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Abstract:

Euphorbia hirta is a novel medicinal plant with clinical applications that demonstrate
antimicrobial, anti-inflammatory, and anticancer activity. Precisely, the state of the art of
this plant has been extensively explored within the context of nanotechnology and its
advancements. The all-inclusive efficiency of this plant can be achieved by incorporating
metal nanoparticles. In this current study, plant extract-incorporated Mesoporous
Bioactive Glass Nanoparticles (MBGNs) were prepared and characterized for controlled
delivery toward diabetes Treatment. Moreover, a novel and holistic approach based on
the synthesis, functionalization, and biological characterization of Euphorbia hirta-loaded
MBGNSs to evaluate their structural integrity and antibacterial efficacy was employed.
MBGNSs were synthesized via a sol-gel method, functionalized using APTES, and
subsequently loaded with Euphorbia hirta extract. Structural characterization using SEM,
EDX, FTIR, and XRD was performed, and a significant zone of inhibition was achieved to
execute antibacterial activity. MBGNs exhibited notable antibacterial activity, particularly
against S. aureus and A. baumannii. However, functionalization and extract loading led to
poor antibacterial activity, likely due to hindered ion release and altered surface
interactions. While Euphorbia hirta-loaded MBGNs demonstrate structural and chemical
stability, surface modifications may compromise antibacterial activity. These findings
emphasise the importance of striking a balance between structural alteration and
functional performance. These results provide valuable insights for designing and
scoping the development of multifunctional nanocarriers in biomedical applications,
particularly for diabetes wound healing and localized antimicrobial therapies.
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Introduction

MBGNSs are bioceramics typically synthesised
within the glass network system made of calcium
silicate, owing to their large surface areas. MBGNs
feature a highly ordered network of channel-like
mesopores, typically 5-20 nm in diameter, along with
substantial pore volume. Unique mesostructured
nanoparticles have proven to be a promising platform
for drug and biomolecule delivery[1, 2]. Specifically,
subsequent hydrolysis and condensation resulted in the
formation %of MBGs, a significant precursor of silicate.
Importantly, the ion-release profile of MBGs can play a
critical role in the micro-environment of diabetic ulcers,
where impaired healing is often a challenge. The
controlled release of therapeutic ions can enhance
bioactivity and potentially improve wound-healing
outcomes in patients with diabetes [3].

MBGNSs exhibit rapid bioactivity. This is
mainly due to the release of large amounts of silicon
(Si**) ions. The release of calcium (Ca?) ions also
supports cell proliferation and enhances osteogenic
activity. These properties make MBGNs highly
effective in bone regeneration and related applications.
For example, MBGNs with dimethyl oxalyl glycine
show angiogenic activity in stem cells. Doxorubicin-
loaded MBGN s serve as a potential anticancer agent [4,
5].

Materials and Methods

Formation of MBGN's nanoparticles

Mesoporous Bioactive Glass Nanoparticles
(585) were made from an optimised composition of
5i02:Ca0O:P205 (58:37:5 (weight ratio)). The synthesis
used a sol-gel-modified co-precipitation technique.
Ethanol was mixed with 21 mM Tetraethyl orthosilicate
(TEOS) at pH 2 and stirred at 400 rpm for 20 min.
Calcium hydroxide solution (13 mM) was then added
to the TEOS solution. The mixture was combined with
ammonium dibasic phosphate (1.72 mM) while
maintaining a pH of 11, as monitored with a calibrated
pH meter. After stirring for 48 hours, the precipitates
were collected and filtered. The samples are washed
and stored at 60 °C. Further calcination at 680°C
produced dried MBGNSs [12].

Collection of plant material

Leaves from Euphorbia hirta were collected and
thoroughly washed with deionised water. They were
dried at 37°C, then pulverised using a mechanical
grinder. The fine powder was separated and stored at
room temperature [13].

Plant extraction method

The plant extract solution was prepared by
mixing 20 g of fine powder with absolute ethanol and

Nanosized pharmaceuticals have shown strong
antibacterial and antifungal properties. This makes
them suitable for inclusion in medical devices such as
bone cements, surgical instruments, and wound
dressings. Silver nanoparticles (AgNPs) have recently
shown antiviral activity against infectious viral
particles. However, the clinical use of these
nanoparticles raises concerns. Specifically, AgNPs
exhibit high cytotoxicity toward mammalian cells,
limiting their safe use in medicine. As a result, while
antibacterial applications have developed rapidly,
antiviral nanoparticle therapies are limited by safety
issues [6-10].

As a potential alternative, Euphorbia hirta offers
significant antimalarial, antifungal, antifertility,
antispasmodic, sedative, anti-asthmatic, anthelmintic,
and antibacterial properties [11]. Hence, in this study,
we have functionalized the ethanolic extract of
Euphorbia  hirta with amino-group-functionalized
MBGNSs (58% SiO2, 37% CaO, 5% P205) to evaluate its
antibacterial activity. We hypothesized that the amino-
functionalization would improve the efficacy of the
extract by enhancing its stability and bioavailability,
thereby facilitating a more efficient delivery of its
antibacterial properties. This hypothesis guided our
approach to the preparation and characterization of the
functionalized MBGNs .

incubating overnight at -4°C. The solution was
subsequently agitated and filtered through Whatman
filter paper and stored [14].

Surface functionalization of MBGNs with
Euphorbia hirta extract

The MBGN surface's amino group was
functionalized with (3-aminopropyl) triethoxysilane
(APTES). Pure MBGNs were segregated by
centrifugation at 13,000 rpm for 30 min in a 95% acetone
solution. Following activation with acetone, 25 mg of
MBGNs were dispersed in 25 mL of 95% ethanol. The
functionalized nanoparticles were isolated through
centrifugation and then dried for further analysis [15].

The slow stirring of Euphorbia hirta with
MBGNs yielded a composite of plant-incorporated
MBGNSs. Specifically, 5 mg of dried extract was
dissolved in 5 ml of ethanol (10% V/V) for 24 h. Next,
the solution was subjected to ultrasonic treatment for 5
min with 50 mg of Mesoporous bioactive glass
nanoparticles. Subsequently, the solution was stirred at
400 rpm for a specific duration. Finally, the product was
centrifuged at 2000 rpm and dried under ambient
conditions. The maximum loading efficiency of
Euphorbia hirta constituents onto the MBGNs was

https://www.aubiomed.org
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anticipated, providing a crucial metric for correlating
with the biological activity observed later in the study
[16].

Characterization

Scanning Electron Microscope

The morphological variation and formation of
mesoporous bioactive glass nanoparticles (MBGNs)
were confirmed using Field Emission Scanning Electron
Microscopy  (FE-SEM)  after  synthesis  and
functionalization with Euphorbia hirta extract, and the
results were compared with those of the unmodified
control sample.

Structural and chemical analysis

The elemental composition of mesoporous
bioactive glass nanoparticles (MBGNSs) was analysed by
energy-dispersive ~ X-ray  spectroscopy  (EDX).
Furthermore, the functional group interactions and
complex formation between MBGNs and Euphorbia
hirta extract were confirmed by Fourier Transform
Infrared Spectroscopy (FTIR). The FTIR spectra were

Results

Morphological analysis - Scanning Electron
Microscope

The SEM images in Figure 1 (a-c), Figure 2 (a-
), and Figure 3 (a-c) depict MBGNs, Functionalized
MBGNs, and Euphorbia hirta-loaded MBGNs at
varying magnifications. It is clear from these
micrographs that the MBGNSs exhibit spherical particles
with rough, mesoporous structures, as noted [17, 18].
The formation of these spherical particles is
significantly affected as a function of the difference in
the reaction mixture and pH conditions [12]. Upon
loading the MBGNs with Euphorbia hirta extract, a
notable change in morphology occurs. At a 300 nm

recorded in absorbance mode over the range 4000-650
cm’. In addition, X-ray diffraction (XRD) was
performed to investigate the structural characteristics
and phase composition of MBGNSs.

Antibacterial activity

The antibacterial activity of MBGN,
functionalized MBGN, and Euphorbia hirta-loaded
MBGN was evaluated using the agar well diffusion
method against Staphylococcus aureus, Acinetobacter
baumannii, Escherichia coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa. Control samples containing
silver nanoparticles (0.5-10 mg/mL) were incubated
overnight. The zone of inhibition (in mm) produced
against the test microorganisms was recorded and
compared with the control zone.

Statistical Analysis

The experiments were performed in triplicate;
all results are represented as mean, standard deviation,
and standard error.

scale, the Euphorbia hirta-loaded MBGNs exhibit
increased roughness compared to unloaded MBGNs
and functionalized MBGNSs. This uneven, denser
morphology likely results from the presence of
bioactive material, as observed in the Euphorbia hirta-
loaded samples. The altered surface characteristics
suggest the formation of surface layers upon loading
functionalized MBGNSs, resulting from the interaction
between the plant extract and the nanoparticle surface.
These changes in surface morphology could enhance or
inhibit ion release and, in turn, affect cell adhesion
properties, thereby influencing the biological
functionality of MBGNs in therapeutic applications.

Sorat.
Wo=66mm  Mag= WO 66 mm

Figure 1. (a-c) SEM images of Mesoporous Bioactive Glass Nanoparticles.

Time: 144436

Wo= 67mm

Figure 2. (a-c) SEM images of Functionalized Mesoporous Bioactive Glass Nanoparticles.
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Chemical analysis

EDX

Figure 4 (a-c) displays the EDX spectra of
synthesised MBGNSs, functionalized MBGNs, and
Euphorbia hirta-loaded mesoporous bioactive glass
nanoparticles, confirming the traces of Si, Ca, and P in

P Progect | M Samgie | Ares 730 | Full Avma 1

Ha) = [

Figure 3. (a-c) SEM images of Euphorbia hirta loaded with Mesoporous Bioactive Glass Nanoparticles.

the prepared nanoparticle system. The chemical
composition was calculated based on the obtained
atomic ratios and is shown in the table in Figure 4(a-c).
The amalgamation of Si, Ca, and P has a redefined
crystallised elemental group when compared with the
control MBGN.

Element Weight %
oK 53.30
Mg K 0.76
SiK 2147
PK 7.85
Cak 16.62
Element Weight %
oK 53.98
Mg K 0.83
SiK 2430
PK 6.62
Cak 14.27
Element Weight %
CK 12.16
oK 52.45
SiK 2193
PK 448
aK 0.26
Cak 8.73

Figure 4. EDX spectra of (a) MBGN, (B) Functionalized MBGN, (C) Euphorbia hirta —loaded MBGN.

Functional analysis

The functional annotation of MBGNs by
APTES was confirmed using FTIR. In the literature,
bands observed at 1067 c¢cm-1 and 1030 cm-1 are
attributed to MBGNSs containing manganese and
magnesium [19] [20]. These findings have a good
correlation with the literature. An intense peak
observed at 1028 cm-1, 1021 cm-1, and 1028 cm-1 for 58s
MBGN, functionalized 58s MBGN, and Euphorbia hirta-

loaded 58s MBGN, respectively, corresponds to Si-O-Si
asymmetric stretching vibrations. Additionally, a
shallow band at 693 cm-1 was observed in both
functionalized 58s MBGN and Euphorbia hirta-loaded
58s MBGN, confirming the successful incorporation of
functional groups via APTES. FTIR spectra of MBGN,
functionalized MBGN, and Euphorbia hirta-loaded
MBGN are shown in Figure 5.

https://www.aubiomed.org



https://www.aubiomed.org/

Sowmiya et al.

Australian Journal of Biomedical Research. 2026,2(1):aubm015

2318 2124
58SE 3175 2937
8
g
b=
g
B
A
1028
T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Figure 5. FTIR spectra of MBGN, Functionalized MBGN, and Euphorbia hirta-loaded MBGN.

XRD Analysis

Figure 6 illustrates the XRD patterns of MBGNs
functionalized with Euphorbia hirta extract. The absence
of sharp diffraction peaks in all samples confirms their
amorphous nature. A broad diffraction halo observed
between 30° and 35° (20) is characteristic of the
disordered atomic arrangement typical of glassy

materials. The shallow diffraction peak confirmed the
amorphous nature of functionalized MBGNs and
Euphorbia hirta-loaded MBGNs with no crystalline
peaks. indicating that neither surface functionalization
nor extract loading altered the inherent amorphous
structure of the MBGNSs.
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Figure 6. XRD patterns of MBGN, Functionalized MBGN, and Euphorbia hirta-loaded MBGN.

Antibacterial activity
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The MBGN exhibited marked antibacterial
activity, particularly at higher concentrations. MBGN
effectively inhibited Staphylococcus aureus with a zone of
inhibition measuring 28 + 0.5 mm at 20 pg/mL, and
Acinetobacter baumannii with an inhibition zone a 14 *
0.5 mm at 30 pg/mL. In contrast, Escherichia coli and
Klebsiella pneumoniae showed an inhibition zone of 16 +
0.4 mm at 30 pg/ml and 12 + 0.5 mm at 20 ug/ml,
respectively (Table 1). However, the antibacterial
efficacy  significantly = decreased wupon surface
functionalization of MBGN. At a concentration of
30pug/ml, functionalized MBGN demonstrated only
moderate inhibition against S. aureus 18 + 0.2 mm and
weak inhibition against A.baumannii 10 + 0.6 mm. This
reduction can be attributed to surface modifications
that potentially hindered direct bacterial interaction.

MBGN functionalized with Euphorbia hirta
extract displayed moderate and concentration-
dependent antibacterial activity. Against S. aureus, the
inhibition zone increased from 11 + 0.4 mm at 20 ug/ml
to 15 + 0.3 pg/ml, suggesting comparatively low

activity. (Table 1) Antibacterial activity of MBGN,
Functionalized MBGN, and Euphorbia hirta-loaded
MBGN against selected bacterial strains. The inhibition
zones for both functionalized and Euphorbia hirta-
loaded MBGN (Figure 7) did not exceed 10 mm against
K.pneumoniae, confirming limited effectiveness against
this Gram-negative strain.

Notably, the K pneumoniae  isolated
demonstrated the highest resistance, as neither
functionalized MBGN nor Euphorbia hirta-loaded
MBGN exhibited significant antibacterial activity.
Similarly, no inhibitory effect was observed against
Pseudomonas aeruginosa across all MBGN formulations.
It is important to note that the agar diffusion assay
employed in this study might underestimate
antibacterial efficacy, particularly for Gram-negative
bacteria, due to its limitations in determining the
minimum inhibitory concentration. Future work
should incorporate MIC and MBC assays to provide a
more quantitative evaluation of antibacterial
performance.

Table 1. Comparative Antibacterial activity of MBGN, Functionalized MBGN, E. hirta-loaded MBGN

against selected pathogens

Contro Zone of Inhibition (mm)
Micro L
S.No Organisms (Strept MBGN Functionalized MBGN loaded
omycin MBGN with Euphorbia hirta
20ug) 20ug  30ug 20ug 30ug 20ug 30ug
1 Staphylococcus 30 28+0.5 28+0.4 No Zone 18+0.2 11+0.4 15+0.3
aureus
2 Acinetobacter 14 No 30+0.5 No Zone 10+0.6 No 11+0.3
baumannii Zone Zone
3 Escherichia coli 26 No 16+0.4 No Zone 10+0.4 No 10+0.2
Zone Zone
4 Klebsiella 35 No 12+0.5 No Zone No Zone No No Zone
pneumoniae Zone Zone
5 Pseudomonas 18 No No Zone No Zone No Zone No No Zone
aeruginosa Zone Zone

(-) — denotes no zone of inhibition observed, indicating that the sample showed no antimicrobial activity.

Figure 7. Antibacterial activity of MBGN (A), Functionalized MBGN (B), and Euphorbia hirta-loaded MBGN

(C) for S. aureus.

https://www.aubiomed.org
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Discussion

Euphorbia hirta is a wholesome medicinal herb
rich in flavonoids, tannins, terpenoids, quercetin,
luteolin, and gallic acid. The repurposing of synthesised
metallic nanoparticles using Euphorbia hirta has been
extensively studied, but its incorporation into
mesoporous silica frameworks has not. Additionally,
mesoporous bioactive glasses offer a potential delivery
vehicle for therapeutic molecules via pore loading or
surface functionalization. Hence, in this study,
Euphorbia hirta was functionalised with MBGNs and
characterised to assess their biological properties. The
spherical morphology and mesoporous surface
architecture of the synthesised MBGNs are consistent
with prior reports by Kang et al[18] and Firuzeh et
al[17]. Moreover, the study emphasises that pH and
hydrolysis rates significantly influenced particle
formation during the nucleation and growth phases,
which likely explains the observed uniformity and
sphericity. Euphorbia hirta-loaded MBGNs exhibit
markedly increased surface roughness and particle
aggregation. These alterations may be attributed to the
deposition of organic phytoconstituents from the plant
extract onto the nanoparticle surface, forming a
heterogeneous bio-coating. The denser surface texture
suggested physical adsorption or chemical interactions
between the hydroxyl groups of MBGNSs and bioactive
moieties in Euphorbia hirta, potentially enhancing the
nanoparticles” biological interface properties.

EDX Analysis revealed the presence of silicon
(5i), calcium (Ca), and phosphorus (P), with consistent
elemental content before and after functionalization.
The strong bands at ~1028-1030 cm™ in all three sample
groups are characteristic of asymmetric Si-O-Si
stretching vibrations, indicating that the silicate
network remains intact. The faint bands at ~790 cm™
and ~693 cm™, observed exclusively in functionalized
and Euphorbia-loaded samples, are attributed to Si-O
symmetric stretching and possibly Si-O-C bonding
introduced via APTES-mediated functionalization.
These spectral shifts validate the successful joining of
amino-functional groups and possible interactions with
phytochemicals from Euphorbia hirta, substantiating
similar findings by Nawaz et al [19]

X-ray diffraction patterns further revealed the
amorphous nature of all MBGN variants, and the
preservation of the amorphous structure following both
functionalization and extract loading is essential to
maintain the characteristic bioactive dissolution
behaviour of MBGNSs. This highlights the structural
stability of silica-based glasses against surface
modifications.

MBGNs  alone  displayed  significant
antibacterial activity, particularly against Staphylococcus

aureus and Acinetobacter baumannii, highlighting their
intrinsic bioactivity. This could be attributed to the
release of Ca? and silicate ions, which may either
disrupt the bacterial membrane or interfere with cell
metabolism. Functionalized = MBGNs, however,
exhibited notably reduced antibacterial efficacy. The
poor antibacterial activity of functionalised MBGNs
suggests that surface modification via APTES might
have hindered effective ion release, resulting in
weakened direct contact-based bactericidal action.
Thus, the surface functional groups can alter particle—
bacteria interactions, potentially forming a barrier
against effective biointerface interactions.

Euphorbia hirta-loaded MBGNs demonstrated
modest and dose-dependent antibacterial activity, with
amaximum zone of inhibition for S. aureus. This modest
activity could be attributed to the nanoparticle matrix's
slow-release kinetics or to insufficient potency at lower
concentrations. Specifically, the higher resistance
against Gram-negative strains such as E. coli and K.
pneumoniae is due to their outer membrane barriers and
efflux mechanisms, as reported in other studies [12].
Notably, none of the formulations showed activity
against Pseudomonas aeruginosa, emphasising the
challenge posed by multidrug-resistant (MDR)
organisms and the need for enhanced strategies such as
synergistic antibiotic loading or pH-responsive release
systems. In human lung adenocarcinoma cells (A549),
silver nanoparticles mediated by Euphorbia hirta
induced apoptosis by modulating the
PIBK/Akt/mTOR/p70S6K pathway [21].

Although the ethanolic extract of Euphorbia
hirta had exhibited antibacterial and antifungal activity
against infections, functionalisation with the MBGNs
did not show promising activity in our study [22]. Thus,
the findings underscore the delicate balance between
structural modifications and performance in bioactive
glass systems. While functionalization and herbal
extract loading can improve biocompatibility or
introduce multifunctionality, they may simultaneously
compromise core antibacterial properties. To address
this challenge, future studies could explore tailoring the
APTES chain length or adjusting its density on the
MBGNSs. This optimization could potentially restore
antibacterial potency while preserving loading
capacity. These insights can serve as a concrete path for
further research, inspiring follow-up studies to enhance
ion release and biological activity. Additionally, this
study could be further explored for the release kinetics,
optimisation of surface chemistry to retain or improve
ion release, and the exploration of other biological
activities.

https://www.aubiomed.org
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Conclusion

This study successfully established the
functionalization of MBGNs with Euphorbia hirta, which
demonstrated that their spherical morphology,
mesoporous architecture, and amorphous structure
were preserved after surface modification and herbal
loading, confirming the structural stability of the glass
network. While pristine MBGNs exhibited significant
antibacterial activity, particularly against S.aureus and
A.baumannii, surface functionalization with APTES led
to a marked reduction in antibacterial efficacy, likely
due to hindered ion release and altered particle-
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