Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Comparative Study on Synthesis, Optimization and
Physicochemical Characterization of Silver
Nanoparticles Using Leaf, Stem and Root Extracts
of Andrographis paniculata

Sharika Farhana
Islamic University

Kamrun Nahar
Islamic University

Nashiru Billa
Qatar University

Md. Ashraful Alam
Bangladesh Council of Scientific and Industrial Research

Sharif Md. Al-Reza

sharif®acce, iu.ac.bd

Islamic University

Article

Keywords: Andrographis paniculata, Silver nanoparticles (AgNPs), Green synthesis, Organ-specific
phytochemicals, Synthesis optimization, Physicochemical characterization

Posted Date: September 24th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-10822573/v1

License: € @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/25


https://doi.org/10.21203/rs.3.rs-10822573/v1
https://doi.org/10.21203/rs.3.rs-10822573/v1
https://doi.org/10.21203/rs.3.rs-10822573/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Green synthesis of silver nanoparticles (AgNPs) using different organs of the same plant offers a
sustainable strategy for modulating nanoparticle properties while promoting whole-plant utilization.
Here, AQNPs were synthesized separately using aqueous leaf, stem, and root extracts of Andrographis
paniculata, and synthesis conditions were systematically optimized. Nanoparticle formation was
confirmed by UV-Visible spectroscopy, showing characteristic surface plasmon resonance peaks at
428, 434, and 431 nm for leaf-, stem-, and root-derived AgNPs, respectively. Optimal synthesis conditions
varied among plant organs, particularly for reaction time, temperature, extract concentration, extract-to-
AgNO; ratio, and pH, while 0.01T M AgNO, was optimal for all three systems. FTIR analysis indicated the
involvement of plant-derived functional groups in nanoparticle reduction and stabilization, whereas XRD
and SAED confirmed the face-centred cubic crystalline structure of metallic silver. FE-TEM revealed
predominantly spherical nanoparticles with mean sizes of approximately 7, 11, and 10 nm for leaf, stem,
and root, respectively. DLS showed hydrodynamic diameters of 77-78 nm with PDI values below 0.30.
These findings demonstrate that plant-organ selection significantly influences AgNPs synthesis
conditions and physicochemical characteristics.

1. Introduction

Silver nanoparticles (AgNPs) remain among the most extensively investigated nanomaterials because of
their unique optical, catalytic, antimicrobial and surface-dependent physicochemical properties, making
them valuable for sensing, environmental, catalytic and biomedical applications. However, nanoparticle
performance depends strongly on synthesis conditions, as the reaction environment directly influences
nucleation, crystal growth, morphology, crystallinity and colloidal stability. Consequently, current
research is focused not only on producing AgNPs but also on developing synthesis strategies that are
reproducible, scalable, environmentally sustainable and capable of precisely controlling nanoparticle
characteristics [1, 2].

Conventional physical methods (e.g., ball milling, laser ablation, flame pyrolysis, and inert-gas
condensation) and chemical methods (e.g., sol—gel, polyol synthesis, microemulsion and chemical
vapour deposition) often require expensive instrumentation, high energy input, multiple processing steps,
and hazardous reducing agents such as sodium borohydride and hydrazine, together with organic
solvents [3-6]. These approaches may generate toxic by-products and increase environmental and
occupational risks. Consequently, green chemistry has shifted attention toward biological resources—
including plants, fungi, bacteria and algae - as renewable, low-cost and environmentally benign
alternatives for nanoparticle synthesis [7, 8].

Among biological approaches, plant-mediated synthesis has emerged as one of the most attractive
methods because it is rapid, cost-effective, scalable and does not require sterile culture conditions or
sophisticated equipment [3, 9, 10]. Numerous medicinal plants, including Cinnamomum tamala,
Clerodendrum viscosum and Citrus sinensis, have been successfully used for the green synthesis of

Page 2/25



silver nanoparticles, demonstrating that plant phytochemicals can effectively reduce Ag* ions while
simultaneously stabilizing the resulting nanoparticles through natural capping mechanisms [11-13].
However, these studies investigated only a single plant organ. To date, no systematic comparison of
leaf-, stem- and root-mediated AgNP synthesis from Andrographis paniculata under identical reaction
conditions has been reported. Plant extracts contain diverse phytochemicals—including phenolics,
flavonoids, terpenoids, alkaloids, saponins, steroids, proteins and carbohydrates—that simultaneously
reduce Ag* ions and stabilize the resulting nanoparticles through functional groups such as —OH, —-NH, -
COOH and —CHO [14-16]. This dual reducing and capping function contributes to the excellent stability,
reproducibility and biocompatibility of green-synthesized AgNPs compared with chemically synthesized
counterparts [3, 17, 18].

Importantly, phytochemical composition varies not only among plant species but also among different
organs of the same plant. Leaves, stems, roots, flowers, fruits and seeds differ considerably in the type
and concentration of secondary metabolites because of their distinct physiological roles and
developmental processes [8, 19, 21]. As a result, extracts from different plant organs can produce AgNPs
with different synthesis efficiencies, reaction kinetics, particle sizes, morphologies, crystallinities and
colloidal properties. Despite its importance, this organ-dependent variation remains relatively
underexplored in green nanotechnology [8, 20].

The characteristics of biosynthesized AgNPs are also strongly influenced by reaction parameters,
including pH, temperature, reaction time, plant extract concentration, metal precursor concentration and
extract-to-precursor ratio [14, 21, 22]. These variables regulate nucleation and crystal growth, ultimately
determining nanoparticle size distribution, stability and reproducibility. Therefore, systematic
optimization of synthesis conditions is essential for obtaining AgQNPs with consistent and application-
specific properties [14, 16, 23]. Andrographis paniculata Wall. ex Nees (Acanthaceae), commonly known
as the "King of Bitters," is a medicinal plant widely distributed throughout South and Southeast Asia [26—
28]. The plant is rich in diterpenoid lactones, particularly andrographolide and its analogues, together
with flavonoids, polyphenols, xanthones and noriridoids which collectively contribute to its diverse
pharmacological activities [27-30]. These phytochemicals exhibit diverse biological activities, including
anti-inflammatory, antimicrobial, anticancer, antidiabetic, hepatoprotective and immunomodulatory
effects, while the plant also possesses a favourable safety profile, making it an attractive candidate for
green nanotechnology applications [25, 27, 28, 31].

Accordingly, this study presents a systematic comparative investigation of AgNP biosynthesis using
aqueous leaf, stem, and root extracts of A. paniculata. The effects of reaction time, temperature, pH,
extract concentration, AGNO, concentration and extract-to-AgNO, ratio were optimized separately for
each plant organ, and the synthesized nanoparticles were characterized by UV-Visible spectroscopy,
FTIR, XRD, FE-SEM, FE-TEM and DLS analyses. We hypothesized that (i) plant-organ selection
significantly influences AgNPs synthesis efficiency and optimum reaction conditions, and (ii) organ-
specific phytochemical variation results in measurable differences in nanoparticle physicochemical
properties. To our knowledge, this is the first systematic comparison of aqueous leaf-, stem- and root-
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mediated synthesis of AgQNPs from A. paniculata under identical experimental conditions. The findings
demonstrate that plant-organ selection is an effective strategy for tailoring the synthesis conditions and
physicochemical properties of green-synthesized silver nanoparticles.

2. Materials and Methods
2.1. Chemicals and Reagents

Silver nitrate was purchased from Merck, Germany. Deionized water was used throughout the
experiments for the preparation of plant extracts and silver nitrate solutions. Whatman No. 1 filter paper
(Cytiva, UK) was used for filtration of the plant extracts. All chemicals and reagents used in this study
were of analytical grade and were used as received without further purification.

2.2. Preparation of Plant Extracts

Fresh leaves, stems and roots of Andrographis paniculata were collected from Jahangirnagar University,
Dhaka, Bangladesh (voucher specimen number: 45932). Plant materials were washed thoroughly with
deionized water, air-dried and ground separately into fine powder. One gram of each powdered sample
was extracted with 100 mL deionized water at 80°C for 5 min. After cooling to room temperature, the
extracts were filtered through Whatman No. 1 filter paper and stored at 4°C until use.

2.3. Green Synthesis of Silver Nanoparticles

Silver nanoparticles (AgNPs) were synthesized separately using the aqueous leaf, stem and root extracts
of Andrographis paniculata. Briefly, 80 mL of 0.01 M silver nitrate (AgNO,) solution was mixed with 20 mL
of each plant extract under continuous magnetic stirring. The synthesis reactions were carried out at the
desired reaction temperatures (e.g., 20—80°C) according to the experimental design. The reduction of
Ag* ions and the formation of AgQNPs were initially confirmed by the gradual colour change of the
reaction mixture from colourless to pale yellow and finally to dark brown, indicating the excitation of
surface plasmon resonance (SPR) due to nanoparticle formation. Following synthesis, the AgNPs were
recovered by centrifugation at 10,000 rpm for 15 min and washed several times with distilled water
followed by acetone to remove unreacted biomolecules and other water-soluble impurities. The purified
nanoparticles were freeze-dried (lyophilized) and stored in airtight containers under dry conditions for
subsequent physicochemical characterization and biological studies. The biosynthesis procedure was
adapted and modified from previously reported aqueous plant extract-mediated AgNPs synthesis
methods [11, 13, 32].

2.4. Optimization of Synthesis Parameters

The synthesis conditions were optimized separately for the leaf, stem and root extracts by investigating
the effects of reaction temperature (20—80°C), reaction time (5-270 min), plant extract concentration
(20-80 g L"), AgNO, concentration (0.001-0.015 M), extract-to-AgNO, volume ratio (1:1-2:3) and
reaction pH (2-11). The pH was adjusted using 0.1 N HCI or 0.1 N NaOH. Each parameter was varied
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individually while keeping all other reaction conditions constant. Nanoparticle formation was monitored
by visual colour change and UV-Visible spectroscopy and the optimum conditions were selected based
on the maximum intensity and stability of the characteristic surface plasmon resonance (SPR) band.

2.5. Characterization of Silver Nanoparticles

The synthesized silver nanoparticles (AgNPs) obtained from the leaf, stem and root extracts of
Andrographis paniculata were characterized to confirm nanoparticle formation and evaluate their optical
properties, functional groups, crystallinity, morphology, elemental composition, particle size and colloidal
stability.

The formation of AgNPs was initially confirmed by the characteristic colour change of the reaction
mixture from pale yellow to dark brown and subsequently by UV-Visible spectroscopy using a UV-
Visible spectrophotometer (U-2900, Shimadzu, Japan). Absorption spectra were recorded over the
wavelength range of 300-600 nm to identify the characteristic surface plasmon resonance (SPR) bands
of AgNPs.

Fourier-transform infrared (FTIR) spectra were recorded using an FTIR-8400S spectrophotometer
(Shimadzu, Japan) over the range of 4000—-600 cm-" to identify the functional groups involved in the
reduction and stabilization of AgNPs.

The crystalline structure and phase purity of the synthesized AgNPs were determined using an X-ray
diffractometer (SmartLab SE, Rigaku, Japan). The diffraction patterns were indexed according to the
standard face-centred cubic (fcc) crystal structure of metallic silver.

The morphology and surface characteristics of the synthesized AgNPs were examined using a FE-SEM
(field-emission scanning electron microscope) (Sigma 300 VP, Carl Zeiss, Germany) operated at an
accelerating voltage of 5 kV. Freeze-dried nanoparticle powders were mounted on conductive carbon
tape, sputter-coated with a thin gold layer, and imaged at 30,000x and 90,000x magnifications to
evaluate particle morphology and size distribution.

Particle morphology, size, and crystallinity were further investigated using field-emission transmission
electron microscopy (JEM-200F, JEOL, Japan) operated at an accelerating voltage of 200 kV. A dilute
nanoparticle suspension was deposited onto carbon-coated copper grids and air-dried before analysis.
FE-TEM micrographs were acquired at a magnification of 100,000x to determine nanoparticle
morphology and particle size, while selected area electron diffraction (SAED) patterns were recorded to
confirm the crystalline nature of the synthesized nanoparticles.

The hydrodynamic particle size, size distribution, and polydispersity index (PDI) of the colloidal AgNPs
were measured using a Zeta sizer Ultra (Malvern Panalytical Ltd., UK) by dynamic light scattering (DLS),
providing information on nanoparticle dispersion and colloidal stability.

2.6. Phytochemical Screening
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Qualitative phytochemical screening was carried out separately on the aqueous leaf, stem, and root
extracts of Andrographis paniculata to identify the major classes of bioactive secondary metabolites
involved in the biosynthesis of silver nanoparticles. The extracts were analyzed for the presence of
alkaloids (Dragendorff's test), terpenoids (Liebermann-Burchard test), phenolic compounds (lead
acetate test), saponins (foam test), flavonoids (alkaline reagent test), tannins (ferric chloride test),
steroids (Liebermann-Burchard test) and carbohydrates (Molisch's test) using standard qualitative
phytochemical procedures described in the literature [31, 33, 34].

2.7. Use of Al-assisted tools

ChatGPT (OpenAl) was used for language editing and manuscript organization; all scientific content was
reviewed and verified by the authors.

3. Results and Discussion

3.1. Visual Observation

The formation of AgNPs using aqueous leaf, stem, and root extracts of A. paniculata was initially
indicated by a progressive colour change from pale yellow to dark brown following addition of AQNO,
(Supplementary Fig. S1). The colour intensity increased with reaction time and remained unchanged
after 24 h, indicating completion of the reduction process. The characteristic brown colour is attributed
to localized surface plasmon resonance of metallic AQNPs. Differences in colour intensity among the
three extracts may reflect organ-dependent variations in phytochemical composition and reduction
efficiency.

3.2. Phytochemical Screening of Andrographis paniculata
Extracts

Qualitative phytochemical screening detected terpenoids, saponins, flavonoids, alkaloids, steroids, and
carbohydrates in leaf, stem, and root extracts, whereas tannins were absent (Supplementary Table S1).
These metabolites can participate in Ag* reduction and nanoparticle stabilization. Although the three
organs showed similar phytochemical classes, differences in metabolite abundance may contribute to
the observed organ-dependent variations in AQNP synthesis and physicochemical properties.

3.3. Comparative Optimization of Green Synthesis
Parameters

AgNPs synthesis using aqueous leaf, stem, and root extracts of Andrographis paniculata was optimized
by varying reaction time, temperature, extract concentration, AQNO, concentration, extract-to-AgNO,
ratio, and pH (Fig. 1). Differences in optimum conditions among the three organs indicate that organ-
specific phytochemical composition influences AgNPs formation, consistent with previous plant-
mediated synthesis studies [11-13].
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3.3.1. Effect of Reaction Time

SPR absorbance increased progressively with reaction time (Fig. 1A), with characteristic bands at
approximately 429, 420, and 432 nm for leaf-, stem-, and root-mediated AgNPs, respectively. Maximum
SPR intensity occurred at 40 min for leaf and stem and 50 min for root, indicating slower reduction
kinetics for the root extract, likely reflecting differences in phytochemical composition [11-13].

3.3.2. Effect of Reaction Temperature

Temperature markedly influenced AgNP formation (Fig. 1B). Maximum SPR absorbance was observed at
70°C for leaf, 60°C for stem, and 80°C for root. Lower temperatures resulted in reduced nanoparticle
formation, whereas temperatures beyond the optimum decreased SPR intensity, potentially because of
particle aggregation or degradation of thermolabile reducing and stabilizing phytochemicals [2, 18, 20].

3.3.3. Effect of Plant Extract Concentration

Increasing extract concentration enhanced SPR absorbance up to an optimum, consistent with greater
availability of phytochemicals involved in Ag* reduction and nanoparticle stabilization [11-13, 33, 35,
36]. Maximum absorbance occurred at 50 g/L for leaf and 60 g/L for stem and root extracts (Fig. 1C).

3.3.4. Effect of Silver Nitrate Concentration

SPR absorbance increased with AQNO, concentration up to 0.01 M for all three extracts (Fig. 1D). At
0.015 M, absorbance declined slightly, possibly because the available phytochemicals were insufficient
to stabilize the increased number of nanoparticles, promoting aggregation [37, 38]. Thus, 0.01 M AgNO,
was optimal for all three plant organs.

3.3.5. Effect of Extract-to-Silver Nitrate Ratio

The extract-to-AgNO;, ratio significantly affected nanoparticle formation (Fig. 1E). Maximum SPR
absorbance was obtained at 1:1 for leaf and stem extracts and 1:2 for root extract, indicating organ-
dependent differences in the balance between reducing phytochemicals and available Ag* ions.

3.3.6. Effect of pH

AgNPs formation increased under alkaline conditions (Fig. 1F), whereas comparatively low SPR
absorbance was observed at acidic pH, likely because of reduced ionization and reducing activity of
plant phytochemicals [11-13, 39, 40]. Maximum absorbance occurred at pH 9 for leaf and stem and pH
11 for root, demonstrating an organ-dependent response to reaction pH.

3.4. UV-Visible Absorption Spectroscopy

UV-Visible spectroscopy was employed to confirm the formation of AgNPs synthesized using the
aqueous leaf, stem and root extracts of Andrographis paniculata. The biosynthesized AgNPs exhibited a
characteristic reddish-brown colour due to the excitation of localized surface plasmon resonance (SPR).
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Typically, SPR bands appearing within the wavelength range of 400-450 nm is considered indicative of
the reduction of Ag* ions to metallic Ag® nanoparticles [41]. As shown in Fig. 2, the UV-Visible spectra of
the synthesized AgNPs displayed distinct absorption peaks at 428 nm, 434 nm and 431 nm for the leaf-,
stem- and root-mediated AgNPs, respectively, confirming the successful biosynthesis of silver
nanoparticles. Among the three extracts, the leaf-derived AgNPs exhibited the highest absorbance,
followed by the stem and root extracts, suggesting a higher nanoparticle yield that may be attributed to
the greater reducing and stabilizing capacity of the phytochemicals present in the leaf extract. The slight
variation in SPR peak position among the three samples indicates differences in particle size and
surface characteristics arising from the distinct phytochemical compositions of the leaf, stem and root
extracts. The SPR bands observed in this study are consistent with previous reports of plant-mediated
AgNP synthesis using C. tamala, C. viscosum, and C. sinensis, confirming successful nanoparticle
formation [11-13].

3.5. Fourier Transform Infrared (FTIR) Analysis

Fourier Transform Infrared (FTIR) spectroscopy was employed to identify the functional groups involved
in the reduction and stabilization of AQNPs synthesized using the leaf, stem, and root extracts of
Andrographis paniculata [41]. The FTIR spectra of the synthesized AgNPs exhibited characteristic
absorption bands corresponding to hydroxyl/amine, aliphatic, carbonyl/aromatic, amine and
carbohydrate functional groups (Fig. 3). The major absorption bands and their assignments are
summarized in Supplementary Table S2.

The FTIR spectra of the leaf-, stem-, and root-derived AgNPs exhibited similar functional group patterns,
indicating that comparable classes of phytochemicals participated in nanoparticle biosynthesis. These
observations are consistent with the qualitative phytochemical screening (Supplementary Table S1),
which confirmed the presence of terpenoids, flavonoids, alkaloids, saponins, steroids and carbohydrates
in all three plant extracts. The identified functional groups suggest that these phytochemicals acted as
reducing agents by facilitating the conversion of Ag* ions into metallic Ag° nanoparticles and
subsequently adsorbed onto the nanoparticle surface as natural capping agents, thereby improving
colloidal stability and preventing particle aggregation [43, 44].

Slight variations in band intensity among the three samples indicate differences in the relative
abundance of phytochemicals in the leaf, stem and root extracts, which may contribute to the observed
variations in nanoparticle formation efficiency and physicochemical properties. Similar FTIR peak shifts
corresponding to O—H, C = O, C—H and other functional groups have previously been reported, indicating
that polyphenols, flavonoids and other phytochemicals act as both reducing and stabilizing agents
during AgNPs [11-13, 42]. Overall, the FTIR results confirm the active involvement of plant-derived
biomolecules in the green synthesis and stabilization of AgNPs.

3.6. X-ray diffraction (XRD) analysis
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X-ray diffraction (XRD) analysis was performed to determine the phase composition, crystallinity and
purity of the silver nanoparticles (AgNPs) synthesized using the leaf, stem, and root extracts of
Andrographis paniculata. As illustrated in Fig. 4, all three AQNPs samples exhibited well-defined
diffraction peaks at approximately 38.34°, 44.57°, 64.98°, 78.11°, and 82.32°, corresponding to the (111),
(200), (220), (311) and (222) crystallographic planes, respectively. These characteristic diffraction peaks
are in good agreement with the standard face-centred cubic (fcc) crystal structure of metallic silver
(JCPDS Card No. 04-0783), confirming the successful biosynthesis of crystalline AgNPs [45].

The diffraction profiles of the leaf-, stem- and root-mediated AgNPs displayed the characteristic
reflections of face-centred cubic metallic silver. Although the relative intensities of the diffraction peaks
varied among the three samples, their positions remained essentially unchanged, indicating that all three
plant organs produced AgNPs with the same crystalline phase. The observed differences in relative peak
intensity may be associated with variations in crystallite orientation, nucleation and crystal growth
caused by differences in the phytochemical composition of the leaf, stem and root extracts. Similar fcc
diffraction patterns have been reported for plant-mediated AgNPs synthesized using Cinnamomum
tamala, Clerodendrum viscosum and Citrus sinensis extracts [11-13].

The average crystallite size of the silver nanoparticles was calculated from the XRD peaks, using the
Debye-Scherrer formula [43]

D =0.94A/B cosB

where D is the average crystallite size, A is the X-ray wavelength, B is the full width at half maximum
(FWHM) of the diffraction peak, and 8 is the Bragg diffraction angle.

The average crystallite size of the biosynthesized AgNPs was calculated to be approximately 35 nm for
leaf, 37 nm for stem and 31 nm for root confirming the nanocrystalline nature of the particles. This result
is in good agreement with the particle size obtained from DLS and microscopic analyses, further
supporting the successful green synthesis of crystalline silver nanoparticles.

Overall, the XRD results demonstrate that leaf, stem, and root extracts of A. paniculata effectively
facilitated the formation of highly crystalline, phase-pure AgNPs with a face-centered cubic structure,
highlighting the suitability of these plant extracts as eco-friendly reducing and stabilizing agents for
nanoparticle synthesis.

3.7. Field Emission Scanning Electron Microscopy (FE-
SEM) Analysis

Field Emission Scanning Electron Microscopy (FE-SEM) was employed to investigate the surface
morphology, particle size and distribution [47] of silver nanoparticles (AgNPs) synthesized using the leaf,
stem, and root extracts of Andrographis paniculata. Representative low- and high-magnification FESEM
micrographs are presented in Fig. 5. The low-magnification images (A1-C1) revealed a dense
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distribution of nanoparticles with slight agglomeration, whereas the corresponding high-magnification
images (A2-C2) clearly illustrated the morphology and particle dimensions of the synthesized AgNPs.

The FESEM analysis confirmed that AgNPs synthesized from all three plant extracts were predominantly
spherical with a relatively uniform distribution. The average particle sizes were approximately 19 nm
(12-35 nm) for the leaf 27 nm (20-42 nm) for the stem and 23 nm (17-38 nm) for the root-derived
AgNPs. These findings demonstrate that all synthesized nanoparticles were well within the nanoscale
range (< 100 nm). Among the three plant extracts, the leaf extract produced the smallest average particle
size, whereas the stem extract generated relatively larger nanoparticles, with the root extract yielding
particles of intermediate size.

Although slight agglomeration was observed in all samples, the nanoparticles remained well dispersed
over the surface. Such aggregation is commonly observed in biosynthesized AgNPs because of their
high surface energy and the drying process during FE-SEM sample preparation. Nevertheless, the
individual nanoparticles retained their spherical morphology, indicating that the phytochemicals present
in Andrographis paniculata effectively regulated nanoparticle nucleation and growth while simultaneously
acting as natural reducing and capping agents. This interpretation is consistent with the phytochemical
screening and FTIR analyses, which confirmed the presence of flavonoids, terpenoids, alkaloids,
saponins, steroids, and carbohydrates responsible for the reduction of Ag* ions and stabilization of the
synthesized nanoparticles.

The differences in average particle size among the leaf-, stem- and root-mediated AgNPs can be
attributed to variations in the composition and concentration of bioactive metabolites present in
different plant tissues, which influence the nucleation rate and crystal growth during nanoparticle
synthesis. The comparatively smaller average particle size of the leaf-derived AGQNPs may have
contributed to the stronger surface plasmon resonance observed in the UV-Visible spectra, although the
absorbance intensity is also influenced by nanoparticle concentration and dispersion. Furthermore, the
FE-SEM observations corroborate the XRD results, confirming the crystalline nature of the synthesized
AgNPs. The particle sizes measured by FE-SEM were considerably smaller than the hydrodynamic
diameters obtained from DLS analysis because DLS measures nanoparticles together with the
surrounding hydration layer and adsorbed phytochemical corona rather than the metallic core alone.

Overall, the FE-SEM analysis confirms the successful green synthesis of predominantly spherical AgQNPs
with nanoscale dimensions and relatively narrow particle-size distributions, demonstrating that the leaf,
stem and root extracts of Andrographis paniculata are effective reducing and stabilizing agents for the
production of well-defined silver nanoparticles. These findings are consistent with previous studies
reporting that plant-mediated AgNPs generally exhibit predominantly spherical morphology with particle
sizes ranging from approximately 10 to 60 nm, depending on the phytochemical composition of the plant
extract and synthesis conditions [9, 11-13, 24].

3.8. Field Emission Transmission Electron Microscopy (FE-
TEM) Analysis
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Field Emission Transmission Electron Microscopy (FE-TEM) was employed to investigate the
morphology, particle size, and crystallinity of silver nanoparticles (AgNPs) synthesized using the leaf,
stem, and root extracts of Andrographis paniculata. Owing to its high spatial resolution, FE-TEM provides
direct visualization of nanoparticle morphology and enables accurate estimation of particle size while
confirming the structural characteristics of biosynthesized nanomaterials [48]. Representative TEM
micrographs and Selected Area Electron Diffraction (SAED) patterns are presented in Fig. 6.

The TEM micrographs (A1-C3) revealed that AgNPs synthesized from all three plant extracts were
predominantly spherical and well dispersed, although slight aggregation was observed in some regions
because of particle—particle interactions during sample preparation. The nanoparticles exhibited
nanoscale dimensions with relatively narrow size distributions. The average particle sizes were
approximately 7 nm (5-15 nm) for the leaf-, 11 nm (6-19 nm) for the stem- and 10 nm (7-16 nm) for the
root-derived AgNPs. Among the three samples, the leaf extract produced the smallest nanoparticles,
whereas the stem-derived AgNPs exhibited slightly larger particle sizes, with the root-derived AgNPs
showing intermediate dimensions. These variations are likely associated with differences in the
concentration and composition of bioactive phytochemicals present in each plant part, which influence
the nucleation and growth processes during nanoparticle biosynthesis.

The Selected Area Electron Diffraction (SAED) patterns (A4, B4, and C4) displayed a series of well-
defined concentric diffraction rings indexed to the (111), (200), (220), (311) and (222) crystallographic
planes of metallic silver. These diffraction rings are characteristic of the face-centred cubic (fcc) crystal
structure of elemental silver and are consistent with previously reported SAED patterns of
biosynthesized AgNPs [45, 46]. The presence of distinct diffraction rings confirms the highly crystalline
nature of the synthesized nanoparticles.

The SAED results are in excellent agreement with the XRD analysis, where identical diffraction planes
corresponding to the fcc structure of metallic silver were observed. Furthermore, the particle sizes
determined by FE-TEM were smaller than those obtained from FE-SEM and DLS analyses. This difference
is expected because TEM measures the actual metallic nanoparticle core, whereas FE-SEM measures
surface morphology and DLS determines the hydrodynamic diameter, which includes the surrounding
layer of adsorbed phytochemicals and solvent molecules. The agreement among FE-TEM, XRD, FE-SEM
and DLS analyses confirms the successful green synthesis of crystalline, spherical, and stable AgNPs
using the leaf, stem, and root extracts of A. paniculata.

Overall, the FE-TEM observations demonstrate that all three plant extracts effectively produced uniformly
distributed, highly crystalline AgNPs. The comparatively smaller particle size observed for the leaf-
derived nanoparticles is consistent with the stronger UV-Visible absorption and suggests more efficient
reduction of Ag* ions, further supporting the role of plant-derived phytochemicals as reducing and
stabilizing agents during nanoparticle formation.

3.9. Dynamic Light Scattering (DLS) analysis
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Dynamic Light Scattering (DLS) analysis was performed to determine the hydrodynamic particle size and
polydispersity index (PDI) of silver nanoparticles (AgNPs) synthesized using the leaf, stem, and root
extracts of Andrographis paniculata. DLS measures the hydrodynamic diameter of nanoparticles
dispersed in a liquid medium, which includes the metallic core together with the surrounding hydration
layer and adsorbed biomolecules [49, 51]. The hydrodynamic size distribution and PDI values of the
synthesized AgNPs are presented in Fig. 7.

The DLS results demonstrated that all three AQNP suspensions exhibited a narrow particle size
distribution with average hydrodynamic diameters of 77 nm for the leaf-, 78 nm for the stem- and 76 nm
for the root-derived AgNPs. The close agreement among these values indicates that the three plant
extracts produced nanoparticles with comparable colloidal characteristics despite differences in their
phytochemical compositions. The slightly larger hydrodynamic diameters obtained by DLS compared
with those measured by FE-TEM and FE-SEM are expected because DLS measures the hydrated particle
together with the surface-bound phytochemicals and solvent molecules rather than the metallic
nanoparticle core alone [48].

The corresponding PDI values were 0.212 for leaf AgNPs, 0.235 for stem AgNPs, and 0.267 for root
AgNPs. All PDI values were below 0.30, indicating a relatively narrow particle size distribution and good
dispersion stability. In general, lower PDI values represent greater particle-size uniformity, whereas
higher values indicate broader size distributions and a greater tendency toward aggregation.
Nanoparticles with PDI values below 0.50 are generally considered suitable for biomedical and drug-
delivery applications because they exhibit acceptable colloidal stability and limited aggregation [50].
Among the synthesized AgNPs, the leaf-derived nanoparticles exhibited the lowest PDI, suggesting the
highest degree of monodispersity and colloidal stability, while the root-derived AgNPs showed a slightly
broader size distribution but remained within the acceptable range.

The DLS findings are consistent with the FE-SEM and FE-TEM observations, which revealed
predominantly spherical nanoparticles with relatively uniform size distributions. The slightly larger
hydrodynamic sizes observed by DLS further confirm the presence of phytochemical molecules
adsorbed on the nanoparticle surface, as demonstrated by the FTIR analysis. These biomolecules
function as natural capping agents, improving colloidal stability by preventing excessive particle
aggregation. Overall, the DLS results demonstrate that the leaf-, stem- and root-mediated AgNPs
possess comparable nanoscale hydrodynamic diameters, low polydispersity, and good colloidal stability,
confirming the effectiveness of A. paniculata extracts as reducing and stabilizing agents for the green
synthesis of silver nanoparticles.

3.10. Comparative Analysis of Organ-Dependent AgNP
Synthesis

This comparative investigation (Table 1) demonstrates that the biosynthesis of AgNPs is governed not
only by plant species but also by organ-specific phytochemical composition. Although leaf, stem, and
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root extracts contained similar classes of phytochemicals, their different physiological functions within
the plant are reflected in variations in metabolite abundance, which ultimately influence reduction
efficiency, nucleation rate, crystal growth, and nanoparticle stabilization. Consequently, each plant organ
required distinct optimum synthesis conditions and produced nanoparticles with different
physicochemical characteristics. These findings confirm that plant-organ selection is an important
experimental variable that should be considered during the design and optimization of green
nanoparticle synthesis.

Overall, the leaf extract exhibited the most favourable characteristics for AQNPs production by
generating nanoparticles with the highest SPR intensity, the smallest particle size, and the lowest PDI,
indicating efficient reduction and excellent colloidal stability. In contrast, stem- and root-derived
nanoparticles required different reaction conditions and displayed comparatively larger particle sizes
while maintaining similar crystallinity, morphology, and structural integrity. The close agreement among
UV-Visible spectroscopy, FTIR, XRD, FE-SEM, FE-TEM, SAED and DLS analyses provides strong evidence
that all three plant organs successfully produced stable, crystalline AGNPs while demonstrating that
organ-dependent phytochemical variation can be exploited as a simple, sustainable, and reproducible
strategy for tailoring nanoparticle properties for future biomedical, catalytic, sensing, and environmental
applications.
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Table 1

Comparative summary of optimization conditions and physicochemical characteristics of silver
nanoparticles synthesized using Andrographis paniculata leaf, stem, and root extracts.

Parameter

Major
phytochemicals
Optimum reaction
time

Optimum
temperature

Optimum extract
concentration

Optimum AgNO,
concentration

Optimum
extract:AgNO; ratio

Optimum pH
SPR peak (UV-Vis)

FTIR functional
groups

Crystal structure
(XRD)

Major XRD planes

Average crystallite
size (XRD)

Average FE-SEM
particle size

Average FE-TEM
particle size

Hydrodynamic
diameter (DLS)

Polydispersity index
(PDI)

Morphology (FE-
SEM/FE-TEM)

Colloidal stability

Leaf AgNPs

Terpenoids, flavonoids,
alkaloids, saponins, steroids,
carbohydrates

40 min

70°C

50 g/L

0.01M

1:1

9
428 nm

O-H/N-H,C-H,C=0/C=C,
C-N/C-0,C-0
Face-centred cubic (fcc) Ag

(111), (200), (220), (311), (222)
35 nm

~19 nm

~7nm

77 nm

0.212

Predominantly spherical

Excellent
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Stem AgNPs

Same

40 min

60°C

60 g/L

0.01 M

1:1

9
434 nm

Comparable

Same

Same

37 nm

~ 27 nm

~11 nm

78 nm

0.235
Predominantly

spherical

Good

Root AgNPs

Same

50 min

80°C

60 g/L

0.01 M

1:2

11
431 nm

Comparable

Same

Same

31 nm

~ 23 nm

~10 nm

76 nm

0.267
Predominantly

spherical

Good




Parameter Leaf AgNPs Stem AgNPs Root AgNPs

Overall synthesis Highest Moderate Moderate
performance

Distinctive Smallest particles, lowest PDI Largest particle Highest optimum pH
characteristic and highest SPR intensity size and temperature

4. Conclusion

This study provides a systematic comparative evaluation of silver nanoparticles (AgNPs) biosynthesis
using aqueous leaf, stem, and root extracts of Andrographis paniculata under identical experimental
conditions. Although all three plant organs successfully mediated the formation of crystalline and
predominantly spherical AgNPs, clear organ-dependent differences were observed in synthesis kinetics,
optimum reaction conditions, particle dimensions, and size-distribution characteristics. These findings
demonstrate that plant-organ selection represents a critical experimental variable in nanoparticle
synthesis and can substantially influence the resulting physicochemical properties.

Among the investigated plant organs, the leaf extract exhibited the most favourable overall synthesis
performance, producing AgNPs with the highest surface plasmon resonance intensity, the smallest
particle dimensions, and the lowest polydispersity index. In contrast, stem- and root-mediated synthesis
required distinct reaction conditions and generated comparatively larger nanoparticles while retaining
the characteristic face-centred cubic structure of metallic silver. The complementary results obtained
from UV-Visible spectroscopy, FTIR, XRD, FE-SEM, FE-TEM/SAED, and DLS collectively demonstrate that
organ-specific phytochemical environments influence Ag* reduction, nanoparticle nucleation and growth,
and the resulting physicochemical characteristics.

Overall, this work establishes plant-organ selection as a simple, sustainable, and experimentally
accessible strategy for tuning the properties of green-synthesized AgNPs without introducing additional
chemical reducing or capping agents. By linking organ-dependent phytochemical variation with synthesis
optimization and nanoparticle characteristics, this study provides a useful framework for the rational
development of plant-mediated nanomaterials and supports future application-specific investigations of
AgNPs in biomedical, antimicrobial, catalytic, sensing, and environmental systems.
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Figure 1

The optimum synthesis conditions were identified from the maximum intensity and stability of the
characteristic surface plasmon resonance (SPR) bands for each plant organ. (A) Reaction time, (B)
reaction temperature, (C) plant extract concentration, (D) AgNO, concentration, (E) extract-to-AgNO,
ratio, and (F) reaction pH. The characteristic surface plasmon resonance (SPR) bands were used to
determine the optimum synthesis conditions for each plant extract.
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Comparative UV-Visible absorption spectra of silver nanoparticles (AgNPs) synthesized using aqueous
leaf, stem and root extracts of Andrographis paniculata
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FTIR spectra of AgQNPs synthesized using the leaf, stem and root extracts of Andrographis paniculata.
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Figure 4

XRD analysis of AgNPs synthesized using the leaf, stem and root extracts of Andrographis paniculata
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Figure 5

FE-SEM micrographs of silver nanoparticles synthesized using Andrographis paniculata leaf (A1-A2),
stem (B1-B2), and root (C1-C2) extracts. Images were recorded at 30,000x magnification (A1-CT1; scale
bar =1 pm) and 90,000x magnification (A2—C2; scale bar = 200 nm).
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Figure 6

FE-TEM images and SAED patterns of silver nanoparticles (AgNPs) synthesized using aqueous leaf (A1-
A4), stem (B1-B4), and root (C1-C4) extracts of Andrographis paniculata. All TEM images were recorded
at 100,000x magnification and an accelerating voltage of 200 kV. Scale bars: 100 nm (A1, B1, C1), 50 nm
(A2,B2, C2),20 nm (A3, B3, C3), and 5.1 nm~" (A4, B4, C4).3.9 Dynamic Light Scattering (DLS) Analysis
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Dynamic Light Scattering (DLS) analysis of silver nanoparticles synthesized using Andrographis
paniculata leaf, stem and root extracts.
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