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Nanoparticles (NPs) synthesized by the green synthesis approach have appeared as an environmen-
tally friendly and sustainable strategy in the past decade. In this process, the bark extract of Terminalia arjuna
(T. arjuna) functions as a reducing and capping agent for synthesizing silver nanoparticles (AgNPs). Different
bioactive compounds, such as saponins, tannins, and flavonoids from bark extract, play an essential role in
nanoparticle synthesis and stabilization. The appearance of a dark brown color in the solution visually con-
firms the nanoparticle formation. Furthermore, an absorbance peak at 410 nm wavelength confirms the bio-
synthesis of AQNPs. Moreover, process parameters (temperature, stirring time, and silver nitrate concentra-
tion) for nanoparticle synthesis were statistically optimized by using the response surface methodology (RSM)
tool. The maximum synthesis of nanoparticles was achieved at 5 mM silver nitrate, 80° C temperature, and 40
minutes of stirring time. The spherical structure of AgNPs, with a size range of 10-120 nm and an average par-
ticle size of 36 nm, was discovered from transmission electron microscopy (TEM). Also, the X-ray diffraction
(XRD) technique indicated the crystalline nature of synthesized AgNPs. Moreover, the antibacterial potential
of silver nanoparticles was tested against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus),
which exhibit significant inhibition zones and advocate using AgNPs against antibiotic-resistant strains. This
study reveals the capability of T. arjuna bark extracts in the biogenic synthesis of NPs with high antibacterial
potential, which can be employed in different biomedical applications.
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INTRODUCTION

Nanotechnology has attained notable consid-
eration in the past few decades, especially in the re-
search of metallic nanoparticles, as they exhibit great-
er physiochemical and biological properties than their
bulk analogs [1]. Amongst metallic nanoparticles, sil-
ver nanoparticles (AgNPs) are extensively explored in
various disciplines, such as biomedical, electronics,
food, catalysis, imaging, and sensing [2]. There are
numerous conventional approaches for synthesizing
silver nanoparticles, but these approaches are ener-
gy extensive and use toxic chemicals and reagents
that are hazardous to the environment. Due to this
limitation, there is a need for a process that is more
sustainable, greener, and safer [3].

Green synthesis is a process in which a bio-
logical source (plants, microorganisms) is used to
synthesize nanoparticles. Green synthesis uses
plant and microorganism metabolites as stabilizing,
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reducing, and capping agents [4]. In the study, Ter-
minalia arjuna (T. arjuna) bark extract is used as it
contains biomolecules, for instance, phenols, tan-
nins, flavonoids, and alkaloids, which facilitate the
silver ion reduction and stabilize the formed NP [5].
Furthermore, Response Surface Methodology (RSM)
is also used to optimize essential process conditions
such as temperature, silver nitrate concentration, and
stirring time [6]. Furthermore, the characterization of
T. arjuna NPs was done by utilizing TEM, XRD, and
UV-visible spectroscopy. Moreover, the antibacterial
potential of synthesized NPs was checked against S.
aureus and E. coli.

The aim of the study was to examine a green,
sustainable, and eco-friendly method for producing
AgNPs using T. arjuna bark extract, exploiting its
biomolecules as a stabilizing, capping, and reducing
agent. The process parameters for synthesis were
also optimized with the help of Response Surface
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Table 1 —Design strategy and factor boundaries utilized for process parameter optimization (Central Composite

Design) for T. arjuna nanoparticles

Level
Process parameters :
(-1) low (+) high
Silver nitrate concentration (mM) 1 5
Temperature (°C) 30 80
Stirring time (min.) 4 80

Table 2 — CCD for optimizing process parameters [factors: (A) silver nitrate conc., (B) temperature, and (C)

stirring time] for T. arjuna AgNPs

Run Silver nitrate concentration Temperature Stirring time Weight of nanoparticles (mg/
(mM) (°C) (min.) ml)
1 3 55 26.3641 29.5
2 6.36359 55 60 40.9
3 5 80 40 33
4 5 30 80 35.8
5 5 30 40 24.3
6 1 80 80 10.3
7 3 55 60 21.4
8 3 55 60 20.8
9 1 30 80 8.2
10 3 55 93.6359 24.3
11 3 55 60 19.7
12 1 30 40 7.7
13 3 12.9552 60 24
14 3 55 60 32
15 3 55 60 36
16 3 55 60 34
17 1 80 40 30
18 0.363586 55 60 16
19 5 80 80 20
20 3 97.0448 60 22

Methodology (RSM) to ensure maximum yield for Ag-
NPs. Lastly, the antibacterial activity of AQNPs was
evaluated against selected bacteria to discover the
potential of AQNPs as an alternative to antibiotics.

MATERIALS AND METHODS
Materials required

Silver nitrate (AgNO,) (99.9%,ACS, 169.87mw)
and sodium hydroxide (NaOH) (97%, ACS, 40mw)
were procured from Sisco Research Laboratories, In-
dia. T. arjuna bark was purchased from the local mar-
ket; it was thoroughly washed, dried, and ground into
fine powder. Deionized water was prepared in the lab
itself. S. aureus and E. coli strains were attained from
the Department of Life Sciences, Sharda University
(India). Ethanol (99.9%, ACS) was acquired from a
local supplier.
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T. arjuna bark extract preparation

The extract was made by adding 10 g of T. ar-
juna bark powder to 100 ml of deionized water, heat-
ed for 15 min, and let to cool at room temperature.
The solution was filtered, and the extract was stored
at 4 °C until further use.

Synthesis of T. arjuna bark extract mediated
AgNPs

For the formation of AgNPs, different concen-
trations of AGNO, solutions were taken, and the con-
centration with the most favorable was selected. To
synthesize AgNPs, 10 ml of bark extract was added
dropwise to TmM of 100 ml of AgNO, solution. 1M
NaOH solution was used to maintain the pH at 9. The
solution was then heated for 60 minutes at 60 °C to
enhance the production of nanoparticles. A brownish
pellet was obtained after centrifuging at 10000 rpm,
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Figure 1 — T. arjuna extract and salt mixture before NPs formation (a) and extract and salt mixture after NPs

formation (b)
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Figure 2 — UV-Vis spectrum T. arjuna extract medi-
ated synthesized AgNPs

washed with 80% ethanol, and dried at room tem-
perature.
Characterization

In the present study, UV-visible spectroscopy
was used to find the maximum peak absorbance of
AgNPs. The scan range was set at 200nm — 800nm
wavelength. TEM was utilized to study the structure of
AgNPs at high magnifications. Finally, the crystalline
nature of AGNPs was determined by employing XRD.
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Figure 3 — XRD patterns of the synthesized silver
nanoparticles

Optimization of process parameters

The central composite design (CCD) under
the response surface methodology (RSM) approach
was utilized to optimize process parameters. The
factors were taken as silver nitrate concentration
(A), temperature (B), and (C) stirring time. Table 1
depicts all three parameters of T. arjuna — mediated
synthesis of nanoparticles at two levels, high (+1)
and low (-1). A series of 20 experiments were car-
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Figure 4 — TEM image of the AgNPs at 25KX (a) and 40KX magnifications (b)

ried out, and the weight (mg) of nanoparticles pro-
duced as a response (R1) was recorded. Table 2
shows the central Composite Design for optimizing
process parameters. Statistical analysis, model fit-
ting, and 3D response surface plots were generated
using Design Expert (version 13).
Assessment of the antibacterial potential

The antibacterial potential of produced AgNPs
was studied using the agar well diffusion method.
Firstly, the 100ul culture was spread on nutrient agar
media containing petri plates. Four bores of 6mm
were bored on agar plates with the help of a borer.
Distilled water was filled in well 1 as a blank, the wells
marked as 2 were filled with 50mg/ml amoxicillin, and
3 and 4 were filled with synthesized silver nanopar-
ticles with concentrations of 50 mg/mL and 150 mg/
mL. Plates were incubated at 37°C, and the size of
the zone of inhibition (mm) was determined.

RESULTS AND DISCUSSIONS
Synthesis

Adistinct color shift was observed from reddish
to brownish (Figure 1 a, b) because of the reduction
of the metal ions contained in the precursor salt, in-
dicating the creation of nanoparticles. The surface
plasmon (SPR) peak was observed at 410 nm in the
UV-visible spectroscopy analysis (Figure 2).

Characterization of synthesized AgNPs
X-ray diffraction (XRD)

An X-ray diffraction (XRD) graph was used
to find the crystalline nature of the nanoparticles.
The noticeable peaks at 38.47°, 44.29°, 64.13°,
and 77.21° (Figure 3) correspond to the pure silver
planes, with h, k, | values 111, 200, 220, and 31. This
confirms that the AgNPs are crystalline and have a
silver composition [7].

Transmission electron microscopy (TEM)

As revealed by TEM, AgNPs were spherical
(Figure 4 a, b), having a size distribution of 10-120
nm and a mean particle size of 36 nm. Minor agglom-
eration was also seen due to the effective capping
and stabilization of phytochemicals in the T. arjuna
extract [8].
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Optimization

The Optimization of process parameters was
done by utilizing central composite design (CCD). The
p-value (p <0.05) indicates that the three variables
(silver nitrate concentration, temperature, and stirring
time) strongly influenced nanoparticle synthesis. Table
3 illustrates the fit summary of different models; Table
4 shows ANOVA for the 2FI model. 3D-surface graphs
of varying process parameters were revealed by Figure
5a,b,c.

The optimal conditions for synthesizing Ag-
NPs were silver nitrate concentration of 5 mM, tem-
perature 80 °C, and stirring time of 40 minutes. The
nanoparticle’s experimental weight was 22mg/ml af-
ter synthesizing AQNPs under optimized conditions.

Antibacterial potential

Significant antibacterial activity (figure 6 a, b)
was observed against both E. coli (Gram-negative)
and S. aureus (Gram-positive). Inhibition zones of 16
mm and 10 mm were seen for S. aureus and E. coli
at 150 mg/ml of AQNPs. The mechanism involved in
antibacterial activity is the disruption of bacterial cell
membranes and generating reactive oxygen species
(ROS) [9]. Table 5 shows the observed inhibition zone
against E. coli and S. aureus.

DISCUSSION

This current study portrays a green, sustain-
able, and safer approach for synthesizing AgNPs us-
ing T. arjuna bark extracts. The SPR peaks around
410 nm, and the color shift from reddish to brown
signifies the formation of T. arjuna AgNPs, with bio-
molecules present in the extract acting as reducing,
capping, and stabilizing agents.

The optimization utilizing response surface
methodology showed that the process parameters
significantly influenced nanoparticle yield, with optimal
parameters such as temperature 80 °C, AgNO, con-
centration of 5 Mm, and stirring time of 40 minutes.

Characterization techniques such as TEM and
XRD disclosed that the AgNPs were spherical and
averaging 10-120nm in size. Moreover, the synthe-
sized AgNPs featured significant inhibition zones, in-
dicating their potential use in biomedical applications.
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Table 3 — Fit summary of models of optimization of T. arjuna AgNPs

Source Sequential p-value Lack of Fit P-value Adjusted R? Predicted R? Remark
2FI 0.00422 0.8267 0.5758 0.237 Suggested
Linear 0.0159 0.5241 0.3665 0.1491 -
Cubic 0.9643 0.8394 0.5692 0.2841 -
Quadratic 0.4600 0.8394 0.5692 0.2841 -
Table 4 — ANOVA for 2FI model of T. arjuna AgNPs
Source Sum of Squares df Mean Square F value P value Remark
Model 1205.09 6 200.85 5.30 0.0058 Significant
Silver nitrate 714.43 1 714.43 18.85 0.0008 -
Temperature 14.22 1 14.22 0.3752 0.5508 -
Stirring time 63.49 1 63.49 1.67 0.2181 -
BC 249.76 1 249.76 6.59 0.0234 -
AB 124.03 1 124.03 3.27 0.0927 -
AC 39.16 1 39.16 1.03 0.3280 -
Lack of fit 215.31 8 26.91 0.4850 0.8267 Not significant
Residual 492.80 13 37.91 - - -
Pure Error 277.49 5 55.50 - - -
Cor Total 1697.89 19 - - - -
(A) (B)

50 50

40 40
gﬂ 30 %ﬁ 30
g 20 g 20 o
g 10 g 10 (2SS
z z

80

B: Temprature (celcius)

©

weignt of naoparticles (Mg)

C: stiring time (minutes)

ZA: silver nitrate concentration (mM)

80

C: stirring time (minutes)

50 2A.: silver nitrate concentration (mM)

Figure 5— Response surface plot for (a) weight of nanoparticles (mg/ml) vs. silver nitrate conc. vs. temperature,
(b) weight of nanoparticles (mg/ml) vs. silver nitrate conc. vs. stirring time (c) weight of nanoparticles (mg/ml)
vs. temperature vs. stirring time
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Table 5 — Inhibition zone against E coli and S. aureus

. I AgNPs
SNO Bacteria Amoxicillin (50 mg/ml)
100 mg/ml 150 mg/mi
1 E. coli 14 mm 9 mm 10 mm
2 S. aureus 12 mm 6 mm 16 mm

B
-

CONCLUSION

This study successfully establishes a straight-
forward, greener, non-toxic, and environmentally
friendly approach for synthesizing AgNPs using T.
arjuna plant extract. This process used biomolecules
present in the extract as reducing, capping, and sta-
bilizing agents [10]. Optimization of process parame-
ters has tremendously increased the yield of AQNPs.
At the same time, characterization techniques such
as TEM and XRD have conformed to forming spheri-
cal, crystalline, and stable nanoparticles [11].

Lastly, AgNPs showed antibacterial potential
against Gram-positive and Gram-negative bacteria,
showing their potential in biomedical and healthcare
applications [12].
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Figure 6 — Antibacterial potential of synthesized AgQNPs against E. coli (a) and S. aureus (b)
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HaHouwacTtuubl (NPS), cuHTesuMpoBaHHble C MOMOLLbD MeToda 3erieHoro CuHTesa, B nocnefHee
AecatuneTme cTany paccMaTpmBaTbCs Kak 9KOMOrM4eckn Ynctas n ycrondmsas crparerus. B atom npouecce
9KCTPaKT KOpbl TepMUHanuMn apaxyHol (T. arjuna) OEencTByeT Kak BOCCTAHaBNMBAOLLMN U YKYNOPUBAIOLLNIA
areHT Anga cuHtesa HaHovacTul cepebpa (AgNPs). PasnuyHbie 6Guonornyeckn akTMBHbIE COEAMHEHUS, Takue
Kak canoHuHbI, AybunbHble BewecTBa U (briaBOHOMAbI U3 3KCTPaKTa KOpbl, UrpaloT BaXKHYI pPOrb B CUHTE3E
n cTabunuaaumm HaHovacTuy,. NosiBneHne TEMHO-KOPUYHEBOTO LiBETA B paCcTBOPE BMU3yanbHO NogTBEpXKAaeT
obpasoBaHune HaHo4yacTuL,. Kpome Toro, nuk nornoLleHust npu anvHe BonHel 410 HM noaTeepaaet GMocuHTes
AgNPs. Kpome Toro, napameTphbl npouecca (TemnepaTtypa, BpemMs NnepemMeLLnBaHns 1 KOHLEHTpaunus HiTpara
cepebpa) Oona cuHTesa HaHoyacTuy Oblnn CTaTUCTUYECKM OMTUMWU3MPOBAaHbI C MOMOLLBI METO4OoMNormm
noBepxHocTun oTknmka (RSM). MakcmanbHbIN CUHTE3 HaHOYaCcTUL, BbIN AOCTUTHYT NpK 5 MM HUTpaTa cepebpa,
Temnepatype 80 °C n 40-mmHyTHOM nepemewmBaHun. Cdepuveckas ctpyktypa AgNPs ¢ gnanasoHom
pa3mepoB 10-120 HM 1 cpeagHNM pasMepoM YacTul, 36 HM Gbina obHapy)XeHa C MOMOLLIbK NPOCBEYMBAIOLLIEN
3NEKTPOHHOM MUKpockonuu. Kpome Toro, meton peHTreHoBCckor andpakumm (XRD) nokasan Kpuctannimyeckyro
npupoay cuHTesmpoBaHHbIXx AGNPs. Kpome Toro, aHTnbakrepuanbHbii noTeHLman HaHo4yacTul cepebpa Obin
npoTecTtupoBaH NpotuB Escherichia coli (E. coli) n Staphylococcus aureus (S. aureus), KOTopble NoKasanu
3Ha4YUTENbHbIE 30HbI MHTMBUPOBaHUSA, YTO CBUAETENBCTBYET O BO3MOXHOCTM Mcnonb3oBaHnst AQNPs npotus
LITAMMOB, YCTONYMBbBIX K aHTMONOTUKaM. OTO UccrnegoBaHne packpbiBaeT CNOCOOHOCTb SKCTPAKTOB Kopbl 7.
arjuna k 6uoreHHomy cuHTesdy AgNPs ¢ BbICOKMM aHTMOaKTepuanbHbIM NOTEHLMANOM, KOTOpble MOryT ObiTh
NCMOMb30BaHbl B PasnunyHbIX GIOMegULMHCKNX LensX.

Knouesbie criosa: 3eneHbli CUHTE3; HaHodacTuubl cepebpa; Terminalia arjuna; metogonorus
NMOBEPXHOCTUN OTKNMKA; aHTMOaKTepuarnbHas akTUBHOCTb
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Xacbin cuHTes apicimeH cuHTesgenreH HaHobenwektep (NPS) COHfbl OHXbINAbIKTa 3KOMOMMANbIK
Tasa XeHe TypaKTbl cTpaTerus peTiHae KapacTbipbina 6actagbl. byn npouecte ApaXyHa TepMUHanbIHbIH
(T. arjuna) kabbiK CbIFbIHObICHI KYMiC HaHOOeILWEKTEPIH CUHTE3AeY YLUIH KannbiHa KENTIPETiH XXaHe XabaTbIH
areHT (AgNPs) kbiameTiH aTkapagbl. CanoHuHOep, TaHMHOEP >XaHe KabblK CbIfbIHOBICbIHAH arblHFaH
dnaBsoHoMATap CUSAKTBI 9pTYypni Bruonormanblk 6enceHgi KocbinbicTap HAaHOOeNLWeKTepai CUHTe3aeyae KaHe
TypakTaHablpyda MaHbi3abl pen atkapanbl. EpiTiHaigeri kapa KoHbIp TYCTiH nanga 6onybl HaHObenwWweKTepaiH,
navga 6onyblH ke30eH pacTtanabl. CoHbiMeH kaTap, 410 HM TOMKbIH Y3bIHAbIFbIHAAFB! XKYThIMY LWbIHBI agnps
BurocuHTesiH pactangbl. CoHbIMEH kaTap, HaHobenLweKTepai CMHTe3aeyre apHarfFaH NpoLecTiH napaMmeTpriepi
(TemnepaTtypa, apanacTbIpy yaKbITbl )K8HE KYMiC HATPaTbIHbIH KOHLEHTPaLMAChI) )kayan 6eTiHiH agicTemeciMeH
(RSM) cratuctukanblk OHTamnanablpbiiabl. HaHoGenwekTepaiH Makcumangbl CUHTE3iHE 5 MM Kymic
HuTpatbl, 80 °C TeMnepartypaga xaHe 40 MUHYTThIK apanacTbipy KesiHae kon »eTkisingi. 10-120 HM eniwem
AnanasoHbl xaHe 36 HM GenLiekTepaiH opTalua enwemi 6ap agnps cdeparnbik KypbirbiMbl TPAHCMUCCUSATBIK
3NEKTPOHAbI MWKPOCKONUSA apkbinbl aHbikTandbl. CoHbIMEH KaTap, peHTrengik amdpakumsa (XRD) agici
CVHTe3genreH agnps-TiH KpucTanablk cunatbiH kepceTTi. COHbIMEH KaTap, KymiC HaHoOerLekTepiHiH
Baktepusira kapcbl noteHumansl Escherichia coli (E. coli) xaHe Staphylococcus aureus (S. aureus) cbiHanapl,
ornap anTapnblKTan TeXerny aiMakTapblH KepceTTi, Oyn aHTMbnoTukTepre TesiMmai Wtammaapra kapcbl AGQNPs
KongaHy MyMKiHAIrH kepceTeai. byn 3eptTey T. arjuna KOPTEKC ChIfbIHAbINAPbLIHBIH SPTYPIi OMoMeanUMHanbIK
MakcaTTapga KongaHyra 6onaTbiH ofapbl bakTepusiFra kapcel noTeHumansl 6ap agnps buoreHaik cuHTesgey
kabineTiH KkepceTeai.

Kinm ce3dep: xacbin cuHTE3; KyMmic HaHobGenwekTepi; Terminalia arjuna; »kayan OGeTiHiH aaicTemMeci;
DakTepusiFa Kapcbl apekeT

Meouyuna u sxonoeus, 2026, 3 133



