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This study developed a green synthesis approach for silver nanoparticles (AgNPs) using ethanolic
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extracts of Chromolaena odorata leaves (LCo) collected from geothermal areas, followed by post-
synthesis incorporation of patchouli oil (PO) to improve antimicrobial performance. The synthesis was

19 Aﬁ;fé%;g optimized using Response Surface Methodology (RSM) based on AgNOs concentration and pH, with
surface plasmon resonance (SPR) as the response indicator. Successful formation of AgNPs was

Available Online confirmed by characteristic SPR absorption in the visible region. Structural and morphological
30 April 2026 analyses indicated the involvement of plant-derived functional groups in nanoparticle stabilization,
Keywords with predominantly spherical particles and some aggregation observed. Antimicrobial testing against

Staphylococcus aureus, Escherichia coli, and Candida albicans showed that the PO-AgNPs-LCo
Green synthesis system exhibited a slightly higher inhibition zone compared to AgNPs-LCo alone, indicating a
marginal enhancement in antimicrobial activity. These results suggest that geothermal-derived plant
extracts can be effectively utilized for AQNPs synthesis, while post-synthesis incorporation of natural
Microbial assay oils may provide additional functional modification. However, the observed enhancement remains
limited, indicating the need for further optimization and mechanistic studies. Overall, this work
highlights a simple and eco-friendly route for developing plant-based antimicrobial nanomaterials.

Introduction

In recent years, microbial therapies using antibiotics have encountered major challenges, mainly
due to the increasing resistance of most pathogenic microorganisms to commonly used
antimicrobial agents [1-3]. This resistance has become more widespread, reducing the
effectiveness of available treatments [3,4]. Furthermore, the absence of breakthroughs in
developing new antibiotic classes over the past three decades highlights a critical gap in
antimicrobial research [5]. Due to their potent antimicrobial effects and ability to target a wide
range of harmful microorganisms, silver nanoparticles (AgNPs) have gained attention as a
promising alternative [6,7]. Nevertheless, traditional methods for synthesizing AgNPs often rely
on hazardous chemicals and contribute to environmental contamination, raising sustainability
concerns [8]. Consequently, the need for greener and more sustainable synthesis approaches
has been increasing, particularly those that employ plant-derived extracts as bio-based
reducing and stabilizing agents, given their biocompatibility and ecological advantages [9,10].
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Chromolaena odorata, a fast-growing invasive plant species, offers a sustainable and cost-
effective source of bioactive compounds suitable for nanoparticle synthesis. Furthermore, plants
originating from geothermal environments are exposed to unique abiotic stress conditions such
as high temperature, sulfur content, and acidic soil, which may influence secondary metabolite
production and potentially enhance their reducing capability [11-14]. However, comparative
insights into how geothermal origin affects the physicochemical and antimicrobial performance
of C. odorata-derived AgNPs are still limited. By integrating green synthesis with advanced
optimization techniques, reaction conditions can be fine-tuned to achieve more consistent
nanoparticle formation within the nanoscale range [15]. Moreover, patchouli oil, an essential oil
rich in patchouli alcohol and a locally important agricultural product in Aceh, has been reported
to exhibit antimicrobial activity and potential synergistic effects when combined with metallic
nanoparticles [16,17]. Nevertheless, its application in combination with geothermal-derived C.
odorata AgNPs remains underexplored. To the best of our knowledge, no previous study has
simultaneously integrated geothermal-derived C. odorata for AgNPs synthesis, Response
Surface Methodology (RSM)-based optimization, and patchouli oil post-synthesis incorporation
within a single framework. This highlights a clear research gap that the present study aims to
address.

This research aims to investigate the synthesis of AgNPs using C. odorata sourced from a
geothermal area, emphasizing optimization of reaction conditions, comprehensive
characterization, and antimicrobial evaluation. This study employs Response Surface
Methodology (RSM) to refine the synthesis process by evaluating the influence of AgNOs
concentration and pH on surface plasmon resonance (SPR) behavior [18-21]. The optimization
process concentrated on two primary parameters: silver nitrate (AgNQOs) concentration (A) and
pH level (B), to determine their combined influence on the SPR wavelength, which was
examined through UV-Vis analysis [15]. The optimized AgNPs-LCo were subsequently
combined with patchouli oil via post-synthesis incorporation. It is hypothesized that
geothermal-derived C. odorata may enhance AgNPs formation due to increased phytochemical
activity, while patchouli oil incorporation may provide a modest improvement in antimicrobial
performance through combined physical and bioactive interactions. The antimicrobial efficacy of
the resulting materials was tested against Escherichia coli, Staphylococcus aureus, and Candida
albicans. Comprehensive characterization was conducted using UV-Vis spectroscopy, particle
size analysis (PSA), FTIR, SEM-EDX, and XRD. By comparing AgNPs-LCo and PO-AgNPs-LCo,
this study seeks to provide a contextual understanding of how environmental origin and post-
synthesis modification influence nanoparticle behavior, contributing to the development of more
sustainable antimicrobial nanomaterials.

Materials and Methods

Materials

C. odorata leaves (Figure 1a) were collected from the geothermal area of le Jue, Aceh Besar,
Indonesia (5.8440° N, 95.5472° E; 300 m above sea level) (Figure 1b). The plant material was
harvested, washed thoroughly, and processed immediately after collection. All chemicals,
including silver nitrate (AgNOs), Dragendorff’'s, Mayer’s, Wagner’s, and Liebermann—Burchard
reagents, ferric chloride (FeCls), gelatin, sulfuric acid, magnesium powder, Mueller Hinton agar
(MHA), and Sabouraud dextrose agar (SDA), were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification. Gentamicin, vancomycin, and fluconazole were
obtained from local pharmacies as reference antimicrobial agents. Escherichia coli (ATCC
25922), Staphylococcus aureus (ATCC 25923), and Candida albicans (ATCC 10231) were used
as test microorganisms.
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Figure 1. (a) leaves of C. odorata; (b) location of the sampling of C. odorata leaves.

Sample Preparation and Extraction

Fresh leaves of C. odorata were washed, cut into small pieces, and air-dried for 7 days followed
by additional drying under ventilation for 4 days at room temperature until constant weight was
achieved. The dried leaves were ground into fine powder. The extraction procedure was adapted
from a previously reported method [22]. 8 g of powdered sample was extracted with 100 mL
ethanol (70%) at 70°C for 120 min. The mixture was filtered through Whatman No. 1 filter
paper, and the filtrate was stored at 4°C for further use in phytochemical analysis and
nanoparticle synthesis.

Phytochemical Screening

Qualitative phytochemical screening of the ethanolic extract was performed to detect the
presence of phenolics, flavonoids, alkaloids, saponins, steroids, terpenoids, and tannins using
standard protocols [23]. Alkaloids were identified using Dragendorff’s, Mayer’s, and Wagner’s
reagents. Saponins were detected by persistent foam formation after vigorous shaking with
distilled water. Steroids and terpenoids were analyzed using the Liebermann—Burchard test.
Phenolics were detected using FeCls solution, flavonoids using magnesium powder reduction,
and tannins using gelatin and sulfuric acid tests.

Determination of Total Flavonoid Content (TFC) and Total Phenolic Content (TPC)

TFC and TPC were quantified using UV-Vis spectrophotometry (Shimadzu UV-2500, Japan).
For TFC, 5 mg of dried extract was dissolved in methanol and reacted with aluminum chloride
(ALCLls) and potassium acetate solution. After incubation at 25°C for 10 min, absorbance was
measured at 440 nm[24]. For TPC, 5 mg extract was reacted with Folin—Ciocalteu reagent
followed by sodium carbonate (Na2COs) addition. The mixture was incubated at 25°C for 120
min, and absorbance was measured at 765 nm[24]. All analyses were performed in triplicate.

Desain of Experiments (DoE)

The synthesis of AgNPs-LCo was optimized using RSM based on a Central Composite Design
(CCD). AgNOs concentration and pH were selected as the independent variables, while reaction
temperature and extract concentration were kept constant to minimize experimental complexity
and to focus on the primary factors influencing nanoparticle formation[16]. Although these
parameters were not varied in this research, their impact on nanoparticle formation is well
acknowledged, and future studies should explore them further to improve optimization. The
ranges of AgNQOs (0.757-9.242 mM) and pH (2.34-13.6) were adopted from previous studies
[15] to ensure stable nanoparticle formation and reliable SPR responses for statistical modeling.
Experimental design and randomization of runs were generated using Minitab 18.0. The
complete CCD matrix and corresponding SPR responses are presented in Table 1.
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Table 1. CCD matrix.

Variable code Variable code
Runs for [AgNO3] (ppm) for pH [AgNO3] (mM) pH SPR
1 1.414 0 9.242 8 425
2 0 1414 5 136 444
3 1 -1 8 4 476
4 0 0 5 8 497
5 -1 -1 2 4 400
6 0 0 5 8 497
7 0 0 5 8 497
8 -1 1 2 12 416
9 0 0 5 8 497
10 0 0 5 8 497
11 0 -1.414 5 2.34 402
12 1 1 8 12 434
13 -1.414 0 0.757 8 400

Green synthesis ANPs-LCo

The bioreduction of C. odorata extract was utilized to synthesize AgNPs-LCo, adapting the
procedure from [25] with slight modifications. Briefly, plant extract was mixed with 5 mM
AgNOs solution (1:9 v/v ratio) and stirred at 60 rpm under dark conditions for 24 h at room
temperature. The formation of AgNPs was indicated by a color change from greenish to
brown[26-28]. The reaction mixture was centrifuged at 10,000 rpm for 30 min, and the resulting
pellet was collected and washed with distilled water. UV-Vis spectra were recorded in the
range of 300-600 nm using quartz cuvettes (1 cm path length) to confirm SPR formation.

Green Hybrid synthesis AgQNPs-LCo via patchouli

The preparation of hybrid AgNPs-LCo followed the method described by [16] with slight
modifications. In this study, the term “hybrid” refers to a combined AgNPs—patchouli oil system
formed via post-synthesis incorporation, rather than a chemically engineered nanostructure. The
optimized conditions of the AgNPs-LCo synthesis process involved mixing with patchouli oil to
form hybrid nanoparticles. The PO used in this study was a heavy fraction of PO refined from
crude oil [17]. The process of refining PO has been described in previous studies. The
hybridization process of AgNPs-LCo with patchouli oil (PO) was initiated by synthesizing
AgNPs-LCo under the optimized reaction conditions identified through the RSM approach. After
an initial 12-hour incubation, 4 mL of PO was gradually introduced into the system. The mixture
was subsequently incubated for an additional 24 hours under stirring 60 rpm at room
temperature to ensure complete interaction between the components. The final hybrid material
obtained from this process was referred to as PO-AgNPs-LCo.

Characterization of AgNPs-LCo and PO-AgNPs-LCo

The characterization of AgNPs-LCo and PO-AgNPs-LCo was conducted using a series of
advanced analytical techniques to comprehensively evaluate their structural, morphological,
and elemental properties. UV-Vis spectroscopy (Shimadzu UV-2500) was used to confirm SPR
peaks (300-600 nm). FTIR analysis (Agilent Cary 630) was performed in the range of 4000—
400 cm™? to identify functional groups. Particle size distribution was analyzed using Dynamic
Light Scattering (DLS) (Shimadzu SALD-2300). Crystallinity was determined using X-ray
diffraction (XRD, Empyrean Series 3, PANalytical, Netherlands) with Cu Ka radiation (A =
0.15406 nm) over 26 = 10-80°. Surface morphology and elemental composition were analyzed
using SEM-EDS (Carl Zeiss EVO MA 10) at 20 kV accelerating voltage.

Antimicrobial activity test

Antimicrobial activity was evaluated using the Kirby—Bauer disk diffusion method according to
Clinical and Laboratory Standards Institute (CLSI M02) guidelines. Bacterial inoculum was
adjusted to 0.5 McFarland standard and uniformly spread onto Mueller-Hinton Agar (MHA)
plates using a sterile swab. For antifungal testing, Sabouraud Dextrose Agar (SDA) was used
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and inoculated with Candida albicans under the same standardization procedure. Sterile paper
discs (6 mm diameter) were placed on the agar surface and loaded with 50 pL of sample
solution, including AgNPs-LCo and PO-AgNPs-LCo. Plates were allowed to dry under sterile
conditions before incubation. Bacterial plates were incubated at 37°C for 24 h, while fungal
plates were incubated at 28-30°C for 48 h. After incubation, inhibition zones were measured in
millimeters. Vancomycin (30 pg), gentamicin (10 ug), and fluconazole (25 pg) were used as
positive controls for S. aureus, E. coli,and C. albicans, respectively. Ethanol was used as negative
control. All experiments were performed in triplicate.

Results and Discussion

Phytochemical Screening

The C. odorata samples used in this study were collected from plants thriving in the geothermal
area of le Jue, situated in Aceh, Indonesia. This region is notable for its naturally occurring
thermal springs enriched with sulfur, exhibiting mildly acidic conditions (pH 5.77 + 0.04). The
area is also enveloped by hot vapors with a high sulfur content [29]. Surface water
measurements indicated a temperature of 93.55 + 0.64°C, with notable conductivity and high
total dissolved solids (TDS) concentrations. The turbidity of the hot spring water was attributed
to acidic clay content. Phytochemical analysis confirmed the presence of various bioactive
compounds in the plant extract, including phenolics, alkaloids, flavonoids, saponins, steroids,
and tannins. However, no terpenoid content was identified, as detailed in Table 2.

Table 2. Contents of phytochemicals in the C. odorata ethanolic leaf extract

Secondary metabolites Result
Phenolics

Flavonoids
Alkaloids
Saponin
Steroids
Terpenoids -
Tannins +
Description: (+) detected, (-) not detected

|+ |+ [+

Plants that thrive in extreme conditions often produce unique secondary metabolites or
accumulate them in substantial amounts as a survival mechanism[11,30]. This characteristic
influenced the selection of C. odorata for this research. Bioactive secondary metabolites are
crucial in the green synthesis of AgNPs, prompting a phytochemical analysis of C. odorata leaf
extract to determine its chemical profile[9]. As shown in Table 2, the analysis confirmed the
presence of phenolics, flavonoids, alkaloids, saponins, steroids, and tannins, whereas terpenoids
were absent. Prior research has identified C. odorata as a rich source of bioactive compounds,
including flavonoids, fatty acids, saponins, and alkaloids, with flavonoids and alkaloids being
the primary contributors to its antimicrobial properties[31].

The ethanolic extract of C. odorata showed the presence of phenolic and flavonoid compounds,
with concentrations determined as 11.84 + 0.001 mg GAE/g and 5.43 + 0.0006 mg QE/g,
respectively. Method validation was performed using the LINEST function in Microsoft Excel,
and the evaluated parameters are presented in Table 3, including limits of detection (LoD), limits
of quantification (LoQ), coefficient of determination (R?), relative standard deviation (%RSD),
percentage recovery (%R), and measurement uncertainty.

Table 3. Validation of the method.

Parameter LoD LoQ R? %RSD %R
TFC 33.86 102.60 0.9789 234 97.55
TPC 54.96 166.54 0.9479 1.00 122.28
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However, differences in analytical performance were observed between the two assays. The
TPC method showed relatively lower linearity (R2 = 0.9479) and an out-of-range recovery value
(%R =122.28%), which may indicate matrix effects or experimental variability during the assay.
Therefore, the TPC results should be interpreted as indicative rather than fully validated
quantitative values. In contrast, the TFC method showed better analytical performance, with
acceptable linearity (R? = 0.9789) and low %RSD (2.34%), suggesting that it is relatively more
reliable for comparative evaluation of flavonoid content in this study.

Design of experiment (DoE) based optimization

In this study, the DoE applied a CCD to evaluate the influence of various factors, specifically
AgNO:s concentration and pH, on the response variable, which corresponds to the experimental
SPR determined through UV-Vis analysis. Table 4 presents the ANOVA results obtained from
the experiment.

Table 4. ANOVA findings from the experiment.

Source DF Adj SS Adj MS F -Value P -Value
Model 5 24061.2 4812.2 19.59 0.001
Linear 2 2231.0 11155 4.54 0.054
[AgNO3] 1 2091.6 20916 851 0.022
pH 1 1394 1394 0.57 0.476
Square 2 20989.1 10494.6 42.72 0.000
[AgNO3]*[AgNO3] 1 13353.3 13353.3 54.36 0.000
pH*pH 1 10344.8 10344.8 42.11 0.000
2-Way Interaction 1 841.0 841.0 3.42 0.107
[AgNOs]*pH 1 841.0 841.0 3.42 0.107
Error 7 1719.6 245.7
Lack-of-Fit 3 1719.6 573.2 Undefined Undefined
Pure Error 4 0.0 0.0
Total 12 25780.8

The developed regression model was found to be statistically significant (p = 0.001), indicating
that the selected variables contributed to the observed response. The reliability and statistical
significance of the regression-based mathematical model were evaluated by considering the p-
value and Fisher’s test statisticc. Among the linear terms, AgNOs concentration showed a
statistically significant effect (p < 0.05), whereas pH did not exhibit a significant linear influence.
However, the quadratic terms were highly significant (p < 0.001), suggesting the presence of
non-linear effects in the system. In contrast, the interaction between AgNOs concentration and
pH was not statistically significant (p > 0.05), indicating a limited combined effect of these
variables under the studied conditions. To explore the relationship among the concentration of
the silver precursor, pH level and the SPR wavelength as the response parameter, additional
statistical analysis was conducted. This interaction was then visually depicted through three-
dimensional surface plots and contour plots, which are presented in Figure 2a and Figure 2b.
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Figure 2. (a) 3D response surface and (b) 2D contour map depicting the relationship between [AgNOs], pH
and the SPR properties of AgNPs-LCo.
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The regression equation describing the SPR response is given in Equation (1), which was used
to predict and validate the optimal synthesis conditions.

SPR = 361,07 + 7,816 [AgNO3] + 9.060 pH — 0.5486 [AgNO3][AgN O3] e
—0.4336 pH X pH — 0.3542 [AgNO3 ] X pH

This equation was used to describe and predict the SPR behavior within the studied
experimental domain. A limitation of the model is the absence of pure error in the experimental
design, which prevented a valid lack-of-fit evaluation. Therefore, although the model is
statistically significant, its predictive capability should be interpreted cautiously, particularly
outside the tested range. From a mechanistic perspective, variations in SPR are associated with
changes in nanoparticle size and distribution, where shifts toward shorter wavelengths are
generally related to smaller particle sizes. This trend has been widely reported in silver
nanoparticle systems [32] Based on the RSM analysis, the optimal synthesis condition was
identified at 5 mM AgNOs and pH 8, which produced a stable and consistent SPR response
within the experimental dataset, indicating controlled nanoparticle formation under the
optimized conditions.

Synthesis of AQNPs-LCo and Hybrid (PO-AgNPs—LCo) System

Based on the RSM optimization results, the synthesis of AgNPs-LCo was subsequently carried
out under the identified optimal conditions (5 mM AgNOs and pH 8). The successful formation
of AgNPs-LCo was initially indicated by a visible color change in the reaction mixture. The
ethanolic extract of C. odorata exhibited a green color, while the solution gradually turned dark
brown after interaction with AgNOs (Figure 3a—c), confirming the reduction of Ag* to AgP°. This
color transition is attributed to SPR of AgNPs and is commonly reported in plant-mediated
nanoparticle synthesis systems [33-38]. The observed change confirms that phytochemical
constituents in C. odorata, particularly phenolic and flavonoid compounds identified in the
extract, act as reducing as well as stabilizing agents during nanoparticle formation. These
bioactive molecules facilitate electron transfer processes that drive the reduction of silver ions
and subsequent nucleation of nanoparticles.

= Sy S
(' AgNPs-LCo using |
AgNO3; 5 mM phis |

AgNPs-LCousing

AgNO; 5 mM pH$

C.odorata
‘eaves extra

(a) (b) (0 (d)

Figure 3. Representative images showing (a) the ethanolic extract derived from Chromolaena odorata
leaves, (b) freshly prepared AgNPs-LCo solution prior to incubation, (c) AgNPs-LCo solution following the
incubation process, and (d) PO-AgNPs-LCo sample.

After nanoparticle formation, patchouli oil (PO) was introduced into the system. The resulting
dispersion exhibited a brown and slightly heterogeneous appearance (Figure 3d), suggesting
limited miscibility between the aqueous nanoparticle colloid and the hydrophobic oil phase. In
this study, the term “hybrid” refers to a combined system rather than a chemically defined
nanostructure. Based on the experimental observations and methodological limitations, the
interaction between AgNPs and PO is considered predominantly physical in nature, most likely
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involving surface adsorption of oil constituents onto AgNPs surfaces and partial dispersion
within the colloidal system, rather than chemical bonding or structured encapsulation.
Therefore, no specific hybrid architecture can be confirmed from the present data. The use of
refined PO (heavy fraction, ~60.66% patchouli alcohol) is relevant due to its reported
antimicrobial properties [39]. However, in the present system, its role is interpreted as a surface-
interacting organic phase that may influence colloidal behavior rather than forming a chemically
integrated hybrid structure.

Characterization

UV-Visible spectrophotometric analysis confirmed the formation of AgNPs-LCo through the
appearance of surface plasmon resonance (SPR) bands in the 300-600 nm range, with maxima
at 497 nm (AgNPs-LCo) and 473 nm (PO-AgNPs-LCo) (Figure 4a). The observed blue shift after
PO incorporation suggests changes in the local dielectric environment and possible surface
modification of nanoparticles rather than new nanoparticle formation. This SPR phenomenon is
consistent with the unique optical properties of metallic nanoparticles, where light absorption
and scattering occur at specific wavelengths due to collective electron oscillation [40]. The shift
in SPR position has also been widely associated with changes in particle size and surrounding
medium in green-synthesized AgNPs systems [40]. Studies on AgNPs synthesized via green
synthesis using Cymbopogon citratus, Amorphophallus paeoniifolius, Trichoderma reesei,
Lantana camara, and Calotropis gigantea reported SPR peaks at 470, 446, 438, 417, and 450

nm[15,27,33,41,42].
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Figure 4. (a) UV Vis and (b) FTIR spectra.

Figure 4b presents the FTIR spectral analysis of the plant extract, AgNPs-LCo, and PO-AgNPs-
LCo, displaying characteristic absorption peaks at 3371, 1641, 1045, 877, and 600 cm. The
observed signals correspond to —OH, N—H, C—N, and C—H functional groups, which play a
crucial role in facilitating the green synthesis process. This finding aligns with earlier studies
that also confirmed the presence of —OH[28,43-46], —NH [37,44,47], C—N [37,47], and C-H
[35] during the green synthesis of AgNPs.

Particle size analysis revealed that AgNPs-LCo exhibited an average size of 93 + 0.188 nm
(Figure 5), confirming successful nanoscale formation. This size is comparable to previously
reported plant-mediated AgNPs, including those synthesized under geothermal conditions,
indicating that environmental and phytochemical variability significantly influences nanoparticle
size[38]. Variations in particle size among green synthesis systems have been widely reported
and are attributed to differences in extract composition, which acts as both reducing and
stabilizing agents [48]. This supports the role of bioactive compounds in controlling nucleation
and growth processes. Moreover, the findings confirm that RSM serves as a reliable method for
predicting and fine-tuning reaction conditions in green synthesis.

Page 49



Grimsa Journal of Science Engineering and Technology 2026

Qs(%) qs(%)

(Curmll)

{
|
| }
A A | - L et LI ®
as i s 0 0 0 0 3000 00

Figure 5. Measurement of AgNP-LCo particle size distribution utilizing a PSA.

The SEM analysis reveals that most of the observed structures morphologies of the AgNPs-LCo
are spherical, whereas a portion exhibit irregular shapes and agglomeration (Figure 6a).
Conversely, PO-AgNPs-LCo exhibits an irregular and agglomerated morphology (Figure 6b).
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(a) (b)

Figure 6. SEM image of (a) AgNPs-LCo and (b) PO-AgNPs-LCo displayed at 20,000x magnification.

Additionally, SEM examination was performed to evaluate the dimensions and morphological
characteristics of the synthesized nanoparticles. As shown in Figure 6, both AgNPs-LCo and
PO-AgNPs-LCo exhibited irregular shapes with uniform size and noticeable agglomeration.
While the nanoparticles were predominantly spherical, some displayed polygonal shapes.
Interestingly, the agglomeration of silver nanoparticles can impact their antimicrobial activity. A
study published in Scientific Reports discusses the characteristics and antibacterial properties
of AgNPs synthesized using plant extracts, emphasizing that particle size and distribution
influence their antibacterial effectiveness [49]. Although the study does not explicitly state that
agglomeration enhances activity, its findings highlight the importance of controlling
nanoparticle size and morphology to optimize their antimicrobial performance [50]. Additionally,
other plant-based AgNPs synthesized from Calotropis gigantea [44] and Lantana Camara [15]
collected from geothermal sites have demonstrated similar morphological characteristics to
those observed in this study.

EDS spectroscopy was utilized to examine the elemental makeup of the samples [27]. The
resulting EDS spectra for AgNPs-LCo and PO-AgNPs-LCo are presented in Figure 7. Silver
atoms make up 49.26% of the AgNPs-LCo sample, with sodium (1.64%), carbon (14.33%),
chlorine (8.58%), and oxygen (14.83%) following closely behind. In contrast, PO-AgNPs-LCo
contained silver (25.93%), oxygen (18.98%), carbon (44.33%), nitrogen (5.13%), sodium
(0.69%), aluminium (0.15%), and chlorine (1.91%).

The AgNPs-LCo sample is composed of 49.26% silver atoms, with sodium (1.64%), carbon
(14.33%), chlorine (8.58%), and oxygen (14.83%) present in close succession. On the other
hand, PO-AgNPs-LCo showed nitrogen (5.13%), sodium (0.69%), aluminum (0.15%), chlorine
(1.91%), silver (25.93%), oxygen (18.98%), and carbon (44.33%). The detection of carbon,
chlorine, and oxygen suggests the possible existence of residual organic substances on the
surface of the nanoparticles[51]. Additionally, the identification of nitrogen and aluminum after
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the hybridization of AgNPs with PO has been documented in previous research [17].
Furthermore, a study by [56,63] reported that in plant-based synthesis of AgNPs, EDX analysis
commonly detects not only silver but also minor signals of elements such as oxygen, carbon,
chlorine, and aluminum, which are attributed to biomolecules adsorbed onto the nanoparticle
surface during synthesis. This suggests that the presence of chlorine and aluminum in our
sample may similarly originate from phytochemicals or residual components in the plant extract
and PO matrix used during synthesis. This explanation strengthens the hypothesis that the
elemental composition, particularly on the nanoparticle surface, may influence its functional
properties, including antimicrobial activity.
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Figure 7. EDX results of (a) AgNPs-LCo and (b) PO-AgNPs-LCo

The XRD pattern analysis verified the successful formation of silver nanoparticles derived from
C. odorata leaves, confirming their crystalline characteristics. As illustrated in Figure 8, the XRD
diffractogram exhibits distinct Miller indices at (111), (200), (220), (222), and (311). The Scherrer
equation was utilized to determine the crystallite size of the synthesized AgNPs, linking the
broadening of XRD peaks to nanoparticle dimensions.

Moreover, the XRD analysis (Figure 8) verified that the synthesized nanoparticles possess a
crystalline structure, as demonstrated by distinct diffraction patterns linked to Miller indices
(111), (200), (220), (222), and (311). These diffraction signals confirm the development of a
face-centered cubic (FCC) crystal lattice, which is a well-known characteristic of silver
nanoparticles. This ordered and symmetric FCC structure predicts favorable physical and
chemical qualities, such as strong mechanical strength and thermal stability. Using the Scherrer
equation, the calculated crystal sizes of AgNPs-LCo and PO-AgNPs-LCo were 29.05 nm and
37.96 nm, respectively. XRD-based crystal size analysis for AgNPs-LCo (29.05 nm) contrasts
with the 93 nm particle size obtained via PSA. [53] and [54] explained that these discrepancies
arise from measurement techniques: PSA assesses hydrodynamic sizes, which are typically
larger due to agglomeration effects, via dynamic light scattering (DLS), whereas XRD measures
the crystalline domains within the nanoparticles. The latter provides crystal domain sizes, often
smaller than the total particle size detected by PSA, as it does not account for agglomeration
[55].
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Figure 8. XRD of AgNPs-LCo and PO-AgNPs-LCo.
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In the Equation (2), D denotes the size of the crystallite (measured in nanometers), while K refers
to the shape factor, which is generally assigned a value of 0.9 for spherical nanoparticles. The
parameter A represents the X-ray wavelength, commonly 0.15406 nm for Cu Ka radiation, while
B denotes the full width at half maximum (FWHM) of the diffraction peak in radians, and 6
corresponds to the Bragg diffraction angle in degrees. The FWHM values were derived from the
XRD patterns using Gaussian peak fitting, and the crystallite size was determined based on the
most intense diffraction peak. This method offers insight into the average crystallite dimensions
within the synthesized sample [56].

D= KA/ coscosB 2

Antimicrobial activity

The inhibition zone measurements are presented as mean values along with their corresponding
standard deviations (SD). Based on the data in Table 5, the addition of PO in the synthesis of
PO-AgNPs-LCo resulted in a slight improvement in antimicrobial activity compared to AgNPs-
LCo alone. Specifically, the inhibition zones increased by 0.98 mm for S. aureus, 0.70 mm for E.
coli, and 0.98 mm for C. albicans. The findings of antibacterial and antifungal activity are
presented in Table 5 and Figure 9. Interestingly, silver nitrate solution did not exhibit
antibacterial effects under the tested conditions. However, incorporation of PO with AgNPs-
LCo led to a slight enhancement in antimicrobial response. It should be noted that the ethanolic
extract of C. odorata was not evaluated independently in this study. Therefore, the individual
contribution of plant-derived bioactive compounds cannot be clearly distinguished. In addition,
a patchouli oil-only control was not included, which limits the interpretation of whether the
observed effect is additive or potentially interactive in nature. Thus, the antimicrobial response
should be considered preliminary. Therefore, the material is more appropriately described as a
potential adjunct antimicrobial agent rather than a standalone therapeutic substitute for
conventional antibiotics, and further studies including appropriate control systems and
combination assays are required.

Table 5. Antimicrobial activity.

Inhibition Zone, Mean Value + Standard Deviation (mm)

Sample Staphylococcus aureus Escherichia coli Candida albicans
AgNPs-LCo 10.45+0.22 9.49+0.11 7.29+0.28
PO-AgNPs-LCo 11.43+0.33 10.19+0.12 8.27+0.07
Ethanol 0.00+0.00 0.00+0.00 0.00+0.00
Control 16.58+0.132 24.38+0.11° 25.17+0.13¢

Control (+): *vancomycin, "gentamicin, and “fluconazole

Comparisons between the geothermal and non-geothermal conditions for C. odorata-based
AgNPs synthesis, as well as the effects of hybridizing AgNPs with PO are presented in Table 6.
The synthesis of AgNPs using C. odorata from geothermal and non-geothermal areas revealed
differences in their properties (Table 6). Compared with their non-geothermal counterparts, the
AgNPs-LCo synthesized under geothermal conditions showed a higher SPR peak (497 nm) and
larger average particle size (93 nm), whereas the non-geothermal counterpart exhibited an SPR
peak at 429 nm and a smaller particle size (15.27 nm). Low SPR values are generally associated
with smaller particle sizes [32]. These differences indicate variation in nanoparticle formation
behavior under different environmental growth conditions of the plant source. Morphologically,
geothermal-plant-sourced AgNPs were spherical with some irregular shapes and aggregation,
while non-geothermal-plant-sourced AgNPs were more uniformly spherical. The geothermal
AgNPs exhibited stronger antimicrobial effects against S. aureus compared to their lower
effectiveness against E. coli and C. albicans. In contrast, non-geothermal AgNPs showed
moderate antibacterial and excellent antifungal activity, indicating potential pathogen specificity
based on the synthesis environment.
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Figure 9. Evaluation of the antimicrobial properties of AgNPs-LCo against (A) E. coli bacteria, (B) S. aureus
bacteria, and (C) C. albicans fungus. In this analysis, (a) corresponds to AgNPs-LCo, (b) represents PO-

AgNPs-LCo, (c) denotes the positive control, and (d) refers to ethanol.

Table 6. Comparative analysis of AgQNPs synthesis in geothermal and non-geothermal environments.

AgNPs-LCo AgNPs hybridized with other POs
Non-
Parameters  Geothermal Geothermal E(?;A(f::s- HP-AgNPs- P-Ag-NPs-
Conditions Conditions LCg [17] HBE [16]
Study
[57]

Source of plani C. odorata C. odorata C. odorata from  Calotropis Lablab

material growing in growing in geothermal area + gigantea from purpureus +
geothermal non- PO geothermal area + PO
area geothermal PO

area

Reaction pH 8.5 mM - pH 85 mM pH 9.4 mM pH 4.126,

optimization =~ AgNOs, 25°C AgNOs, 25°C AgNOs, 25°C 1.031 mM

using RSM AgNOQOs, 25°C

SPR 497 nm 429 nm 473 nm 360 nm 415 nm

Particle size 29.05 nm 15.27 nm n.d 422 nm 110 nm

(Average)

Shape Spherical, with Spherical irregular and Cubic with some  Spherical with
some irregular shapes agglomerated spherical forms,  a thin PO
and shapes with an oil layer. outer layer
agglomerated
forms

Microbial More potent Shows PO enhanced the PO enhanced PO improved

inhibition against S. moderate antimicrobial AgNPs-LCg the

potential aureus than E. inhibition activity of AgNPs- antimicrobial antibacterial
coliand C. against LCo, with stronger activity, highest  efficacy of
albicans. bacteriayet  effectson S. against S. aureus, AgNPs against

excelsin aureus and C. followed by E. coli,E. coli, as this
antifungal albicans than on E.and lowest againststudy did not
activity. coli. C. albicans. assess other

pathogenic
microbes.
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AgNPs hybridized with PO showed variable properties and efficacy depending on the plant
source. The PO-AgNPs-LCo synthesized using geothermal C. odorata showed increased
antimicrobial potency against S. aureus and C. albicans. This improvement highlights the
synergistic interaction between AgNPs and the bioactive compounds present in PO, which
collectively enhance antimicrobial efficacy. However, the nanoparticles had irregular shapes
with clumping. AgNPs hybridized with oils from other plants, such as Calotropis gigantea (HP-
AgNPs-LCg) and Lablab purpureus (P-AgNPs-HBE), presented distinct characteristics. The HP-
AgNPs-LCg primarily exhibited a cubic morphology, with some spherical structures also
observed. It displayed a lower SPR peak at 360 nm and a notably larger particle size of 422 nm,
which could potentially limit its bioavailability. P-AgNPs-HBE, with an SPR peak at 415 nm and
spherical morphology, had a moderate particle size (110 nm) and was effective against E. coli.
These findings highlight the variability introduced by different plant sources and the potential
of PO hybridization to increase AgNPs performance, albeit with challenges such as size
inconsistency and agglomeration. A limitation of this study is the lack of investigation into the
chemical and biological stability of the synthesized AgNPs-patchouli oil hybrids over time. The
stability conditions of the hybrids under various storage or environmental conditions were not
evaluated, which may affect their long-term applicability.

In general, AgNPs may contribute to microbial inhibition through membrane interaction,
intracellular penetration, and induction of oxidative stress [44,58]. Additionally, interactions
between AgNPs and bacterial membranes have been reported to affect membrane permeability
[59], thereby potentially inhibiting bacterial replication. In this study, a dual-action hypothetical
mechanism is proposed based on previously reported literature. It is suggested that AQNPs may
contribute to cellular damage and reactive oxygen species (ROS) generation, while
phytochemical components from patchouli oil may disrupt membrane integrity and interact with
bacterial proteins, resulting in multi-target stress on microbial cells [60], Patchouli oil
components have also been reported to potentially increase membrane fluidity, which may
facilitate the entry of AgNPs and Ag*ions into bacterial cells (Figure 10). However, it should be
emphasized that this mechanism has not been experimentally validated in the present study,
and a complete understanding of the synergistic antibacterial mechanism is still under
investigation [61].
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Figure 10. Proposed antibacterial interaction mechanism of silver nanoparticles and patchouli oil against
bacterial cells.
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References

This study underscores the role of environmental factors, particularly geothermal conditions, in
influencing the phytochemical profile of plant materials and, consequently, the properties of
biosynthesized AgNPs. The post-synthesis incorporation of PO provides a simple yet effective
strategy to modify nanoparticle behavior and potentially modulate antimicrobial performance,
although issues such as particle agglomeration and size heterogeneity remain challenges that
require further optimization. The findings highlight that both synthesis conditions and post-
synthesis modification play important roles in determining the structural and functional
characteristics of AgNPs systems. In addition, this work demonstrates a combined green
synthesis—post modification approach that contributes to the development of tunable AgNPs-
based materials. Future studies should focus on optimizing reaction parameters, elucidating
interaction mechanisms between AgNPs and organic phases, and expanding antimicrobial
assessments to a broader range of pathogens. Further investigation into stability and long-term
behavior is also essential to support potential biomedical applications such as wound healing,
topical antimicrobial systems, and drug delivery platforms.

Conclusions

This study demonstrated the green synthesis of AgNPs using C. odorata leaf extract derived
from geothermal areas, followed by post-synthesis incorporation of patchouli oil (PO) to form a
combined AgNPs—organic system. The synthesis under optimized RSM conditions (5 mM AgNOs
and pH 8) produced AgNPs-LCo with an SPR peak at 497 nm and an average particle size of
93 nm, which was larger than the non-geothermal counterpart reported in previous studies
(15.27 nm), indicating that geothermal-derived plant material influences nanoparticle
properties rather than necessarily reducing particle size. The incorporation of PO resulted in a
slight increase in antimicrobial activity against Staphylococcus aureus, Escherichia coli, and
Candida albicans, with inhibition zone improvements ranging from 0.70-0.98 mm. However,
this enhancement should be considered marginal, as no statistical significance or formal synergy
assessment (e.g., FIC index) was performed. Therefore, the observed effect is better interpreted
as an additive or complementary contribution rather than confirmed synergy.

A key limitation of this study is the absence of stability evaluation of the PO-AgNPs-LCo system
as well as the lack of individual control testing for plant extract and patchouli oil contributions,
which restricts deeper mechanistic interpretation. In addition, antimicrobial evaluation was
limited to inhibition zone assays without MIC or MBC determination. Despite these limitations,
the study highlights the potential of integrating geothermal-sourced plant extracts with post-
synthesis organic modification as a tunable and environmentally friendly approach for AgNPs
fabrication. Future work should focus on stability analysis, quantitative antimicrobial assays
(MIC/MBC), cytotoxicity evaluation, and mechanistic synergy validation to better assess the
biomedical applicability of this system.
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