial contamination
resulting in central-line associated bloodstream infections
(CLABSIs) remains an unmet problem (Chopra et al., 2013).
CLABSIs originating from biofilm lifestyle of microbes can be
difficult to eradicate due to the multi-factorial recalcitrance of
microbial biofilms (David et al., 2014; Singh et al., 2021). A
recent health-care-associated infection (HAIs) surveillance
network in India found Klebsiella spp., Acinetobacter spp.,
Pseudomonas spp., and Escherichia spp. to be the most important
etiological agents for CLABSI infections indicating an alarming
predominance of Gram-negative bacteria (Mathur et al., 2022).
There is a strong need to develop effective strategies which can
control infections in Central Venous Catheters caused by such
bacterial pathogens, primarily, to avert the risk of bloodstream
infections.

In order to prevent and/or treat CVC-associated bloodstream
infections, there are no fool-proof solutions apart from removal of
contaminated device which increases cost of patient care and
associated trauma (LaBella and Tang, 2012). Clinical practice
guidelines indicate administration of antibiotic lock therapy to
treat catheter-related infections (Mermel et al., 2009). Several
antimicrobial lock solutions like minocycline-EDTA (Ferreira
Chacon et al., 2011), ethanol (Wolf et al., 2013) and vancomycin-
based lock solutions (Safdar and Maki, 2006) are used to salvage
CVCs and also maintain patency. Other than the strategies to treat
biofilm associated occlusions in CVCs, clinicians choose insertion of
the CVC consisting anti-infective surface modification technologies
(Casimero et al., 2020). These surface modifications employ
antibiotics like minocycline (Raad et al., 1996), rifampin (Hanna
et al., 2004), biocides like polyhexanide (Krikava et al., 2011), silver
salts (Corral et al., 2003) or noble metal alloy coating (Björling et al.,
2018). Despite significant success in reduction of CLABSI rate by use
of surface modified CVCs, there are certain limitations to these

coating designs. The drawbacks include the limited release kinetics
of antimicrobials (Walder et al., 2002; Wang et al., 2018), emergence
of antimicrobial resistance (Sampath et al., 2001), and regulatory
and safety issues (Guleri et al., 2012).

ZnO shows high biocompatibility to human organs, recognized
as safe and approved by FDA as food additive (Puspasari et al.,
2022). ZnO NPs are well known for their anti-quorum sensing
(Husain et al., 2020), broad spectrum antimicrobial and antibiofilm
activity (Mahamuni-Badiger et al., 2020). ZnO NPs of different
morphologies have been utilized as antibacterial coating materials in
textile fibers (Verbič et al., 2019), anticorrosion coating for metals
(Qing et al., 2015), protection coatings for heritage buildings
(Cinteză and Tănase, 2020)and antifouling coatings for dental
(Moradpoor et al., 2021) and orthopedic implants (Memarzadeh
et al., 2015). Although silver NPs are used to develop antibacterial
surfaces of CVCs, reports of limited efficacy (Antonelli et al., 2012)
and bacterial resistance against Ag NPs (Stabryla et al., 2021)
warrant for better solutions. Urinary catheters were
functionalized using ZnO NP based formulations (Ivanova et al.,
2021), however, there are no reports on development of antifouling
coatings on central venous catheters. In this study, we report a novel
and facile-green synthesis of ZnO Nanoparticles (ZnO NPs) using
extract of Eupatorium odoratum, a traditional medicinal plant used
by local tribal population of Tripura (Debbarma et al., 2017). We
used ZnO NPs, synthesized using phyto-assisted precipitation
method, to develop coatings on luminal and outer surfaces of
Totally Implantable Venous Access Port (TIVAP, a type of
CVC). Green synthesized ZnO NPs conferred antifouling
characteristics to the modified surfaces of TIVAP against
Escherichia coli, Proteus aeruginosa (Gram-negative) and
Staphylococcus aureus (Gram-positive) bacterial species using
in vitro CVC continuous flow model system (Chauhan et al., 2012).

2 Material and methods

2.1 Collection of plant leaves and
preparation of ethanolic extract

The plant leaves of E. odoratum were collected, washed with
distilled water and subsequently dried at room temperature in dark
conditions. After this, the dried leaves were ground to powder and
10 g of powder sample was mixed with 100 mL of ethanol for
continuous stirring at 150 rpm for 24 h. In order to remove solid
sediments, the mixture was then centrifuged at 10,000 rpm for
10 min. The supernatant was filtered using Whatman filter paper
No. 1 and later, concentrated using rotary evaporator to obtain
crude extract which was further lyophilized and stored at 4°C.

2.2 Synthesis of zinc oxide nanoparticles
(ZnO NPs)

Zinc Oxide nanoparticles were prepared using phyto-assisted
precipitation (Ranpariya et al., 2021) method using highly
concentrated Zn precursor, ZnCl2. Briefly, 0.2 M ZnCl2 was
prepared with total reaction mixture volume as 100 mL. Initially,
only 80 mL distilled water was mixed with ZnCl2 powder using
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magnetic stirring at 150 rpm at 70°C. After complete dissolution of
ZnCl2 crystals, the ethanolic extract of E. odoratum (10 mg/mL
concentration) was added to the reaction mixture with a total
volume of 5 mL and later, pH was adjusted to 6. After 1 h of
continuous stirring, the mixture was transferred to centrifuge
tubes for centrifugation at 15,000 rpm for 10 min at 4°C. The
supernatant was discarded and the pellet was transferred to fresh
tube and mixed with 50% ethanol (v/v in distilled water). The
centrifugation cycle is repeated twice and the obtained pellet was
kept in oven to dry for 12 h at 80°C.

2.3 Determining physico-chemical
properties of synthesized nanoparticles by
different characterization techniques

The crystallographic phase of NPs was confirmed by X-ray
diffraction analysis (PANalytical, EMPYREAN). The operating
volage and current during XRD were 45 kV and 45 mA,
respectively and, the diffraction pattern was recorded across the
2θ range of 20°–80° with Cu Kα source (1.5406 Å). The peaks
obtained in XRD analysis was corroborated with JCPDS database
to determine the phase formation of ZnO nanoparticles. The surface
morphological analysis of ZnO NPs was done by FE-SEM
microscopy (FE-SEM, Sigma-300, Carl Zeiss) and elemental
composition was investigated by EDAX spectroscopy. In order to
find the band gap of synthesized ZnO NPs, diffuse reflectance
spectroscopy was done (Lambda-365 UV-Vis Spectrophotometer
Perkin Elmer) with the reflectance of light in 200–800 nm range. The
photoluminescence emission spectrum was recorded at laser
wavelength of 355 nm and 285 µW incident power using Witech
Alpha 300 RA system. The hydrodynamic size and zeta potential of
NPs was measured using Litesizer 500 (Anton Paar GmbH). ZnO
NPs suspension in distilled water was passed through 0.22 µm nylon
syringe filter and sonicated for 30 min at RT in ultrasonic cleaner
(LMUC-3, Labman Scientific Instruments Pvt. Ltd., India) operating
at 40 kHZ.

2.4 Development of ZnO NP based coatings
on totally implantable venous access ports
(TIVAP)

The coating suspension consisted of 0.2% (w/v) HPMC and 5%
(w/v) ZnO NPs in 81.25% ethanol. The coating solution was infused
inside the lumens of TIVAP (2005ISP, Vygon, Ecouen, France) with
the help of syringe and immersed in the coating solution. The
tubings of TIVAP were in contact with coating solution for 6 h at
60°C under continuous orbital shaking at 150 rpm. After this, the
excess solution was removed by immersing the catheter in 1x PBS,
flushing the lumen of TIVAP by 1x PBS and therefore, ensuring no
occlusion inside the lumen of TIVAP. The coated TIVAP was dried
in oven at 80°C for 16 h. In order to confirm the coating of ZnO NPs
on surfaces of TIVAP, FE-SEM and EDAX analysis was done
(Sigma-300, Carl Zeiss) to further compare uncoated and coated
TIVAP surfaces in terms of surface morphology and elemental
composition. The catheters were sterilized as described elsewhere
(Chauhan et al., 2014) in absolute ethanol.

2.5 Bacterial strains and growth media

S. aureus MTCC 7443 was grown in Tryptic Soy Broth (TSB)
and Gram- E. coli MTCC 119 and P. aeruginosa PAO1 (kind gift
received from Dr. Mohan C. Joshi, Jamia Milia Islamia, N. Delhi,
India) were grown in Luria-Bertani broth (LB) at 37°C. For
enumerating bacterial cell viability, serially diluted culture was
spotted on sterile TSB agar (S. aureus) or LB agar (E. coli or P.
aeruginosa) plates and kept for incubation at 37°C for 12–16 h.

2.6 Effect of Eupatorium odoratum
mediated and chemically synthesized ZnO
NPs on exponentially growing bacteria

The efficacy of E. odoratummediated or chemically synthesized
(kind gift from Dr. Khanuja, Jamia Milia Islamia, N. Delhi, India)
ZnO NPs in inhibiting growth of S. aureus, E. coli or P. aeruginosa
was checked by recording OD 600 nm at different time intervals
using Shimadzu UV-Vis Spectrophotometer. Each treatment was
replicated thrice and each experiment was carried out 3 times. The
exponentially (OD600 ≈ 0.3–0.5) grown bacterial culture of S.
aureus, E. coli or P. aeruginosa was given treatment of different
concentrations of ZnO NPs and allowed to incubate for 24 h at 37°C
with continuous shaking at 150 rpm. The untreated wells were kept
as controls. After the incubation, the colony forming units were
estimated by plating the serial dilutions on LB agar or TSB agar
media plates for Gram-negative and Gram-positive bacteria
respectively, and incubated at 37°C for 12–16 h (Lebeaux et al.,
2014a).

2.7 Evaluation of in vitro antibiofilm efficacy
of surface modified TIVAP using continuous
flow system

The antibiofilm efficacy of surface modified TIVAP was
evaluated using continuous flow system described previously
(Chauhan et al., 2012) with few modifications. Briefly,
bacterial biofilms of S. aureus, E. coli or P. aeruginosa were
allowed to form on the ZnO NPs coated, HPMC coated and
uncoated TIVAP. Under sterile conditions in laminar airflow, the
catheters were supplied with fresh media from reservoir bottles.
The intraluminal sections of TIVAP were filled with S. aureus,
E. coli or P. aeruginosa at a cell density 100 cells/50 µL and
allowed to adhere on catheter’s internal surface at 37°C for 3 h.
Later, non-adherent bacteria were removed by flushing out 1x
PBS for a duration of 10 min followed by continuous supply of
media at a speed of 300 μL/min for 48 h. The non-adherent cells
and spent media were collected in the discard bottle from the
catheters. After 48 h, the biofilm bacterial cells from intraluminal
section of TIVAP were harvested by a vigorous process as
described previously (Chauhan et al., 2012). The TIVAP
catheter surface was wiped using 70% ethanol to remove any
contaminants present on the outer lumen of the TIVAP catheter.
Under sterile conditions, the lumen of the catheter was cut cross
sectionally in small pieces followed by transversal cuts to expose
the inner lumen of the catheter. The cut sections were immersed
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in 1 mL 1xPBS containing tube and vortexed for 1 min. This was
followed by sonication for 5 min using water bath ultrasonic
cleaner (LMUC-3, Labman Scientific Instruments Pvt. Ltd.,
India) operating at 40 kHZ followed by vortex mixing for
1 min. Later, the bacterial cells in the 1xPBS suspension were
diluted serially and plated on TSB agar (S. aureus) or LB agar
(E. coli or P. aeruginosa) for viable cell count estimation.

3 Results and discussion

3.1 Phyto assisted ZnO NPs show hexagonal
phase with wurtzite structure

The phase of the ZnO NPs synthesized using ethanolic extracts
of E. odoratum was identified with the help of X ray diffraction
pattern as shown in Figure 1. A series of diffraction peaks due to
(100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
(202) planes were observed from the synthesized ZnO NPs. A
JCPDS file 36-1451 was used to identify the hexagonal phase
with wurtzite structure in the synthesized ZnO NPs. Spurious
low intensity peaks were also observed specifically between 20°

and 35°. These peaks could be due to the intermediate product or
impurities. Confirmation of multiphase or impurity was done by
EDAX measurements. Only “Zn” ad “O” signals were observed in
sample indicating that unidentified peaks in observed XRD pattern
corresponds to the intermediate phase only. Similar observation has
been reported by Luković Golić et al. (2011), and others (Tokumoto
et al., 2002).

Average crystallite size of the ZnO NPs have been determined
from the Williamson-Hall plot (W-H plot) (βCosθ versus 4Sinθ)
(Jeffery, 1957) after determining the FWHM of the XRD peaks and
considering instrumental broadening.

βTotal � βSize + βStrain �
0.9λ
t cos θ

+ 4 Δd( ) Sin θ
dCosθ

βTotal cos θ � 0.9λ
t

+ 4 Δd( ) Sin θ
d

(1)

Where, θ denotes the Bragg angle, t represents the crystal or
particle size of ZnO NPs synthesized using ethanolic extracts of E.
odoratum, d represents interplanar lattice spacing, βSize and βStrain
represent the FWHM contributions pertaining to the size and strain,
respectively. Δd/d is the measure of strain. FWHM was obtained by
fitting individual XRD peak to Lorentzian peak. Figure 2 shows the
W-H plot yielding ZnO particle size = 50.4 nm.

The lattice parameters of synthesized ZnO NPs were obtained
using an interactive powder diffraction data interpretation and
indexing program (Wu, 1989). The indexing program yields
lattice parameters by least square fitting to the positions of x ray
diffraction peaks in 20–80° range. Lattice parameters a = 3.25500 ±
0 Å and c = 5.21459 ± 0.00091 Å were fitted at figure of merit, F =
33.9 and R = 0.00011. The low value of the R-factor (~10−3) and high
value of F > 10 were indicative of the satisfactory estimate of the
lattice parameters.

3.2 FE-SEM and EDAX spectroscopy analysis

The morphology of ZnO NPs was investigated using FE-SEM
microscopy. The spherical and hexagonal morphologies were
observed (Figure 3). The SEM micrographs reveal particle
aggregation and homogenous morphology distribution in
agreement with earlier reports (Chaudhuri and Malodia, 2017;
Naseer et al., 2020; Faisal et al., 2021; Iqbal et al., 2021).
However, in the previous studies green synthesis procedure has
also resulted in irregular crystal growth of ZnO NPs (Ogunyemi
et al., 2019; Priyadharshini et al., 2022). The average grain size of E.
odoratum leaves’ ethanolic extract mediated ZnO NPs was 34 ±
7.98 nm in our study which is in close agreement with XRD findings.
As per previous findings, using SEM analysis different size ranges of
bio-fabricated ZnO NPs have been reported such as 45–150 nm
using cell free extract of Bacillus megaterium (Saravanan et al., 2018),
25–87 nm using fruit, seed and pulp extract of Citrullus colocynthis
(Azizi et al., 2017), 10–20 nm (Doan Thi et al., 2020) using

FIGURE 1
XRD pattern for the synthesized ZnO NPs.

FIGURE 2
Williamson-Hall plot for the ZnO NPs, particle size was
determined from the intercept.

Frontiers in Chemistry frontiersin.org04

Malhotra et al. 10.3389/fchem.2023.1138333

94

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1138333


orange fruit peel extract, 30–43 nm using Withania somnifera root
extract (Prasad et al., 2021), etc. In EDAX spectroscopy, the
synthesized nanoparticles showed presence of Zn (65.35 wt%), O
(28.13 wt%) and Au (6.53 wt%, due to gold sputter coating prior to
SEM microscopy) indicating successful synthesis of ZnO
nanoparticles.

3.3 UV-visible absorption and diffuse
reflectance spectroscopy (DRS) analysis

DRS spectra for synthesized NPs showed strong reflection
above 365 nm. Absorption spectra for the ZnO NPs
synthesized using ethanolic extracts of E. odoratum is shown

in inset of Figure 4. The absorption peak for synthesized ZnO
NPs was observed at 380.5 nm. Researchers have presented
reports of both, the red shift due to defect incorporations with
extended localized states within the band gap region (Marotti
et al., 2006; Kamarulzaman et al., 2015) and the blue shift of Eg
(Tan et al., 2005; Debanath and Karmakar, 2013).

The bandgap energy of ZnO NPs is calculated using Kubelka-
Munk (KM) relation as described in Wetchakun et al. (2012) and
Yan et al. (2021).

K

S
� 1 − R∞( )2

2R∞
� F R( ) (2)

Where, F(R) is the remission or Kubelka-Munk (KM) function.
In parabolic band structure,

αh] � C h] − Eg( )
1/2

(3)

where, α denotes linear absorption coefficient of the material; h]
denotes photon energy; C denoted proportionality constant.

For constant scattering coefficient (S) with wavelength, and
using Eqs 1, 2,

F R( )h][ ]2 � B h] − Eg( ) (3a)

Eg was measured by extrapolating the linear portion of modified
KM function and hν, as shown in Figure 4. The optical bandgap for
the synthesized NPs was found to be 3.25 eV. The smaller bandgap
value as compared to bulk ZnO (~3.3 eV) may be attributed to
defects including, dislocations, stacking faults, zinc and oxygen
vacancies, Zn and oxygen interstitial.

3.4 Photoluminescence (PL) spectroscopy
analysis

To study the possible defects in the synthesized ZnO NPs, PL
spectra was investigated at room temperature. PL spectra of the

FIGURE 3
SEM and EDAX Analysis. Field Emission-Scanning Electron Microscopy Images of Zinc Oxide Nanoparticles synthesized using green synthesis
showing spherical, hexagonal structures of ZincOxide. EDAX spectra reveals presence of Zn andO confirming pure synthesis of ZincOxide nanoparticles.

FIGURE 4
Kubelka- Munk function (KM) versus photon energy for ZnONPs.
Inset- Absorption spectra for synthesized ZnO NPs.
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synthesized sample was recorded using excitation wavelength at
355 nm wavelength with 285 µW power. Emission signal was
recorded with CCD (charge Coupled Detector). Optical
properties of synthesized ZnO NPs were investigated for its
use as coatings in central venous catheter. The nanoparticle
size (Choopun et al., 2005; Wang et al., 2005) and surface
morphology (Ye et al., 2005; Zhao et al., 2016) as well as
defects and synthesis process (Kumar Jangir et al., 2017) affect
the PL properties of ZnO. Generally, room temperature PL of
ZnO exhibits sharp transition in UV range and a broad transition
in visible range. The sharp transition in UV range corresponds to
optical transition between electrons in conduction band (CB) and
holes in valence band (VB), including excitonic effect (band to
band transition). PL originates due to recombination of surface
states (Chestnoy et al., 1986). The broad emission is related to
dopant/impurities or point defects such as zinc interstitial and
oxygen vacancies (Kumar Jangir et al., 2017), etc. Figure 5A
shows PL spectra of ZnO nanomaterial. The UV emission at
381.8 nm is attributed to near bandgap excitonic emission (band
to band transition). Free exciton in ZnO occur when electron hole
pair forms between CB and VB. Second observed peak
corresponding to crystalline defects in PL spectra was fitted to
Gaussian peak function to obtain corresponding energy level and
to access types of defects present in the synthesized sample and
their influence on the optical properties.

The number of fitted peaks (Figure 5A) indicate the presence
of defect states. The parameters obtained from fitted peaks
including peak position, FWHM, area under the curve, are
shown in the Figure 5A. Figure 5B shows energy band diagram
for the synthesized ZnO NPs. The PL spectra of NPs show intense
red emission at 669.85 nm, along with orange and green emission
at 599.3 nm and 541.3 nm, respectively. Green emission is
attributed transition from surface traps (ST) to oxygen
vacancy level (VO). Orange emission is due to transition from
Zni level to Oi level and red emission is attributed to transition
from ex Zni level to VO level.

3.5 Dynamic Light Scattering

The particle size distribution of green synthesized zinc oxide
nanoparticles is moderately multimodal with polydispersity
index as 0.26 and the hydrodynamic diameter is 142.82 nm.
Moreover, d90, i.e., 69.95 nm (Figure 6A) represents the size of
90% of particles in the suspension to be below the d90 value which
is larger than the average particle size, i.e., 34 nm observed in
SEM. This is possibly due to the bias of the characterization
technique to measure bigger size particles or aggregates (Modena
et al., 2019).

The correlogram of ZnO nanoparticles samples decays
rapidly (Figure 6B) indicating the composition of NPs
suspension by small sized particles, therefore, changing their
relative positions rapidly and also, bringing about rapid
intensity fluctuations (Figure 6C). The colloid suspensions
with ζ-potential in range ∈ (∞, −15] + [15, ∞) are known to
be stable (Modena et al., 2019). The colloids are strongly stable if
ζ-potential modulus is greater than 25 governed by adequate
mutual repulsive forces (Zhou, 2012; Morais et al., 2013). The ζ-
potential of ZnO NPs is −15.61 mV (Figure 6D), possessing
anionic surface charge and can form a moderately stable
colloid. There is a close relationship between the plant extract
metabolites and ζ-potential (Lynch et al., 2009). Moreover, the
presence of negative charge on NPs due to adsorption of plant
extract metabolites reduces aggregation among particles making
it a stable dispersion (Vimala et al., 2014).

3.6 SEM-EDAX analysis of ZnO NP-coated
CVCs

The surface of TIVAP showed functionalization of ZnO
nanoparticles using SEM-EDAX analysis (Figures 7A, B). The
zinc oxide nanoparticles along with HPMC form polymer
encapsulated nanoparticles coatings on catheter surfaces as

FIGURE 5
(A) Photoluminescence spectra measured at room temperature for green synthesized ZnO NPs. Dotted curve shows the fitted Gaussian peaks to
obtain defect states in the ZnO NPs. (B) Energy level diagram of synthesized ZnO NPs showing defect states (Vempati et al., 2012) and the possible
transition corresponding to observed defect states in PL spectra.
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observed in SEM micrograph (Figure 7A). Recently, HPMC based
films were developed incorporated with ZnO Nanoparticles for
antibacterial wound dressing application (Pitpisutkul and
Prachayawarakorn, 2022). Further, more detailed investigations
are required to find exact mechanism of chemical interaction
between HPMC, ZnO and PDMS surfaces.

3.7 ZnO NPs efficiently kill clinically relevant
bacteria

ZnO exhibits improved antibacterial activity at the nanoscale
(Padmavathy and Vijayaraghavan, 2008). The antibacterial
properties of ZnO nanoparticles have been reported as a function
of its characteristic features. ZnONanoparticles when doped with Fe
results in significant antibacterial activity against Gram-negative
bacteria like P. aeruginosa, E. coli (Kayani et al., 2018). ZnO
nanoparticles consisting flower like morphology (hierarchical
structures) make Gram-positive bacteria more susceptible than
Gram-negative bacteria (Babayevska et al., 2022). The differential
antimicrobial activities of ZnO NPs are due to influence of physical
and chemical properties of ZnO NPs obtained by varying synthesis
methods, modification of NP surface using doping with metals or
capping agent (Gudkov et al., 2021; da Silva et al., 2019). To assess

the antibacterial efficacy of ZnO NPs synthesized using ethanolic
extracts of E. odoratum or chemically synthesized ZnO NPs,
exponentially growing bacteria were treated with different
concentrations (50 μg/mL to 750 μg/mL) of ZnO NPs for 24 h at
37°C. The viable cell count was estimated by plating the S. aureus on
TSB agar plates, and E. coli and P. aeruginosa on LB agar plates.
Untreated cultures were used as controls (Figures 8A–F;
Supplementary Figure S1). Although a concentration dependent
killing was observed upon exposure of all the bacterial strains to
either E. odoratum mediated or chemically synthesized ZnO NPs,
there was no significant difference in the antibacterial activity
between the ZnO NPs synthesized by two methods. Although the
growth of both Gram-positive as well as Gram-negative strains was
inhibited significantly with increasing concentration, growth of S.
aureus was inhibited up to 99.9% at a concentration of 250 μg/mL E.
odoratummediated ZnO NPs. Maximum killing of 99.98% was seen
in case of S. aureus at 500 μg/mL ZnO NPs whereas 99.9% killing
could be achieved only at higher concentration of 750 μg/mL in case
of Gram-negative bacteria. This could be due to presence of
secondary metabolites (rich in phenols, saponins and tannins)
(Inya-agha et al., 1987) in E. odoratum extracts, as previously
reported, maybe specifically active against Gram-positive bacteria.
The literature suggests broad spectrum antibacterial and antifungal
activity of E. odoratum plant extract. Venkat Raman et al. (Venkata

FIGURE 6
Dynamic Light Scattering Characterization of ZnO synthesized using Green Synthesis. (A) Particle Size Distribution, D10 = 32.19 nm, Median
Diameter, D50 = 48.36 nm, D90 = 69.95 nm. (B) Correlogram. (C) Intensity Fluctuation Plot. (D) Zeta Potential distribution upon nanoparticles.
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FIGURE 7
SEM and EDAX Analysis of surface morphology of coated and uncoated catheters. (A) Coated Surface of CVC. (B) Uncoated Surface of CVC.

FIGURE 8
Antibacterial Efficacy of Eupatorium odoratum mediated ZnO NPs. Inhibition of: (A) Staphylococcus aureus, (B) Escherichia coli, and (C) Proteus
aeruginosa growth in the presence of different concentrations of ZnO NPs; Percentage killing of: (D) Staphylococcus aureus, (E) Escherichia coli, and (F)
Proteus aeruginosa, after 24 h of exposure to different concentrations of ZnO NPs.

Frontiers in Chemistry frontiersin.org08

Malhotra et al. 10.3389/fchem.2023.1138333

98

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1138333


raman et al., 2012) have shown broad spectrum antibacterial activity
against Gram-negative and Gram-positive bacteria including
MTCC736 Bacillus subtilis, MTCC2807 Corynebacterium
glutamicum, MTCC1572 E. coli, MTCC7028 Klebsiella
pneumonia, MTCC733 Salmonella typhi, MTCC87 S. aureus,
MTCC1938 Streptococcus thermophilus, MTCC1771 P. vulgaris,
MTCC451 Vibrio parahaemolyticus. E. odoratum extract shows
significant (p < 0.001) antibacterial activity against all bacterial
species excluding Proteus vulgaris and S. typhi. Besides, E. odoratum
also show antifungal activity (Ramesh and Subramani, 2018).
Chromolaena odorata (synonym of E. odoratum) extract in
combination with antibiotics inhibit growth of P. aeruginosa isolated
from wound infections. Moreover, E. odoratummediated ZnONPs are
able to kill efficiently both the both the Gram-positive and Gram-
negative bacteria, indicating the broad-spectrum activity of these NPs
and further warrants the evaluation for probable application in clinical
settings. Furthermore, as suggested by other research groups, focused
studies are needed to compare the antibacterial efficacies of metal and/
or metal oxide NPs using optimized techniques more relevant to
nanoparticles (Kourmouli et al., 2018; Masri et al., 2022).

3.8 ZnO NPs coating on totally implantable
venous access ports (TIVAP) reduce biofilm
formation

Zinc oxide nanoparticles are well recognized antibacterial (Liu et al.,
2009; El-Masry et al., 2022) and antibiofilm agents, and used to develop
antifouling surfaces of medical devices, for example, modifying dental
resins (Wang et al., 2019) and denture bases in dental implants (Cierech
et al., 2019) and deposition (Wang et al., 2021) and patterning of ZnO
NPs on titanium (Ye et al., 2022) for orthopedic implants. We have
developed coating of ZnO NPs, synthesized using ethanolic plant
extract of E. odoratum, on silicone elastomer-based surface of the
commercial TIVAP with help of hydroxypropyl methylcellulose
(HPMC) as binding agent. ZnO-HPMC based coatings result in
formation of hydrophilic surfaces (Rao et al., 2014). The ZnO NPs

coated CVCs showed more than 97% inhibition of S. aureus biofilm
formation and up to 90% inhibition of E. coli and P. aeruginosa biofilm
formation (Figure 9). Hydrophilic surfaces are known to reduce
bacterial adhesion and biofilm formation (Lorenzetti et al., 2015;
Verhorstert et al., 2020). ZnO NPs based coatings can be tuned to
attain hydrophilic surfaces reducing bacterial colonization and
inhibiting biofilm formation upon the surfaces (Yong et al., 2015;
Kusworo et al., 2021). Our results demonstrated the application of
ZnO NPs for the first-time and successful reduction in bacterial
formation which can successfully reduce risk of central venous
catheter associated infections. Further, in vivo studies would validate
the antifouling ability in the presence of trilateral interaction between
host, device and bacteria.

4 Conclusion

HPMC and ZnO are well recognised as safe materials and
applied in coatings of food packaging products and wound
applications. Zinc oxide nanoparticles were synthesized using
plant extract of medicinal plant E. odoratum that showed
excellent antibacterial activity up to 99.99% killing efficacy. ZnO
NPs were coated on commercial TIVAPs using HPMC polymer.
The coated CVCs prevented the bacterial biofilm formation of
clinically relevant bacteria, viz., E. coli, P. aeruginosa and S.
aureus in an in situ continuous flow system. Based on our
findings, we propose application of green synthesized ZnO NPs
(a non-antibiotic based) surface coatings on Central Venous
Catheter which has immense potential of improving the patient
outcome in clinical settings.
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FIGURE 9
Antibiofilm Efficacy of ZnO NP coated CVCs. (A) Biofilm formation of Staphylococcus aureus is inhibited by >97%. (B) Biofilm formation of
Escherichia coli is inhibited nearly by 90%. (C) Biofilm formation of Proteus aeruginosa is inhibited by >90%. ZnO-NPs Coated: ZnO NPs-HPMC
composite coating. Statistical analysis was done by 1-way analysis of variance (unpaired t-test with Welch’s correction) using GraphPad Prism software
(version 8.0.1). Differences were considered significant at p < 0.05*, p < .0005 ***; p < 0.0001 ****.
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Copper oxide nanoparticles (CuO-NPs) have piqued the interest of agricultural
researchers due to their potential application as fungicides, insecticides, and
fertilizers. The Serratia sp. ZTB29 strain, which has the NCBI accession number
MK773873, was a novel isolate used in this investigation that produced CuO-NPs.
This strain can survive concentrations of copper as high as 22.5 mM and can also
remove copper by synthesizing pure CuO-NPs. UV-VIS spectroscopy, DLS, Zeta
potential, FTIR, TEM, and XRD techniques were used to investigate the pure form
of CuO-NPs. The synthesized CuO-NPs were crystalline in nature (average size of
22 nm) with a monoclinic phase according to the XRD pattern. CuO-NPs were
found to be polydisperse, spherical, and agglomeration-free. According to TEM
and DLS inspection, they ranged in size from 20 to 40 nm, with a typical particle
size of 28 nm. CuO-NPs were extremely stable, as demonstrated by their zeta
potential of −15.4 mV. The ester (C=O), carboxyl (C=O), amine (NH), thiol (S-H),
hydroxyl (OH), alkyne (C-H), and aromatic amine (C-N) groups from bacterial
secretion were primarily responsible for reduction and stabilization of CuO-NPs
revealed in an FTIR analysis. CuO-NPs at concentrations of 50 μg mL−1 and
200 μg mL−1 displayed antibacterial and antifungal activity against the plant
pathogenic bacteria Xanthomonas sp. and pathogenic fungus Alternaria sp.,
respectively. The results of this investigation support the claims that CuO-NPs
can be used as an efficient antimicrobial agent and nano-fertilizer, since,
compared to the control and higher concentrations of CuO-NPs (100mg L−1)
considerably improved the growth characteristics of maize plants.
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1 Introduction

Nanotechnology research is the most active research region in
contemporary materials science (Singh et al., 2018; Rajput et al.,
2021a; Bhavyasree and Xavier, 2022). Nanomaterials synthesis through
conventional physical and chemical methods has several adverse features
viz., critically high pressure and temperature conditions, utilization of
expensive and hazardous chemicals, a longer reaction time and
absorbance of toxic by-products on nanomaterial surface (Buazar
et al., 2019; Sukumar et al., 2020). Properties of NPs determined by
their size, shape, composition, crystalline, and structure (Sharma et al.,
2020; Hidangmayum et al., 2022; Rajput et al., 2022). Recent years have
seen a significant increase in the significance of green synthesis techniques
for nanomaterials, making it one of the very popular methods in modern
material sciences (Sukhwal et al., 2017; Mahboub et al., 2022).

Green synthesis has become one of the most preferred methods
to overcome the adverse effects physical and chemical synthesis such
as critical conditions of temperature and pressure, expensive and
toxic chemicals, long reflux time of reaction, toxic by-products etc.
(Sukhwal et al., 2017; Jain et al., 2020). Metal-tolerant bacteria are
important nano-factories that not only accumulates and also
detoxify heavy metals due to the various mechanism, i.e.,
reductase enzymes, EPS, etc., to reduce metal salts to
nanomaterials (Jain et al., 2012; Jain et al., 2020; Garg et al.,
2022). The nanomaterial synthesis using plant extracts may be
easier than microbial synthesis however the microbial synthesis is
more cost-effective and freer from any seasonal and plant growth
stage variation.

Inorganic metal oxide NPs, viz., CuO, ZnO, MgO, TiO2, SiO2,
etc., with significant antimicrobial features as well as their selective
toxicity, point to potential applications of these materials in medical
devices and diagnostics, therapeutics, and nanomedicine against
human pathogens (Mohsen and Zahra, 2008; Sobha et al., 2010; Jain
D. et al., 2022). These inorganic oxide NPs are beneficial as
antibacterial agents because they are more effective against
resistant pathogens. According to Makhluf et al. (2005),
crystalline structure and particle shape of nanomaterials have
relatively little effect on antibacterial behavior, but a high
concentration of smaller-size nanoparticles with a higher surface
area does.

The simplest copper compound in the family is copper oxide,
which has a variety of possibly practical physical characteristics
(Buazar et al., 2019). Copper oxide (CuO) has drawn more interest
than other nanomaterials because of its distinctive qualities, which
include stability, conductivity, catalytic activity, and anticancer and
antibacterial activities. Copper oxide nanoparticles (CuO-NPs) are
receiving more attention owing to their availability and lower cost
when compared to more costly and noble metals like gold and silver,
as well as their effective potential for application as microbial agents
(Sankar et al., 2014). Among them, CuO-NPs has drawn a lot of
attention in research areas including solar cells, biodiesel,
photocatalysis, water pollutant removal, supercapacitors, and
electrocatalysis owing to their desired qualities, such as cheap
cost, non-toxicity, and ease of manufacturing (Grigore et al., 2016).

By preventing the growth of bacteria, fungi, viruses, and algae,
CuO-NPs have important antimicrobial qualities (Amin et al., 2021;
Bukhari et al., 2021). Furthermore, compared to other organic
antimicrobials like silver and gold, nanoscale copper oxide has a

longer shelf life. According to Keabadile et al. (2020) green synthesis
of CuO-NPs with acceptable physio-chemical characteristics has
previously been performed with several microbial precursors as
reductants. However, very little study has been done on the
synthesis of CuO-NPs employing bacteria that are copper-resistant.
Hence, the current investigation was conducted to tackle this issue and
build a bacteria-assisted synthesis of CuO-NPs and assessment of their
antimicrobial and plant growth stimulating activities.

2 Materials and methods

2.1 Source, minimum inhibitory
concentration, and molecular identification
of copper-tolerant bacteria

The maximum copper tolerance concentration (MTC) was
determined on LB agar medium (in triplicate) having an
increased concentration of CuSO4 (2.5–25 mM), and the MTCs
were noted from the concentration of CuSO4 at which the isolate
failed to demonstrate growth. The different bacterial isolates were
utilized in this study taken from our lab, which were isolated from
Zn-Pb ore mine tailings areas of Zawar mines in Udaipur, Rajasthan,
India (Jain et al., 2020). According to a previously illustrated
method, the 16S rDNA region was amplified and sequenced to
perform molecular characterization of copper-tolerant bacteria
(Janda and Abbott, 2007).

2.2 Bacterial-assisted synthesis of copper
oxide nanoparticles

The synthesis of CuO-NPs was borne out by using copper (Cu)
tolerant bacterial isolate (ZTB29) with little modification technique
of earlier published (John et al., 2021). The bacterial strain that
showed the highest tolerance against copper ion, was inoculated in
LB medium (100 mL) and incubated at 28°C with 150 rpm. After
24 h, 5 mMCuSO4.5H2O was dropped into the bacterial culture and
incubated for 48 h at 28°C until the solution color changed from blue
to green. This combination was then centrifuged at 4,000 rpm for
20 min at 4°C to separate the bacterial cell pellet, and the CuO-NPs
were produced by centrifuging the residual supernatant at
14,000 rpm for 15 min at 4°C. The obtained CuO-NP pellet was
washed twice with deionized water, dried at 80°C in an oven and
used for further characterization. A control experiment without
copper-tolerant bacteria was also done and upon inclusion of 5 mM
CuSO4.5H2O, the color change was not seen which states no
nanoparticles formation.

2.3 Characterization of CuO-NPs

CuO-NPs were primarily characterized using UV-Vis absorption
scanning at 200–1,000 nm using a nanophotometer (Make: Implen,
Germany) as the method outlined by Davaeifar et al. (2019). Dynamic
Light Scattering (DLS) and Zeta potential were performed by the earlier
described method (Rajput et al., 2021b) by using Malvern zeta-sizer
nanoseries (United Kingdom). The FTIR spectroscopy (Perkin Elmer)
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was performed for Cuo-NPs (in KBr pellets) in the 4,100–400 cm−1

range (Garg et al., 2022). Around 10 µL of CuO-NPs dispersed in milli
Q water were placed onto carbon-coated copper TEM grid for
transmission electron microscopy (Tecnai G220 (FEI) S-Twin
200kv) (Sukhwal et al., 2017). The dried powder of CuO-NPs was
further characterized by XRD (X’Pert Pro X-ray diffractometer, PAN
analytical BV) with Cu Kα radiation set with 40 kV and 30 mA
(Sukhwal et al., 2017).

2.4 Antimicrobial activities of CuO
nanoparticles

Antibacterial activities of bacterial-assisted CuO-NPs were studied
by both disc diffusionmethod and well diffusion using LB agarmedium
against plant pathogenic bacteria Xanthomonas sp. Briefly, 1 mL
bacterial suspension (>107 CFUmL−1) was spread by spreader on LB
agar Petri-plates, and in disc diffusion method, the sterile filter paper
disk, dipped in a known concentration of CuO-NPs was placed on LB
agar plates whereas, in well diffusion method, 5 mm wells (prepared by
sterile cork-borer on LB agar Petri-plates) were loaded with CuO-NPs
and incubated for inhibition zone development (Jain et al., 2020). The
antifungal activities of CuO-NPs were investigated by using the
poisoned food technique and spore germination test. The radial
mycelia growth of test fungi Alternaria sp. was recorded on PDA
containing different concentrations of CuO-NPs (50, 75, 100, 150, and
200 μg mL−1). PDA plates without CuO-NPs were used as a control.
These plates were kept for incubation at 25°C until full radical growth
was observed in the control. The different concentration of CuO-NPs
was used as per the CRD design in triplicate and the significant
difference among treatment were determined by Turkey–Kramer
HSD test at p = 0.05.

2.5 In vitro studies of CuO-NPs on the
growth of maize

The experimental pot was filled with agricultural soil supplemented
with sterile plantingmixture, seeded with maize seed (PRATAP-3), and
placed inside the plant growth chamber (humidity: 60%, light intensity:
750 μmol/m2s with 15 h light and 9 h dark conditions at 25°C–20°C).
Seven days old maize seedlings were treated with CuO-NPs
concentrations viz.0, 25, 50, 75, 100, 200, and 300 mg L−1 (in
Hoagland solution) as foliar spry. The shoot length (cm), root
length (cm), chlorophyll content (SPAD-502 + Chlorophyll Meter,
Spectrum Technologies, India), Copper content [atomic absorption
spectroscopy (AAS), Make: Electronics co. India Ltd. Modal no.
AAS4141] was studied in 21 days old seedlings (Garg et al., 2022).

3 Result

3.1 Source, screening of MTC against copper
and molecular identification of potent
copper-tolerant bacteria

The bacterial isolates ZTB15, ZTB24, ZTB28, and ZTB29 were
tested for their maximum copper (CuSO4) tolerance levels in

nutritional broth and observed Minimum inhibitory
concentration (MIC). The bacterial isolate ZTB29 had a very
maximum MIC of 22.5 mM copper in the medium and was able
to withstand high doses of copper in the current experiment
(Supplementary Table S1). A further selection of the
ZTB29 strain was made for the bacterially aided synthesis of
copper oxide CuO-NPs. The ZTB-29 isolate’s 16S rRNA gene
was sequenced in its entirety and put into nucleotide-nucleotide
BLAST analysis. The strains’ similarity and matches to previously
published bacterial rDNA sequences allowed scientists to identify
them as Serratia sp. (Figure 1). The ZTB29 nucleotide sequence was
deposited to NCBI with the accession MK773873. The detailed
biochemical, plant growth promoting and other physiological
attributes of the ZTB29 strain were summarized in
(Supplementary Table S2) which enables the ZTB29 strain to not
only bioremediate excess copper but also to promote plant growth.

3.2 ZTB29 assisted copper oxide
nanoparticles synthesis and its confirmatory
examination

The easily observed synthetic bacterial growth in the bottom of
the flask demonstrated the reaction between the bacterium and
copper sulfate, the precursor salt. The starting solution’s color
changed from light blue to green when 5 mM copper sulfate was
added drop by drop to the bacterial suspension, indicating the
production of CuO-NPs. The greatest absorbance of 285 nm by
using UV-visible spectroscopy was observed, indicating that copper
sulfate (which does not produce any absorbance at 285 nm:
Supplementary Figure S1), the starting material, was converted to
CuO-NPs, as shown in (Figure 2).

The surface charge, size distribution, and potential stability of
the nanoparticles contained in a liquid were characterized using
dynamic light scattering (DLS) and zeta potential, respectively.
Particles in the solution ranged in size from 15 nm to 30 nm and
were homogeneous in size. The average CuO-NPs particle size was
21 ± 5.4 nm which was created with a homogenous dispersion
(Figure 3A). The TEM investigations provided strong support for
the DLS findings. The presence of bacterial cell artifacts or the
agglomeration of nanoparticles may be responsible for the second
large-size distribution peak at about 1,000 nm. The zeta potential’s
magnitude (−30 mV to +30 mV) determines the stability and
primarily depends upon the surface charge of the generated
nanomaterials. The produced nanoparticles have a Zeta potential
of −15.4 mV, which demonstrates that they were quite stable at
ambient temperature (Figure 3B). The similar zeta potential value
was observed even after 1 year of synthesis with CuO-NPs
suggesting CuO-NPs were stable for 1 year or more. Zeta
potential with a negative value indicates a strong repelling force
between the particles, which inhibits agglomeration.

Fourier transform infrared spectroscopy (FTIR) technique was
utilized to recognize the occurrence of different functional groups
found in a sample. Depending on the infrared absorption range
600–4,000 cm−1 in FTIR analysis, the absorbance range
3,200–3,550 cm−1 is indicated for O-H stretching, 2,371 cm−1

observance for O=C=O stretching, 1,624 cm−1 observance for
C=C stretching, 1,058 cm−1 observance for C-OH stretching,
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1,377 cm−1 observance for the existence of CO2 when compared with
the standard database. The 608 cm−1 vibration attributed to CuO
formation confirms the synthesis of pure CuO nanostructures. FTIR
study revealed that the carboxyl (C=O), hydroxyl (OH), amine
(NH), alkyne (C-H), thiol (S-H), ester (C=O) and aromatic
amine (C-N) groups from the bacterial secretion are responsible
for the copper reduction and CuO-NPs stabilization (Figure 4). The
details of the different FTIR peaks observed in bacteria assisted
CuO-NPs and the bacterial extract used for CuO-NPs synthesis were
described in the Supplementary Table S3 and Supplementary Figure
S2. The CuO-NP’s size and shape were studied using TEM. TEM
analysis revealed the formation of different shapes of copper oxide
nanostructures (Figure 5). It was evident from TEM studies that
CuO-NPs were polydisperse and spherical which were free from
agglomeration. The particles were in the size range of 20–40 nmwith
28 nm average particles size.

X-ray diffraction (XRD) was performed to study the phase
(structure) and purity (composition) of the biosynthesized CuO-
NPs using copper-tolerant bacteria. The XRD pattern (Figure 6)
depicted the creation of pure and crystalline CuO-NPs. The peaks at
2 = 32.548, 35.466, and 38.769 were assigned to the (110) (002) and
(111) reflection lines of monoclinic CuO-NPs compared to JCPDS
file No. 01-080-1268. The average crystallite size calculated based on
the Scherrer technique for synthesized CuO-NP was 22 nm.

3.3 Antimicrobial activities of CuO-NPs

The CuO-NPs (50 μg mL−1) showed significant antibacterial
activity by generating an inhibition zone in well diffusion assay
(Figure 7A). The disc contacting 50 μg mL−1 CuO-NPs
demonstrated antibacterial activity against Xanthomonas sp. as it
showed a clear inhibition zone (Figure 7B), which was higher
compare to Neomycin (30 μg mL−1) and lower compare to
Rifampicin (5 μg mL−1). The highest inhibition of 91% in fungal
mycelia and 88% spore germination was detected at the 200 μg mL−1

CuO-NPs concentration (Table 1). The rate of mycelia inhibition
and spore germination was proportional to CuO-NPs concentration
(Figure 8). The results observed in the present study revealed CuO-
NP scan be used as an efficient nano fungicide against soil-born
fungus.

3.4 Influence of CuO-NPs onmaize seedling

The shoot and root length, plant biomass, total chlorophyll and
copper content were considerably high in the maize plantlet (21 days
old) compared to the untreated control plantlet (Table 2). The
maximum shoot and root length, biomass and chlorophyll content
were observed in 100 mg L−1 CuO-NPs application and contributed
to plant growth significantly as efficient nano-fertilizers. The CuO-
NPs (<100 mg L−1) caused significant toxicity to maize seedlings and
resulted in decreased growth parameters.

FIGURE 1
Neighbourhood joining tree showing the polygenetic relationship of copper tolerant bacterial strain ZTB29 Serratia sp. (NCBI Accession:MK773873).

FIGURE 2
UV-Vis absorption spectrum of biogenic CuO nanoparticles.
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4 Discussions

The new study could pave the way for bioprospecting for metal-
tolerantmicroorganisms for the quick and easy synthesis of nanoparticles
with a variety of applications (Jain et al., 2012; Jain et al., 2020). John et al.
(2021) investigated bacterial strain copper tolerance at various CuSO4

concentrations, and the bacterial strain Marinomonas, which tolerated
5mM CuSO4, was employed to produce copper and CuO-NPs. Similar
findings were found in the current investigation. Tiwari et al. (2016)
synthesized CuO-NPs from a copper-resistant Bacillus cereus isolate that
tolerated >10mM of copper. The B. cereus isolate was able to and was
identified asB. cereus using 16S rDNA amplification and sequencing. The
change of color depends on the surface plasmon vibration of the

nanoparticles (Abdulhameed et al., 2019). Shantkriti and Rani (2014)
observed that the color of the reaction changed from blue to dark green
when CuSO4 was added to the Pseudomonas fluorescens solution, which
corroborated the findings. The bacteria-assisted green synthesis of metal
and metal oxide nanoparticles is dependent on the bacteria’s ability to
remediate harmful metal concentrations by reducing metal ions to
nanoparticles (Jain et al., 2020). As a result, copper-tolerant bacteria
produce copper and copper oxide nanomaterials by mimicking the
natural biomineralization processes that these microbes have adapted
to under dangerous copper concentrations (John et al., 2021).

UV-visible absorption spectroscopy can be used to characterize
metallic nanoparticles based on surface plasmon resonance (SPR)
(Upadhyay et al., 2023). UV-visible spectroscopy (wavelength scan

FIGURE 3
(A) Particle size determination using dynamic light scattering (B) Zeta potential analysis of bacterial assisted CuO nanoparticles.

FIGURE 4
FTIR analysis of biogenic CuO nanoparticles.
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between 200 and 1,000 nm) was used to observe the solution resulting
from the bluish-to-greenish color alterations of copper-tolerant bacteria
(Zhao et al., 2022). The spectra of CuO-NPs generated employing copper-
tolerant bacteria showed pronounced absorption at 285 nm wavelength,
confirming the conversion of the starting material (copper sulfate) to the
final product (CuO nanoparticles) as shown in Figure 3. Tshireletso et al.
(2021) revealed that the UV-VIS absorption spectra of green-produced
CuO-NPs from citrus peel extracts resulted in a notable absorbance at
290 nm.Due to surface plasmon resonance, Sankar et al. (2014) found that
the UV-Vis spectra of papaya leaf extract medicated CuO-NPs spanned
between 250–300 nm. In contrast, the different experiments revealed
distinct absorption peaks and spectrums, which could be attributable to
different forms of copper and copper oxide nanomaterials and the
technology employed for nanomaterial fabrication.

DLS confirmed that the produced CuO-NPs had a homogeneous
particle size distribution (15 nm–30 nm) and an average particle size of
21 ± 5.4 nm (Figure 4A), which TEM investigations also validated. The
CuO-NPs’ −15.4 mV zeta value clearly demonstrated their fairly stable
character, as illustrated in Figure 4B. Nardella et al. (2022) conductedDLS
investigations of biosynthesized CuO-NPs and reported a 24.4 nm
Z-average diameter, while the zeta potential value, which frequently
analyses the stability of nanoparticles, was found to be −16.1 mV,
confirming the nanoparticles’ stability. Nagaraj et al. (2019) reported

the Pterolobium hexapetalum leaf extract-mediated synthesized CuO-
NPs and the synthesized nanoparticles were extensively distributed and
highly dispersed in the 10–76 nm size range, however, the associated zeta
potential was −27.6 mV attributed to moderate stability of nanoparticles.

FTIR study indicated the presence of different compounds from the
bacterial secretion involved in the reduction and stabilization of CuO-
NPs. Amin et al. (2021) observed the FTIR peaks at 518.4 and
600.1 cm−1 (formation of CuO nanostructure and Cu–O stretching),
1,021.14 and 800.58 cm−1 (assigned to C–O and C–H bending) and
1,412.3 and 1,636.4 cm−1(O–Hbending and C=C stretching). John et al.
(2021) studied FTIR spectroscopy of CuO-NPs synthesized from
marine bacteria indicating the presence of -C=O, –OH, –NH,
–CH2scissor vibrations of aliphatic compounds and C=C bonds
inside the biomolecules suggesting the interaction of these
biomolecules with CuO-NPs also observed in the present study.

TEM analysis revealed the formation of polydisperse and roughly
spherical CuO-NPS which were free from agglomeration with the
20–40 nm size range (average particle size is 28 nm). The CuO-NPs
aswater suspension are slightly agglomerated due to their interactionwith
water and due to such inter-particle interactions viz. van der Waals,
electrostatic and magnetic forces, etc. Previously, similar results of
biogenic CuO-NPs were reported by several studies (Ida et al., 2010;
Cheng and Walker, 2010; Chandra et al., 2014; Sagadevan and
Koteeswari, 2015; Kimber et al., 2020; Singh et al., 2019) as observed
in TEM. John et al. (2021) reported the TEM micrographs of CuO-NPs
from marine bacteria and reported the synthesis of monodispersed,
spherical/ovoidal NPs of 10 nm–70 nm size with ~40 nm average size.
The irregular shape can be attributed to bacterial metabolites on the
surface of nanoparticles as stabilizing and reducing agents. Bukhari et al.
(2021) reported the Streptomyces sp. mediated Cu-NPs synthesis of
uniform and spherical nanoparticles (1.72–13.49 nm) in the TEM

FIGURE 5
TEM analysis of biogenic CuO nanoparticles.

FIGURE 6
XRD analysis of bacterial assisted CuO nanoparticles.

FIGURE 7
Antibacterial activities of biogenic CuO nanoparticles at
50 μg mL−1 the concentrationagainst (A) Xanthomonas Sp. (B) E. coli
using (a) well diffusion method (b) disc diffusion method along with
Rifampicin 5 μg mL−1 and Neomycin 30 μg mL−1.
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images. Krishna et al. (2020) synthesized CuO nanoparticles
from Cinnamomum malabatrum aqueous leaf extract and the
TEM revealed spherically shaped CuO-NPs with 11 nm–24 nm
size range which was also in close agreement with the present
study.

The XRD pattern revealed the pure CuO-NPs were crystalline in
nature. Ali et al. (2021) performed XRD of CuO-NPs and the
detected peaks in their study confirmed the monoclinic phase of
CuO compared to JCPDS card 000021040 which was also seen in the
present study. Further, the characteristic crystallite size measured

TABLE 1 Effect of varying concentrations of CuO nanoparticles on in vitro mycelial growth and spore germination of phytopathogenic fungi Alternaria sp.

Treatment (CuO nanoparticles) Percent inhibition mycelia growth Percent inhibition spore germination

Control 0.0 ± 0.0A 5.33 ± 1.52A

50 μg mL−1 15.0 ± 1.53B 15.0 ± 2.0B

75 μg mL−1 70.0 ± 1.53C 55.0 ± 2.0C

100 μg mL−1 77.0 ± 5.7CD 64.3 ± 2.51D

150 μg mL−1 81.0 ± 2.0D 74.0 ± 1.0E

200 μg mL−1 91.0 ± 1.52E 88.0 ± 2.0F

aEach value is mean of 3 replicates from 2 experiments. Mean ± SE, followed by same letter in column of each treatment is not significant difference at p = 0.05 by Tukey–Kramer HSD, test, %

inhibition rate was calculated compared to the germination of the control (0%).

FIGURE 8
Antifungal activity of CuO nanoparticles against Alternariasp. on (A) mycelial growth inhibition by poisoned food technique (A) Control (B)
50 μg mL−1 (C) 75 μg mL−1 (D) 100 μg mL−1 (E) 150 μg mL−1 and (F) 200 μg mL−1CuO nanoparticles (B) Spore germination inhibition by (A)Pour plate
technique C1 - Crude spore suspension and T1 - 200 μg mL−1CuO nanoparticles (B) Microscopic studies C2: Control, T2: 200 μg mL−1CuO
nanoparticles.

TABLE 2 In vitro studies on the effect of CuO-NPs on growth of maize seedling (Data are means of three replicates ±SD. Data are recorded after 21 days of
germination).

Treatment Average shoot
length (cm)

Shoot dry
weight g)

Average root
length (cm)

Chlorophyll index
(SPAD)

Copper content in maize
seedling (ppm)

Control 18.4 ± 1.7 4.4 ± 1.1 12.8 ± 2.1 10.03 ± 2.11 0.041 ± 0.02

T 1 24.5 ± 2.4 7.8 ± 2.3 14.8 ± 3.2 12.33 ± 2.65 0.055 ± 0.08

T 2 28.8 ± 2.8 8.3 ± 1.6 21.6 ± 2.4 13.63 ± 2.49 0.088 ± 0.06

T 3 32.4 ± 2.2 8.4 ± 2.1 24.1 ± 1.9 14.14 ± 2.43 0.092 ± 0.08

T 4 34.2 ± 3.1 10.6 ± 1.8 24.8 ± 2.3 16.86 ± 4.5 0.098 ± 0.09

T 5 29.4 ± 2.3 9.1 ± 1.5 22.7 ± 2.1 13.93 ± 2.8 0.012 ± 0.05

T 6 21.1 ± 1.9 7.5 ± 1.2 15.1 ± 1.7 11.26 ± 2.3 0.015 ± 0.05
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using the Scherrer equation was found to be 24.7 nm also supports
the finding of the present study. Buazaret al. (2019) reported that
clear and sharp peaks in XRD can be ascribed to the highly
crystalline structure of nanomaterials. Similar results of the
crystallite size of CuO-NPs in the range of 9–23 nm were solely
dependent on the precursor conditions (Tavakoli et al., 2019).

The CuO-NPs exhibited superior antimicrobial activities and have a
significant potential to control phytopathogens. Krishna et al. (2020)
reported significant antibacterial activities of CuO-NPs against human
pathogenic bacteria viz., Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa and Proteus mirabilis using well diffusion
method and similar results were also observed against plant
pathogenic bacteria in the present study. Abboud et al. (2014)
reported significant antimicrobial activities of CuO-NPs synthesized
from the alga extract against Enterobacter aerogenes and S. aureus and
the observed radial diameter of the inhibition zone was 14 and 16mm,
respectively. Bhavyasree and Xavier (2022) extensively reviewed the
copper and CuO nanomaterial and their antimicrobial properties and
demonstrated the mechanism of antibacterial action which includes
mechanical damage, gene toxicity, and oxidative stress injury. The
bio-molecules absorbed on the surface may also help in the
antimicrobial activities of CuO-NPs.

The CuO-NPs (200 g mL−1 concentration) exhibited superior
antifungal activities. Qamar et al. (2020) showed reasonable results
for the antifungal activity of CuO-NPs against Trichophyton rubrum.
Rabiee et al. (2020) synthesized Achillea millefolium extract-mediated
CuO-NPs and reported significant in vitro antifungal activities against
four different fungi. The biosynthesized CuO-NPs showed effective
antifungal activities owing to the entering of CuO-NPs on fungal
membranes and negatively effect the cell divisions via strong
interaction on the respiratory chains.

The use of CuO-NPs (100mg L−1) resulted in the improvement of
plant growth attributes as copper-based nano-fertilizer. The specific doses
of CuO-NPs can play a remarkable role in plant growth promotion are
advocated by several researchers (Singh et al., 2018; Rajput et al., 2022)
due to the increase bio-availability of Cu2+ which led to accelerating the
mobilization of food reserves during germination, greater activation of
copper enzymes such as cytochrome C oxidase, etc. CuO-NPs in the
optimum dose can significantly influence the plant growth and act as
efficient nano-fertilizers.

5 Conclusion

In conclusion, we present a straightforward, quick, and
environmentally friendly method for producing CuO-NPs with
exceptional antibacterial properties. Different approaches have been
applied to clarify the size, shape, composition, and stability, and the
findings demonstrate that the synthesizednanoparticles are very stable and
monoclinic, with the largest particles falling within the size range of 28 nm
in diameter. The CuO-NPs may function as a potent bactericide and
fungicide that may be employed to combat plant infections as a result of
the positive results. With the right toxicological information, the greenly
producedCuO-NPs have a large potential andmay be used for a variety of
tasks, including food processing and control, biomedical forms, product
packaging, and more. According to the observations of this study, CuO-
NPs are a novel class of antimicrobial agents that may be developed and
applied in sustainable agriculture.
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Biofabrication of novel silver and
zinc oxide nanoparticles from
Fusarium solani IOR 825 and their
potential application in agriculture
as biocontrol agents of
phytopathogens, and seed
germination and seedling growth
promoters
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Mahendra Rai1,3 and Patrycja Golińska1*
1Department of Microbiology, Faculty of Biological and Veterinary Sciences, Nicolaus Copernicus
University in Toruń, Toruń, Poland, 2Physicochemistry of Carbon Materials Research Group, Department
of Chemistry of Materials, Adsorption and Catalysis, Faculty of Chemistry, Nicolaus Copernicus University
in Toruń, Toruń, Poland, 3Nanobiotechnology Laboratory, Department of Biotechnology, SGB Amravati
University, Amravati, India

Introduction: Plant pathogenic microorganisms adversely affect the growth and
yield of crops, which consequently leads to losses in food production. Metal-
based nanoparticles (MNPs) can be a remedy to solve this problem.

Methods: Novel silver nanoparticles (AgNPs) and zinc oxide nanoparticles
(ZnONPs) were biosynthesized from Fusarium solani IOR 825 and
characterized using Dynamic Light Scattering (DLS), Fourier Transform Infrared
(FTIR) spectroscopy, Transmission Electron Microscopy (TEM), X-ray diffraction
(XRD) and measurement of Zeta potential. Antibacterial activity of NPs was
evaluated against four plant pathogenic strains by determination of the
minimum inhibitory (MIC) and biocidal concentrations (MBC). Micro-broth
dilution method and poisoned food technique were used to assess antifungal
activity of NPs against a set of plant pathogens. Effect of nanopriming with both
types of MNPs on maize seed germination and seedlings growth was evaluated
at a concentration range of 1–256 μg mL-1.

Results: Mycosynthesis of MNPs provided small (8.27 nm), spherical and stable
(zeta potential of −17.08 mV) AgNPs with good crystallinity. Similarly, ZnONPs
synthesized by using two different methods (ZnONPs(1) and ZnONPs(2)) were
larger in size (117.79 and 175.12 nm, respectively) with Zeta potential
at −9.39 and −21.81 mV, respectively. The FTIR spectra showed the functional
groups (hydroxyl, amino, and carboxyl) of the cappingmolecules on the surface of
MNPs. The values of MIC and MBC of AgNPs against bacteria ranged from 8 to
256 μg mL-1 and from 512 to 1024 μg mL-1, respectively. Both types of ZnONPs
displayed antibacterial activity at 256–1024 μg mL-1 (MIC) and 512–2048 μg mL-1

(MBC), but in the concentration range tested, they revealed no activity against
Pectobacterium carotovorum. Moreover, AgNPs and ZnONPs inhibited the
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mycelial growth of Alternaria alternata, Fusarium culmorum, Fusarium oxysporum,
Phoma lingam, and Sclerotinia sclerotiorum. MIC and MFC values of AgNPs ranged
from 16–128 and 16–2048 μg mL -1, respectively. ZnONPs showed antifungal
activity with MIC and MFC values of 128–2048 μgmL-1 and 256–2048 μg mL-1,
respectively. The AgNPs at a concentration of ≥32 μgmL-1 revealed sterilization
effect on maize seeds while ZnONPs demonstrated stimulatory effect on seedlings
growth at concentrations of ≥16 μgmL-1 by improving the fresh and dry biomass
production by 24% and 18%–19%, respectively.

Discussion: AgNPs and ZnONPs mycosynthesized from F. solani IOR 825 could be
applied in agriculture to prevent the spread of pathogens. However, further toxicity
assays should be performed before field evaluation. In view of the potential of
ZnONPs to stimulate plant growth, they could be crucial in increasing crop
production from the perspective of current food assurance problems.

KEYWORDS

applied microbiology, biocontrol, biofabrication, biogenic nanoparticles,
bionanotechnology, crop protection, mycosynthesis, plant pathogens

1 Introduction

Plant diseases caused by pathogenic microorganisms adversely
affect the growth and yield of crops, which consequently leads to
losses in food production (Peng et al., 2021). Recently, Van Dijk et al.
(2021) presented a set of projections on the growth of food demand
between 2010 and 2050 and the risks of food shortage and hunger.
The majority of food safety research focuses on common
denominators such as climate change, resistant pathogens, and the
need for sustainable agriculture while addressing human health and
environmental concerns (Zakirov et al., 2021). The use of
technological advances, including mechanization, pesticides or
fertilizers, allowed to achieve higher productivity of crop plants
(Jacquet et al., 2022). It is estimated that 70%–80% of plant
diseases are caused by fungal pathogens particularly by secretion of
toxins that cause various physiological disorders, growth inhibition,
chlorosis, wilting, etc. (Peng et al., 2021). Maize belongs to the most
frequent crop plants worldwide, including Poland (Król et al., 2018),
and is particularly vulnerable to pathogenic fungi, e.g., Fusarium spp.
(Czembor et al., 2015). In addition, microbial diseases lead to yield
losses, whilemycotoxins produced by fungi contaminate and reduce the
quality of maize grains (Czembor et al., 2015). A number of synthetic
chemical pesticides are required to prevent crop diseases. However,
some negative aspects of pesticides on the environment and human
health have been unequivocally documented, therefore limiting their
use is of high priority (Jacquet et al., 2022). A number of studies have
been conducted to design the remedy for addressing this excessive and
seemingly irreplaceable application of traditional chemicals which
showed that a prospective solution may be the use of products at
the nanoscale (Pestovsky and Martinez-Antonio, 2017). Metal-based
nanoparticles (MNPs) show promising potential for use in agriculture
field as they demonstrate broad range of antibacterial and antifungal
activities (Singh et al., 2021). The use of bio-nanoparticles (bio-NPs) as
antimicrobial agents might empower a significant reduction in the dose
used while maintaining antimicrobial efficacy compared to
conventional materials. From an agro-ecological point of view, the
application of nanoparticles (NPs) obtained from biological sources
may mitigate the negative consequences of agriculture procedures
imposed on the environment (Hazarika et al., 2022).

To date, various studies on the potential use of MNPs as
fungicides have been reported (Malandrakis et al., 2022). Silver
and zinc oxide nanoparticles (AgNPS and ZnONPs, respectively)
display antimicrobial activity depending, in particular, on their
physicochemical properties and the targeted pathogen (Gudkov
et al., 2021). Some reports showed antimicrobial activity of
biosynthesized AgNPs and ZnONPs against, e.g., Escherichia coli,
Pseudomonas aeruginosa, Staphylococcus aureus, Xanthomonas
oryzae pv. oryzae, Alternaria alternata, Pyricularia oryzae,
Sclerotinia sclerotiorum, and many more (Consolo et al., 2020; El
Sayed and El-Sayed, 2020; Ogunyemi et al., 2020; Pillai et al., 2020).
It is suggested that the high ability of biosynthesized NPs to control
microbial pathogens is due to their large surface area, small size, and
high concentration of released ions or capping agents on the surface
of the metallic core (Gudkov et al., 2021). In addition, zinc plays an
important role in cell function and proliferation (membrane
stability, metabolic processes, enzymatic activity, photosynthesis)
and consequently in plant physiology (Cakmak et al., 2010; Faizan
et al., 2020). It has been reported that the foliar and soil use of
ZnONPs for maize biofortification resulted in higher Zn availability
and uptake and affected Zn content in edible crop organs than the
commonly used zinc sulfate (ZnSO4). The higher bioavailability of
zinc in nano form is attributed to its lower solubility than that of
ZnSO4 salts (Umar et al., 2021). In another study, maize and wheat
supplementation with ZnONPs in lower doses (100 mg L-1)
improved seedling length and biomass production, and enzyme
activity (α-amlyase, antioxidative system enzymes), which suggests
potential application of ZnONPs as stimulators of crop plant growth
(Srivastav et al., 2021). However, some phytotoxic effects ofMNPs to
plant development has been summarized by Abedi et al. (2022). This
aspect is important before the evaluation of plant growth protection
and/or promotion with the use of nanoparticles in the field. The
diverse properties (small sizes, variable shapes, chemical nature) of
MNPs determine their high reactivity and subsequently their uptake,
translocation, and interactions in plants (de la Rosa et al., 2021).
Some studies reported, that MNPs affect basic cellular processes by
inducing oxidative stress, disrupting cell membrane transport or
altering gene expression (Lee et al., 2013; Akhtar et al., 2022).
Recently, Wan and coworkers (2019) found that ZnONPs (at
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concentration >100 mg L-1) caused endocytosis and led to the
rearrangement of microfilament in the epidermal cells of
elongation zones of Arabidopsis seedlings. However, above
changes were temporary, and plants after NPs-related stress
recovered faster than those treated with Zn2+ ions. In addition,
MNPs introduced into the soil environment may cause changes in
soil fertility, as well as affect microorganisms and invertebrates. Wei
and coworkers (2021) reported diversified effects of ZnO, Cu, and γ-
Fe2O3 NPs on plant (Salvia miltiorrhiza) growth and soil
environment. For instance, the effect of NPs on seedling
aboveground biomass depended on the type of NPs and dose
applied (100 and 700 mg kg-1). CuNPs showed no effect on plant
biomass production at tested concentrations. In the case of ZnONPs,
their lower concentrations (100 mg kg-1) promoted growth, while
higher concentrations (700 mg kg-1) reduced it. In turn, γ-Fe2O3

NPs at both tested concentrations promoted plant growth.
Moreover, the increase in the relative abundance of S.
miltiorrhiza rhizosphere microorganisms, namely, the plant
growth-promoting bacteria (Sphingomonas), superoxide
dismutase producers (Aminobacter), and the metal-tolerant
bacteria (Thiobacillus and Metarhizium) after MNPs-treatment
was observed (Wei et al., 2021). The above findings indicate that
various nanomaterials introduced into the environment might have
undesirable effects, thus there is an urgent need to properly identify
and study the effects of plant exposure to nanoparticles.

The synthesis of nanoparticles covers a variety of approaches,
which include physical, chemical, biological, and their combination
(Rai et al., 2021). The formation and structural parameters of
nanoparticles depend on the reaction conditions and type of the
stabilizing agent used in the synthesis (Lallo da Silva et al., 2019).
Numerous studies have shown that the ability to form nanoparticles
is demonstrated by plants (Balachandar et al., 2019; Verma and
Bharadvaja, 2022), bacteria (Quinteros et al., 2019; Saeed et al.,
2020), actinomycetes (Wypij et al., 2021, 2022), fungi (Feroze et al.,
2020), and viruses (Le et al., 2017) by using their live cultures,
biomass, extracts, and metabolites. Mycosynthesis of various
nanoparticles is intensively studied by many researchers (Ingle
et al., 2009; Abd El-Aziz et al., 2015; Clarance et al., 2020). The
benefits of fungal-mediated synthesis of nanoparticles include the
simplicity of preparation and the relatively undemanding stages of
the synthesis process (Ganachari et al., 2012; Zare et al., 2017).
Moreover, these microorganisms seem to possess an outstanding
ability to tolerate metals, and fungal metabolites are involved in the
reduction of metal salts as well as the further formation of metallic
nanoparticles (Kobashigawa et al., 2019; Rai et al., 2021). Further
research needs to focus on optimizing the synthesis process to obtain
efficient scale production and nanoproducts with the sought-after
bioactivity important for their potential application (Sasani et al.,
2023). The adaptation of environmental conditions to the growth of
microorganisms as well as synthesis conditions assists in the efficient
production of nanoparticles with well-defined morphology and
biological activity (Paul and Roychoudhury, 2021; Murillo-
Rábago et al., 2022).

The aim of the study was to evaluate the ability of fungal
extract from F. solani IOR 825 to synthesize AgNPs and ZnONPs
and to optimize the reaction parameters for high production
yields and biological activity of generated nanoproducts. It is
the first report on the synthesis of silver and zinc oxide

nanoparticles from Fusarium solani IOR 825 strain. The novel
nanoparticles were assessed for antimicrobial activities against a
wide set of phytopathogenic bacteria, fungi, and oomycetes.
Moreover, the potential of these AgNPs and ZnONPs for
sterilization of maize (Zea mays) seeds and the effect of seeds
nanopriming on their germination and seedling growth (shoot
and root elongation, fresh and dry mass production) was also
evaluated. This is also the first report on the potential use of
nanoparticles from F. solani species in agriculture for the
protection and promotion of maize growth.

2 Material and methods

2.1 Biosynthesis and determination of
physical and chemical properties of metal-
based nanoparticles

2.1.1 Optimization of fungal growth
For the synthesis of AgNPs and ZnONPs fungal extracts

obtained from F. solani IOR 825 isolated from parsley was used.
The fungal strain was purchased from the bank of plant pathogens of
the Institute of Plant Protection (IOR), the National Research
Institute of Poland. In order to optimize efficient production of
fungal biomass, each strain was cultured in three kinds of media,
namely, potato dextrose broth (PDB, A&A Biotechnology),
Sabouraud dextrose broth (SDB, Becton Dickinson) and Czapek
dox (CDB, Oxoid). Broths (200 mL) were inoculated with the disc
(Ø 5 mm) of fungal strain grown for 7 days at 26°C on potato
dextrose agar (PDA, Becton Dickinson) cut with a sterile cork borer.
Inoculated broth was incubated for 10 days at 26°C in shaking
conditions at 150 rpm. Next, fungal biomass was harvested at
6000 rpm for 10 min and washed three times with sterile distilled
water to remove medium components. Obtained biomass was
weighed and the fungal culture medium that promoted the most
efficient biomass production was selected for further studies on
mycosynthesis of nanoparticles.

2.1.2 Preparation of fungal extract and
mycosynthesis of nanoparticles

The fungal extract used for the synthesis of silver and zinc oxide
nanoparticles was prepared from the fungal biomass, as described
previously byWypij et al. (2022) and Trzcińska-Wencel et al. (2023).

Synthesis of AgNPs was carried out as described previously by
Trzcińska-Wencel et al. (2023).

Zinc oxide nanoparticles were synthesized after challenging the
fungal extract with the aqueous solution of ZnSO4 (100 mM), as a
precursor. Two methods were developed for sufficient synthesis of
nanoparticles. The first synthesis method (1) involved the
combination of the fungal extract, ZnSO4, and NaOH in a
ratio of 1:1:1 (v/v/v) with a final volume of 150 mL and
heating for 15 min at 40°C. In the second method (2), the
pH of the mixture of fungal extract and ZnSO4 (1:1, v/v) was
adjusted at pH 11 with NaOH (0.4 M). Finally, biosynthesized
ZnONPs were centrifugated at 6000 x g for 10 min (Thermo
Scientific, United States), washed three times with sterile distilled
water to remove unwanted components, and obtained pellet was
dried at 37°C.
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2.1.3 Detection and characterization of NPs
Confirmation of the NPs synthesis and evaluation of the

physico-chemical properties of the nanoparticles were carried out
as previously described byWypij et al. (2021). The formation of NPs
was verified using UV-Vis spectrometry (NanoDrop One, Thermo
Fisher Scientific, United States) in the wavelength range from 200 to
700 nm at the resolution of 1 nm.

Transmission Electron Microscopy (TEM) and Energy Dispersive
X-ray Spectroscopy (EDX) The morphology, size, and elemental
composition of the NPs were specified by TEM and EDX
analysis using a transmission electron microscope coupled with
energy dispersive X-ray spectrometer (FEI Tecnai F20 X-Twintool,
Fei, Hillsboro, OR, United States). Sample preparation involved the
suspension of NPs in deionized water and deposition of the solution
(2 µL) on a carbon-coated copper grid (mesh size 400 µm). Samples
were dried at room temperature for 24 h prior to measurements.

X-ray diffraction (XRD) The powder of NPs was deposited on
the sample holder acquiring a smooth surface and used for XRD
studies. Analysis was performed with X’ Pert PRO Analytical
X6 diffractometer (PANalytical, Netherlands) with Ni filter and
CuKα (λ = 1.54056 Å) radiation source. The diffraction was
recorded over a 2θ range of 5°–120° and compared with the
standard database.

Fourier Transform Infrared Spectroscopy (FT-IR) For FTIR
analysis, the potassium bromide (KBr) method was used, briefly
dried NPs were ground with KBr (1:1, w/w) and used for
measurements. The spectrum was recorded in the range of
4,000–400 cm-1 using a spectrometer (Spectrum 2000; Perkin-
Elmer, Waltham, Massachusetts, United States) running at the
resolution of 4 cm-1.

Dynamic light scattering (DLS)Dynamic light scattering and zeta
potential measurement were used for the determination of size
distribution (hydrodynamic diameter) and stability (zeta potential
value) of biosynthesized NPs. Dried NPs were suspended in
ultrapure Milli-Q water and sonicated for 15 min at 30 kHz prior
to measurements. The analysis was performed using Particulate
Systems, NanoPlus HD (Micromeritics, Particulate Systems,
Norcross, GA, United States).

2.2 Antimicrobial activity studies

2.2.1 Antibacterial activity
The antibacterial activity of synthesized MNPs was assessed

against plant pathogenic bacterial strains, namely, Agrobacterium
tumefaciens IOR 911, Pectobacterium carotovorum PCM 2056,
Pseudomonas syringae IOR 2188 and Xanthomonas campestris
IOR 512 according to Clinical Laboratory Standard Institute
(CLSI, 2012). Strains were grown in 20 mL of trypticase soy
broth (TSB, Becton Dickinson) for 24 h at 26°C under shaking
conditions (120 rpm) and used for the preparation of inocula in
distilled water at an optical density of 0.5 McFarland scale (1.5 ×
108 CFU mL-1). Minimal inhibitory concentrations (MICs) of
nanoparticles were determined, in triplicate, by the 2-fold
microdilution method in 96-well plates at the concentration
range 1–2048 μg mL-1. The final concentration of bacteria in each
well was 1.5 × 10−6 CFU mL-1 while the final volume of sample in the
wells was 150 µL. Both a negative control (sterile medium) and a

positive control (inoculated medium) were performed. The MICs of
NPs were defined as the concentrations for which no visible growth
was noted after 24 h of incubation at 26°C.

After the determination of MICs of NPs, an aliquot (100 µL) of
samples from wells with no visible bacterial growth was spread on
tryptic soy agar (TSA, Becton Dickinson) in Petri plates and
incubated for 24 h at 26°C. The lowest concentration of NPs
which resulted in the elimination of 99.9% of bacteria was
identified as minimal biocidal concentration (MBC).

2.3 Antifungal activity

2.3.1 Tested microorganisms
Antifungal activity of MNPs was evaluated against: Alternaria

alternata, Alternaria alternata IOR 1783, Aspergillus niger, Botrytis
cinerea IOR 1873, Colletotrichum acutatum IOR 2153, Fusarium
culmorum, Fusarium culmorum IOR 2333, Fusarium culmorum
DSM 114849, Fusarium graminearum A, Fusarium graminearum
D, Fusarium oxysporum, Fusarium oxysporum IOR 342, Fusarium
oxysporum D, Fusarium poae A, Fusarium tricinctum, Penicillium
sp., Penicillium spinulosum, Phoma lingam IOR 2284, Sclerotinia
sclerotiorum IOR 2242 and oomycetes Phytophthora megasperma
IOR 404, Phytophthora cryptogea IOR 2080 and Phytophthora
plurivora IOR 2303.

2.3.2 Inhibition of fungal mycelia growth
Antifungal activity of nanoparticles was evaluated, in triplicate,

using poisoned food technique. The final NPs concentrations in the
PDA medium were 100 and 200 μg mL-1 for AgNPs, and 100 and
1000 μg mL-1 for ZnONPs. The aqueous stock solution of
nanoparticles was used to prepare the final concentration of NPs
in the agar medium. The required stock solution of nanoparticles
was added into cooled molten PDA (45°C) followed by manual
rotation in a sterile Erlenmeyer flask to disperse the NPs in the
medium. The medium (20 mL) was dispensed into sterile Petri
dishes (9 cm in diameter) with a sterile serological pipette to
avoid bubbles. The medium was allowed to solidify at room
temperature (23°C ± 2°C) for 1 hour. Agar discs with fungal
mycelia (6 mm in diameter), grown on PDA medium for 7 days,
were cut using a sterile cork borer and aseptically inoculated at the
center of the Petri plates. Control plates were PDA media without
the nanoparticles inoculated following the same procedure. The
plates were incubated at 28°C. The fungal colony diameter was
recorded after 7 days of incubation. The percentage inhibition of the
mycelial growth of the test fungi by the nanoparticles was calculated
using the formula by Philippe et al. (2012).

Inhibition of mycelial growth MGI( ) %( ) � dc − dct

dc
x100

where dc is the mean diameter of the colony in the control sample,
and dct is the mean diameter of the colony in the treated sample.

2.3.3 Inhibition of spore germination
To assess the ability of NPs to inhibit spore germination,

minimum inhibitory and minimum fungicidal concentrations
(MICs and MFCs) were determined according to the Clinical
Laboratory Standard Institute (CLSI, 2012) protocol with slight
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modifications. Spore suspensions were prepared by washing
fungal colonies grown on PDA medium for 14 days at 26°C
with 5 mL sterile distilled water. The spore suspensions were
then filtered through a sterile cotton wool filter to remove any
residual mycelia. The density of spores in the suspension was set
at approx. 1 × 106 spores per mL by using a cell counting chamber
(Brand, Germany), 10-fold diluted and used for assays. Assay was
performed as earlier described for bacteria, albeit in potato
dextrose broth (PDB). The final concentration of spores in
each well was 1 × 103 spores per mL. Sterile broth provided
negative control while inoculated with spores was positive
control. Inoculated plates were incubated for 2 days at 26°C
and recorded for MIC. Finally, aliquots (100 µL) from wells
without visible microbial growth were spread on the PDA
surface and incubated under the same conditions for 7 days
for MFC determination. MFC was defined as the lowest
concentration at which no fungal growth was observed.

2.4 Influence of NPs on maize (Zea mays)
seed germination and seedling growth

2.4.1 Seeds sterilization and priming with NPs
For germination assays, seeds of maize were purchased from

Torseed S.A (Toruń, Poland). Seeds were surface sterilized for
30 min with 30% H2O2 and 70% ethanol (1:1, v:v), followed by
5 times washing with sterile distilled water and placed on ½
Murashige and Skoog (MS) agar medium in sterile culture boxes for
10 days at 22°C ± 2°C for germination. In order to analyze sterilization
efficiency, 100 µl of post-wash water from each variant was spread on
sterile PDA and Reasoner’s 2A agar (R2A) media and incubated for
7 days for the detection of microbial contaminations.

Two varieties of experiments were performed. In the first
one, the sterilization potential of both types of NPs to seed
surface was evaluated. The 15 non-sterile seeds were soaked for
30 min with 25 mL of AgNPs or ZnONPs solution in water at
concentrations of 1, 8, 32, 64, 128, and 256 μg mL-1, washed
5 times with sterile distilled water. Seed sterilized by the
standard method and soaked with sterile distilled water
served as the control. All seeds were placed on ½ Murashige
and Skoog (MS) agar medium in sterile Petri plates for 3 days at
22°C ± 2°C for germination. The germinated seeds were
transferred into culture boxes with ½ MS and grown for
another 7 days for seedling growth.

As treatment with ZnONPs did not result in seed sterilization, in
the second variant of the experiment, seeds treatment with ZnONPs
at a concentration range of 1–256 μg mL-1 was preceded by standard
sterilization method to determine effect of nanoparticles on seed
germination and seedling growth. In both experiments seeds treated
with sterile distilled water were implemented as a control, and all
experiments were performed in triplicate.

2.4.2 Estimation of germination and growth
parameters

The root and shoot length were measured with the ruler in
centimeters [cm]. Fresh and dry weight mass were also determined
in miligrams [mg]. Various parameters of germination and seedlings
growth were calculated using the following formulas:

Germination percentage %( ) � ∑ n/N( )x 100

where∑n–the total number of seeds germinated after 10 days; N
is the total number of seeds used for analysis. Scott et al. (1984)

Meangermination time MGT( ) � Σf*x/Σn

where f –number of germinated seeds at day x; x - number of day
from sowing; Σn–total number of germinated seeds. Orchard (1997)

Germination Rate Index GRI( ) � G1/1 + G2/2 + . . . + Gx/x

where G1, G2 . . . Gx–germination percentage in the subsequent
days after sowing. Esechie (1994)

Vigour index I � Germination% × SL

where SL - Seedling length (Root + Shoot). Abdul-Baki and
Anderson (1973)

Vigour index II � Germination% × SDW

where SDW - Seedling dry weight (Root + Shoot)

2.5 Statistical analyses

Statistica software (StatSoft Inc., Tulsa, OK, United States States)
was used for data analysis. Results were shown asmean ± standard error
(SE). The means were then compared to determine statistical
significance (if p < 0.05) by One-way ANOVA followed by Tukey’s test.

3 Results

3.1 Biosynthesis and determination of
physical and chemical properties of
metal-based nanoparticles

3.1.1 Optimization of fungal growth
The most efficient growth of Fusarium solani IOR 825 was

observed in SDB medium (42.75 ± 1.58 g L-1), followed by CDB
(34.22 ± 1.21 g L-1) and PDB (20.44 ± 1.03 g L-1). For further studies,
SDB was selected for F. solani IOR 825 biomass production.

3.1.2 Mycosynthesis, visual detection, and
characterization of NPs

The UV-visible spectrometry of fungal extract from F. solani IOR
825 combined with AgNO3 showed a maximum absorbance peak at
420 nm and indicated the formation of AgNPs (Supplementary Figure
S1). Synthesis efficiency was estimated at 26.35 mg of AgNPs per
100 mL of fungal extract as presented in Supplementary Table S1.
Fungal-mediated synthesis resulted in the formation of spherical and
oval-shaped small AgNPs with an average size of 8.27 ± 3.07 and sizes
ranging from 2.99 to 21.53 nm (Figures 1A, B). The EDX studies of
AgNPs displayed silver and carbon contents at 55.43% and 44.56%,
respectively (Supplementary Table S2). X-ray pattern of AgNPs
demonstrated peaks at 38.20, 46.31, 64.59, and 77.58 corresponding
to reflections of the crystallographic planes (111), (200), (220), and
(311), respectively, and revealed the formation of AgNPs (Figure 1C).
AgNPs showed Zeta potential of −17.08 mV, while hydrodynamic
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diameter ranged from 20.6 to 260.5 nm with the highest frequency in
the size of 68.3 ± 1.23 nm (Figures 1D, E). FTIR spectra of synthesized
AgNPs showed adsorption bands at 3429.39, 2923.83, 2852.66, 1743.48,
1631.79, 1384.43, 1353.79, 1082.81 and 607.31 cm-1 (Figure 2).

The synthesis of ZnONPs (1) was observed as a white precipitate in
the reaction mixture and confirmed by the presence of maximum
absorbance peak at wavelength 375 nm (Supplementary Figure S1). The
synthesis yield of ZnONPs (1) was found to be 435.56 mg per 100 mL of
fungal extract (Supplementary Table S1). TEM micrographs of

ZnONPs (1) showed irregularly shaped structures with an average
size of 117.79 ± 4.71 and a size ranging from 54.44 to 209.69 nm
(Figures 3A, B). ZnONPs (1) consisted of 70.94% of zinc, 18.76% of
oxygen and 10.03% of other minor elements (Mo, Al, Si)
(Supplementary Table S2). The diffractogram of ZnONPs (1)
showed peaks at 32.10, 34.80, 36.60, 48.10, 57.00, 63.00,
68.40 corresponding to (100), (002), (101), (102), (110), (103), (200),
(112), (201) lattice plane values, respectively, and was recognized as
hexagonal wurtzite phase of ZnO (Figure 3C). ZnONPs (1) were found

FIGURE 1
The results of the evaluation of physico-chemical properties of AgNPs synthesized from Fusarium solani IOR 825: TEM micrographs (A, B), X-ray
diffractogram (C), Zeta potential (D) and particle diameter from DLS analysis (E).
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to be negatively charged (−9.39 mV), with hydrodynamic diameters
from 112.9 to 2495.9 nm and the largest fraction of size of 261.23 ± 53.5
(Figures 3D, E). The FTIR spectrum showed peaks at 3393.27, 2961.51,
2926.43, 1589.56, 1553.60, 1512.21, 1388.66, 1352.63, 1329.21, 1119.10,
1045.11, 940.98, 830.97, 738.83, 694.20, 608.67 and 480.24 cm-1

(Figure 2).
The UV-vis spectrum of ZnONPs (2) demonstrated an

adsorption peak at the wavelength of 375 nm (Supplementary

Figure S1). The synthesis efficiency reached 525.8 mg of NPs per
100 mL of fungal extract (Supplementary Table S1). TEM analysis
displayed nanorods-like NPs with an average length 175.12 ±
7.96 and size ranging from 64.84 to 443.02 nm (Figures 4A, B).
The elemental composition from the EDX analysis demonstrated
78.67% of zinc, 19.35% of oxygen and 1.98% of carbon and
aluminum (Supplementary Table S2). The XRD peaks at 32.10,
34.80, 36.60, 48.10, 57.00, 63.00, 66.00, 68.40, 69.55 were assigned to

FIGURE 2
The results of the evaluation of physico-chemical properties of ZnONPs (1) synthesized from Fusarium solani IOR 825: TEMmicrographs (A,B), X-ray
diffractogram (C), Zeta potential (D) and particle diameter from DLS analysis (E). (1); first method of ZnONP synthesis.
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(100), (002), (101), (102), (110), (103), (200), (112), (201) lattice
plane of hexagonal wurtzite phase of ZnO (Figure 4C). DLS
analyses revealed NPs size between 292.9–9264.2 nm, with the
maximum amount of NPs in the size of 1711.82 ± 123.59 nm while
Zeta potential measurements showed negatively charged
(−21.81 mV) ZnONPs (2) (Figures 4D, E). As shown in
Figure 2, FTIR analysis revealed peaks at 3398.02, 2925.85,
2855.49, 1631.63, 1503.82, 1400.67, 1385.79, 1042.27, 912.62,
705.43, 640.79 and 536.84 cm -1. Results from FTIR

spectroscopy, summarized in Table 1, indicate the presence of
various functional groups on the surface of NPs.

3.2 Antimicrobial activity

Antibacterial activity of NPs from F. solani IOR 825 against
plant pathogens was determined based onminimal inhibitory (MIC)
and biocidal (MBC) concentrations, as presented in Table 2.

FIGURE 3
The results of the evaluation of physico-chemical properties of ZnONPs (2) synthesized from Fusarium solani IOR 825: TEMmicrographs (A,B), X-ray
diffractogram (C), Zeta potential (D) and particle diameter from DLS analysis (E). (2); second method of ZnONP synthesis.
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The highest antibacterial activity of AgNPs was observed against
Pseudomonas syringae, followed by Xanthomonas campestris,
Agrobacterium tumefaciens and Pectobacterium carotovorum; the
MIC andMBC values ranged from 8 to 256 μg mL-1 and from 512 to
1024 μg mL-1, respectively.

The MIC values for ZnONPs (1) were determined at a
concentration of 256 μg mL-1 against A. tumefaciens and X.
campestris, and 1024 μg mL-1 against P. syringae. In turn, the
corresponding MBC values of these nanoparticles were found to
be 512, 2048 and 2048 μg mL-1, respectively.

The ZnONPs (2) showed inhibitory effect against P. syringae andX.
campestris at a concentration of 512 μg mL-1 while the corresponding
biocidal activity of NPs was not determined at the tested concentration
range. The inhibitory and biocidal activities againstA. tumefacienswere
recorded at a concentration of 1024 μg mL-1.

None of the ZnONPs were found to be active against P.
carotovorum at the tested concentration range.

The results of antifungal activity of AgNPs and ZnONPs are
shown inTable 3. The foodpoisonedmethod revealed that S. sclerotiorum
was most susceptible to AgNPs, followed by Phoma lingam, Botrytis

FIGURE 4
FTIR spectra of AgNPs (A), ZnONPs (1) (B), ZnONPs (2) (C) synthesized from Fusarium solani IOR 825. (1); first method of ZnONP synthesis, (2);
second method of ZnONP synthesis.

TABLE 1 An overview of functional groups identified on the surface of AgNPs and ZnONPs from Fusarium solani IOR 825 based on FTIR analysis.

Band position [cm-1], assigned functional groups AgNPs ZnONPs (1) ZnONPs (2)

3393–3445 cm−1 (N–H stretching, primary amine) + + +

2960–2925 (C-H stretching, aromatic compound) + + +

2855 (O-H stretching, intramolecular bonded) + + +

1740 (C-H bending, aromatic compound) + − −

1632 (C=C stretching, alkene) + + +

1590–1510 (C=O carbonyl group) − + +

1450 (C-H bending, alkane, methyl group) + − −

1400–1350 (C-H bending, aldehyde, alkane) + + +

1120–1040 (C-N stretching, aromatic and aliphatic amine) + + +

940–700 (C=C bending, alkene) − + +

610–480 (metal) + + +

+; − peak determined in an analyzed sample, −; peak not recorded in the analyzed sample.

ZnONP (1); first method of nanoparticle synthesis, ZnONP (2); second method of nanoparticle synthesis.
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cinerea, and bothAlternaria alternata strains. The remaining strains were
found to be less or not susceptible to AgNPs at the tested concentration
range. Determination of MIC and MFC of AgNPs against fungal spores

showed their highest activity against S. sclerotiorum (MIC and MBC
values at 16 μg mL-1). The slightly lower antifungal activity (MIC and
MBC = 32 μgmL-1) of AgNPs was noted for both A. alternata strains, B.

TABLE 2 Antibacterial activity against phytopathogens of NPs synthesized from Fusarium solani IOR 825 presented as minimal inhibitory and biocidal
concentrations (MICs and MBCs) [µg mL-1].

Bacterial phytopathogens
AgNPs ZnONPs (1) ZnONPs (2)

MIC MBC MIC MBC MIC MBC

Agrobacterium tumefaciens IOR 911 128 1024 256 512 1024 1024

Pectobacterium carotovorum PCM 2056 256 1024 >2048 >2048 >2048 >2048

Pseudomonas syringae IOR 2188 8 512 1024 2048 512 >2048

Xanthomonas camperstris IOR 512 256 512 256 2048 512 >2048

ZnONP (1); first method of nanoparticle synthesis, ZnONP (2); second method of nanoparticle synthesis.

TABLE 3 Antifungal activity of NPs synthesized from Fusarium solani IOR 825 against phytopathogens presented as minimal inhibitory and minimal fungicidal
concentrations (MICs and MFCs) [µg mL-1] and mycelial growth inhibition (MGI) [%].

AgNPs ZnONPs (1) ZnONPs (2)

% MGI MIC MBC % MGI MIC MBC % MGI MIC MBC

NPs contentrations [µg mL-1] 100 200 100 1000 100 1000

Alternaria alternata - 57 32 32 - 52 1024 >2048 - 57 1024 >2048

Alternaria alternata IOR 1783 - 48 32 32 - 52 512 512 - 57 256 512

Aspergillus niger - - 32 64 - 19 512 2048 - 35 512 2048

Botrytis cinerea IOR 1873 45 58 32 32 - - 1024 2048 - - 1024 1024

Colletotrichum acutatum IOR 2153 - - 64 64 - - 1024 2048 - - 1024 2048

Fusarium culmorum - - 64 2048 - - 2048 2048 - - 2048 2048

Fusarium culmorum IOR 2333 - - 64 256 - - 2048 2048 - - 1024 1024

Fusarium culmorum DMS 114849 - 19 64 2048 - 25 2048 2048 - 23 2048 2048

Fusarium graminearum A - - 64 256 47 2048 2048 - 53 1024 1024

Fusarium graminearum D - - 32 32 - - 2048 2048 - - 1024 >2048

Fusarium oxysporum - - 64 64 - - 2048 2048 - - 1024 2048

Fusarium oxysporum IOR 342 - - 128 >2048 40 100 128 512 62 100 256 256

Fusarium oxysporum D 14 20 32 32 - 31 2048 2048 22 34 2048 2048

Fusarium poae A - - 32 32 - 38 1024 2048 - 37 2048 2048

Fusarium tricinctum - - 64 64 - - 2048 2048 - - >2048 >2048

Penicillium sp. - - 64 1024 - - 2048 >2048 - - 2048 >2048

Penicillum spinulosum - - 64 1024 - - 2048 >2048 - - 512 >2048

Phoma lingam IOR 2284 49 61 64 64 39 63 2048 1024 29 60 1024 1024

Sclerotinia sclerotiorum IOR 2242 52 100 16 16 - 72 512 512 - 72 1024 1024

Phytophthora megasperma IOR 404 - - 32 32 - - >2048 >2048 - - >2048 >2048

Phytophthora cryptogea IOR 2080 - - 32 32 - - >2048 >2048 - - >2048 >2048

Phytophthora plurivora IOR 2303 - - 32 32 - - >2048 >2048 - - >2048 >2048

ZnONP (1); first method of nanoparticle synthesis, ZnONP (2); second method of nanoparticle synthesis.

(−); no antifungal activity.
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cinerea, Fusarium graminearum D, Fusarium oxysporum D, Fusarium
poae A and three Phytophthora strains. The AgNPs inhibited spore
germination of Aspergillus niger at a concentration of 32 μg mL-1 while
their biocidal effect was achieved at a concentration of 64 μg mL-1.
Similarly, MIC andMFC of AgNPs against P. lingam spores were noted
at 64 μg mL-1. The higher MIC and MBC values of AgNPs, from 64 to
2048 μg mL-1, were determined against the other testedmicroorganisms,
with the exception of F. oxysporum IOR 342 for which the MBC values
were not determined in the tested concentration range.

The highest mycelial growth inhibition, determined by food
poisoned technique, was found for F. oxysporum IOR 342, followed
by S. sclerotiorum, P. lingam and both A. alternata strains, when
treated with ZnONPs (1). MIC and MFC of ZnONPs (1) against
fungal spores were found in the range of 128–2048 μg mL-1. The
most sensitive to ZnONPs (1) were spores of F. oxysporum IOR 342;
the inhibitory and biocidal effects were observed at a concentration
of 128 and 512 μg mL-1, respectively. The high susceptibility to
ZnONPs (1) was also observed for A. alternata IOR 1783 and S.
sclerotiorum IOR 2242 (MIC and MBC of 512 μg mL-1).

In the case of ZnONPs (2) similar patternwas observed, as described
for ZnONPs (1), with exception for MIC and MBC values against S.
sclerotiorum which were found to be two times higher (Table 3).

None of ZnONPs showed spore inhibition activity, within the
concentration ranges tested, against oomycete strains from the
genus Phytophthora (Table 3).

3.3 Effect of NPs on germination and growth
of maize (Zea mays) seedlings

The pretreatment of maize seeds with AgNPs at concentrations
equal to or higher than 32 μg mL -1 was found to be an effective
method of seed surface sterilization. However, priming of seeds with
ZnONPs within tested concentration range (1–256 μg mL -1)
showed no sterilization effect. The sterilization of seeds with
AgNPs and seeds priming with ZnONPs had no significant effect
on maize seed germination, when compared to the control (Table 4).

Values of both vigor indexes (I and II) (Table 4) showed an
acceleration of seedling growth after treatment with AgNPs at
concentrations of 32, 64 and 128 μg ml -1, as indicated by
significantly longer shoots and higher seedling dry weight
(Figures 5A, C). However, application of the maximum tested
concentration of AgNPs (256 μg ml -1) resulted in significantly
lower fresh biomass of seedlings (507.11 mg) when compared to

TABLE 4 Germination parameters of maize seeds after sterilization with various concentrations of AgNPs and pretreatment with ZnONPs (1) and ZnONPs (2).

Treatment [µg mL-1] % germination MGT [day] GRI [%/day] Vigour index I Vigour index II

AgNPs 0 90.00 3.78 28.01 2206.16 3957.62

32 82.50 3.61 29.14 2304.39 4326.20

64 82.50 3.64 28.89 2436.06 4363.58

128 87.50 3.66 29.00 2427.12 4347.94

256 87.50 3.57 29.52 2335.58 3884.63

ZnONPs (1) 0 90 3.78 28.01 2209.35 3957.62

1 92.5 3.78 27.93 2240.51 3806.82

8 97.5 3.64 29.19 2324.32 4168.38

16 90 3.86 27.18 2584.22 4711.75

32 92.5 3.81 27.48 2854.74 5316.10

64 90 3.69 28.52 2754.78 4910.63

128 90 3.75 28.15 2803.71 4932.74

256 95 3.72 28.38 3036.71 5247.18

ZnONPs (2) 0 90 3.78 28.01 2209.35 3957.62

1 90 3.76 28.07 2416.50 4234.28

8 90 3.53 29.95 2498.03 3994.16

16 100 3.83 27.38 2996.54 5199.35

32 90 3.83 27.31 2653.71 4602.11

64 90 3.69 28.52 2792.48 4710.99

128 92.5 3.73 28.29 3038.07 5111.09

256 95 3.74 28.20 3093.61 5150.36

ZnONP (1); first method of nanoparticle synthesis, ZnONP (2); second method of nanoparticle synthesis.

MGT; mean germination time, GRI; germination rate index.
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control (666.85 mg) (Figure 5B). Although AgNPs were used for
sterilization purpose, their lowest effective concentrations (32 and
64 μg mL-1) significantly improved parameters of seedlings,
especially seedling length (13.9%–20.5%) and dry mass (19.3%–

20.3%), as summarized in Table 5.
The vigour indexes of seedlings were found to be higher after

treatment with ZnONPs (1) at concentrations above 16 μg ml -1.
Seedling vigour index I increased after treatment with ZnONPs (1)
at concentrations of 16–256 μg ml -1 from 2209 in control to
2584–3037 in tested samples. The highest vigour index II (5316) was
found at concentrations of 32 μg ml -1 (Table 4). Growth of seedlings
roots and shoots was improved by ZnONPs (1) at concentrations
of ≥16 and ≥32 μg ml -1, respectively (Figures 6A, B). ZnONPs (1)

stimulated the growth of maize seedlings as indicated by higher plant
fresh and dry weight. A statistically significant increase inmaize biomass
production was noted for ZnONPs (1) at concentrations of ≥16 μg ml -1,
when compared to the control (Figures 6C, D). Overall, the growth
parameters of maize seedlings were increased after seeds pretreatment
with ZnONPs (1) at concentration ranges between 32 and 256 μg mL-1,
namely, length (by 26%–30%), fresh weight (by 24%–30%), dry weight
(by 19%–30%) (Table 5).

Seedling vigour index I after treatment with ZnONPs (2) at
concentrations of 8–256 μg ml -1 increased to 2498–3094 in tested
seedlings when compared to control (2209). The strongest effect on
improving seedling condition was observed after treatment of maize
seeds with ZnONPs (2) at a concentration of 16 μg ml -1, as proved

FIGURE 5
The length of shoots and roots (A), as well as fresh (B) and dry weight (C) of 10-day-old maize seedlings after sterilization of seeds with AgNPs. Data
presented as mean and standard error (SE), * denote statistical significance (p-value <0.05) between AgNPs treatment and control.

TABLE 5 Variation in the growth parameters of maize seedlings after treatment of seeds with various concentrations of NPs compared to the control expressed
as %.

Treatment
[µg mL-1]

Seedling length Fresh mass Dry mass

AgNPs ZnONPs (1) ZnONPs (2) AgNPs ZnONPs (1) ZnONPs (2) AgNPs ZnONPs (1) ZnONPs (2)

1 −1.3 9.4 −6.1 −1.4 −6.4 7.0

8 −2.9 13.1* −4.9 −5.2 −2.8 0.9

16 17.0 22.1* 24.2* 23.8* 19.1* 18.2*

32 13.9* 25.7* 20.1* −3.7 32.1* 24.9* 19.3* 30.7* 16.3*

64 20.5* 24.7* 26.4* 3.5 25.7* 27.6* 20.3* 24.1* 19.0*

128 13.2* 26.9* 33.8* 4.3 29.5* 40.5* 13.0 24.6* 25.7*

256 8.9 30.2* 32.7* −24.0* 30.0* 34.0* 1.0 25.6* 23.3*

*Denote statistical significance (p-value <0.05) between NPs, treatment and control.

ZnONP (1); first method of nanoparticle synthesis, ZnONP (2); second method of nanoparticle synthesis.
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by seedling vigour indexes (5199) when compared to untreated
control (3958) (Table 4). ZnONPs (2) concentrations ≥8 and
128 μg ml -1 stimulated elongation of shoots and roots,
respectively (Figure 7A). The fresh and dry weight of seedlings
increased after seeds priming with ZnONPs (2); a statistically
significant difference was noted for concentrations of ≥16 μg ml
-1, when compared to the control (Figures 7B, C). To sum up,
parameters of maize seedlings were increased after seed
pretreatment with ZnONPs (2) at concentration ranges between

32 and 256 μg mL-1. The length of seedlings was improved by 13%–

34%, their fresh weight by 24%–40% and dry weight by 16%–26%, as
presented in Table 5.

4 Discussion

Fungi play a pivotal role in synthesis of different kinds of
nanoparticles. Among these, various Fusarium species have

FIGURE 6
The length of shoots and roots (A), as well as fresh (B) and dry weight (C) of 10-day-old maize seedlings after seed pretreatment with ZnONPs (1) at
different concentrations. Data presented as mean and standard error (SE), * and # denote statistical significance (p-value <0.05) between ZnONPs
treatment and control. (1); first method of ZnONP synthesis

FIGURE 7
The length of shoots and roots (A), as well as fresh (B) and dry weight (C) of 10-day-old maize seedlings after seed pretreatment with ZnONPs (2) at
different concentrations. Data presented as mean and standard error (SE), * and # denote statistical significance (p-value <0.05) between ZnONPs
treatment and control. (2); second method of ZnONP synthesis.
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garnered attention by the researchers (Rai et al., 2021). Several
researchers successfully synthesized variety of nanoparticles
including silver, gold, copper, and zinc oxide NPs synthesis from
different strains of F. solani (Ingle et al., 2009; Abd El-Aziz et al.,
2015; Vijayan et al., 2016; Clarance et al., 2020; El Sayed and El-
Sayed, 2020; Sasani et al., 2023). Nevertheless, there is no standard
synthesis protocol, as there are many factors that affect the synthesis
yields of final product sizes, shapes, and other physicochemical
characteristics (Sonawane et al., 2022). Therefore, the present work
focuses on optimization of F. solani IOR 825 growth, high-
throughput synthesis process, and fabrication of biologically
active nanoparticles. The main requirements for the biosynthesis
of NPs are solutions of metal ions as well as reducing and coating
agents (fungal origin), the initial aim was to optimize the growth of
the fungus in order to acquire a large portion of biomass, with a view
to its subsequent use in preparing a cell-free extract after autolysis.
The SDB medium was selected and used for further culture of F.
solani IOR 825, as the highest fungal growth rate was recorded when
compared with PDB or CDB, which may be due to the medium
content consisting of dextrose, digested animal tissues (amino acids
source) and casein, which provide carbon and nitrogen sources for
growth. Similarly, Merlin et al. (2013) pointed out dextrose as the
preferred carbon source, and the supplementation of amino acids to
the growth medium that resulted in increased growth of F. solani
strain LCPANF01.

The fungal extract obtained after cell autolysis, which contains
variable biomolecules, is preferably used for the synthesis of NPs
along with metal precursors. This extracellular process allows for
more efficient synthesis of NPs and reduction of post-production
steps, such as purification (Michael et al., 2022). Similarly, El Sayed
and El-Sayed (2020) used cell-free extracts from F. solani KJ
623702 and silver nitrate (AgNO3; final concentration of 0.5 mM)
or zinc sulfate (ZnSO4; 0.005 mM), as precursors, for green synthesis
of corresponding nanoparticles. A basic visual observation of
changes in the color of the mixture to dark brown (AgNPs) or
white (ZnONPs) indicated that the synthesis reaction had been
initiated. The reduction of metal ions and nanoparticles formation
were confirmed by UV-visible spectroscopy and the detection of
maximum absorbance peaks at wavelengths 422 nm and 375 nm for
AgNPs and ZnONPs, respectively (El Sayed and El-Sayed, 2020),
which is in line with our observations. It is well known, that the
maximum absorption for AgNPs and ZnONPs ranges from 420 to
450 nm and 330–380 nm, respectively (Musa et al., 2017; Anjum
et al., 2023). However, the slight shifts in the UV-vis spectra are due
to differences in particle size or the presence of molecules from the
biological extracts used for the synthesis (Saion et al., 2013; Ballotin
et al., 2016; Musa et al., 2017; Guilger-Casagrande et al., 2019;
Urnukhsaikhan et al., 2021). A number of studies on the synthesis of
ZnONPs by precipitation method using fungal extracts have been
reported (Ghorbani et al., 2015). In our study, two factors, namely,
temperature, and pH, were considered for ZnONPs synthesis, as
these factors are of great importance for the morphology and size of
formed NPs (Moezzi et al., 2011). The heating of the reaction
mixture (fungal extract and salt precursor) improves the kinetics
of the reaction and affect NPs properties (Moezzi et al., 2011).
Authors reported that an increase in the temperature of the reaction
from 25°C to 90 °C between addition of ZnSO4 and NaOH led to the
lower solubility of the final product, which is important for further

applications. In another study, Abdullah et al. (2020) indicated that
strong alkaline (pH > 10) reaction environment favors the formation
of ZnONPs. It is consistent with observation from this study, the
ZnONPs were formed after a temperature rise to 40°C or at room
temperature after adjusting the pH to 11.

TEM analysis showed the formation of small and spherical
AgNPs from extract of F. solani IOR 835 which is in line with
recently published reports on the fungal synthesis of such
nanoparticles (Lofty et al., 2021; Sasani et al., 2023). These
authors synthesized spherical and small (7–23 and 27.5–58.3 nm)
AgNPs from Aspergillus terreus and F. solani, respectively. In
contrast, ZnONPs synthesized from F. solani IOR 825 were
irregularly shaped and bigger (54.44–209.69 nm and
64.84–443.02 nm) than those synthesized from Trichoderma
asperellum (44–78 nm), it may be related to the use of another
salt precursor (Zn (NO3)2 (Shobha et al., 2023). Whereas, Elrefaey
et al., 2022 synthesized rectangular ZnONPs with size between
23 and 140 nm using extract of marine alga Cystoseira crinite, Zn
SO4 (0.05 M aqueous solution), as a precursor, and 1 M NaOH and
heating the reaction mixture up to 45°C for 30 min. Apart from the
reaction parameters (precursor, temperature, pH), the
physicochemical properties of the bio-NPs are determined by the
composition of the fungal extract (Lofty et al., 2021). Similar results,
confirming the fungal-mediated formation of AgNPs and ZnONPs
with crystalline structures were reported by other researchers
(Talam et al., 2012; Nallal et al., 2021; Shobha et al., 2023).
Furthermore, Singh D. et al. (2014) revealed that low
concentration of precursor (1 mM AgNO3) as well as room
temperature (below 25°C) allowed for efficient mycosynthesis of
small AgNPs (average size 18 nm) with good stability (Zeta
potential–33.4 mV) which prevented their agglomeration. Jain
et al. (2020) used zinc sulfate for microbial-mediated synthesis of
ZnONPs and suggested that a larger hydrodynamic diameter of
biologically synthesized ZnONPs might result from aggregation of
particles. The zeta potential is an indicator of surface charge
potential which is an important parameter for understanding the
stability of nanoparticles in aqueous suspensions. In our studies, a
low value of Zeta potential (−9.39 mV) indicated lower stability of
ZnONPs (2) and the tendency to aggregate therefore larger particles
diameter were observed in DLS analysis. It has been stated in the
literature that nanoparticles with a Zeta potential higher than
+30 mV or lower than −30 mV are considered to be very stable
in the dispersion medium by pushing the same charges (Rai et al.,
2018). In another study, Singh K. et al. (2014) pointed out that the
DLS results encompass the layer of solvent at the interface and
capping biomolecules on the nanoparticles’ surface. This was also
indicated by the results of FTIR analysis, where bands identified
suggest the presence of functional groups from biomolecules such as
proteins (N–C-and C–C), aromatic compounds (C-H), amines
(C-N), hydrocarbons (C-H, C=C) from the fungal extract which
are employed in the synthesis and take part in the reduction of metal
ions and subsequent stabilization of the nanoparticles (Abdullah
et al., 2020; Wypij et al., 2022). The bands detected between 400 cm
-1–600 cm -1 imply the formation of bonding between metal and
biomolecules present in fungal extract. Our results agree with the
findings reported by Salem (2022) and Shobha et al. (2023) where
bands for biosynthesized nanoparticles were found at 609.3 and
414.6 cm−1 for AgNPs and 534 cm−1 for ZnONPs, respectively.
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Mycosynthesized NPs from F. solani IOR 825 showed
antimicrobial activity against a wide range of bacterial and fungal
pathogens of plants in a dose-dependent manner, highly depending
on the targeted strain. In a similar study by Namburi and coworkers
(2021), antibacterial activity of biosynthesized AgNPs was found
against Xanthomonas oryzae pv. oryzae at concentration of
2.5 μg mL-1 while another report indicated effectiveness of AgNPs
synthesized from Ulva fasciata extract against X. campestris pv.
malvacearum at higher concentration of 40 μg mL-1 (Rajesh et al.,
2012). In a study conducted byManosalva et al. (2019) AgNPs showed
activity against E. coli, P. syringae, and Staphylococcus aureus. The
activity of AgNPs was affected by both the bacterial strain and the size
of the NPs (23, 92, and 220 nm); the highest sensitivity to AgNPs was
detected for Escherichia coli (MIC 5–30 μg mL-1 and MBC
10–50 μg mL-1), followed by P. syringae (MIC 10–40 μg mL-1 and
MBC 30–60 μg mL-1) and S. aureus (MIC 50–80 μg mL-1 and MBC
60–80 μg mL-1). In addition, the growth of bacterial strains, namely,
Ralstonia solanacearum, P. syringae, X. campestris, and X. oryzae was
inhibited by ZnONPs synthesized from C. tomentosa leaf extract at
various concentrations of 125, 500, 250 and 250 μg mL-1, respectively.
A similar trend was found in our study, where P. syringae showed
lower sensitivity to ZnONPs than X. campestris. The growth of P.
syringae was inhibited by ZnONPs (1) and ZnONPs (2) at
concentrations of 1024 and 512 μg mL-1, respectively, while X.
campestris at concentrations of 256 and 512 μg mL-1, respectively.
Several studies indicated that antibacterial mechanisms of metal
nanoparticles include the destruction of membrane integrity, cell
morphology changes, the release of metal ions, and the generation
of reactive oxygen species generation (Reddy et al., 2007; Jiang et al.,
2016; Gallón et al., 2019). To date, the antifungal activity of
biosynthesized AgNPs and ZnONPs were tested against plant
pathogens, e.g., Alternaria brassicae (Dhiman et al., 2021), F.
oxysporum (González-Merino et al., 2021; Macías Sánchez et al.,
2023) and F. graminearum (Ibrahim et al., 2020). For example,
Talie et al. (2020) showed lower antifungal activity of AgNPs
biosynthesized from Helvella leucopus which at a concentration of
20 mgmL-1 inhibited spore germination of Penicillium chrysogenum,
A. niger, and A. alternata by 83.21, 77.32% and 69.10%, respectively.
The dose-dependent antifungal activity of AgNPs biosynthesized
from Trichoderma viride against F. oxysporum and Alternaria
brassicicola was reported by Kumari et al. (2019). These results
corroborate our studies. Inhibition of mycelial growth was
observed at AgNPs concentration of 5%, while complete
suppression was determined at a nanoparticle concentration of
25%. In addition, they suggested that the action of AgNPs against
A. brassicicola led to the generation of superoxide radicals, as well as
the disruption of themycelial structure (Kumari et al., 2019). Jain et al.
(2020) evaluated antimicrobial activity of bio-ZnONPs against X.
oryzae andAlternaria sp. with themaximum effect at concentration of
100 and 250 μg ml−1, respectively. Similary to the results of the present
work, Jamdagni et al. (2018) found that ZnONPs synthesized from
Nyctanthes arbor-tristis flower extract showedMIC values of 16 μg mL-1

against A. niger, 64 μg mL-1 against A. alternata and F. oxysporum, and
128 μg mL-1 against B. cinerea and Penicillium expansum. Whereas, Zhu
et al. (2021) reported inhibitory effect of ZnONPs synthesized from
Cinnamomum camphora (L.) leaf extract on mycelial growth and spore
germination of A. alternata at concentrations of 20–160 mgmL-1. The
proposed mechanisms of antifungal activity of ZnONPs included

excessive synthesis and accumulation of malondialdehyde in A.
alternata cells and damage to the cell membrane, leading to leakage
of proteins and nucleic acids (Zhu et al., 2021). In turn, Nandhini et al.
(2019) observed the plasmolysis of spores of Sclerospora graminicola
after treatment with ZnONPs at a concentration of 50 ppm. The
differences in antimicrobial activity of both types of ZnONPs
biosynthesized from F. solani IOR 825 may result from different
protocols used for their biofabrication. There are several important
factors that affect the synthesis of nanoparticles, including pH of the
reaction solution, temperature, pressure and time of the reaction, the
concentration of the extracts and precursors, and above all the protocols
that are followed for the synthesis process (Patra and Baek, 2014; Wypij
et al., 2019). Consequently, nanoparticles of different sizes, shapes,
structures and properties are formed which affect their biological
activity, including antimicrobial activity (Patra and Baek, 2014; Wypij
et al., 2019), as discussed above.

A notable antimicrobial activity of mycosynthesized AgNPs was
further confirmed in seeds sterilization tests. The minimum
concentration of AgNPs that effectively sterilized maize seeds
(32 μg mL-1) was equal to or twice lower than the majority of MICs
determined against the tested bacterial and fungal plant pathogens. It is
noteworthy that at this concentration no negative effects of AgNPs on
seed germination or seedling growth were observed, as mentioned
previously. Previously, Morsy et al. (2014) used bioAgNPs form
cyanobacteria for sterilization of maize, sorghum, soybean and
sesame seeds. Although the authors used 2.5 higher AgNPs dose
than in the present study, they noted incomplete sterilization of
seeds indicated by the presence of fungi from genera Fusarium and
Alternaria sp. Aspergillus spp. or Pencillium spp. The results of the
present study showed that overall AgNPs at tested concentration range
did not negatively affected seedling parameters, except of fresh biomass
production at concentration of 256 μg mL-1. It may suggest
phytotoxicity of AgNPs at higher doses. Similarly, dose-dependent
plant responses to AgNPs priming of seeds were reported by other
authors. In the study by Labeeb et al. (2020), AgNPs at concentrations of
20 and 40 mg L-1 increased germination of seeds and root length of
green pea (Pisum sativum L.), while higher concentrations (80 and
160 mg L-1) decreased seed germination and reduced seedling growth. It
has been suggested that the phytotoxicity of AgNPs, especially at higher
doses, may be related to their small size which facilitates their transport.
Once penetrating into plant tissues and cells, they display cytotoxic and
genotoxic effects (Scherer et al., 2019).

Although ZnONPs from F. solani IOR 825 were found to display
non-sterilizing properties, they significantly improved seedling growth
by stimulating shoot and root elongation, and fresh and dry matter
production. A number of reports have proven the importance of Zn for
plant growth and development as well as their resistance to biotic or
abiotic stresses, that result from its involvement in physiological
processes (Camp, 1945; Rudani et al., 2018). Zn content is essential
for plants as a component of the cytochrome complex, for membrane
integrity or as a cofactor or complexing ion for enzyme activity
(Hacisalihoglu, 2020). Some other reports highlight a significant role
of Zn in cell elongation and synthesis of tryptophan, a precursor of
indole-3-acetic acid (Mašev and Kutáček, 1966; Sharifi et al., 2016;
Sharma et al., 2021). The beneficial effects of ZnONPs on seeds
germination and early seedling growth were reported by other
authors who showed enhanced wheat grains germination and
seedlings growth after priming the seeds with ZnONPs at a
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concentration of 10 mg L-1 (Rai-Kalal and Jajoo, 2021). Recently, the
mechanisms of ZnONPs action as a nanobiofeltilizer for plant growth
promotion were studied by Sun et al. (2020), Khan et al. (2021) and El-
Badri et al. (2021). They found that these NPs increased zinc uptake by
plants, maximized plant production and improved plant resistance to
biotic and abiotic stresses. In turn, Itroutwar and coworkers (2020a)
identified the accumulation of ZnONPs in maize seeds endosperm
leading to improved germination. It has been suggested that ZnONPs
facilitate water uptake and increase α-amylase activity during
germination (Itroutwar et al., 2020b; Rai-Kalal and Jajoo, 2021;
Sharma et al., 2021). Moreover, study conducted by El-Badri and
coworkers (2021) showed that ZnONPs activity as plant growth
promoter was associated with increasing metabolic activity and
modulating the expression of hormone genes (abscisic acid (ABA)
and gibberellic acid (GA)) during seed germination. In another study,
Rawashdeh et al. (2020) showed improved germination and enhanced
biomass production under salt stress after nanopriming seeds with
ZnONPs. The mechanism of action of ZnONPs was attributed to
stimulation of enzyme biosynthesis, induction of carbohydrate
decomposition and increased activity of the antioxidant system.

Both positive and negative effects of ZnONPs on seed
germination and plant growth have been reported, but many
studies have shown that bio-synthesized ZnONPs are more stable
and biocompatible (due to capping and stabilizing agents of natural
origin on their surface) compared to chemical ones (Singh et al.,
2018). The use of bio-ZnONPs in the preparation of seeds of
agronomically important crops can contribute to increased crop
productivity and quality. Although there is still limited information
on the interaction of nanoparticles with plants, further efforts should
be made to clarify them (Tondey et al., 2021).

5 Conclusion

In this study, AgNPs and ZnONPs were effectively synthesized
from F. solani IOR 825. They were comprehensively characterized using
UV–vis, TEM, XRD, DLS, Zeta potential measurements, and FTIR
which revealed the small size and spherical shape of AgNPs, the larger
size of ZnONPs, and for both stability, crystalline nature, and that
mycosynthesized nanoparticles were capped with biomolecules. The
AgNPs were found to have strong antimicrobial potential against
bacterial pathogens of plants. The lower sensitivity of pathogenic
bacteria was demonstrated to ZnONPs. In addition, both types of
NPs showed the potential to inhibit fungal spore germination, which is
crucial in the fungal spread in the environment, and growth of fungal
mycelia. The AgNPs revealed sterilization effect on maize seeds while
ZnONPs demonstrated stimulatory effect on seedlings growth by
improving fresh and dry biomass production. The present work
highlights that mycosynthesized silver and zinc oxide nanoparticles
in view of their unique properties, have a high potential as a promising
agent to control or prevent the growth of pathogens in agriculture and
enhance crop productivity. Nevertheless, continued investigations into
their effects on plant development, growth and long-term toxicity are
required.
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