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Abstract

Antimicrobial resistance (AMR) poses a serious threat to public health on a worldwide scale and has made it extremely
difficult to effectively control connected infectious diseases. Due to rapid spread of antibacterial resistance among bacteria,
it has become necessary to unveil alternative therapies and medications to combat AMR as commercially available antibi-
otics are becoming less effective. Recently, nanotechnology has become a fast expanding field with several applications in
biomedical sciences. Simultaneously, silver has gained popularity as a comparatively safe antibacterial substance and disin-
fectant. A wide range of antibacterial, antifungal, and antiviral activities are exhibited by silver nanoparticles. In this current
study, Clerodendrum glandulosum leaf extract was used for a simple, economical, and environmentally friendly production
of biofunctionalized silver nanoparticles for evaluation of antibacterial efficacy. UV-visible spectroscopy confirmed the
synthesis of silver nanoparticles giving absorption maxima at 450 nm due to surface plasmon resonance. From the scan-
ning electron microscopy and dynamic light scattering, the average size of the particles was determined to be 150-200 nm.
Energy-dispersive X-ray analysis was used to confirm the elemental composition of the biofunctionalized silver nanopar-
ticles. The X-ray diffraction pattern and the Fourier transform infrared spectrogram have confirmed the crystalline nature
and successful biofabrication of silver nanoparticles. The MBC values of the silver nanoparticles have been reported to be
in the range of 10-20 pg/ml for a fixed population of bacteria, which is significant when compared to the MBC values of
gentamicin against the same four strains. Therefore, biofunctionalization of phytoconstituents on nanosurface might improve
silver nanoparticles' antibacterial activity as well as their biocompatibility.
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Introduction

One of the vital threats to the healthcare industry in the cur-
rent environment is the rise in antibiotic-resistant bacteria.
Deadly pathogenic multidrug-resistant bacteria (MDR) are
becoming more prevalent every day and represent a major
threat to human health (Bharadwaj et al. 2022). Multid-
rug-resistant bacteria constitute a global concern, increas-
ing morbidity and mortality among infected patients and
adversely affecting the prognosis of many different popula-
tions, including those receiving cancer therapy, critical care
unit treatment, surgery or transplantation (Michael et al.
2014). Antibiotic resistance has been identified as a global
issue by the WHO's Global Antimicrobial Surveillance Sys-
tem in a 2017, report estimating a patient with an infection
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that is resistant to antibiotics is likely to cost around $50,000
to treat, with annual societal expenditures of $20 billion
dollars (WHO 2020). This hazard to public health is made
worse by the overuse and in some cases misuse of antibiotics
as well as the dearth of new medicines entering the pipeline
for antibiotics. Due to the emergence of antibiotic resistance,
there is a need for increased therapeutic doses have been
developed for many commercially available antibiotics. High
therapeutic doses and concurrent uses often result in adverse
effects and many other undesirable outcomes. Hence, sci-
entists worldwide have been looking for alternates to the
traditional chemotherapies or modern strategies to solve this
dilemma (Gao et al. 2021).

In the past decade, nanotechnology has been emerg-
ing as a multidisciplinary science having wide range of
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applications providing solutions to many challenges glob-
ally, especially in the field of biomedical sciences. Signifi-
cant scientific and technological advancements in a variety
of sectors, including medicine and physiology, are expected
to be produced via nanotechnology and nanoengineering.
They can be broadly categorized as the science and engi-
neering involved in the design, synthesis, characterization
and application of materials and devices whose smallest
functional organization is on the nanometre scale, ranging
from a few to several hundred nanometres, in at least one
dimension. The spatial and temporal scales under consid-
eration directly influence the possible impact of nanotech-
nology: Nanoscale engineering refers to the precise control
of the arrangement of the constituent molecules and atoms
that make up the bulk macroscopic substrate in materials
and electronics (Alavi and Rai 2019) This implies that, as
a result of the control over their molecular synthesis and
assembly, nanoengineered substrates can be made to display
very particular and controlled chemical and physical prop-
erties in contrast with their lumen matter. These materials
and devices can be created to interact with cells and tissues
at a molecular (i.e., subcellular) level with a high degree of
functional specificity for applications in medicine and physi-
ology, enabling a level of technological and biological sys-
tem integration that was previously unachievable. In order to
bring together the necessary collective expertize needed to
develop these novel technologies, traditional sciences such
as chemistry, physics, materials science, and biology have
come together to form the emerging field of nanotechnol-
ogy. Due to their extremely small size, nanomaterial have a
greater surface to volume ratio that results in the nanoparti-
cles to act as better catalysts (Adil et al. 2022) and also can
be biofunctionalized with several molecules such as drugs or
ligands that can serve for targeted delivery of drugs.
Different types of nanomaterials are known to exist from
ages ago. They include the naturally occurring nanoparti-
cles, such as volcanic ashes and viruses, and human origin,
such as diesel exhaust and industrial effluents. There can be
incidental nanoparticles (different shapes and sizes) as well
as engineered nanoparticles (more well defined; example
include metal nanoparticles, quantum dots, nano-capsules,
etc.). The research significance of nanoparticles for thera-
peutic uses has grown over time. The nanoparticles gener-
ated are used as biosensors, bioimaging systems and targeted
drug delivery systems due to their great stability, biocompat-
ibility, and low toxicity (Hussain et al. 2020). The present
period is seeing a surge in interest in metallic nanoparticles,
such as gold and silver nanoparticles, due to their better
properties and adaptability (Gouyau et al. 2021). Amongst
the metal nanoparticles silver nanoparticles (AgNPs) have
drawn attention for their application in biomedical sciences
as silver exhibits excellent antibacterial activity. There are
now three main pathways supported by the literature that

have been shown to work either in concert or separately
to give AgNPs their antibacterial effects. According to the
first theory, AgNPs function at the membrane level because
they can pass through the outer membrane and accumulate
in the inner membrane, where the nanoparticles' adherence
to the cell causes them to become unstable and damaged,
increasing the permeability of the membrane and causing
cellular content to leak out and ultimately cause the cell to
die. Additionally, it has been demonstrated that AgNPs can
interact with proteins in bacteria's cell walls that contain
sulfur, potentially rupturing the cell wall due to structural
damage (Bruna et al. 2021). According to a different theory,
Ag™ ions produced from AgNPs might either engage with
sulfur-containing proteins to prevent enzyme activity or with
phosphorus moieties in DNA to prevent DNA replication
(Fig. 1b) (Sharma et al. 2009). These antimicrobial proper-
ties of AgNPs have attracted a lot of interests in the past
few years.

Nanoparticles can be synthesized by both chemical as
well as biological (green) methods. Chemical approaches
require significant investment and have several drawbacks,
such as the use of dangerous solvents, the production of
harmful by-products, and the uneven surface structure.
Chemical techniques are typically made up of multiple
chemical species or molecules, which could enhance par-
ticle reactivity and toxicity as well as be hazardous to both
human health and the environment (Dawadi et al. 2021).
For medical and biological applications where the purity
of NPs is crucial, biogenic reduction of metal precursors to
produce NPs is environmentally benign, less expensive and
free of chemical impurities. Similar to chemical reduction,
biogenic reduction is a "Bottom Up" technique in which a
natural material extract with inherent stabilizing, growth-ter-
minating, and capping properties replaces a reducing agent
(Nguyen et al. 2023). Green approaches are non-hazardous,
cost-effective, eco-friendly, and easy to approach. Green
synthesis of nanoparticles can be done by using plants or
by microbes. Plant based approaches are mostly favoured
because they are inexpensive, efficient and do not involve
the cumbersome process of the isolation of the biomolecules
or storing the microbial cultures. In context with the above-
mentioned problems, in the present study, leaf extract of
Clerodendrum glandulosum was being utilized for the syn-
thesis and biofabrication of AgNPs. The herb has historically
been used as a vermifuge, anthelmintic, antidiabetic and to
treat asthma and malaria fever. Clerodendrum glandulosum
Leaf aqueous extract is traditionally used by few people of
North-East India to alleviate symptoms of diabetes, obesity
and hypertension (Singh et al. 1996; Sharma et al. 2001).
Terpenes, flavonoids, phenolic glycosides and steroids were
extracted from this plant and have been reported to have a
variety of biological actions in plant extracts. The phyto-
constituents extracted from the leaves act as both reducing
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5 g of powdered Clerodendrum
glandulosumleaves + 100 ml of
distilled water

Stirred steadily at 65°C
for 30 minutes

160 mM of silver nitratein 5 ml of

Stirred steadily at 65°C
for 75 minutes

Nucleation and
growth

(a) = (b)

X

iF

distilled water + 25 ml of filtered
et Membrane
Electron disruption
1 T transport chain ‘g o
disruption (}%7
(]
Reductionsc;lt“, .:rgz zi\ngt:) elemental DNA damage Protein denaturation )
® AgNPs

Fig. 1 Flowchart representing synthesis of biofunctionalized AgNPs (a) antibacterial mechanism of AgNPs (b)

and capping agent enhancing the antibacterial efficacy and
biocompatibility of the synthesized AgNPs, as evident in
our study.

Result and discussion
UV-Visible spectroscopy

The synthesis of the AgNPs has been carried out at differ-
ent reaction conditions as mentioned in the Sect. “Experi-
mental”. Silver nitrate solution was colourless, whereas the
plant extract was pale brown in colour. As the reaction pro-
gresses, the solution started to get darken and eventually
a dark brown colloidal suspension was formed, indicating
the synthesis of the AgNPs as depicted in Fig. 2. This col-
our change is attributed to the surface plasmon resonance,
an optical property signature to the noble metals (Ibrahim

Fig.2 Visual observation of
colour change during AgNPs
green synthesis; silver nitrate
solution (a), plant extract (b)
and Biofunctionalized AgNPs
©
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2015). To further confirm the synthesis of biofunctional-
ized AgNPs, UV-visible spectroscopic analysis has been
employed. The reaction initially was carried out at different
reaction conditions such as different concentration ratios of
the reactants, different temperature and pH.

Eventually, it was optimized that the best possible syn-
thesis was observed when the concentration ratio was 9.25
(plant extract to silver nitrate solution), pH around about 5
and 65 °C temperature (Fig. 3a). However, when the con-
centration ratio was kept to 5.56, a partial synthesis was
observed. To confirm the synthesis of AgNPs, samples were
collected at different time interval and subjected to UV—Vis-
ible spectroscopic analysis. When the concentration ratio
and the pH were kept to 9.25 and 5, respectively, synthesis
began since half an hour from the commencement of the
reaction. The reaction was seemed to be completed after
60 min as no further change in the UV—-visible spectrum
was noticed (Fig. 3b).
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Fig.3 UV-Visible plot of green synthesis of AgNPs under different concentration ratios of plant extract to silver nitrate (a) and different time

intervals at pre-optimized concentration ratio (b)

Further keeping the reaction to continue has resulted in
aggregation and partial oxidation of nanoparticles turning
the solution colour from dark brown to black signifying
formation of silver oxide crystals as evident in the X-ray
diffraction (XRD) analysis. The synthesized biofunction-
alized AgNPs shown to have significant stability up to
1 month. When the AgNPs was kept at 4 °C at 1 mg/ml
concentration, no significant change in the UV—Visible
spectrum was observed. However, prolonged storage or
improper storage lead to aggregation of nanoparticles,
size variability and alteration in the biophysical proper-
ties that was evident from broadening of the SPR peak.
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After the completion of synthesis and purification of the
sample through centrifugation, the purified sample was
washed three times with distilled water and the UV-visible
data was recorded. The UV-visible absorption spectrum
of the synthesized AgNPs as depicted in Fig. 4a showed a
broad absorption maxima at around 450 nm due to surface
plasmon resonance of the AgNPs (Ahmad et al. 2011).
The slight broadness of the peak signifies the aggrega-
tion of the nanoparticles, partial oxidation to silver oxide
and little size variability. From the UV-visible data, direct
band gap energy was calculated by Tauc plot. To calcu-
late the band gap energy, the following equation has been
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Fig.4 UV-Visible plot of biofunctionalized AgNPs (a) and Tauc plot for direct band gap energy calculation (b)
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used depicting the relationship between photon energy and
absorption coefficient (Feng et al. 2015).

ahv = B(hv—E,)"” 1

In Eq. (1), ‘@’ is the absorption coefficient, ‘hv’ is the
photon energy and ‘B’ is a constant that is independent of
photon energy. The E,-value of AgNPs can be determined by
plotting the (ahv)? against hv followed by taking the inter-
cept of the plot on the x-axis. The band gap energy was
calculated to be 1.71 eV.

It has previously been reported by Mistry et al. (2021)
that the band gap energy of AgNPs was 2.48 eV. Aziz et al.
(2018) reported that silver nanoparticles synthesized using
sol-gel method has band gap energy of 2.5 eV. In our study,
the determined band gap energy was 1.71 eV.

When the particle size approaches the nanoscale,
where each particle is composed of a very small num-
ber of atoms or molecules, the band's width narrows and
there are fewer overlapping orbitals or energy levels.
The energy gap between the conductor and the voltage
band will widen as a result. This explains why NP has
a larger energy gap than the corresponding bulk mat-
ter. As a result, the NP show less electrical conductivity
than the bulk material that was used to make them. As a
result, during green synthesis, the absorption spectrum
shifts towards lower wavelengths. In our study, as the
band gap energy is less compared to that of the recently
reported values, it can be expected that there is a het-
erogeneity in the particle size which happens often dur-
ing the green synthesis due to presence of various sur-
factants in different proportions. A larger band gap energy
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Fig.5 FTIR analysis of biofunctionalized AgNPs (a) and plant extract (b)
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means that more energy is required to excite an electron
from the valence band to the conduction band and hence
light of a higher frequency and lower wavelength would
be absorbed. Therefore, a red shift in the surface plas-
mon resonance of the AgNPs was observed in our study
(Fig. 4b). This shift in the band gap can be attributed
to nanoparticles’ surface chemistry due to fabrication of
phytoconstituents.

Fourier Transform Infrared Spectroscopy (FTIR)

The study of vibrational energies upon infrared excitation
of the synthesized biofunctionalized AgNPs were carried
out by FTIR spectroscopic analysis. Figure 5a depicts the
FTIR spectrum of synthesized biofunctionalized AgNPs
whereas Fig. 5b shows the same for plant extract. Several
peaks have been observed due to bond vibrations of the
phytoconstituents.

The strong band at 3374.28 and 3310.53 cm™! are attrib-
uted to the O-H stretching of alcohols and phenols. The
strong and sharp bands at 2923.24 and 1609.84 cm™ cor-
responding to the C—H stretching vibration in alkanes and
C=C stretching vibration in alkenes, respectively. The bands
at 1729.69 and 1247.05 cm™' can be attributed to C=0
stretching in aldehydes and esters and C-O stretching in
aromatic esters, respectively. The C—H bending vibration
is attributed to peaks at 769.36 and 773.46 cm™! from aro-
matic groups. The bands at 1012.31 cm™!can be attributed to
C-O stretching from alcohols (Priya et al. 2011; Marimuthu
et al. 2011). The similar banding pattern for C—H (alkanes),
C-0 (alcohols), C-O (aromatic esters), O—H (phenols), O—-H
stretching, and methyl group observed in both the spectra
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Fig.6 Scanning electron microscopy of biofunctionalized AgNPs

and the minor shifts in the position confirms the presence of
several phytoconstituents especially the abundance of aro-
matic hydrocarbons on the nanosurface. Hence, the FTIR
analysis confirms the biofunctionalization of the AgNPs.

Field emission scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy
(EDX)

Scanning electron microscopy was used to examine the nan-
oparticle’s size, shape, and distribution. Figure 6 shows the
SEM images of synthesized AgNPs after alcohol washing.
The images support several other reports that describe the
synthesis of spherically shaped, mono-dispersed nanopar-
ticles. The average size of the nanoparticles from the SEM
analysis was determined to be in the range of 80—-100 nm.
The elemental composition of the synthesized AgNPs
was determined through EDX analysis. As depicted in Fig. 7,

477
424
371

318

159 Au

Au
L), .

0.00 067 134 201 268 335

Fig. 7 Energy-dispersive X-ray analysis of biofunctionalized AgNPs

two strong intensity peaks have been observed due to scat-
tering from K shell and L shell of silver atoms signifying the
formation of AgNPs.

The peaks from C and O atoms signifying the presence of
phytoconstituents on the nanosurface. The abundance of O
atoms in the EDX analysis also signifies the partial oxidation
of AgNPs into silver oxide (Ag,0). The presence of Au is
due to the sputter coating.

Dynamic light scattering (DLS)

Dynamic light scattering (DLS) also known as photon cor-
relation spectroscopy (PCS) has been used for determining
the sizes and shapes of nanoparticles in liquids. The time
variations in the amount of light scattered by the particle
dispersion are tracked and recorded. The ability to detect the
light scattered as a result of light's interaction with matter
provides details on the sample's physical properties. Accord-
ing to the dynamic light scattering study size distribution
profile, the hydrodynamic diameter of these bio-synthesized
silver nanoparticles was calculated. As depicted in Fig. 8,
96.8% intensity was associated with peak 1 having average
hydrodynamic diameter of 212.1 nm. Another two small
peaks, 2.7 and 0.5 percentage of intensity were associated
with peak 2 and peak 3 having average hydrodynamic diam-
eters of 27.26 and 8.584 nm, respectively. From this data,
the average hydrodynamic diameter was determined to be
152.5 nm that is also in accordance with our SEM data.
The hydrodynamic diameter of silver nanoparticles deter-
mined by DLS study was 152.5 nm. The average diameter
determined by SEM image was near about 100 nm. This
is because, during SEM study only one particular section
is being focused. Hence, the standard error of measure-
ment is high, whereas DLS deals with millions of particles
simultaneously and also their surface chemistry. Hence, the

Element Weight % Atomic % Error % Net Int.
CK 10.82 36.86 11.72 28.89
OK 11.90 30.43 14.23 18.61
Ne K 1.64 3.32 21.79 6.40
CIK 2.35 2.71 21.47 6.90
AgL 66.88 25.35 713 80.65
AuM 6.41 1.33 14.56 9.65
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Fig.8 Dynamic light scattering Size (d.nm): % Intensity: St Dev (d.nm):
ilga;y;f of biofunctionalized Z.Average (d.am); 1525 Peak®: 2121 9.8 1075
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1000 Ag,0 NPs tively, that confirms the presence of silver nanoparticles.
Four other minute peaks have also been observed at 27.82,
B 800 7 32.34, 46.28, 54.89 can be corroborate with (110), (111),
3 (211), (220) planes of silver oxide (JCPDS 76-1393). The
= 6001 XRD pattern of the synthesized AgNPs has shown diffrac-
g tion peaks with similar 20 values that is evident in recent
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Fig.9 X-ray diffraction pattern for biofunctionalized AgNPs

hydrodynamic diameter is expected to be greater than the
average diameter depicted in SEM image. The hydrody-
namic diameter also demonstrates the stability of the col-
loidal suspension. The smaller the hydrodynamic diameter,
the greater stability of the nanoparticles that enhances the
antibacterial efficacy and shelf life of the nanoparticles.

X-Ray diffraction analysis (XRD)

The XRD pattern of the synthesized biofunctionalized
AgNPs has confirmed the crystalline nature of AgNPs.
The diffractogram as depicted in Fig. 9 has been com-
pared to the standard powder diffraction card of JCPDS,
silver file number 00-004-0783. Four Bragg refraction
peaks were observed that can be indexed to (111), (200),

@ Springer

The cytotoxicity assay was carried out on RAW 264.7 mac-
rophages using different concentrations of gentamicin, plant
extract and biofunctionalized AgNPs as mentioned earlier
in the materials and method section. When the cell lines
(10* cells/well) were treated with AgNPs of 5, 2.5, 1.25 and
0.625 ug/ml concentrations, the percentages of survivability
were observed to be 39.76, 43.49, 57.48 and 75.7, respec-
tively (Fig. 10a). Whereas it has been observed upon treat-
ment with 0.5, 0.25, 0.125 and 0.063 pg/ml of Gentamicin,
74.07, 77.43, 85.43 and 95.86 per cent of cells survived
(Fig. 10b). When the macrophages were treated with 250,
125, 62.5 and 31.25 pg/ml of plant extract, the percentages
of survivability were observed to be 50.54, 63.8, 74.04 and
79.22, respectively (Fig. 10c).

From the above-mentioned data, the IC50 value for
AgNPs and Plant extract were determined to be approxi-
mately 1.875 and 250 pg/ml, respectively. This signifies
the AgNPs is 133.33 times toxic compared to plant extract
against RAW 264.7 macrophages (Table 1). It has been
reported that the IC50 values of green synthesized AgNPs on
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Fig. 10 Evaluation of cytotoxicity of AgNPs (a), Gentamicin (b) and Plant Extract (¢) on RAW 264.7 macrophages by MTT assay. "Not signifi-
cant; *p value <0.05; **p value <0.01; ***p value <0.001; ****p value < (0.0001

Table1 Assessment of RAW 264.7 macrophages survivability by
MTT Assay

Dilution Factor  Percentage of survivability

Control ~ AgNPs Gentamicin Plant extract
(10 pg/ (1 pg/ml) (500 pg/ml)
ml)
1/2th 100 39.76 74.07 50.54
1/4th 100 43.49 77.43 63.80
1/8th 100 57.48 85.43 74.04
1/16th 100 75.70 95.86 79.22

G292, HCT-116, MCF-7, MDAMB-231 and Hep-G2 were
3.42,1.4,2.1,6 and 1.2 pg/ml, respectively (Suleiman et al.
2015; Gurunathanet al. 2013). Our cytotoxicity analysis data
are in tandem with the previously reported data and signi-
fies the biofunctionalized AgNPs exerts minimal detrimental

effect on human cell line though having good antibacterial
efficacy. The high IC50 value of the plant extract against the
above-mentioned cell line also signifies that biofabrication
of the phytoconstituents increases the bio-compatibility of
the AgNPs. However, the IC50 value of the biofunctional-
ized AgNPs should be higher to make it feasible and more
bio-compatible for in vivo studies.

Gas chromatography-Mass spectrometry (GC-MS):

The molecules attached to the nanosurface have been recov-
ered and subjected to GC-MS analysis. The identified mol-
ecules and their plausible roles are summarized in Table 2.
The roles of the phytochemicals have been demonstrated in
recently reports as antibacterial, antifungal and anti-inflam-
matory agents. This result suggests that the phytochemicals
not only increases the biocompatibility of the nanoparticles
but also enhances the antibacterial efficacy.

Table 2 Gas chromatography—Mass spectrometry analysis of the phytochemicals capping the AgNPs

Serial number Name of the compounds Molecular Biological activities
weight
1 Dotriacontane 450 Antibacterial (Kawuri and Darmayasa 2019)
2 Tetratetracontane 618 Antibacterial (Kawuri and Darmayasa 2019)
3 Tetracontane 562 Antibacterial (Kawuri and Darmayasa 2019)
4 Heneicosane 296 Antibacterial and antifungal (Vanitha et al. 2020)
5 Eicosane 282 Antibacterial (Naeim et al. 2020)
6 Benzenepropanoic acid, 3,5-bis(1,1-dimethylethyl)-4-hy- 306 Antifungal and antioxidant (Belakhdar et al. 2015)
droxy-, ethyl ester
7 4-(3,5-Di-tert-butyl-4-hydroxyphenyl)butyl acrylate 332 Antifungal and antioxidant (Belakhdar et al. 2015)
9 Triacontane, 1-iodo 548 Antibacterial (Kawuri and Darmayasa 2019))
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Fig. 12 Evaluation of antibacterial efficacy of biofunctionalized AgNPs against Staphylococcus aureus (a) and Vibrio cholerae (b)

Antibacterial activity of AgNPs

To evaluate the antibacterial efficacy of the AgNPs, broth
dilution method was performed followed by spreading
on agar plates as depicted in Figs. 11 and 12. The mini-
mum bactericidal concentration (MBC) was calculated by

@ Springer

determination of the lowest concentration of AgNPs which
reduces the bacterial population to 99.9% (Table 3).

In this study, it has been determined the MBC values of
AgNPs were 20, 20, 10 and 20 pg/ml against Bacillus cereus,
Staphylococcus aureus, Vibrio cholerae, and Escherichia
coli. The same against gentamicin were determined to be
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Table 3 Survivability of four strains after treatment with biofunctionalized AgNPs, plant extract and gentamicin

Strains Con- (CFUs/0.05 ml) x dilu-  Per- Con-

(CFUs/0.05 ml) x dilu-  Per- Con-

(CFUSs/0.05 ml) X dilu-  Per-

centra- tion factor cent- centra- tion factor cent- centra- tion factor cent-
tion of ageof  tion of age of  tion of age of
AgNPs surviv-  plant surviv-  gen- surviv-
(ug/ml) ability  extract ability  tamicin ability
(ug/ml) (pg/ml)
Bacillus 0 507 % 10 100 0 507 %108 100 0 507 %108 100
cereus
5 2321x 107 4578 625 20x10° 3944 125 1232x10° 0.24
15 1440% 10° 0.28 1875 13x10° 25.64 2.5 29%10* 0.001
20 0 0 2500  16x10° 3156  3.75 21x10? 0
Staphy- 0 1564 % 10" 100 0 1564 x 10" 100 0 1564 x 10" 100
lococ-
cus
aureus
10 3544 % 10'° 227 625 1488 x 10'2 95.14 125 8x 108 0
20 1046 x 10* 0 1250 1394 x 10'2 89.13 2.5 1846 10° 0
30 182x10* 0 2500  945x%10'? 60.4 3.75 31x10° 0
Vibrio 0 2183 % 107 100 0 2183 % 107 100 0 2183 % 107 100
chol-
erae
5 363%107 16.63 625 8x10° 36.6 1.25 82 0
10 267%x10% 0.01 1250  25x10% 11.4 2.5 5 0
20 153% 10 0 1875 17x108 7.79 3.75 0 0
Escheri- 0 1084 x 108 100 0 1084 x 108 100 0 1084 x 108 100
chia
coli
5 1343%107 1239 625 48x10° 443 1.25 1517x10° 1.4
10 112x 107 1.03 1250  33x10° 3044 2.5 1615x10* 0.01
20 82 0 1875 1% 10" 9.22 3.75 1% 10* 0

*The MBC values are depicted in bold letters

2.5, 1.25, 1.25 and 2.5 pg/ml for the four strains mentioned
above, respectively. The plant extract has also shown anti-
bacterial activity against all the four strains at significantly
higher doses compared to AgNPs. For instance, 20 ug/ml
of AgNPs reduces the entire Bacillus cereus cell population
but even within the same cell population with 2500 pg/ml
plant extract treatment reduces the population by 68.44%.
However, the antibacterial activity of plant extract was
significantly higher against E. coli in comparison to other
strains. This signifies that when the AgNPs is coated with
phytoconstituents, the antibacterial efficacy was further
enhanced. This validates the role of phytoextract not only
in the synthesis of nanoparticle but also in elevation of
the antibacterial efficacy as reflected in the survivability
plot (Fig. 13) where the slop of AgNPs is significantly
greater than that of the plant extract (Supplementary
Fig. 3). As depicted in Supplementary Figs. 1, 2, the anti-
bacterial efficacy of AgNPs was found to be 6.25% of that

of gentamicin against Staphylococcus aureus and 12.5%
for rest of the strains. This study reveals that biofunc-
tionalized AgNPs has significant antibacterial efficacy
and bio-compatibility. It has reported AgNPs demonstrate
their potential as antibacterial agents through a variety
of ways. The most notable forms of antimicrobial action
of AgNPs have been identified as adherence to microbial
cells, penetration inside the cells, formation of ROS and
free radicals, and regulation of microbial signal transduc-
tion pathways. Parvekar et al. (2020) has reported that the
MBC value of AgNPs against S. aureus was 0.625 mg/
ml. Bakht Dalir et al. (2020) has reported that AgNPs has
MBC values in the range of 0.875-3.5 mg/ml against four
bacterial strains. Hence, our biofunctionalized AgNPs
have shown to be more effective as compared to the recent
studies. This may be attributed to the surface functionali-
zation of the AgNPs.
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biofunctionalized AgNPs and gentamicin

Experimental

Materials

Clerodendrum glandulosum leaves were collected in the
monsoon season from West Bengal, India. The bacterial
pure cultures of Bacillus cereus (MTCC 9817), Staphy-
lococcus aureus (MTCC 7443), Vibrio cholerae (MTCC
3906) and Escherichia coli (MTCC 443) were collected
from University of Calcutta, India. Silver nitrate (Merck,
India), Luria broth (HiMedia, India) and ethyl alcohol
(SRL, India) have been used in this study. All the mate-
rials purchased were of the highest standards of purity

@ Springer

and quality for analysis. Aqua regia (3:1 HCI/HNO;, SRL,
India) was used to carefully clean the glassware (Borosil,
India).

Extraction of plant material

The Clerodendrum glandulosum leaves were thoroughly
washed with distilled water followed by drying and grind-
ing into powder. In a 250 ml glass beaker, 5 g of leaf
powder was added to 100 ml of distilled water in a 250 ml
glass beaker and heated at 65 °C for 30 min on a hot-
plate until it turns pale brown in colour. The solution was
allowed to cool at room temperature followed by filtration
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through Whatman filter paper grade no. 1 to remove any
coarse material. The pH of the purified leaf extract was
recorded to be 5.51. In order to be used for future experi-
ments, the extract was stored at a 4 °C temperature.

Synthesis of biofunctionalized AgNPs

The bottom-up approach was used to carry out the synthesis
of silver nanoparticles (AgNPs) by simple aqueous reduc-
tion and precipitation method with modification with the
method reported earlier (Agrawal et al. 2022). To start with,
135.2 mg of Silver nitrate (AgNO;) was dissolved into 5 ml
of distilled water in a 250 ml flask and was placed on a hot-
plate into which 25 ml of plant extract was gradually added
under continuous shaking at 500 rpm at 65 °C temperature.
The initial pH of the reaction mixture was recorded to be
5.08. The reaction was allowed to continue for 90 min. The
reaction mixture was started to darken from 15 min and
eventually turned into colloidal dark brown, indicating the
reduction of Ag*into elemental silver (Ag®). The final pH of
the reaction mixture was recorded to 4.52. In order to allow
the silver nanoparticles to settle, the reaction mixture was
left at room temperature for overnight. On the following day,
the top layer of the obtained suspension was carefully dis-
carded. The suspension was then centrifuged at 12,000 rpm
for 15 min. The supernatant was carefully discarded and the
pellet was dissolved in distilled water. The brownish black
suspension was thoroughly rinsed three times with double-
distilled water to get rid of any leftover contaminants. After
being sonicated to create mono-dispersed nanoparticles, any
unreacted remaining organic material was washed away once
with 50, 70, or 90% alcohol subsequently. The pellet was
then allowed to dry for 2-3 h in a hot air oven at 80 °C tem-
perature. Before characterization and applications, the dried
silver nanoparticles were kept in desiccators to get rid of any
trace of leftover solvent. Reactions were initially conducted
under various sets of conditions in order to optimize the
reaction conditions.

UV-visible spectrophotometry

UV-visible spectrophotometry (UV-1800 Shimadzu spec-
trophotometer) was used in order to confirm the formation
of AgNPs and to further investigate the mono-dispersity and
size variability (Kumar et al. 2017). The UV-visible spectra
were recorded in the range of 375-700 nm taking water as
blank. To optimize the reaction conditions, the synthesis of
the nanoparticles was conducted at various pH, incubation
temperatures and concentration ratios (plant extract to silver
nitrate solution). UV-visible spectrophotometry was used
to further investigate the end product of each reaction set at
different time intervals to confirm the optimization.

Fourier transform infrared spectroscopy (FTIR)

The chemical composition of the synthesized biofunctional-
ized AgNPs was investigated using Fourier transform infra-
red (FTIR) spectrometry in the 400—4000 cm™' range. The
samples were prepared using the potassium bromide (KBr)
pellet technique (Antonow et al. 2004). Pellets were cre-
ated by mixing KBr with AgNPs powder and plant extract
under hydraulic pressure. Each sample's background noise
was recorded from pure KBr pellet. The data processing and
baseline corrections have been done using the Origin 8.5
software.

Field emission scanning electron microscopy
(FESEM)

In order to study the shape and size variability, scanning
electron microscopy (Schottky, JSM-7610F) was performed.
During the sample preparation, the AgNPs sample was sput-
ter-coated with an ultra-thin layer (20 nm) of electrically
conducting gold/palladium (Au/Pd) metals due to its semi-
conductivity. Sputter coating prevents the charging of the
sample brought about by the buildup of static electric fields.
By increasing the quantity of secondary electrons emitted
from the specimen's surface, sputter coating also raises the
signal-to-noise ratio, increasing the resolution of the image.
The specimen was subjected to 10 keV electron beam bom-
bardment at 35,000 X magnification (Arshadi-Rastabi et al.
2015). Energy-dispersive X-ray spectroscopy (EDX) that is
equipped with SEM was used to study the elemental com-
position of the synthesized biofunctionalized nanoparticles.

Dynamic light scattering (DLS)

By detecting the dynamic fluctuations in light scattering
intensity brought on by the Brownian motion of the par-
ticles, dynamic light scattering was used to determine the
size distribution of the particles. The measurement pro-
vided the hydrodynamic diameter distribution peak values,
the polydispersity index (PdI), which indicated the width of
the particle size distribution and the average hydrodynamic
diameter of the particles. A temperature equilibrium time
of 1 min at 25 °C was used for all measurements, which
were performed in triplicates. The diluted sample of the syn-
thesized nanoparticle suspension (1 mg/ml) was allowed to
filter through a 0.22-um syringe-driven filter before DLS
study.

X-ray diffraction analysis (XRD)
The presence of AgNPs, crystalline nature, phase variety and

grain size were determined using X-ray diffraction analysis.
The XRD analysis (Pan Analytical, X-pert pro, Netherland)
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of the purified AgNPs powder was carried out using Cu-Ka
radiation source in scattering range m(20) of 20-80 degrees
on the instrument operating at a voltage of 45 kV and cur-
rent flow at 40 mA.

Cytotoxicity in RAW 264.7 macrophages

Murine Macrophage like tumour cell, RAW 264.7 was cul-
tured and maintained in complete DMEM medium supple-
mented with 10% FBS at 37°C in 5% CO, atmosphere. For
cytotoxic evaluation, Raw 264.7 macrophages (10%*cells/
well) were plated in 96-well cell culture plates and incubated
with different concentrations of AgNPs, gentamicin and
plant extract for 48 h. After incubation, 20 ul 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
reagent (5 mg/ml) was added to each well and incubated in
dark for 3 h in CO, incubator. Then the culture media were
removed and MTT formazan crystals were dissolved using
100 pl of DMSO. The absorbances were recorded at 595 nm.
Thus, cell viability was determined by the MTT assay and
the 50% cytotoxic concentrations (IC50) were calculated for
AgNPs, gentamicin and plant extract.

Gas chromatography-mass spectrometry (GC-MS)

Identification of bioactive molecules adsorbed to the surface
of nanoparticles was carried out using GC-MS (GCMS-
QP2020 NX, Shimadzu) with SH-Rtx-5 diphenyl dime-
thyl polysiloxane (5%) stationary phase column (thick-ness:
0.25 pm, length: 30.0 um, diameter: 0.25 mm) equipped
with FID detector. The sample of biofunctionalized AgNPs
was kept overnight in absolute ethanol at room temperature
for detachment of the phytochemicals from the nanosurface
followed by centrifugation at 12,000 rpm for 15 min. The
phytochemicals were retained in the supernatant and trans-
ferred into a fresh vial. The phytochemical sample was then
run through GC-MS at a range of 50-650 m/z. Helium was
used as the carrier gas at flow rate of 1 ml/min and the injec-
tion volume was 1 pl. The oven temperature was initially
maintained at 40 °C for 3 min and then raised to 280 °C at
the rate of 5 °C/min. The injector and detector temperatures
were set at 220 and 290 °C, respectively.

Antibacterial efficacy of AgNPs

The antibacterial assay for the evaluation of antibacterial
activity of biofunctionalized AgNPs has been done by broth
dilution method following (Dhara et al. 2022) with slight
modification against two gram positive bacteria (Bacillus
cereus and Staphylococcus aureus) and two gram negative
bacteria (Escherichia coli and Vibrio cholerae) in different
sets of culture tubes (one set each for AgNPs, gentamicin
and plant extract treatment for each of the individual strain).

@ Springer

In each tube, 4 ml of Luria broth and 8 pl of fresh bacterial
culture was added followed by treatment with AgNPs, gen-
tamicin and plants extract at different doses as depicted in
table depicted in Table 1. One bacterial culture from each
set has not been treated with AgNPs, gentamicin or plant
extract, was taken as control. After treatment, the culture
tubes were incubated under optimum conditions in shak-
ing incubator for 12 h. After incubation, the cultures were
diluted accordingly (Table 1) in order to obtain countable
CFUs and spread on LB agar plates followed by incuba-
tion under optimum conditions. On the following day, the
CFUs are counted and the percentage of survivability was
calculated for each treatment by taking the ratio of CFUs of
experimental set to that of the control set. The MBC values
of AgNPs and gentamicin were calculated from the surviv-
ability percentage that is the concentration of the antibacte-
rial agents against which the survivability of bacteria is less
than or equal to 0.1%.

Conclusion

In this study, we focused to synthesize silver nanoparti-
cles using an environmental-friendly and cost-effective
strategy as first step to solve global challenge of antibi-
otic resistance. Clerodendrum glandulosum has been well
recognized for its medicinal values but not scientifically
validated. The proposed route of synthesis of silver nano-
particles and simultaneous capping of bioactive phytocon-
stituents provides an efficient and sustainable method to
obtain well dispersed spherical AgNPs of average diameter
of 80—100 nm. The synthesized nanoparticles gave absorp-
tion maxima at 450 nm due to its characteristic surface
plasmon resonance. The presence of bioactive phytocon-
stituents on the nanosurface as evident from EDX and
FTIR spectroscopic analysis enhances the antibacterial
efficacy and biocompatibility of the nanoparticles. The
synthesized biofunctionalized AgNPs shown to have high
bactericidal activity which could be attributed to their
ability of ROS and free radical generation, modulation of
various signal transduction pathways. The MBC values
of the AgNPs against gram positive (Bacillus cereus and
Staphylococcus aureus) and gram negative (Escherichia
coli and Vibrio Cholerae) were determined to be 20, 20,
20 and 10 pg/ml, respectively, which is highly in signifi-
cance with the recent studies revealing the effectiveness
of our biofunctionalized AgNPs. The synthesized AgNPs
from Clerodendrum glandulosumhas shown to have sta-
bility and significant antibacterial efficacy with minimum
detrimental effect on healthy human cells (IC50 value of
1.875 pg/ml against RAW 264.7 macrophages). This study
and similar strategies could unveil new paths in antibacte-
rial chemotherapy.
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