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Abstract

This study reports the first isolation of an Enterobacter cloacae complex (ECC) strain, closely related to Enterobacter hormaechei
(99.86% 16S rRNA identity), associated with bacterial blight symptoms in rice in Lampung, Indonesia. Acknowledging 16S rRNA
limitations within ECC, species identification is reported cautiously, while pathogenicity profile fulfilled Modified Koch's
Postulates. To address chemical bactericide limitations, we developed sustainable multiphase nanoparticles from chicken eggshell
waste through mechanical and thermal decomposition approaches. The produced nanoparticles were characterized using XRD,
TEM, FTIR, SEM-EDS, PSA, and UV-DRS. The results showed that the nanoparticles consisting of Ca(OH),, CaO, and B-
tricalcium phosphate, with a dimension of 11-31 nm (XRD) and 20-23 nm (TEM). The FT-IR/EDS data confirmed OH", Ca, O,
and P elements, while UV-DRS showed a bandgap energy of 5.96 eV. Descriptive statistical analysis (n=6) evaluated antibacterial
activity via disk diffusion (20 pg/disk) against the ECC isolate, compared to ampicillin sulbactam (SAM 20). Nanoparticles yielded
a mean inhibition zone of 10.06+0.02 mm for responsive replicates, demonstrating moderate activity. Within the zones, bacterial
cells showed morphological damage, likely caused by Ca?* and OH™ release, inducing membrane disruption and oxidative stress.
Furthermore, spatially graded element distribution (Ca, O, P) and B-TCP as a controlled release matrix support sustained
bioactivity. These findings reveal eggshell-derived nanoparticles as a promising, economical, and environmentally friendly
antibacterial agent for sustainable rice disease management.
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1. INTRODUCTION

Leaf blight disease,
Xanthomonas oryzae pv. oryzae, leads to reduced

commonly caused by

rice production, which is a staple food for a
significant portion of the world's population [1]. To
address this challenge, various chemical methods
have been used, including berberine, which disrupts
cell membranes, reduces biofilm formation, and
affects the energy metabolism of Xanthomonas
oryzae pv. oryzae [2]. Silver nanoparticles have
been reported to inhibit the growth of Xanthomonas
oryzae pv. oryzae (Xoo0) with an inhibition zone of
16.5 mm [3]. Chiral axial thiazine molecules at a
concentration with an ECsy value of 4.18 pg/mL
show inhibitory activity against Xoo as well [4].
Furthermore, 2-quinazolin-4-ones show inhibitory
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potential by altering bacterial morphology and
increasing reactive oxygen species, which disrupt
growth and motility [5]. The biopesticide 3,4-
dimethoxyphenol on Xoo causes the cells to show
surface depression, wrinkles, and distortion, leading
to cell lysis [6]. Chemical treatment has faced
various weaknesses such as resistance depending on
bacterial strains, shifts in the pathogenicity pattern
of Xoo, adaptation potential, and proliferation in
resource-limited environments [7].

However, several studies have reported that
Enterobacter, a genus traditionally associated with
environmental and clinical settings is increasingly
implicated in phytopathogenic roles in rice, with
documented infections in Korea, India, and China
[8]-[10].
bacterial blight is attributed to its capacity to
produce copious amounts of exopolysaccharides

The ability of Enterobacter to cause

(EPS), a trait commonly associated with virulence
in plant-pathogenic bacteria. EPS facilitates host
colonization, confers protection against
environmental stresses, and contributes to the
occlusion of host vascular tissues [11]. In contrast
to well-established rice pathogens such as Xoo
which rely on the production of cell wall-degrading
enzymes (CWDEs) for tissue invasion and
maceration, Enterobacter strains exhibit markedly

reduced or negligible CWDE activity. Despite this
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Table 1. Nanoparticles crystal structure of calcined chicken eggshell powder.

. Characteristic
Crystal phase Lattice Structure Space group Cell Parameters peaks (20) Ref.
Calcium oxide . _ 32'20’ 37'40’ 53'90’
(Ca0O) cubic Fm3m a=481A 64.2°, 67.4°,79.6°, [21]
88.5°
. . 18.1°,28.7°, 34.1°
Calcium hydroxide a=3.59A, S S S
(Ca(OH),) Hexagonal P3ml c=491 A g;éo’ 50.8°, 54.3°, [22]
23.1°,29.4°,31.4°,
a=499 A 35.9°,39.4°,43.2°,
Calcite (CaCOs) Trigonal R3c o= 1'7 06 A 47.5°,48.5°,49.0°, [23]
: 56.0°, 57.4°, 60.6°,
62.6°, 64.4°, 65.4°
A 20.9°,24.9°, 27.1°,
. a=7.14 A, 32.7°,33.1°,43.9°,
Vaterite (CaCOs) Hexagonal P63/mmc c=16.93 A 49.0°. 50.0°, 55.9°, [24]
56.6°
Calcium phosphate a=1043 A, 26.0°, 30.7°, 34.2°, [25]
(Cas(POy),) Rhombohedral R3c c=3738 A 46.5°
23.3°,29.6°, 31.6°,
. . _ 36.1°,39.6°,43.4°,  [26]
?ézgnel\s/}um Cgl§lte Trigonal R3c S 6/33 477°,48.7°,49.2°, -
0.94°V1£0.06%3 ' 56.2°,57.6°,60.8°,  [28]
62.8°, 64.6°, 65.6°
25.9°,28.0°, 28.9°,
. _ 31.7°,32.2°,32.9°,
fg dr;’{xgp‘i‘,“)te Hexagonal Pe3m A e ﬁ’ 34.0°, 39.8°, 46.7°, gg%
10212656 c=o 49.5°,50.5°, 53.1°,
53.9°
distinct pathogenic  strategy, the role of agro-industrial byproduct, offers a promising, low-

environmental and agronomic factors in driving the
emergence of Enterobacter-associated bacterial
blight in rice remains unexplored [12]. Recently, we
detected ECC isolate (cf. Enterobacter hormaechei)
a species not previously linked to rice blight in
Indonesia causing bacterial leaf blight in rice plants
in Haduyang Village, Natar District, South
Lampung Regency. Control measures against this
emerging pathogen are currently unavailable. Given
the of
bactericides, sustainable alternatives are urgently
needed [13].

Chicken eggshell waste, with its high calcium

limitations conventional  chemical

content, porous architecture, and abundance as an

cost, and eco-friendly material [14]. Our prior work
has demonstrated its antibacterial potential [15],
providing the foundation for developing eggshell-
derived nanoparticles as a novel intervention
against both classical and emerging rice blight
agents. Green nanotechnology enables the synthesis
of biomass waste-derived nanoparticles such as
those from eggshells as sustainable and effective
antibacterial agents, with promising applications in
plant disease management [16]. The importance of
chicken eggshell powder in materials science has
gained significant attention due to its potential as a
sustainable antibacterial agent [17]. As an abundant
agro-industrial by product approximately 150,000

[5D PANDAWA

1187



J. Multidiscip. Appl. Nat. Sci.

tons of eggshells are discarded annually in
Indonesia alone, its valorization aligns with the

principles of the circular economy, which
emphasizes  waste-to-resource  transformation,
closed loop systems, and reduction of

environmental burdens [18][19].
By converting this
functional multiphase nanoparticles, our approach

low-value waste into
embodies green nanotechnology as it employs
solvent-free,  energy-efficient = thermal  and
mechanical processing without toxic reagents,
minimizes secondary waste, and leverages naturally
occurring biocompatible compounds such as
calcium and phosphate [20]. Previous studies [21]-
[30] have analyzed the crystal phase structures of
calcined chicken eggshell powder, identifying
components including calcium oxide,
hydroxide, calcite, vaterite, calcium phosphate,
hydroxyapatite, and magnesium calcite phases
whose interactions enhance

calcium

synergistic
antibacterial efficacy (Table 1).

Based on previous research, knowledge on the
use of calcined chicken eggshell powder as an
antibacterial agent against bacterial blight is still

may

limited. However, considering the advantages of
calcined chicken eggshell powder, such as its high
CaO content, biocompatibility, abundance as
poultry farming waste, and potential for sustainable
material valorization. Therefore, this study aims to

comprehensively characterize the crystal structure,
surface morphology, and optical properties of
multiphase nanomaterials synthesized through an
eco-friendly and low-energy process from chicken
eggshell powder, and to assess their potential as an
antibacterial agent specifically targeting
Enterobacter spp. responsible for bacterial blight in
rice.

2. MATERIALS AND METHODS

2.1. Materials

Chicken eggshell was collected from household
waste in Bandar Lampung City, Indonesia. The
material was washed, and ground using a porcelain
mortar through a top-down method. In this study,
the processing of these materials did not include the
use of any chemical substances. To test the
potential antibacterial activity of the synthesized
material; antibiotics ampicillin sulbactam 20 pg
(Oxo0id), nutreint agar plate (NAP, Merck), Mueller
Hinton agar (MHA, Oxoid), MacConkey agar (MC,
Merck), and brain heart infusion broth (BHIB,
Merck) culture were used, followed by Gram
staining. Suspect bacteria samples were obtained
from the isolates originating from rice plant
belonging to the community that were attacked by
bacteria blight disease located in Haduyang Village,
Natar District, South Lampung Regency, Indonesia.

The calcination temperature was The
subsequently raised to 900 °C at a
heating rate of 5 °C/min, and held at
this temperature for 10 h

chicken eggshell powder was
» calcined at 600°C for 10h at a heating %

rate of 5°C/min, followed by natural
cooling to ambient temperature.

The cggshells from layer chickens
were manually ground using a
mortar and pestle to obtain a fine
powder

Identification
using PCR
technique

Figure 1. (a) Schematic of multiphase nanoparticles synthesis and (b) workflow for isolating putative
bacterial blight pathogens from symptomatic rice plants.
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Figure 2. Characterization of eggshell-derived materials: (a,b) XRD of uncalcined eggshell [28], and cal-

cined eggshell-derived multiphase nanoparticles; (c,d) Rietveld-refined phase quantification; (¢) TEM im-

age (100 nm scale bar) showing crystalline domains; (f) FT-IR spectra of uncalcined [28], and multiphase
nanoparticles.

2.2. Methods

2.2.1. Synthesis of Multiphase Nanoparticles

This study was conducted from September 2024
to March 2025 at the Laboratory of Chemistry and
Bacteriology of the Medical Laboratory Technology
Department, Faculty of Medical Laboratory
Technology, Tanjungkarang Health Polytechnic,
Bandar Lampung, Indonesia.  Subsequently,
bacterial isolates were inoculated into a series of
selective and non-selective culture media to
optimize growth conditions and ensure phenotypic
stability, thereby enhancing the reliability of
subsequent antimicrobial assays without
compromising the integrity of modified purification
protocols.

Based on the previous report, the synthesis of
multiphase nanoparticles through the processing of
chicken eggshell waste included the initial step of
grinding using a porcelain mortar to obtain a fine,
homogenous powder, as shown in Fig. 1(a). It
followed by calcination using Lenton UAF 16/10
furnace instrumentation with a controlled heating
ramp of 5°C/min up to 600 °C, held isothermally

for 10 h [31]. This constituted the first calcination

stage and was succeeded by a second stage
involving a further ramp of 5°C/min to 900 °C,
maintained for 10 h under static air atmosphere to
promote complete phase transformation and

crystallite growth [28][29].

2.2.2. Isolation and Identification of Suspect
Bacteria

Bacterial isolation was performed according to
the workflow illustrated in Fig. 1(b), with
modifications based on established protocols [32]
[33]. Leaf samples exhibiting typical symptoms of
bacterial leaf blight characterized by yellowing
along the leaf margins were collected from infected
rice plants in Lampung. The symptomatic tissue
was aseptically excised, cut into small fragments
(~5 mm), and transferred into nutrient broth,
followed by incubation at 37 °C for 24 h to enrich
potential pathogens.

To selectively isolate Gram-negative bacteria
particularly members of the FEnterobacteriaceae
family, which include common plant-associated
pathogens such as Xanthomonas spp. the enriched
culture was streaked onto MacConkey agar. This
differential and selective medium inhibits Gram-
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positive bacteria while allowing Gram-negative
isolates to grow lactose-fermenting strains produce
pink colonies, whereas non-fermenters (including
many Xanthomonas species) form colorless or pale
colonies. Although Xanthomonas oryzae pv. oryzae
is typically nonlactose fermenting, preliminary
observations in our study indicated that certain
environmental isolates from blighted rice leaves
exhibited atypical colony morphologies on MC,
necessitating a secondary selection step [34].
Distinct colonies from MC were then
subcultured onto NAP to support robust growth and
facilitate phenotypic characterization [35]. Among
the resulting isolates, those producing a
characteristic yellow pigment a trait commonly
associated with Xanthomonas species due to
xanthomonadin production were prioritized as

putative causal agents of bacterial leaf blight. These
yellow-pigmented colonies were subjected to Gram
staining (expected to be Gram-negative rods) and
purified through repeated streaking on NAP to
obtain axenic cultures for subsequent molecular and
pathogenicity assays [36]. To ensure culture purity,
single-colony isolation was performed via repeated
streaking on NAP until uniform colony morphology
was achieved. The same isolate code ('Djayasinga’)
was consistently employed across all downstream
analyses, including 16S rRNA sequencing,
pathogenicity assays, antibacterial evaluations, and
SEM-EDS characterization.

For the identification process, the bacterial
isolate was submitted to the Genetic Testing
Laboratory of Science Indonesia. Based on our
initial hypothesis that the pathogen was Xoo, we

Table 2. Crystal structure of nanoparticles multiphase.

Atom position coordinates

Crystal Phases (Lattice) Space group Atoms . v .
Ca(OH), (Hexagonal) P-3Ml Ca 0.00000 0.00000 0.00000
0 0.30000 0.60000 0.70000
H 0.30000 0.60000 0.50000
CaO (Cubic) FM3M Ca 0.00000 0.00000 0.00000
0 0.50000 0.50000 0.50000
B-TCP (Ca3(POy),) (Trigonal) F3CH Cal 0.72590 0.86180 0.16630
Ca? 0.61880 0.82550 -0.03320
Ca3 0.72660 0.85140 0.06110
Cad 0.00000 0.00000 -0.08510
Cas 0.00000 0.00000 0.73360
P1 0.00000 0.00000 0.00000
P2 0.68720 0.86060 0.86060
P3 0.65300 0.84640 0.76680
O1 0.72560 -0.09440  -0.09170
02 0.76740 0.78330 0.85480
03 0.72980 0.00880 0.84860
04 0.52210 0.76080 0.86270
05 0.59870 -0.04880 0.77940
06 0.00570 0.69300 0.78500
07 0.08030 0.89900 0.77710
08 0.63200 0.82580 0.72680
09 0.00570 0.86240 -0.01150
010 0.00000 0.00000 0.04210
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Figure 3. (a) SEM image of multiphase nanoparticles (20,000%; scale bar: 1 pm); (b) particle size
distribution from analyzer; (¢) UV—vis spectrum and (d) corresponding Tauc plot for bandgap

determination.

employed a specific primer set, XOR-F (5'-
GCATGACGTCATCGTCCTGT-3)XOR-R2 (5'-
CTCGGAGCTAATGCCGTGC-3"), for DNA
amplification [37]. Nonetheless, PCR analysis
failed to produce an amplicon corresponding to
Xoo. Consequently, further
performed using 16S rRNA gene sequencing [38].

identification was

The 16S rRNA gene was amplified using the
MyTaq HS Red Mix, 2X (Bioline, BIO-25048). The
concentration and purity of the extracted DNA were

2000
were

determined using a NanoDrop
spectrophotometer ~ Amplified products
verified by  agarose gel electrophoresis.
Bidirectional =~ sequencing was  subsequently
performed using the Sanger sequencing method
with capillary electrophoresis to obtain accurate
nucleotide reads. The sequence data were then
processed and refined through bioinformatics
analysis as described in, producing consensus

sequences for further interpretation [39][40].

2.2.3. Pathogenicity Test

To confirm the pathogenicity of the ECC isolate
(cf. E. hormaechei) that had been molecularly
identified, a leaf dip inoculation assay was
performed on healthy rice leaves [41]. Bacterial
cultures were grown in BHIB for 24 h at 37°C with
shaking at 150 rpm. The bacterial suspension was
adjusted to an optical density of ODggo prior to

inoculation. Fresh wound sites were created by
cutting 3 cm from the leaf tips using sterile scissors.
The cut ends were immersed in the bacterial
suspension for 5 min and subsequently incubated
under ambient laboratory conditions. Sterile BHIB
and an Escherichia coli
phytopathogenic

controls. Disease development was monitored daily

suspension  (non-

control) served as negative
for 6 days. Symptoms were photographically
documented to visually confirm the occurrence of

chlorosis and necrosis [42].

2.2.4. Evaluation of Antibacterial Activity

The antibacterial assay was performed using the
Kirby-Bauer disk diffusion method. The bacterial
suspension of the ECC isolate (cf. E. hormaechei)
was adjusted to a 0.5 McFarland turbidity standard
and uniformly inoculated onto the surface of MHA
using a sterile cotton swab. Plates were allowed to
stand for 15 min prior to disk placement [43]. A
of
nanomaterial powder was placed on the surface of
the MHA culture, with all procedures performed in

small  amount synthesized  multiphase

the BSC room. All bacteria plates were incubated at
37 °C for 24 h wusing an incubator [44].
Observations of the incubation results were carried
out on the emergence of inhibition zones for the
growth of ECC (cf. E. hormaechei) bacteria using
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scanning electron microscopy-energy dispersive X-
ray spectroscopy (SEM-EDS) instrumentation on
bacteria cells damaged by
multiphase nanoparticles.

The pH measurements were conducted using

intervention from

calibrated universal pH indicator paper (range 1-
144, Merck KGaA, Germany) with a resolution of
+0.5 pH units. Three distinct measurements were
performed; (1) Nanoparticle suspension pH: A
stock suspension was prepared by dispersing 50 mg
of multiphase nanoparticles in 50 mL of sterile
distilled water (solid-to-liquid ratio: 1 mg/mL),
followed by sonication for 10 min to ensure
homogeneity. The pH was measured after 5 min of
contact time by immersing the pH paper into the
suspension; (2) MHA medium pH: The pH of
uninoculated Mueller-Hinton Agar was measured
by gently placing the pH paper on the agar surface
for 30 s prior to bacterial inoculation; (3) Inhibition
zone pH: Post-incubation (24 h at 37°C), the pH
within the clear inhibition zone was measured by
placing the pH paper directly on the agar surface at
the zone center for 30 s. Color changes were
compared against the manufacturer's reference chart
under standardized lighting conditions [45].

2.2.5. Statistical Analysis

The evaluation of the antibacterial activity of
multiphase nanoparticles was conducted using the
Kirby-Bauer disk diffusion method with a
standardized experimental design. The preparation
of the bacterial suspension for the ECC isolate (cf.
E. hormaechei) followed the procedure. Six sterile

paper disks, each impregnated with 20 pg of

multiphase nanoparticles (20 pg/disk, n = 6), were
aseptically placed on a single MHA plate inoculated
with the bacteria. As a positive control, Ampicillin
Sulbactam (SAM 20) was placed on a separate
MHA plate with identical bacterial inoculation
preparation. All treatments were incubated at 37 °C
for 24 hours. Inhibition zone data obtained from six
independent replicates (n = 6) were analyzed using
descriptive statistics to calculate mean, standard
deviation (SD), median, and data range.
Antibacterial response rate was expressed as the
percentage of replicates showing positive inhibition
zones (>0 mm) [46].

The minimum inhibitory concentration (MIC) of
multiphase nanoparticles against ECC isolate (cf. E.
hormaechei) was determined using the broth
microdilution method. Briefly, a stock suspension
of multiphase nanoparticles was prepared by
dispersing 50 mg of the material into 50 mL of
sterile distilled water (concentration 1000 pg/mL)
via sonication. Two-fold serial dilutions were
performed in test tubes to obtain test concentrations
ranging from 100, 50, 20, 10, 5, 2 pg/mL. Each test
tubes containing 100 pL of nanoparticle suspension
was inoculated with 100 uL of standardized
bacterial suspension (adjusted to 0.5 McFarland
standard and diluted 1:100 in BHIB to achieve a
final inoculum of ~5 x 10° CFU/mL). Positive
growth controls (bacteria without nanoparticles)
and negative sterility controls (media without
inoculum) were included in parallel. The plates
were incubated at 37 °C for 24 h. Bacterial growth
was assessed visually based on turbidity [47].

B BN

Figure 4. (a—d) Morphology of bacterial isolates from blight-symptomatic rice plants. (e—f) pathogenicity
test using ECC (cf. Enterobacter hormaechei) isolate, and (g-h) using Escherichia coli.
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Table 3. DNA quantification, and purification.

Sample code Consentration (ng/ pL)

Djayasinga 177.9

Aae0/230 Volume (pL)
2.23 35

A260/280
1.93

3. RESULTS AND DISCUSSIONS

3.1. XRD Analysis

The non-calcined, and calcined eggshell powders
(multiphase nanoparticles) were analyzed using a
Shimadzu XRD-6000 diffractometer. Qualitatively,
the characteristic diffraction peaks (20) of both
materials are presented in Fig. 2. The three
dominant peaks at 26°, 23.22° hkl (012), 29.49° hkl
(104), and 39.62° hkl (113) as shown by the letter
“d” in Fig. 3(a), represented the crystalline phase of
calcite (CaCQO;) present in the uncalcined eggshell
powder. This peak showed similarity with the
results of previous studies which had the ID COD-
9009668 [48].

The results of qualitative analysis of XRD data
on multiphase nanoparticles were shown with the
letter “a” in Fig. 2(b) for three dominant peaks at
20°, 17.82°, 28.54°, and 33.94°. These peaks were
identical to the Ca(OH), crystal phase with the
highest intensity at 33.92° hkl (011), as referred to
in the previous reference with ID COD-0000117
[49]. Letter “b” in Fig. 2(b) represented the CaO
crystal phase with identical peaks at 26°, 32.04°,
37.22°, and 53.78° with the highest peak intensity at
37.22° hkl (221) which resembled the reference
peak from previous studies [50]. The peaks at
21.80°, 31.00°, and 34.11° with the highest
intensity at 34.34° hkl (220) are the crystalline
phase of beta-tricalcium phosphate  Ca3(PO.),,
marked with the letter “c” in Fig. 2(b), according to
previous studies with ID COD-1517238 [51].

The results of quantitative analysis using the
Rietica method version 4.2 Rietveld [52], obtained
results in the form of a comparison of the
diffractograms of non-calcined, and multiphase
nanoparticles (calcined), as shown in Fig. 2(c), and
2(d). In addition to the diffractogram image, the
goodness of fit (GoF) values for both samples were
2.61, and 1.509, respectively, which were close to
the standard GoF value, namely <4 [53]. In
Rietveld refinement, a GoF value below 4 is
generally considered acceptable, as it indicates a
reasonable agreement between the observed and

calculated diffraction patterns, accounting for
typical experimental imperfections such as minor
impurities, microstructural effects, or instrumental
broadening [54]. Characterization showed that the
Ca(OH), crystal lattice had a hexagonal structure
with defined cell parameters (a = 3.5890 A ¢ =
4.9095 A), angles (a = = 90°, y = 120°), and cell
volume of 639.8533. Additionally, the unit cell
contained a single formula unit (Z = 1), and the
atomic positions of calcium, oxygen, and hydrogen
were at specific coordinates (x = 0 (Ca), x = 0.3 (O
and H); y=0 (Ca), y=0.6 (O and H); z=0 (Ca), z
= 0.7 (0), z = 0.5 (H). The information on the
crystal lattice structure of CaO showed cubic shape,
cell parameters (a = 4.80920 A, angles (a =f =7 =
90°), a unit cell containing four units (Z = 4), and
cell volume of 111.217003. Additionally,
information was obtained on the crystal lattice
structure of pS-Tricalcium phosphate (5-TCP (Ca;
(POy),). This included trigonal, cell parameters (a =
10,48520 A; ¢ = 37,25870 A), angles (a. = B = 90°,
v = 120°), unit cell containing 21 units (Z = 21), and
cell volume of 3546.496582. The coordinate
positions of the atoms of the crystal phases Ca(OH)
2, Ca0O, beta-Tricalcium phosphate (S-TCP (Ca;
(POy), are shown in Table 2.

The full width half maximum (FWHM) value of
the Ca(OH), crystal phase is 0.74 with the Weight
Percentage of Phase information of 57.25. By
entering the FWHM value with a 20 angle of 33.94°
which is the peak with the highest intensity of the
Ca(OH), crystal phase into the Debye-Scherrer
equation, the size of Ca(OH), nanoparticles crystal
phase is obtained as 11.23 nm. Meanwhile, the
Weight Percentage of Phase CaO, -TCP (Ca3(POy)
2) is 10.34, and 4.7 respectively. The size
information of CaO crystal phase is 31.07 nm
obtained by performing calculations including the
FWHM value of 0.27 at the peak intensity of 20
37.22°. Additionally, the size information of the S-
TCP (Ca3(POy),) crystal phase is obtained at 23.11
nm by calculating the FWHM value of 0.36 and the
peak intensity at 20 34.34°.
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The thermal decomposition of eggshell primarily
composed of calcite (CaCOs) typically initiates
around 600 °C due to the presence of a native
organic matrix and approaches completion near
900 °C under ambient atmosphere [55]. In this
work, eggshell powder was first calcined at 600 °C
for 10 h, inducing partial decomposition of CaCO;
into CaO, as evidenced by the reduction of calcite
diffraction peaks. The sample was then cooled to
room temperature and subjected to a second
calcination at 900 °C for 10h to ensure complete
removal of residual carbonate and organic matter.
During the subsequent cooling phase in ambient air,
the highly reactive CaO surface partially hydrated
to form Ca(OH), [56]. Quantitative Rietveld
refinement of XRD data confirmed the presence of
three crystalline phases: Ca(OH). (57.25 + 1.2
wt%), CaO (10.34 = 0.8 wt%), and P-tricalcium
phosphate (B-TCP, 4.70 + 0.5 wt%). The remaining
~27.71 wt% is attributed to amorphous content and/
or minor crystalline phases below the detection
limit of XRD (~2—-5 wt%). This amorphous fraction
is consistent with the
decomposition synthesis route, which can generate

mechanical-thermal

non-crystalline calcium carbonate residues or

disordered surface layers on nanoparticle surfaces

[57].

The presence of S-TCP is attributed to trace
phosphorus  originating from phosphoproteins
naturally embedded in the eggshell’s organic
matrix, which, under prolonged high-temperature
treatment, transformed into PO, groups and
reacted with Ca®" to nucleate S-TCP [58]. This
assignment is further supported by TEM imaging,
which revealed hexagonal morphology for Ca(OH)
2, cubic for CaO, and trigonal for S-TCP consistent
with their respective crystal structures. Critically,
this synthesis involves only eggshell waste and
thermal treatment, without any external chemical
additives, aligning with green nanotechnology
principles [59].

3.2. TEM Analysis

TEM images were obtained by analyzing the
multiphase nanoparticles material using a JEOL
JEM-1400. Fig. 2(e) reveals that the calcined
chicken eggshell powder consists of a multiphase
crystalline nanoparticles assembly. Black circular
insets highlight distinct crystalline phases, each
exhibiting characteristic nanoparticle morphologies
associated with their respective crystal structures.
The hexagonal lattice characteristic of Ca(OH), is

2% @ Djayasinga

Enterobacter hormaechei strain K-3 OR708652.1

’ Enterobacter cloacae stran DSM 30054 NR 117679.1

— Xanthomonas oryzae pv. oryzae stran YNCX CP101851 1

' — Vo hepatarss stram LMG 20362 NR 025451 1

Mannhexnia vangena stran 177 NR 024897 1

o [— Oceanisphaera manna strain YM319 NR 157015 1
Shewanella khinkhana strain TH2012 NR 169447 1

Pseudomonas manncola strain KM/ 2042 NR 041592.1

Mannomonas aquimaring strain 11SM4 NR 0423441

Thalassolluus alkanwvorans stram TMPB967 NR 1816841

a. 0.020

Herbaspwdlum lusitanum stram P8-12 NR 028859 1

b.

Figure 5. Molecular identification, and phylogeny of isolate Djayasinga. (a) 16S rRNA amplicons on
agarose gel: NTC (No-Template Control), K+ (E. coli ATCC 25922), M (1 kb ladder); (b) Maximum-
likelihood tree placing Djayasinga isolate in the Enterobacter cloacae complex, closest to ECC (cf. E.

hormaechei) reference strains (16S rRNA analysis).
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Figure 6. Antibacterial assessment of eggshell-derived multiphase nanoparticles against ECC (cf.
Enterobacter hormaechei): (a) Kirby—Bauer assay setup; (b) inhibition zone; (c) SEM of untreated Ec cells;
(d) SEM showing nanoparticle-induced morphological damage.

clearly identifiable, as indicated by green arrows.
Red arrows denote regions exhibiting cubic
symmetry, corresponding to the CaO phase. The
trigonal structure of Caz(PQ,), is indicated by the
yellow arrow marking the y angle of 120°, thus
confirming the trigonal crystal system [60]. Due to
phase intergrowth and stacking, certain regions
exhibit overlapping diffraction contrasts, making
phase discrimination challenging as circled in red
circle for reference. The crystallite size of the CaO
phase, as measured directly from TEM micrographs
using digital calipers, is determined to be 20.55 nm.
This value deviates significantly from the Scherrer
equation-based calculation (11.23 nm), which
derives crystallite dimensions from XRD peaks
broadening. The discrepancy arises because TEM
measurements reflect the actual physical grain
dimensions, whereas the Scherrer method estimates
the coherently diffracting domain size, typically
corresponding to the dimension of a single
crystalline unit or sub-grain within a polycrystalline
aggregate [61]. A similar trend is observed for the
Ca(OH),, and Ca;(POy4), phases within the
multiphase nanoparticles material, indicating that
grain agglomeration and polycrystallinity contribute
to the systematic overestimation of crystallite size
in direct TEM analysis relative to XRD-based
calculations.

3.3. FT-IR Analysis

This analysis was carried out using an Agilent
Technologies Cary 630 FT-IR spectrometer. As
shown in Fig. 2(f), the main absorption bands in the
FTIR spectrum closely match the reference peaks
for calcite (CaCOs3), and Ca(OH),. The broad O-H
stretching band near 3640 cm™ matches the
characteristic peak of Ca(OH), [62][63]. The
asymmetric CO5> stretching vibration at 1401 cm™,

and the out-of-plane bending mode at 872 cm™ are
consistent with those reported for calcite [64][65].
The band at 716, and 675 cm™, attributed to Ca—O
lattice vibrations, corresponds to modes previously
reported in both experimental and theoretical
studies of CaO-derived phases [66].

3.4. SEM Analysis

The multiphase nanoparticle material was
analyzed by SEM using a Zeiss EVO MA10 SEM-
EDS instrument. Fig. 3(a) presents SEM analysis
showing that calcination of chicken eggshell
powder at high temperatures induces particle
agglomeration due to increased surface energy,
which drives particle binding to minimize
thermodynamic instability. This can be mitigated by
mechanical or wet ball milling, reducing particle
size and disrupting agglomerates [67]. The resulting
porous morphology stems from CO, release during
CaCO; decomposition at 900 °C, forming CaO,
which hydrates to calcium hydroxide. Concurrently,
elevated temperatures soften materials lowering
Young’s modulus, yield strength, and promote grain
boundary mediated deformation, such as sliding and
diffusion. In contrast, lower temperatures suppress
dislocation activity, rendering grain boundary
migration critical for plastic deformation [68].

3.5. Particle Size Distribution Analysis

The particle size distribution of the multiphase
nanoparticles material was analyzed using a
Beckman Coulter Particle Size Analyzer. The
measurement conditions for particle distribution
analysis were carried out at a temperature of 25 °C,
using water as a dispersant, with a refractive index
of 1.3328, a viscosity of 0.8878, and a scattering
intensity of 11345. As shown in Fig. 3(b), the size
distribution analysis of the calcined eggshell
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powder ranged from 175 to 289 nm, with the size of
245 nm being 50% more dominant. The particle
size distribution is relatively larger than the size
known from XRD and TEM analysis due to the
agglomeration mechanism in the calcined powder.
The calcination process produced a variety of
crystal phases due to the thermal decomposition of
calcium carbonate in the eggshell. During this
process, the calcium carbonate in the eggshell
decomposes into calcium oxide, which reacts with
water. This causes van der Waals forces to form
between surface particles, which induce
agglomeration, resulting in a relatively large and
diverse particle size distribution in the observed
samples [69]-[71].

The reported hydrodynamic size reflects the as-
dispersed agglomerated state in the absence of post
synthesis deagglomeration. Future work could
employ  post-processing methods such as
ultrasonication or ball milling to disrupt these
agglomerates, reduce the effective particle size, and
enhance colloidal dispersion, thereby better aligning
the PSA results with the primary crystallite
dimensions observed by XRD and TEM. Such
approaches are particularly relevant for applications
demanding high specific surface area and uniform

nanoparticle  distribution, including catalysis,
environmental remediation, and nanocomposite
fabrication [70][71].

Uniform grain growth arises under conditions of
homogeneous grain boundary mobility, which is
typically achieved when the material exhibits a
narrow initial grain size distribution, uniform grain
boundary energy, and the absence of pinning agents
such as
Controlled thermal treatment,
moderate and consistent

impurities or second-phase particles.
particularly a

heating rate during

calcination, further promotes isotropic boundary
migration, preventing localized acceleration of
specific grains. These conditions collectively
suppress abnormal grain growth and ensure
microstructural homogeneity, which is essential for
optimizing mechanical integrity and functional
performance in polycrystalline ceramic systems,
including bioceramics derived from biogenic
sources such as eggshell [72][73].

3.6. DRS-UV Analysis

The band gap energy of the multiphase
nanoparticles material was analyzed using a DRS-
UV), specifically a Cary 60 instrument. As shown
in Fig. 4(c), the UV-vis analysis results were used
to calculate the bandgap energy through the Tauc
Plot method. As shown Fig. 4(d), the bandgap
energy value obtained for multiphase nanoparticles
5.9578 eV. This suggests that calcination product
showed insulating properties [74]. Furthermore, the
UV-vis analysis results showed a significant
absorption peak at 332 and 349 nm, suggesting the
presence of crystal defects in calcined chicken
eggshell powder. Crystal defects. and strain arising
during pore formation often introduce structural
imperfections that create energy levels within the
band gap, thereby altering the material’s optical and
electronic properties. The defects reduced the purity
of crystal phase, as shown by the observed
variations in particle size from SEM and PSA
analyses. The formation of electron-hole pairs due
defects
properties, leading to a more semiconductor-like
behavior, which may enhance photocatalytic

to crystal could alter the material's

activity and influence charge carrier dynamics in
energy-related applications [75]-[77].
The wide bandgap of 5.96eV confirms the

Table 5. Descriptive statistics of antibacterial activity.

Parameters Multiphase nanoparticles 20 pg/disk* Positive control SAM 20**
Number of replicates 6 1

Positive response rate 3/6 (50%) 1/1 (100%)

Mean inhibition zone = SD 10.06 + 0.02 mm 23.04 mm

Median (entire dataset) 5.02 mm 23.04 mm

Data range 0—10.08 mm -

Activity category Weak - Intermediate Strong

*(n=6); ** (n=1)
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Figure 7. Antibacterial assays of multiphase nanoparticles against ECC (cf. Enterobacter hormaechei),
(a) Disk diffusion setup pre-incubation: SAM 20 control (n = 1, left), and nanoparticle disks (n = 6, right).

(b) Post-incubation results: inhibition zones measured for descriptive statistical analysis, (¢) MIC assay
setup pre-incubation: serial nanoparticle dilutions in broth. (d) Post-incubation MIC results: turbidity in all
tubes indicates bacterial growth at all tested concentrations (MIC > maximum concentration evaluated).

insulating nature of themultiphase nanoparticles,
indicating that it is not photoactive under natural
light not photoactive under natural sunlight, which
predominantly consists of photons with energies
<3.1 eV (corresponding to wavelengths >400 nm)
[70][78]. Therefore, any observed antibacterial
activity is not due to photocatalysis, but likely
stems from the release of Ca’" and OH™ ions, which
can disrupt bacterial membranes and create an
alkaline microenvironment hostile to microbial
growth. Thus, the bandgap value primarily reflects
the material’s electronic i
antibacterial mechanism [59].

structure, not 1its

3.7. Isolation, Identification, and Pathogenicity
Testing

Fig. 4(a) is the result of Gram staining of
bacteria grown in nutrient broth culture. The results
show that there are three bacteria morphology,
namely short Gram-negative rods, long Gram-
negative rods, and long Gram-positive rods.
Furthermore, Fig. 4(b) provides information on the
characteristics of bacteria colonies in MacKonkey
agar culture, namely the first colony is irregular,
pink, large, serrated, and convex. The second
colony is round, pink, medium, flat, and convex,
while the third is round, pink, small, flat, and
convex. Fig. 4(c) and 4(d) show characteristics of
bacteria colonies in NAP culture which appear to

produce yellow pigments, showing the presence of
suspect bacteria [79].

As previously mentioned, the initial hypothesis
of this study was that the bacterial isolate belonged
to Xoo; therefore, identification was performed
using PCR with species-specific primers. However,
PCR analysis yielded no detectable amplicon
corresponding to Xoo, leading to the conclusion
that this isolate is not Xoo. Consequently,
identification was further pursued through 16S
rRNA gene sequencing. The 16S rRNA gene is
highly conserved, universally present in all
prokaryotes, and evolves at a slow rate [80], making
it a reliable molecular marker for taxonomic
classification and phylogenetic inference at the
genus and species levels.

This molecular marker enables reliable genus-
level identification, especially when phenotypic
traits are ambiguous. Comparative alignment
against curated databases by NCBI, ensures precise
taxonomic assignment. Given the isolate’s atypical
PCR result, 16S rRNA sequencing provides a
hypothesis-free method to determine its identity.
The sequence will undergo basic local alignment
search tool (BLAST) analysis to identify closest
relatives, followed by phylogenetic tree
construction. The hypervariable regions within the
16S rRNA gene enable differentiation at the species
level [81]. As indicated in Table 3, the DNA
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template used for 16S rRNA gene amplification via
PCR exhibited a concentration of 177.9 ng/uL. and
high purity ratios (A260/280 = 1.93; A260/230 =
2.23). These values indicate that the template DNA
is of high quality, thereby ensuring the accuracy
and reliability of subsequent sequencing results.

Fig. 5(a) presents the agarose gel electrophoresis
results, demonstrating both the quality of the DNA
template used and the integrity of the PCR-
amplified products. A distinct, well-defined band is
visible in both the test sample and the positive
control, while no amplification is observed in the
negative control confirming the specificity and
absence of contamination in the reaction. The PCR
amplification of the 16S rRNA gene yielded a DNA
fragment of 1,394 bp in length, which corresponds
closely to the expected size for bacterial 16S rRNA
genes (~1,500 bp) [82]. This slight deviation may
reflect primer binding site variation or partial gene
amplification but remains within acceptable limits
for downstream sequencing. The high yield and
purity confirm optimal PCR conditions, ensuring
reliable subsequent
phylogenetic analyses.

The PCR amplification of the 16S rRNA gene
yielded a DNA fragment of 1,394 bp in length,
which corresponds closely to the expected size for
bacterial 16S rRNA genes (~1,500 bp) [83]. This
slight deviation may reflect primer binding site
variation or partial gene amplification but remains

taxonomic resolution in

within  acceptable limits for  downstream
sequencing. The high yield and purity confirm
optimal PCR conditions, ensuring reliable

taxonomic resolution in subsequent phylogenetic
analyses. This finding, the high fidelity and
appropriate size of the 16S rRNA amplicon
underscore its suitability for accurate phylogenetic
classification, thereby providing a robust molecular
foundation for the taxonomic identification of the
target and its

Gram-negative isolate

contextualization among known plant-pathogenic
bacteria. within Xanthomonadaceae, 16S rRNA
conservation enables genus-level but not species-
level identification.

Table 4 presents the BLAST analysis results of
the 16S rRNA sequence from the “Djayasinga”
isolate. Among the top 10 matches, all hits
correspond to the genus Enterobacter. The highest
sequence identity (99.86%) was observed with
Enterobacter hormaechei strain K-9 (accession no.
OR708652.1), as well as other strains such as FF26
and FF20. The high percent identity (>99.7%)
strongly supports the classification of this isolate as
closely related
According to established taxonomic thresholds, a
16S rRNA sequence similarity of >97.5% is
generally considered indicative of species-level
identity [83][84].

However, for definitive species identification,

to Enterobacter hormaechei.

additional genomic or phenotypic analyses (e.g.,
whole-genome sequencing or multilocus sequence
typing) are recommended, as 16S rRNA gene
similarity alone may not resolve closely related
species within the genus Enterobacter. These
results strongly suggest that the ‘“Djayasinga”
isolate can be classified as ECC (cf. Enterobacter
hormaechei). To the best of our knowledge, this is
the first report indicating that members of the genus
Enterobacter are associated with bacterial leaf
blight in rice plants in Indonesia. The initial
hypothesis that the isolate belongs to Xanthomonas
oryzae was tested by restricting BLAST searches to
Xanthomonas oryzae sequences; however, the
maximum sequence identity obtained was only
~92.6% with Xanthomonas. oryzae pv. oryzae
(query cover <97%). This value falls significantly
below the established species-level identity
threshold, confirming that the “Djayasinga” isolate
does not belong to the genus Xanthomonas (Fig. 5).

Further pathogenicity testing following Koch’s

Figure 8. (a) Inhibition zones on MHA cultures; (b, ¢) pH measurements within the inhibition zones;
(d, e) pH measurements of the multiphase nanoparticles material.
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Figure 9. Diagram Schematic illustration of multiphase nanoparticles for sustained antibacterial ion release.

postulates are required to confirm the causal role of
this isolate in rice leaf blight symptoms. The
phylogenetic tree places the “Djayasinga” isolate
within a well-supported clade alongside ECC, and
in close proximity to Enterobacter cloacae DSM
30054, within the
Enterobacter  cloacae complex (Fig. 4(b)).
Members of the ECC are notoriously difficult to
distinguish based solely on 16S rRNA gene
sequences due to their high intra-complex genetic

reflecting its placement

similarity [84]. Consequently, accurate species

delineation within the Enterobacter cloacae
complex necessitates complementary approaches
such as multilocus sequence analysis (MLSA),
whole-genome sequencing, or phenotypic profiling.
These integrative methods overcome the limited
resolution of 16S rRNA sequencing and are
essential for reliable identification, ecological
interpretation, and assessment of potential
pathogenicity in plant-associated isolates [85].
Pathogenicity testing confirmed that the bacterial
isolate, identified via 16S rRNA gene amplification,
fulfilled the criteria as the causal agent of bacterial
blight in rice, consistent with modern Koch's
postulates. Characteristic symptoms manifested as
progressive chlorosis originating from the leaf
margins and expanding into the lamina over a 6-day
period post-inoculation (Fig. 4(e) — 4(f)). These
symptoms align with the pathogenicity mechanisms
of Gram-negative bacteria, involving chlorophyll

metabolism  disruption and oxidative stress
induction in plant tissues [86].

In contrast, the negative control treatment using
E. coli exhibited no yellow chlorosis; instead, local
black necrosis was observed at the inoculation sites
(Fig. 4(g) — 4(h)). This distinct pathological
response indicates that the specific chlorotic
symptoms in the test treatment were not attributable
to mechanical wounding effects or a general
response to foreign microbes, but rather resulted
from a specific interaction between the isolate's
and the rice plant's physiological
susceptibility. The necrotic phenotype observed in

virulence

the E. coli control likely reflects a plant defense
death
(hypersensitive response) against a non-pathogenic
microbe, as reported in incompatible plant-microbe

response involving programmed cell

interactions [87].

3.8. Antibacterial Activity Assay

In Fig. 6(a), the yellow arrow indicates the
localization of the multiphase nanoparticle material
on bacteria inoculated onto MHA culture medium.
Subsequently, Fig. 6(b), marked with a red arrow,
shows the formation of an inhibition zone around
the multiphase nanoparticle material.
Subsequently,
examined SEM, yielding Fig. 6(c), in which the
blue circle delineates viable bacteria exhibiting a
tendency to form clustered rod-shaped aggregates

bacteria from Fig. 6(b) were
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originating from the region outside the inhibition
zone.

In contrast, Fig. 6(d) highlighted by the black
circle reveals rod-shaped bacteria that appear more
dispersed, and display significant morphological
alterations, including cellular swelling, indicative of
structural damage. Based on the morphological
differences between bacterial cells in Fig. 6(c) and
6(d), the observed cellular damage within the
inhibition zones is strongly attributed to extreme
alkalinity (pH ~12) mediated by OH™ ion release
from the Ca(OH): and CaO matrix. The resulting
alkaline microenvironment can disrupt bacterial
membrane integrity, denature proteins, and inhibit
essential enzymatic activities, ultimately leading to
cell death [88]. Ca*" ijons are documented to
stabilize Gram-negative outer membranes via LPS
bridging. Thus, Ca®" release and reactive oxygen
species (ROS) generation from CaO are considered
secondary mechanisms reinforcing the biosidal
effect, rather than serving as primary drivers. The
specific Ca>" warrants further inverstigation through
Ca’* modulation experiments or pH-mathced
controls in future studies [89].

The
nanoparticles against ECC was evaluated using disk
diffusion and broth microdilution assays. As

antibacterial activity of multiphase

informed in Table 5, In the disk diffusion assay,
disks impregnated with nanoparticles (20 pg/disk, n

= 6) were prepared alongside a positive control
(SAM 20, n = 1) (see Fig. 7(a)). Post-incubation
observations revealed variable inhibition zones
around the nanoparticle disks (Fig. 7(b)), with
descriptive analysis indicating a response rate of
50% (3 out of 6 replicates). Among the positive
replicates, the mean inhibition zone was 10.06 =+
0.02 mm, whereas the median for the entire dataset
was 5.02 mm (range: 0—-10.08 mm). In comparison,
the positive control yielded a consistent inhibition
zone of 23.04 mm, confirming the susceptibility of
ECC.

For the MIC assay, serial dilutions of multiphase
nanoparticles (2-100 pg/mlL) were prepared in
BHIB media (Fig. 7(c)). Post-incubation results
showed uniform turbidity across all test tubes
containing nanoparticle dilutions (Fig. 7(d)),
indicating  bacterial growth at all tested
concentrations (MIC > 100 pg/mL). Positive and
negative controls validated the assay conditions.
The synthesized multiphase nanoparticles exhibited
limited antibacterial potential against ECC, with the
mean inhibition zone of positive replicates reaching
approximately 44% of the standard antibiotic
control (SAM 20). However, the inconsistent
activity observed (50% response rate; Fig. 7(b))
likely reflects the limited diffusion properties of
insoluble calcium-based nanoparticles within the
agar media. Unlike soluble antibiotics that diffuse

a. b. » cs €. spectrum: 1 d.

Element Series unn. C norm.

\ [wt.3] [wt.$]

‘ Y Oxygen K-series 0.33 6.02

Hydrogen K-series 4.57 83.32

o - 5 Phosphorus K-series 0.47 8.66
|l -8 L Calcium K-series 0.11 2.00

Figure 10. SEM—EDS analysis of calcium-rich multiphase nanoparticles against ECC (cf. E. hormaechei),
(a) SEM image showing nanoparticle-induced damage with EDS point analysis; (b,c) magnified regions
linked to (a); (d) EDS spectrum from a single treated cell; (e-h) EDS elemental maps showing spatial
distribution of Ca. and other elements on cells from the inhibition zone.
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readily, bioactive ions (Ca*, OH") from the
eggshell-derived matrix require gradual dissolution,
potentially resulting in heterogeneous distribution at
the disk-agar interface [90]. This diffusion
limitation is further supported by the MIC assay
results, where turbidity across all dilutions (Fig. 7
(d)) indicated no inhibitory effect within the tested
concentration range (MIC > 100 pg/mL). The
discrepancy between disk diffusion (partial
activity), and MIC (no activity) suggests that the
highly localized concentration of nanoparticles at
the disk-agar interface may allow for limited ion
release, whereas dispersed concentrations in broth
(2-100 pg/mL) were insufficient to achieve a
bacteriostatic effect. These findings indicate that
although the material possesses inherent
antibacterial properties, its efficacy is constrained
by solubility and dispersion factors. Future
optimization of particle dispersion,
functionalization, or alternative delivery methods
may be required to enhance reproducibility and
potential for clinical applications [91].
Subsequently, pH measurements of the MHA
medium before and after Dbacterial

surface

culture

inoculation revealed a shift toward alkaline
conditions, with the pH increasing from 7 to 8. In
contrast, the multiphase nanoparticles material
exhibited a markedly higher alkalinity, with a pH of
12, as previously shown in Fig. 8. This alkaline
shift in the bacterial culture medium following
nanoparticle exposure suggests the release of basic
species particularly OH™ ions from the nanoparticle
matrix into the surrounding environment [92]. Such
pH elevation is a well-documented antibacterial
mechanism of calcium-based nanomaterials (e.g.,
CaO and Ca(OH),), as it can disrupt bacterial
membrane integrity, denature proteins, and interfere
with essential enzymatic activities,

leading to cell death.

ultimately

The sustained alkaline microenvironment likely

contributes  significantly to the observed
antibacterial efficacy against Gram-negative
pathogens, reinforcing the role of pH modulation as
a key factor in the bioactivity of eggshell-derived
multiphase nanoparticles [93].

Fig. 9 presents a schematic illustration of the
multiphase nanoparticles, conceptually
summarizing the interconnected mechanisms

underlying sustained antibacterial ion release.

Specifically, f-TCP serves as a structural matrix for
Ca(OH),, and CaO nanoparticles, enabling
sustained ion release during biodegradation and
thereby supporting prolonged antibacterial activity,
primarily via OH~ delivery [94]. Ca(OH),
nanoparticles elevate the local pH, compromising
the integrity of both the outer and cytoplasmic
membranes of Gram-negative bacteria and
destabilizing periplasmic proteins. Their nanoscale
dimensions further facilitate penetration through
porins in the lipopolysaccharide layer, enhancing
antimicrobial efficacy. Meanwhile, CaO
nanoparticles exert bactericidal effects through Ca**
release and the generation of reactive oxygen
species (ROS), which induce oxidative damage to
membrane lipids, proteins, and bacterial DNA,
ultimately  triggering cell lysis  [59][95].
Collectively, the antibacterial action of multiphase
nanoparticles mediated through sustained Ca®" and
OH’ release, localized alkalization, and secondary
oxidative stress demonstrates efficacy comparable
to or potentially advantageous over other green-
synthesized metal oxide nanomaterials [96]. For
instance, ZnO nanoparticles typically rely on Zn**
inhibit
phytopathogens such as Xanthomonas spp, yet their
activity can be pH-sensitive and less persistent in

dissolution and ROS generation to

neutral environments [97]. In contrast, the pH-
buffering capacity and ion-release kinetics of Ca-
based phases offer enhanced stability and prolonged
antimicrobial activity under diverse environmental
conditions.

As shown in Fig. 10(a) — 10(d), the SEM-EDS
spectra and corresponding elemental mapping of
bacterial cells reveal the presence of trace elements
originating from the multiphase nanoparticle
material, with the following atomic percentages:
oxygen (6.02%), hydrogen (83.32%), phosphorus
(8.66%), and calcium (2.00%). These results
confirm the incorporation of key constituents of the
multiphase nanoparticles into the bacterial cell
environment. This information is relevant to the
analysis result using the XRD method, which
identifies the presence of multiphase nanoparticles
in the form of crystal phases such as Ca(OH),, CaO,
and S-TCP.

Fig. 10(e) — 10(h) indicates a stratified structure
or tiered distribution of these elements within
nanoparticles multiphase. Calcium occupying a
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lower position likely indicates that calcium acts as a
basic matrix or a deeper part of the material
structure (Fig. 10(f)), while oxygen is distributed
more widely, indicating that oxygen is an element
closely related to various components in
nanoparticles multiphase (Fig. 10(g)). Phosphate,
which is more concentrated in the upper part, may
indicate the presence of mineral phosphate deposits
or accumulation on the surface or in certain layers
(Fig. 10(h)). Furthermore, hydrogen (H) could not
be detected using EDS instrument because the
atomic number is low. The characteristic X-rays
emitted by hydrogen are below the detection limit
of the SEM-EDS Mapping system [98]. Through
FTIR analysis, hydrogen was confirmed as the OH
group at wavenumber of 3637 cm™, also XRD
analysis showed the crystal phase of Ca(OH),, and
the hexagonal shape of Ca(OH), from the TEM
analysis results.
4. CONCLUSIONS

This study successfully synthesized and
characterized multiphase nanoparticles derived
from chicken eggshell waste through a stepwise
process.  Quantitative  Rietveld
refinement of XRD data confirmed the presence of
three crystalline phases: Ca(OH), (57.25 + 1.2
wt%), CaO (10.34 = 0.8 wt%), and B-tricalcium
phosphate (B-TCP, 4.70 £ 0.5 wt%). The remaining
~27.71 wt% is attributed to amorphous content and/

calcination

or minor crystalline phases below the detection
limit of XRD (~2-5 wt%). This amorphous fraction
with  the
decomposition synthesis route, which can generate

is  consistent mechanical-thermal
non-crystalline calcium carbonate residues or
disordered surface layers on nanoparticle surfaces.
The crystalline phases exhibited nanoscale
dimensions of 11-31 nm (XRD) and 20-23 nm
(TEM), alongside agglomerated  particle
distributions ranging from 175 to 289 nm (PSA).
Comprehensive structural (XRD, TEM, SEM),
optical (UV-DRS, bandgap: 596 ¢V), and
functional (FTIR, EDS) characterizations confirmed
the presence of O-H, Ca-O, and PO,* functional
groups, which contribute to the material's structural
this
sustainable nanomaterial offers a viable solution for
environmentally friendly agricultural disease

stability and bioactivity. Consequently,

management strategies implemented across diverse
farming regions worldwide. The multiphase
nanoparticles demonstrated antibacterial potential
against bacterial isolates associated with rice leaf
blight symptoms in Lampung, identified via 16S
rRNA sequencing and BLAST analysis as
Enterobacter Cloacae Complex (ECC) (cf. E.
hormaechei) with 99.86% identity, rather than
Xanthomonas oryzae as initially presumed. The
antibacterial mechanism is primarily attributed to
OH -mediated alkalinity (pH ~12), which disrupts
bacterial cell membranes and induces oxidative
stress, as evidenced by morphological alterations
observed within inhibition zones. The contribution
of Ca*" release is considered secondary, consistent
with the documented membrane-stabilizing role of
divalent cations in Gram-negative bacteria. The
spatially graded distribution of Ca, O, and P
elements (EDS mapping), coupled with the role of 3
-TCP as a potential controlled ion-release matrix,
further reinforces the potential of this material as a
sustainable antibacterial agent for eco-friendly
agricultural applications. Future studies employing
whole-genome  sequencing, and pH-matched
controls are recommended to further delineate
species-level taxonomy and mechanistic pathways.
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