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Spondias pinnata mediated silver
nanoparticles with antibiofilm and
catalytic potential
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In the quest for advancing bio-conjugated metal nanoparticle synthesis as a promising avenue in
biochemistry, this study emphasizes the optimized fabrication of silver nanoparticles mediated by
Spondias pinnata. The synthesized silver nanoparticles (SP-AgNPs) exhibited remarkable colloidal
stability for 6-7 months at ambient temperature (25 + 4 °C) supported by a highly negative zeta
potential of -37 mV. Characterization via HR-TEM, XRD, XPS, ICP-OES, and DLS studies confirmed the
spherical morphology of the SP-AgNPs, with an average diameter of 32 +5 nm and a face-centered
cubic (fcc) arrangement of particles. The SP-AgNPs demonstrated significant antibacterial and
antibiofilm activity against Escherichia coli (E. coli) MTCC 118 strain and catalytic dye degradation
activity against methylene blue (MB). Notable antibacterial activity in planktonic growth assays

with inhibition zones of 6.15 mm and 6.9 mm and 63.51% reduction in bacterial proliferation at
concentrations of 150 pg/mL and 175 pg/mL, respectively were observed for SP-AgNps. At 175 pg/
mL, biofilm formation was also suppressed by 55.55% along with a pronounced reduction in bacterial
motility.In addition, SP-AgNPs facilitated a maximum of 86% dye degradation efficiency adhering

to pseudo-first-order kinetics with a rate constant of 0.01991 min-1.These findings underscore the
potential of SP-AgNPs as multifunctional silver nanoparticles with promising applications in both
biomedical and environmental domains.
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Silver nanoparticles (AgNPs) have attracted considerable attention owing to their unique physical, chemical,
and biological properties'. These include antimicrobial, wound healing, anticancer, and anti-inflammatory
activities, as well as applications in water purification, biomedical imaging and diagnostics, drug delivery systems,
agriculture, and cosmetics and personal care sectors*™!°. However, despite their wide-ranging benefits, AgNPs
are also associated with potential toxicity risks to human health and the environment!'®. Traditionally, physical
and chemical methods have been extensively employed for AgNPs synthesis'>. Many of these approaches,
however, rely on toxic and hazardous chemical reagents, raising serious environmental and biocompatibility
concerns>*. Furthermore, residual chemical substances can adsorb onto the nanoparticle surfaces, thereby
limiting their suitability especially in biomedical and pharmaceutical applications?. In contrast, phytochemical-
mediated (phytogenic) synthesis of AgNPs offers an eco-friendly, sustainable, and cost-effective alternative,
while often imparting enhanced physicochemical and biological potential to the nanoparticles®8. Plant-derived
phytomolecules such as terpenoids, flavonoids, amino acids, and carboxylic acids play a dual role by acting as
both reducing agents - facilitating the conversion of metal ions and stabilizing agents, preventing agglomeration
and imparting colloidal stability to the synthesized nanoparticles®®.

Biofilm formation by pathogenic bacteria is a major concern in both clinical and environmental settings.
It is estimated that over 80% of chronic infections involve bacterial biofilms which resist conventional
antibiotics!!~!°. Biofilm-associated infections present significant treatment challenges due to their structural
resilience and antibiotic resistance, necessitating the development of advanced antimicrobial strategies'¢~18.
Overcoming biofilm-related obstacles remains a critical focus in biomedical research, especially in the context of
chronic infections and device-associated complications'®?°. The ability of silver nanoparticles to inhibit biofilm
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formation and reduce bacterial motility offers a promising approach to overcome biofilm-associated therapeutic
challenges?.

Escherichia coli (E.coli) is considered as one of the most virulent pathogens capable of inducing biofilm
associated infections in humans?!?2. With the rising tolerance of microbial infections to conventional drugs,
advancements in medical interventions have increasingly focused on exploring nanoparticles positioning as a
frontier area in microbiology. AgNPs a prominent focus of microbiological research, may play a vital role in the
development of powerful antimicrobial agents with remarkable antibiofilm properties?!~2*.

On the other hand, the textile industry is one of the largest consumers of water and chemicals, producing vast
amounts of wastewater contaminated with synthetic dyes?*. These dyes are often non-biodegradable, toxic, and
resistant to conventional treatment methods posing serious environmental and health risks?6~%°. Catalytic dye
degradation has emerged as an effective approach to manage this pollution and mitigate its impact. Methylene
Blue (MB) is a synthetic dye widely used in the textile industry due to its vibrant blue color, ease of application,
and compatibility with various fabric types®. It is commonly employed as a cationic (basic) dye for dyeing and
printing processes, particularly for materials like cotton, silk, and wool**3!. The use of MB in the textile industry
generates large volumes of dye-contaminated wastewater which poses significant environmental challenges
because of its toxicity, non-biodegradability and aesthetic pollution of water bodies’!. Catalytic dye degradation
is a promising and sustainable solution for managing textile industry produced wastewater?®??. By harnessing
advanced catalytic techniques and nanotechnology, the industry may significantly reduce its environmental
footprint promoting cleaner production practices. Catalysts enhance the breakdown of complex dye molecules
into less harmful or biodegradable components to reduce the toxic effects on aquatic ecosystems?-3.
Nanoparticle based catalytic methods for dye degradation generally utilizes UV or visible lights to degrade
dyes?®?”. Moreover nanomaterials, particularly silver, gold, and iron oxide nanoparticles, have revolutionized
catalytic dye degradation due to their enhanced catalytic activity, unique optical and electronic properties and
sometimes their reusability?”-?%. A common method of dye degradation is the chemical breakdown of dyes using
a reducing agent such as sodium borohydride (NaBH,) which requires catalyst to speed up the reaction®-.
Silver nanoparticles have been proven to be one of the highly effective catalysts for this purpose®®3!. However,
their catalytic performance depends on the physicochemical nature viz. shape, size and caping or stabilizing
agents of the nanoparticles®**2.

Spondias pinnata (SP), commonly known as hog plum or Indian hog plum, is a tropical tree widely recognized
in traditional medicine for its therapeutic properties®. Its bark is rich in bioactive compounds including tannins,
saponins, alkaloids, and phenolics, which contribute to its diverse pharmacological activities**~3¢. Despite this
phytochemical richness, the optimized synthesis and functional evaluation of silver nanoparticles conjugated
with S. pinnata extract (SP-AgNPs) was not explored previously for microbial pathogenesis control or catalytic
applications. In this context, the central hypothesis of this study was that the bioactive components of S. pinnata
bark (SP bark) could act as both reducing and stabilizing agents in the green synthesis of silver nanoparticles
with substantial antibacterial, antibiofilm, and catalytic properties to the resulting SP-AgNPs. The novelty of this
work lies in the synthesis and multifunctional evaluation of SP-AgNPs, revealing their potential as dual-action
agents for antimicrobial treatment and environmental remediation. Thus, this study significantly underscored its
ecofriendly approach, use of a traditionally valued plant, and demonstration of long-term nanoparticle stability,
paving the way for sustainable nanotechnology applications in biomedicine and wastewater treatment.

Materials and methods

Chemicals and reagents

All the reagents used in this work were of high analytical grade and used without further purification. Silver
nitrate (AgNO,, 99.9% Merck), Methylene Blue (MB, Merck), Sodium borohydride (NaBH,, Merck) and
Bacterial culture mediumviz. Luria-Bertani (LB) was obtained from Himedia (India). Bacterial strains such as E.
coli MTCC 118 were purchased from IMTECH (Institute of Microbial Technology), a premier research institute
dedicated to advancing microbial science and technology in India.All aqueous solutions used in this study
were prepared using double-distilled (dd) water to ensure purity and consistency throughout the experimental
procedures.

Collection, identification, and extraction of plant material

The S. Pinnata (Figure S1 in supplementary) bark was collected from Niharnagar (23°11'56.6’’ N 91°22'22.8"'E),
a village of South Tripura district, India. The plant was identified and authenticated by a taxonomist from the
Department of Botany, Tripura University, and a voucher specimen has been preserved in the departmental
herbarium under the accession number TUH/4421. The collected bark of S. pinnata was thoroughly washed
with water to remove surface impurities and then shade-dried at room temperature. The dried material was
subsequently broken into small fragments and ground into a fine powder using a mechanical grinder. A quantity
of 5 g of the powdered bark was mixed with 250 mL of double-distilled (dd) water in a round-bottom flask
and heated in a water bath at 60 °C for 1 h. After cooling to room temperature, the mixture was filtered using
Whatman No. 41 filter paper. The resulting filtrate was centrifuged at 5000 rpm for 20 min to remove residual
particulates. The clear supernatant, coded as SP, was collected and stored at 4 °C in a refrigerator for further
experimental uses.

Preparation of silver nanoparticles

As a preliminary experiment, 10 mL of aqueous S. pinnata bark extract (20 mg/mL) was mixed with 10 mL of
2 mM aqueous silver nitrate (AgNOs3) solution in an Erlenmeyer flask. The reaction mixture was continuously
stirred at 400 rpm using a magnetic stirrer (IKA CMAG HS7) at ambient temperature (~25 °C). The initial
indication of silver nanoparticle (Sp-AgNP) formation was observed through a gradual color change of the
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reaction mixture from light yellow to reddish brown over time (Figure S2 in supplementary). The synthesis of
SP-AgNPs was further confirmed by UV-Visible spectrophotometry, which revealed a characteristic surface
plasmon resonance (SPR) peak at A =430 nm. Following nanoparticle formation, the solution was centrifuged
at 5000 rpm for 15 min. The resulting pellet was washed thoroughly for five times with double-distilled water to
remove unbound phytochemicals and residual impurities.

Optimization of SP-AgNPs synthesis

Optimization of SP extract to AgNO, ratio

10 ml SP bark extract (20 mg/ml) was mixed with 10 ml of AgNO, aqueous solution of different concentrations
(0.5, 1, 2, 3, 4, and 5 mM) with constant stirring at room temperature for 3 h. The formation of the AgNPs
was monitored using UV-VIS spectroscopy'?. Optimum concentration of SP bark extract was determined
by mixing SP extract to AgNO, in different ratios (v/v) such as 1:1, 1:2, 1:3, 1:4, 1:5 and 1:6 for each one of
the concentrations. The ratio that showed most intense SPR peak was treated as optimised ratio and used for
subsequent synthesis of SP-AgNPs as needed.

Optimization of pH in AgNPs synthesis

The effect of pH on the formation of SP-AgNPs was investigated at four different pH (5,7,9,11) with optimum
concentration (3 mM) and mixing ratio (v/v 1:4) of SP extract to AgNO,. The pH of the solution was maintained
by using 0.1 N hydrochloric acid (HCI) and 0.1 N sodium hydroxide (NaOH).

Optimization of reaction temperature

After having optimum mixing ratio of SP bark extract to AgNO, solution, optimum concentration and optimum
PH (9), reaction was studied within temperature ranges from ambient to 100 °C to find the optimum temperature
for SP-AgNPs synthesis!®.

Optimization of reaction time

After having optimum mixing ratio (SP bark extract to AgNO, solution), optimum concentration and optimum
pH in hand, optimization of reaction time of SP-AgNPs synthesis was carried out at room temperature
(optimised) by mixing AgNO, with SP extract at optimized ratio. After regular time intervals, aliquots were
taken and the formation of SP-AgNPs was monitored using UV-VIS spectroscopy’.

Identification and characterization of SP-AgNPs

Identification of SP-AgNPs was done by UV-Visible scanning (Shimadzu UV-2600i) while characterizations were
completed by using TEM (JEM-2100, 200 kV; Jeol), FESEM (ZEISS, sigma 300), XRD (Bruker AXS, D8), XPS
(Thermo Fischer Scientific, K alpha), ICPOES (Thermo scientific iCAP 7600), FTIR (Bruker Alpha II) analyses
as well as Zeta potential measurement and DLS studies (Anton Paar Litesizer 500). The stability, surface charge
and size distribution of the SP-AgNPs were also predicted by Zeta potential and DLS studies. The concentration
of SP-AgNPs was determined by ICPOES study. Qualitative functional groups analysis in the plant extract and
SP-AgNPs were done by FTIR analysis. The shape, size and aggregation features were studied by TEM, FESEM
and XRD. TEM-EDX and XPS studies also conducted for elemental composition of the SP-AgNPs>.

Catalytic degradation of methylene blue dye

To assess the catalytic activity of the SP-AgNPs, the degradation of MB dye was carried out in the presence of
NaBH,**2 In brief, a conical flask was successively charged with 50 mL of methylene blue solution of 10 ppm
concentration, 2 mg of sodium borohydride and 2 mg of SP-AgNPs. The mixture was continuously stirred at
room temperature and absorption (A for MB at 662 nm) was measured at various time intervals using UV
spectrophotometer. A similar experiment was conducted without adding SP-AgNPs for reference A values
of MB dye®0-32, Pseudo first-order kinetics was considered to evaluate the apparent rate constant using the
following Eq.

At

111(1)) =

—kt (1)

In addition, percentage of dye degradation was estimated with the following equation.

(Ao — Ay)

Percent of degradation = 1
0

x 100 (2)

Where, A, is the initial absorbance of dye, A, is the absorbance of the dye at time t and k is therate constant.

Microbial strains and growth media

In the present work, E. coli strain (MTCC 118) was cultured in Luria Bertani broth (LB) media. Initially bacteria
were streaked from a —80 °C glycerol stock onto LB agar plate and a fresh single colony was inoculated into
25 ml media and incubated at 37 °C for 24 h. Aliquots of 10° CFU/mL bacterial cell suspensions were used for
all subsequent experiments®0,

Antimicrobial susceptibility testing
Disc diffusion method using the Bauer-Kirby technique was employed for determination of microbial growth
inhibition zoneas per recommendation of National Committee for Clinical Laboratory Standards (NCCLS).
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In brief, paper discs of 4 mm diameter soaked separately in SP-AgNPs, AgNO,, S. pinnata bark extract and
gentamicin (standard antibiotic) solutions of various concentrations, placed on plates overlaid with soft agar
(0.7%) with previous inoculation of E. coli and subsequently incubated at 37 °C for 48 h. The size of the clear
zone around the disc was measured to determine the inhibition considering the values as zone of inhibition.
Minimum inhibitory concentration (MIC) of SP-AgNPs against E. coli was also determined using standard
broth micro dilution assay>**°.

Evaluation of E. coli biofilm formation

E. coli was grown in 96-well plate containing LB medium and incubated at 37 °C for 48 h. Wells were then
washed three times with sterile Phosphate Buffer Saline (PBS) and stained with 0.1% (v/v) safranin. The excess
stain was removed by washing again with sterile PBS and kept overnight for drying at 37 °C. Stain adherent with
bacteria were re-dissolved in dimethyl sulfoxide (DMSO) and absorbance was recorded at 492 nm?**40.

Motility analysis of E. coli under treatment of SP-AgNPs

Sliding motility of E. coli and its modulation under the treatment of SP-AgNPs were tested through their ability
to spread on LB soft agar media (Himedia, India) from the point of inoculation. Briefly, aliquots of bacteria
(~10° CFU/ml) were spot inoculated in the centre of petri dishes charged with 2.4 g/l nutrient agar media and
treated with sub-inhibitory doses of SP-AgNPs. Dishes were dried for 20 min at room temperature and then
incubated at 37 °C for 48 h. Colony growth expansions from the point of inoculation were recorded*°.

Antibiofilm activity of SP-AgNPs

Anti-biofilm potentiality of SP-AgNPs against E. coli was evaluated by repeating the method described in Sect.
"Evaluation of E. coli biofilm formation". In short, E. coli bacteria were allowed to grow with sub-MIC doses
of SP-AgNPs and without SP-AgNPs in parallel. After all the necessary follow up steps, absorbances of both
the parallel bacterial growth stained with safranin were measured at 492 nm3*0. Percentage of E. coli biofilm
inhibition was determined using the following formula:

{(OD of NP untreated E.coli growth) — (OD of NP treated E.coli growth} < 1

Biofilm Inhibition (%) = (OD of NP untreated E.coli growth)

00

Microbial adherence studies on glass surface by fluorescent microscope

A sterile cover slip was placed in 35 mm petri dish and the E. coli biofilm were allowed to form. Cover slips with
biofilm were then incubated with a fluorescent dye viz. acridine orange in dark and fluorescent was measured
using i3 filter under fluorescent microscope. Images were captured from 20 different fields from a single cover
slip and best representative images were produced®>°.

Statistical analysis

All the biological experiments were performed in triplicate and observed data were recorded as the
mean + standard deviation. Significance were determined by using one way ANOVA t-test and mentioned as P
value < 0.01 (noted with*), P value <0.001 (noted with**) and P value <0.0001 (noted with***).

Results

Synthesis and stability of SP-AgNPs

Biogenic SP-AgNPs were synthesised by using SP bark extract and found significantly stable for 6 ~7 months at
normal temperature (25+4 °C). The stability of SP-AgNPs was supported by the negative zeta potential value.
The repulsive forces between negatively charged SP-AgNPs are likely to play the key role against the aggregation
of the nanoparticles*!.

Optimization of SP-AgNPs synthesis

The optimal synthetic conditions of SP-AgNPs were achieved by optimizing various factors viz. concentrations of
the reactants, mixing ratio of the reactants, pH of the reaction mixture, temperature and reaction time. Formation
and qualitative quantification of SP-AgNPs was monitored by measuring the characteristic absorbance at SPR
band (A, 439 nm) using a UV-VIS spectrophotometer (Fig. 1).

Optimum ratio of SP extract to AgNO,
The optimum mixing ratio (Fig. 1B) of AgNO, to SP bark extract to yield the maximum amount of nanoparticles
was determined to be 1:4 (v/v) for the synthesis of SP-AgNPs.

Optimum concentration of AgNO,

The optimum concentration of AgNO, was determined by mixing of SP bark extract (20 mg/ml) with
increasing concentration of AgNO, at previously optimized ratio. It was observed that AgNO, solution of 3mM
concentration was optimum concentration for the synthesis of SP-AgNPs indicated by highest intense SPR peak
atA__ 439 nm (Fig. 1A).

Optimization of pH

Aqueous extract of SP bark exhibited pH 5.9. So in optimization process, the reaction was studied within the
range of pH viz. 5-11 i.e. little lower than pure extract to a moderately higher level. It was observed that at
pH 9, the reaction mixture exhibited maximum absorbance (Fig. 1C) at the characteristics SPR peak (439 nm)
confirming this as the optimum pH value for the synthesis of SP-AgNPs.

Scientific Reports |

(2025) 15:34502 | https://doi.org/10.1038/s41598-025-17558-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.0
A s— 0.5 mM B : C

209 1 mM :
? m— D mM -~ 0.8 -~
< —aM | R =
& 154 = 5
) 4mM ~ 0.6 N
<9 ] w
= 5mM 51 51
104 g ‘ s
= f 0.4 44 .E
2 A\ S S
= 7] 7]
<051 = 02 >

o <
0.0 . . . 0.0 . . . . . — I x . : T v .
300 400 500 600 300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm) Wavelength (nm)

1.0 0.8
D s [ K —100°C
~08 L] (- —70°C
= PHY [ =06 G
s e 50°C
g 0.6 8 == Room Temp

=

,§ = 04+
= 04 =
S S
2 2
= 0.2
< 02 <

0.0+ . . . . . 0.0 . . . . . . 1

300 350 400 500 550 600 650 300 350 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fig. 1. Optimization of various reaction parameters on the synthesis of SP-AgNPs, (A) AgNO, concentration
(B) Ratio of AgNO, conc. and SP extract (C) Reaction time (D) Reaction medium pH (E) Reaction
temperature.

Optimization of reaction temperature

Temperature optimization study for the SP-AgNPs synthesis revealed (Fig. 1E) that there was no significant
increase of SP-AgNPs concentration within the temperature range of ambient to 100 °C instead a little decrease of
concentration was observed. So, the ambient temperature (~ 25 °C) was considered as the optimum temperature
for SP-AgNPs synthesis.

Optimization of reaction time
Time optimization experimental results (Fig. 1D) showed that the formation of SP-AgNPs at room temperature
was maximum at 60 min and thus considered as the optimum reaction time for the synthesis of SP-AgNPs.

Characterisation of nanoparticles

UV-VIS study

The optical features of metal nanoparticles are the most important features for their characterization which
varies according to the size to volume ratio of the particles. Silver nano particles (AgNPs) typically has a central
peak (A ) between 350 and 450 nm. The initial UV-VIS scanning (300-600 nm) of SP-AgNPs showed the
characteristic SPR band at the wavelength (A ) of approximately 439 nm confirming the formation of SP-
AgNPs in the solution. (Fig. 2A).

Fourier transform infrared spectroscopy (FTIR) study

FTIR spectroscopy was used to identify the functional groups in SP bark extract involved in reduction of silver
ions and subsequent stabilization of SP-AgNPs*>#2-%>, FTIR spectra (Fig. 2B) of both the plant extract and
the SP-AgNPs showed key peaks at 3772 cm™ (-OH, -NH stretching), 3091 cm™ (aromatic C-H stretching),
2181 cm™ (C=C or C=N stretching), and 1598 cm™ (C=C aromatic stretching) indicating the presence of
phytochemicals having these type of groups/bonds. Additional peaks at 1345 cm™, 1207 cm™, and 1030 cm™
may be due to C-H bending and C-O stretching frequencies of most likely phytoconstituent such as phenolic
compounds, proteins, or polysaccharides. Besides, SP-AgNPs IR spectrum (Fig. 2B) showedsome peaks shifting
in association with intensity changes compared to the pure SP-extract. It was an indication of the involvement
of chemical constituents present in SP bark extracts both in reduction of silver ions during synthesis and
subsequent capping of the SP-AgNPs.

DLS and zeta potential study of SP-AgNPs

Dynamic light scattering (DLS) is an effective method for characterizing nanoparticle in terms of surface charge,
size distribution, and overall quality of nanoparticles*®*’. Outcome of this studies (Fig. 2C) demonstrated the
size distribution of SP-AgNPs ranged from 10 to 100 nm. The size distribution display of a single peak indicated
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Fig. 2. Spectroscopic analysis (A) UV-Spectra of SP-AgNPs showing SPR peak at 439 nm. (B) FTIR spectra of
SP extract and SP-AgNPs. (C) DLS of SP-AgNPs. (D) The Zeta potential of SP-AgNPs.

the mono-dispersed production of SP-AgNPs. The zeta potential value of SP-AgNPs was found as —-37 mV
indicating the formation of highly stable negatively charged nanoparticles (Fig. 2D).

TEM and FE-SEM imaging of SP-AgNPs

SP-AgNPs average size was determined as 32+5 nm (Fig. 3A) from their TEM analysis. The histogram
derived from TEM data resulted the particles diameter ranging from 27 nm to 37 nm, with an average area
of approximately 1100 nm® (Fig. 3B). Face-centered cubic (fcc) lattice arrangement of the SP-AgNPs was
established from the ring pattern in SAED image (Fig. 4B). FE-SEM captured images of SP-AgNPs (Fig. 3C)
reliably confirmed the spherical shape and uniform distribution of SP-AgNPs*~4.

Energy dispersive X-ray study of SP-AgNPs

Energy Dispersive X-ray (EDX) studies for purity assessment and elemental composition of SP-AgNPs confirmed
the presence of 55.82% C, 29.34% Ag, 9.53% O, 4.25% Cl, and 1.07% N (Fig. 3D). The presence of peaks at 3 keV
and 3.2 keV indicated the complete reduction of the silver ions*”%,

X-ray diffraction study of SP-AgNPs

Powder XRD diffraction pattern of SP-AgNPs showed peaks at 38.07°, 44.16°, 64.39°, and 77.26° corresponding
to the 111, 200, 220, and 311 lattice planes, respectively (Fig. 4A). Presence of these lattice planes favoured fcc
arrangements of SP-AgNPs as per the ICDD PDF2 (No. 071-4613) database. The average size of the crystalline
SP-AgNPs was found to be approximately 37 nm as calculated using the Scherrer formula?”4%,

X-ray photoelectron spectroscopy (XPS) study of SP-AgNPs

X-ray photoelectron spectroscopy (XPS) analysis of SP-AgNPs revealed three prominent peaks (Fig. 5A-D)
corresponding to the binding energy regions of 532.4 eV (O 1s), 285.24 eV (C 1s), and 368.2 eV (Ag 3d),
indicating the chemical composition of the SP-AgNPs. The elemental composition was found to be 3.55%
Ag, 54.31% C, and 36.81% O. The relatively higher percentages of carbon and oxygen compared to silver are

Scientific Reports|  (2025) 15:34502 | https://doi.org/10.1038/s41598-025-17558-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

EHT= 5.00kV

WD = 4.8 mm

B Diameter

Count (%)
oL

B AN/ N1 NN /N1 N 1 A 1 N NN
30 35 45

Diameter (nm)

Full results :

Processngopion Al elements analyzed Number of geratons.

Ekment| Lne | K factor| Absortton corm | VWeightt | Weight% sigma | Atomct | Standard
KSERES 1706 1w & W oaw
KSERES 2191 10000 wr m [
KSERES 1363 10000 9% w0

K_SERES 1155 10000 425 10 20
LSERES 2072 1,000 Bu 325 %
100.00

Signal A= InLens Tripura University
Mag= 70.00K X Date :22 Jun 2023

Full Scale 831 cts Cursor: 0.000

Fig. 3. Electron microscopic characterization (A) HR TEM image of SP-AgNPs showing spherical shape of the
nanoparticle. (B) Histogram of the diameter of SP-AgNPs in which the average diameter is 32 nm (C). FESEM
image of SP-AgNPs. (D) TEM-EDX of SP-AgNPs.

attributed to the abundance of organic phytomolecules acting as capping agents on the nanoparticle surface.
Furthermore, XPS provides surface-sensitive information within a depth of approximately 10 nm, where these
phytomolecules are concentrated, while the silver atoms are embedded deeper in the core of the nanoparticles.
This surface localization explains the relatively lower atomic percentage of silver detected®***”#8. The high-
resolution XPS spectrum of SP-AgNPs (Fig. 5C) displays two distinct peaks at 368.2 eV and 374.4 eV, which
correspond to the spin-orbit components of Ag 3d>? and Ag 3d*?, respectively, confirming the presence of
metallic silver (Ag®)>43:46:47,

ICP-OES study of SP-AgNPs

ICP-OES analysis revealed that the silver concentration in SP-AgNPs was 28.137 ppm, determined using a
calibration curve prepared from a standard AgNPs solution at an operative wavelength of 328.068 nm, with a
limit of detection (LOD) of 0.0150 ppm.

MB dye degradation by SP-AgNPs

The catalytic dye degradation efficacy of the biogenic SP-AgNPs was evaluated through NaBH,-mediated
chemical reduction of methylene blue (MB) by titrimetric UV-VIS absorption spectroscopy*>°**-%’. A maximum
of 86% degradation of MB was achieved in the presence of SP-AgNPs as indicated by the significant decrease
in absorbance at 662 nm, the A _.x of MB (Fig. 6A-D). The reaction followed pseudo-first-order kinetics, with a
calculated rate constant (k) of 0.01991 min™".

Antibacterial effect of SP-AgNP on planktonic form of E. coli

The antibacterial efficacy of SP-AgNPs against E. coli was assessed by evaluating their impact on planktonic
bacterial growth?!-24. At concentrations of 150 pug/mL and 175 ug/mL, SP-AgNPs exhibited 63.51% inhibition,
with zone of inhibition (ZOI) diameters of 6.15 mm and 6.9 mm, respectively (Fig. 7A). In comparison, the
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Fig. 4. (A) PXRD of SP-AgNPs. (B) SAED image of SP-AgNPs.

standard antibiotic gentamicin demonstrated a maximum inhibition of 98.93%, with a ZOI of 7.8 mm at a
significantly lower concentration of 1.25 pg/mL (Fig. 7A). Furthermore, a comparative analysis of the individual
components (Fig. 7B) revealed that the plant extract (S. pinnata) alone exhibited no inhibitory activity, even at
a concentration of 175 pg/mL. AgNOj3, on the other hand, showed a ZOI of 5.4 mm at the same concentration.
In contrast, SP-AgNPs demonstrated significantly larger inhibition zones of 6.15 mm and 6.9 mm at 150 pg/
mL and 175 pg/mL, respectively, under identical conditions (Fig. 7C). These findings clearly highlight the
enhanced antibacterial activity of biosynthesized SP-AgNPs compared to both the plant extract and AgNO;
alone, emphasizing the synergistic effect of silver nanoparticles and phytochemicals derived from S. pinnata bark
extract in generating potent antibacterial agents.

Antibiofilm effect of SP-AgNPs on E. coli biofilm

The antibiofilm efficacy of SP-AgNPs was evaluated against E. coli, revealing a substantial biofilm attenuation of
55.55% at a concentration of 175 ug/mL. In comparison, the standard antibiotic gentamicin demonstrated 94.44%
biofilm inhibition at a significantly lower sub-inhibitory concentration of 1.25 pg/mL (Fig. 8A), indicating the
notable antibiofilm potential of SP-AgNPs. In addition, SP-AgNPs markedly reduced the motility of E. coli at the
same concentration (175 pug/mL), as shown in the motility assay (Fig. 8B). Further confirmation was provided
by fluorescence microscopy, which revealed a considerable reduction in bacterial aggregation upon SP-AgNP
treatment, thereby corroborating its biofilm inhibition capacity against E. coli (Fig. 9).

Effect of SP-AgNPs on bacterial motility

In the motility assay, SP-AgNPs exhibited a significant reduction in bacterial motility compared to the untreated
control (Fig. 8B). Furthermore, it was observed that bacterial colonization was markedly disrupted in the
presence of SP-AgNPs, reinforcing their potential to inhibit biofilm development by interfering with the initial
adhesion and aggregation processes.

Discussion

Silver nanoparticles are highly versatile nanomaterials appreciated for their distinctive physical, chemical,
and biological characteristics®®>’. Their wide array of applications spans across the field of drug discovery and
development, biotechnology, catalysis, electronics, and environmental remediation®!1-¥-32°2-58  However,
traditional methods of synthesizing AgNPs often involve the use of toxic chemicals, high energy consumption,
and the generation of hazardous by-products. Therefore, there is a pressing need to develop eco-friendly,
cost-effective, and sustainable approaches to AgNP production. Green synthesis of AgNPs offers a promising
solution by utilizing natural sources such as plants, microorganisms, or other biomolecules as both reducing
and stabilizing agents. Among these, plant extracts, in particular, have emerged as a convenient method due
to several advantages like ready availability, economic viability, easy handling, environmental friendliness, and
having no yield of harmful by-products etc>-6%°.

The green synthesis of silver nanoparticles (AgNPs) using S. pinnata bark extract involves the bioreduction
of silver ions (Ag*) to elemental silver (Ag®) mediated by the phytochemicals present in the extract. Flavonoids
and phenolic compounds, known for their high reducing ability, act as natural reducing agents by donating
electrons to convert Ag* into Ag®*®3. The reduced silver atoms initiate nucleation, forming small nanoparticle
seeds, followed by the growth phase, during which additional Ag® atoms deposit on these seeds, leading to the
formation of stable silver nanoparticles. In addition to reduction, various other biomolecules such as tannins,
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Fig. 5. XPS high-resolution spectra of SP-AgNPs (A) survey spectrum, (B) O 1s orbital, (C) Ag 3d orbital,
and (D) C 1s orbital.

saponins, amino acids, and other plant-derived metabolites functioned as capping and stabilizing agents. These
molecules adsorb onto the surface of the nanoparticles, providing steric and electrostatic stabilization, thereby
preventing agglomeration. This eco-friendly synthesis route eliminates the need for hazardous reducing or
stabilizing chemicals and imparts additional biological functionalities to the nanoparticles through the presence
of bioactive natural capping agents derived from S. pinnata3-38.

In the wet-laboratory synthesis of silver nanoparticles using S. pinnata bark extract (SP-AgNPs), an
initial visual indication of nanoparticle formation was the color change of the reaction mixture from light
yellow to reddish brown. This chromatic shift is attributed to the excitation of surface plasmon resonance
(SPR), a phenomenon characteristic of silver nanoparticles. The formation was further validated by UV-VIS
spectrophotometric analysis, which revealed a distinct SPR band at 439 nm (A_.,)**°. The UV-VIS spectra of
SP-AgNPs were compared to those of AgNO; and plant extract alone, both of which did not show any SPR peak
in the 400-450 nm region, confirming that the observed 439 nm peak arises solely due to the formation of silver
nanoparticles (Fig. 2A).

The SPR band of silver nanoparticles is highly sensitive to particle size, shape, dielectric environment, and
capping agents*™. In this study, a narrow and symmetric SPR peak was observed at 439 nm which suggested
the formation of spherical SP-AgNPs with uniform size distribution'™. However, time-resolved UV-Vis
measurements showed a gradual increase in SPR intensity with incubation time, indicating a steady nucleation
and growth process of SP-AgNPs. The absorbance at 439 nm was plateaued after 60 min of reaction suggesting
the completion of maximum nanoparticle formation.

To ensure maximum vyield and stability, various reaction parameters viz. AgNO; concentration, SP-extract
concentration, mixing volume ratio of AgNO; to SP-extract, reaction time, pH of the reaction medium and
reaction temperature were systematically optimized. The optimal conditions for the synthesis of SP-AgNPs were
established by mixing a 3 mM aqueous solution of AgNO; with S. pinnata bark extract (20 mg/mL) in a 1:4
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volume ratio, followed by constant stirring for 60 min at room temperature, while maintaining the reaction
pH at approximately 9. Although room temperature (~25 °C) was effective, elevated temperatures (40-60 °C)
led to faster reduction but resulted in broader SPR peaks, possibly due to particle aggregation. Thus, ambient
temperature was selected for optimal balance between reaction speed and particle quality.

FTIR analysis of S. pinnata bark extract and SP-AgNPs (Fig. 2B) revealed significant changes in functional
group characteristics, confirming the involvement of biomolecules from the extract in the reduction and
stabilization of silver nanoparticles. In the IR spectrum of the parent S. pinnata extract, prominent absorption
bands were observed at 3772 cm™’, corresponding to ~OH and —-NH stretching vibrations, and at 3091 cm™,
indicative of aromatic C-H stretching. These features suggest the presence of phenols, flavonoids, and
proteins, which are well-documented for their reducing and capping abilities in green nanoparticle synthesis.
Following nanoparticle formation, the FTIR spectrum of SP-AgNPs showed shifts and intensity changes in
these characteristic peaks (Fig. 2B), indicating the active participation of hydroxyl/amine functional groups,
likely derived from phenolic compounds and amino acids/proteins, in both the reduction of Ag* ions to Ag’
and subsequent nanoparticle stabilization. Additionally, notable peak shifts were also observed at 1345 cm™,
1209 cm™, and 1033 cm™, which correspond to C-H bending, and C-O stretching/bending vibrations associated
with carboxylic acids, esters, and polysaccharides. These shifts further suggest the involvement of carboxylate
and ether-containing biomolecules, such as flavonoids, polysaccharides, and organic acids, in the capping and
surface functionalization of the SP-AgNPs?-¢10,

Dynamic Light Scattering (DLS) is a widely used technique for determining the particle size distribution of
nanoparticles in suspension. It provides insights into the hydrodynamic diameter of nanoparticles by analyzing
the fluctuations in light scattering intensity caused by the Brownian motion of particles in the medium. These
fluctuations are influenced by particle size, surface charge, and interaction with the surrounding solvent**’. In
this study, DLS analysis of the synthesized SP-AgNPs revealed a size distribution ranging from 10 to 100 nm,
with an average hydrodynamic diameter of approximately 40-45 nm. The relatively narrow distribution indicates
a monodisperse suspension, suggesting efficient stabilization by the phytochemical capping agents derived from
the S. pinnata bark extract.

Zeta potential analysis is a critical technique for evaluating the surface charge of nanoparticles in a colloidal
dispersion, providing key insights into their stability and aggregation behavior. It measures the electrokinetic
potential at the slipping plane between the nanoparticle surface and the surrounding medium, thereby indicating
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how well nanoparticles are dispersed in a solution®!*¢4”. Typically, nanoparticles with zeta potential values
greater than +30 mV exhibit strong electrostatic repulsion, which helps prevent agglomeration and promotes
colloidal stability. In this study, the SP-AgNPs exhibited a zeta potential of —37 mV, confirming their high surface
charge and excellent stability in aqueous suspension. This strong negative potential is likely due to the presence
of anionic phytochemicals (e.g., phenolics, carboxylates) adsorbed on the nanoparticle surface, which also
contribute to their steric and electrostatic stabilization.

The size, morphology, and surface characteristics of nanoscale particles are typically examined using
high-resolution imaging techniques such as Transmission Electron Microscopy (TEM) and Field Emission
Scanning Electron Microscopy (FESEM)*+#’. In this study, TEM analysis of SP-AgNPs confirmed their spherical
morphology and crystalline nature, with an average particle diameter of 32+5 nm, as shown in Fig. 1A. The
particle size distribution histogram derived from TEM images indicated that the majority of SP-AgNPs had
diameters ranging from 27 to 37 nm, with an average projected area of approximately 1100 nm? (Fig. 3A, B).
Furthermore, FESEM analysis supported the TEM findings, also revealing spherical-shaped nanoparticles
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with crystalline characteristics (Fig. 3C). The FESEM micrographs additionally showed mild nanoparticle
aggregation, likely due to the drying process during sample preparation. Despite this, the particles exhibited
a relatively narrow size distribution and homogeneous surface morphology, further confirming the effective
synthesis and stabilization of SP-AgNPs.

“Selected Area Electron Diffraction” referred to as SAED study of nanoparticles is a technique used
in transmission electron microscopy (TEM) to analyze the crystal structure and orientation of individual
nanoparticles. It works by focusing an electron beam on a specific small area of the sample generating a
diffraction pattern that reveals information about the nanoparticle’s lattice parameters and crystallinity. This
study essentially allows researchers to determine the crystal structure of very small particles within a sample
by examining the diffraction pattern produced when electrons interact with the crystal lattice of nano sized
particles. In this study, the SAED image pattern indicated the face-centered cubic (fcc) lattice arrangement of
SP-AgNPs (Fig. 4B).

Powder X-ray diffraction (XRD) is a non-destructive analytical technique employed to determine the crystal
structure and identify the phases present in powdered materials. By examining the diffraction pattern generated
when X-rays interact with the sample, XRD providesinsightsinto the material’scomposition, degree of crystallinity,
and lattice parameters. In the present study, XRD analysis of SP-AgNPs exhibited distinct diffraction peaks at 20
angles of 38.07°, 44.16°, 64.39°, and 77.26°, corresponding to the (111), (200), (220), and (311) crystallographic
planes, respectively (Fig. 4A). These peaks closely match the standard reference data from the ICDD PDF2
database (No. 071-4613), confirming the formation of face-centered cubic (fcc) structured silver nanoparticles.
Morphological and elemental composition of the synthesized nanoparticles were evaluated by Transmission
Electron Microscopy (TEM) coupled with Energy-Dispersive X-ray Spectroscopy (EDX) analysis. TEM-EDX is a
widely used analytical tool for characterizing nanomaterials at high spatial resolution. In the present study, EDX
spectra of SP-AgNPs exhibited a strong signal at 3 keV, which is a signature peak for elemental silver, confirming
the complete reduction of Ag* ions to metallic Ag® (Fig. 3D). EDX profile of SP-AgNPs revealed the presence of
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carbon, oxygen, and chlorine and may be attributed to the presence of phytochemicals of S. pinnata bark extract
as capping agents onto it. These findings collectively validate the successful biosynthesis of SP-AgNPs with fcc-
arrangements of nanoparticles associated organic biomolecules on it’s surface.

Additionally, X-ray Photoelectron Spectroscopy (XPS) was performed on the surface of SP-AgNPs to gain
vital insights into their elemental composition and the oxidation states of silver. This analysis is crucial for
understanding the nanoparticles’ physicochemical characteristics and assessing their potential applications. In
the present study, XPS analysis of SP-AgNPs (Fig. 5) revealed distinct peaks corresponding to C 1s, O 15, and
Ag 3d, confirming the presence of these elements on the nanoparticle surface. The high-resolution spectrum of
silver (Ag 3d) (Fig. 5C) exhibited two prominent peaks at 368.2 eV and 374.4 eV, corresponding to the Ag 3d*?
and Ag 3d>? orbitals, respectively?”*. The binding energy separation (AE) of 6.2 eV between these two peaks is
consistent with the characteristic value for metallic silver (Ag®), confirming the complete reduction of Ag* ions
to their elemental form*%%°, Moreover, the absence of peaks corresponding to other metals in the wide scan
survey spectrum confirms the chemical purity of the synthesized silver nanoparticles.

Catalytic dye degradation potential of SP-AgNPs

Among the diverse applications of silver nanoparticles (AgNPs), their catalytic role in environmental
remediation, particularly in dye degradation, remains critically important?*-32. Industrial effluents from textile
processing often contain recalcitrant dyes such as methylene blue (MB), which pose ecological threats and
require efficient decolorization strategies®*2. In this study, SP-AgNPs were evaluated for their ability to catalyze
the NaBH, mediated degradation of MB. This study revealed that NaBH, alone or SP-AgNPs alone exhibited
only moderate degradation activity (R* = 0.88901) (Fig. 6B, C) while the combination of NaBH, and SP-AgNPs
(w/w 1:1) led to a maximum degradation efficiency of 86% (Fig. 6D). This enhancement is attributed to the
formation of an electron relay system, where electrons are shuttled from BH,4~ (donor) to MB* (acceptor) via the
AgNPs surface. Mechanistically, the negatively charged surface of SP-AgNPs (zeta potential: — 37 mV) facilitates
the adsorption of cationic MB* and anionic BH,". According to the SHAB principle®, Na* ions preferentially
bind to CI, leaving MB* to associate with BH,™ on the SP-AgNP surface. This spatial arrangement enhances the
nucleophilic hydride attack at the electrophilic centers of MB, reducing it to its leuco form, which subsequently
undergoes decomposition (Fig. 10). The absence of such electron relay networking in individual treatments
explains their limited efficacy.This notable enhancement in dye degradation underscores the potential of SP-
AgNPs as eco-friendly nanocatalysts for industrial wastewater treatment, combining high efficiency with green
synthesis advantages.
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Fig. 10. Proposed mechanism for the MB dye degradation by NaBH, in presence of catalytic SP-AgNPs.

Antibiofilm and antimotility activity of SP-AgNPs

SP-AgNPs demonstrated significant antibiofilm activity against E. coli, as evidenced by reduced biofilm mass
and altered morphology. This effect is likely mediated through the inhibition of quorum sensing (QS) pathways
and EPS synthesis, which are essential for biofilm initiation and maturation. In planktonic bacteria, QS regulates
intercellular communication, nutrient exchange, and surface colonization. In our study, treatment with SP-AgNPs
at 175 ug/mL significantly disrupted bacterial aggregation and colonization mechanisms. Motility assays further
revealed strong suppression of flagella-mediated movement in treated cells (Fig. 8B), indicating interference
with bacterial sensing and attachment machinery such as pili, fimbriae, and flagella. This impairment of motility,
likely due to SP-AgNPs induced perturbation of intracellular signaling cascades, compromises the bacteria’s
ability to organize into structured biofilms**+.

In a nut shell, SP-AgNPs likely inhibit biofilm formation through a multi-targeted approach, involving
oxidative stress induction, membrane damage, interference with quorum sensing, and inhibition of motility and
EPS production. These combined effects explain the substantial reduction in biofilm mass, motility, and bacterial
aggregation observed in our study.

Conclusion

Under an optimized set of conditions S. pinnata-mediated silver nanoparticles (SP-AgNPs) were synthesized
with dual-functional viz. antibacterial and catalytic potential. SP-AgNPs exhibited excellent catalytic activity in
the degradation of MB dye, demonstrating their applicability in waste water treatment. In parallel, they showed
significant antibacterial activities against E. coli, a standard biofilm-forming pathogen.The multifunctional
efficacy of SP-AgNPs may be attributed to their size distribution, surface charge, and phytomolecule-based
capping agents that have collectively involved to influence their physicochemical and biological interactions.
These results underscore the promise of phytogenic SP-AgNPs as an environmentally benign potential
nanomaterials. However, further investigations viz. detailed mechanistic studies, biocompatibilities are
warranted before industrial-scale deployment and clinical translations.
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