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Abstract

Green synthesis of metal oxide nanoparticles (NPs) offers an eco-friendly, cost-effective
alternative to conventional chemical and physical methods, minimizing energy use and
hazardous reagents. This study demonstrates the biogenic production of manganese oxide
(MnO) NPs using Catharanthus roseus flower extract as a reducing and capping agent,
Comprehensive characterization via FTIR (Mn-O vibrations at 591-405 cm~! along the
capping groups), XRD (confirms the cubic crystalline phase), FESEM (flaky, agglomerated
sheets), EDX (Mn 62.37%, O 28.40% and C 9.23%), zeta potential (—0.3 mV), and TGA
(33.7% phased mass loss to 985 °C) verified pure and stable MnO NPs. In vitro assays on
L929 fibroblasts revealed dose-dependent MTT cytotoxicity (78.77% viability at 20 ug/mL
to 39.97% at 100 pg/mL) yet enhanced scratch wound closure (—16.31% area reduction
vs. —17.41% control), alongside potent antibacterial activity with highest inhibition zones
of 15 mm against Klebsiella pneumoniae and Escherichia coli, and lowest of 4 mm against
Pseudomonas aeruginosa at 40-100 ug/mL. These multifaceted properties highlight C. roseus-
assisted MnO NPs’ promise for wound healing and antimicrobial applications, warranting
dosage optimization and in vivo studies.

Keywords: green synthesis; MnO nanoparticle; Catharanthus roseus; flower; cytotoxicity;
wound healing

1. Introduction

Nanotechnology is a multidisciplinary field that combines chemistry, engineering,
physics and materials science to design, characterize and produce nanoscale materials with
controlled structure and size. It focuses on materials that have dimensions smaller than
100 nanometres [1]. At this scale, nanostructured materials and nanocomposites have a
wide range of applications and exhibit superior performance compared to their macro or
bulk counterparts [2]. Applications of nanotechnology span diverse fields—environmental
science [3], agriculture [4], medicine [5] and food technology [6].

Nanoparticles (NPs) play a major role in nanotechnology due to their unique physico-
chemical properties and versatile applications [7]. NPs are categorized as zero-dimensional
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nanomaterials, differing from one- and two-dimensional nanomaterials that have one or
two dimensions beyond the nanoscale. The different unique properties of NPs are size,
chemical reactivity, mobility, and energy absorption [8]. Various synthetic strategies and
techniques are used to produce NPs. The two main approaches are the bottom-up and
top-down approaches [9].

The top-down approach reduces bulk materials into nanosized particles. Simple and
reliable, but requires high energy and limited precision in control of particle size and
shape [10]. The bottom-up approach involves the assembly of atoms or molecules into
NPs using chemical or biological methods. Chemical synthesis is scalable, but requires
additional purification to remove residual agents. Biological synthesis offers high stability
and biocompatibility [11]. Studies indicate that synthesizing NPs through biological meth-
ods is cost-effective and environmentally friendly. So far, various biological agents such as
bacteria, fungi, yeast, actinomycetes, and plants have been successfully utilized for NPs
production [12].

Plant species serve as a source of raw materials, with extracts obtainable from di-
verse plant parts including flowers, leaves, branches, fruits, and roots, providing rich
bio-reducing substances. Plant-mediated synthesis is an effective strategy for nanotech-
nology, particularly MnO, NPs [13]. Green nanotechnology, a branch of green technology,
applies the principles of green chemistry and green engineering where the term “green”
means the use of plant-based products for the synthesis of NPs [14]. It emphasizes using
nanoscale innovations to increase sustainability, reduce costs, and reduce ecological risks
from harmful externalities [15]. The cytotoxicity of green NPs is significantly lower than
that of chemically synthesized nanoparticles, indicating that green NPs are biocompatible
and suitable for widespread use in biomedical applications [16].

Researchers focus on transition metal NPs, especially their oxides. It has various
applications across industries due to the presence of multiple oxidation states that enable
varied configurations [17]. Metal and metal oxide nanoparticles (MO NPs) exhibit distinct
physicochemical properties including surface, optical, thermal, and electrical character-
istics when compared to the bulk counterparts [18]. The reducing agent influences the
properties of MO NPs [19]. Manganese (Mn) is a transition metal naturally occurring as
the stable isotope %Mn. It can exist in multiple oxidation states, including +2, +3, +4,
+6, and +7, with the +2 state (Mn(II)) being the most common and biologically relevant
form [17]. Mn oxides (MnO, Mn,03, Mn30O4, MnO, and Mn5Og) exhibit different structural
transformations among 3D transition metal oxides, and show great potential in nanotech-
nology applications like batteries, catalysts, drug delivery, solar photovoltaic materials,
molecular cells, and solar cells [20]. Mn NPs possess diverse biomedical applications,
photothermal therapy, fluorescence quenching, biosensors, antimicrobial activity, and anti-
angiogenic effects [21]. Previous studies confirm that Mn NPs effectively remove thallium
from wastewater, demonstrating high affinity for metal cations [22].

Researchers have reported the green synthesis of MnO NPs using floral extracts of
Matricaria chamomilla L. [23], Phaseolus lunatus [24], Costus woodsonii [25] and Rosa sp. [26]
for antibacterial activity, biofilm inhibition, antimicrobial activity, dye adsorption, and
wound healing. The green synthesis of MnO NPs had gained significant attention for
utilizing environmentally safe, non-toxic reagents, unlike conventional chemical methods
that incorporate hazardous chemicals [27]. Key advantages of MnO NPs include enhanced
biocompatibility, precise morphological control, cost-effectiveness, and the natural reducing
capabilities of enzymes and proteins from plant extracts [28].

C. roseus belongs to the family Apocynaceae also known as Madagascar periwinkle.
It is a perennial herb native to Madagascar and widely cultivated as an ornamental plant.
C. roseus is 3060 cm in length with oblong leaves and white to red flowers, and produces
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paired follicles as fruit [29]. It is rich in bioactive phytoconstituents such as alkaloids,
saponins, carbohydrates, and flavonoids distributed across its roots, bark, leaves, and
flowers [30]. C. roseus plant notably contains essential indole alkaloids such as vinblastine,
vincristine, leurosine, ajmalicine, raubasine, reserpine, vindoline, rosicline, leurosidine,
vinconine, vinblastinine, leurocristine, vindolicine, pleurosine, catharanthamine, deoxyv-
inblastine, vincardine, tabersonine, and roseadine [31]. C. roseus exhibits diverse pharma-
cological properties such as anticancer, antidiabetic, antivirus, and antibacterial effects.
Alkaloids like vindoline, vincristine, vinblastine, and catharanthine inhibit cell proliferation
by changing its microtubular dynamics causing apoptosis [32].

Despite extensive research on green synthesis of MnO NPs using various plant extracts,
MnO NPs remain underexplored, especially in C. roseus flower-assisted synthesis, which
are primarily used for silver [33], zinc oxide, and copper oxide NPs. While C. roseus leaves
and whole extracts have demonstrated efficiency in green synthesis of other metal oxides,
flower-specific phytochemicals abundant in alkaloids, flavonoids, terpenoids, and phenolics
provide a new, environmentally friendly pathway for the synthesis of the MnO NPs. The
investigation addresses C. roseus flower-assisted MnO NP biosynthesis, comprehensive
physicochemical characterization and bioactivity evaluation to exploit their sustainable
potential for antibacterial and biomedical applications.

2. Materials and Methods
2.1. Materials

C. roseus flowers were procured from Garden, PSG College of Arts & Science, Coimbat-
ore, Tamil Nadu, India. MnSO4-H,O mol. wt. 169.02 g/mol, NaOH mol. wt. 39.997 g/mol,
>98% purity was purchased from Sigma Aldrich, Mumbai, India.

2.2. Extraction of C. roseus Flower

Fresh flowers of C. roseus were rinsed with tap water and distilled water to remove
impurities and air-dried at room temperature. The flowers were finely ground into paste
using mortar and pestle. Total of 5 g of C. roseus flowers were weighed and mixed with
100 mL of double-distilled water. The C. roseus mixture was heated in a water bath (90 °C,
25 min). Then it was filtered using Whatman No. 1 filter paper and stored at 4 °C till
further use.

2.3. Synthesis of C. roseus Flower-Assisted MnO NPs

A total of 100 mL of C. roseus flower extract was added dropwise to 100 mL of 0.1 M
MnSO4-HO under constant magnetic stirring at 80 °C, resulting in a dark brown colour
change. Subsequently, 1 M NaOH was added dropwise to adjust the pH to 10 and stirring
was continued for 1 h. The mixture was left overnight for complete precipitation and then
centrifuged at 1230 g for 10 min using Remi R-8 c plus (12 x 15 mL), which was used
for centrifugation. The collected precipitate was washed repeatedly with distilled water
and ethanol by centrifuge, then dried in an oven at 100 °C for 30 min, which promotes the
crystallization of MnO NPs (Figure 1).

2.4. Physicochemical Characterization of MnO NPs
2.4.1. UV-Visible Spectroscopy

UV-visible absorption spectroscopy was performed to characterize the optical
properties of C. roseus flower-assisted MnO NPs. A Shimadzu UV-Biospec nano-
spectrophotometer (Shimadzu Corporation, Kyoto, Japan) recorded spectra in the
200-800 nm range using a 1 cm quartz cuvette with deionized water as the blank.
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Figure 1. Graphical abstract of C. roseus flower-assisted MnO NPs.

2.4.2. FTIR Analysis

FTIR spectroscopy was conducted using a Shimadzu MIRacle 10 spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) over 4000400 cm~!. A small amount of MnO
NPs was intimately mixed with anhydrous KBr powder, ground, and pressed into a
pellet under vacuum after background acquisition for functional group identification at
room temperature.

2.4.3. XRD Analysis

XRD analysis employed an X'Pert Pro PANalytical diffractometer (Malvern Instru-
ments, Almelo, The Netherlands) with Cu K« radiation (A = 1.5406 A, 40 kV, 30 mA) to
determine the crystalline nature of the synthesized MnO NPs. Patterns were recorded at
20 = 30-80° with a step size of 0.02°; phases matched JCPDS data, with crystallite size
calculated by the Debye-Scherrer equation:

K
~ Bcos 0’

The Scherrer constant (k) was taken as 0.9, the wavelength of the X-ray beam (A)
was 0.1541 nm, 3 represented the full width at half maximum (FWHM) in radians, and 6
denoted the Bragg angle.

2.4.4. FESEM-EDX Analysis

Field emission scanning electron microscopy (FESEM) examined particle shape, size,
and distribution using a TESCAN MIRA3 XMU (Tescan, Brno, Czech Republic) at magnifi-
cations of 10,000-100,000x. EDX spectroscopy, integrated with FESEM, determined the
composition and elemental purity.

2.4.5. Zeta Potential and Thermogravimetric Analysis
Zeta potential evaluated stability via electrophoretic mobility in deionized water.

TGA was analyzed by thermal decomposition with EXSTAR 6300 (Hitachi High-tech,
Oxfordshire, UK) (10 mg sample, 30-985 °C at 10 °C/min under Nj).

2.4.6. Biological Properties
Antibacterial Activity

The antibacterial activity of C. roseus flower-assisted MnO NPs was evaluated against
Gram-positive (B. subtilis) and Gram-negative (P. aeruginosa, E. coli and K. pneumoniae)
pathogens using well diffusion method. The bacterial strains were collected from the
Department of Microbiology, PSG College of Arts & Science, Coimbatore. Mueller-Hinton
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agar was prepared, autoclaved and poured into a sterile Petri plate. Standardized bacterial
suspensions were spread evenly across agar surfaces using sterile swabs, the wells were
made with a sterile well puncher, and treated with different concentrations of MnO NPs
(40, 60, 80, 100 pg/mL) and ofloxacin 5 pg/disc as standard antibiotic. MnO NPs treated
plates were incubated at 37 °C for 24 h, after which zones of inhibition were measured

in mm.

Cytotoxicity Assay

Cytotoxicity assay of C. roseus flower-assisted MnO NPs was conducted against L929
fibroblast cell line. L929 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin—streptomycin
(10 mg/mL) at 37 °C in a 5% CO, atmosphere. Cells seeded at 5 x 10* cells/well in 96-well
plates with passage number less than 10 were incubated for 24 h to reach 80% confluency.
The cells were then treated with varying concentrations (20, 40, 60 and 80 ug/mL) of
MnO NPs for 24 h. After treatment, MTT solution (5 mg/mL) was added (20 puL/well)
and incubated for 4 h. Formazan crystals were dissolved in DMSO (100 uL/well) and
absorbance measured at 570 nm using a microplate reader (Multiskan FC, Thermo Fisher
Scientific Inc., Waltham, MA 02451, USA). Untreated cells served as a control. Cell viability
was calculated in percentage relative to control and ICsy values were determined by probit
analysis. All experiments were performed in triplicate.

Scratch (Migration) Assay

The wound healing property of C. roseus flower-assisted MnO NPs was examined
in vitro using the scratch assay. Confluent monolayers of 1.929 fibroblasts were grown in
6-well plates with complete DMEM until 90-100% confluence. Uniform linear scratches
were created vertically using a sterile 200 uL pipette tip, maintaining a consistent width
between wells. Debris was rinsed with PBS and cells treated with 20 ug of MnO NPs in
DMEM, using untreated scratches as controls. The plates were incubated for 24 h at 37 °C
in 5% CO;. Wound closure was visualized microscopically at 0 h and 24 h.

2.4.7. Statistical Analysis

All experiments were performed in three independent biological replicates (1 = 3 per
group) and data were expressed as mean + standard deviation (SD). Statistical analysis
was performed using GraphPad Prism version 10.6.1 (GraphPad Software, San Diego, CA,
USA) with two-way ANOVA followed by Dunn’s post hoc test for multiple comparisons.
Two-way ANOVA evaluated the effects of NP concentration and bacterial strain/time point
interactions on zone of inhibition, cell viability, or wound closure. Statistical significance
indicated as ** p < 0.01, *** p < 0.001, *** p < 0.0001.

2.4.8. Results and Discussions
UV-Visible Spectroscopy Analysis

The UV-Vis spectrum of the C. roseus flower extract showed a strong absorption peak
at 230 nm, characteristic of m—7* and n—7* transitions of phenolic and other aromatic
phytochemicals. The C. roseus-mediated MnO NPs showed a broader, less intense absorp-
tion profile extending from 250 to 500 nm, indicating consumption and surface binding of
the extract chromophores and confirming successful formation of MnO NPs (Figure 2).

Akpeji et al. [34] reported that MnO, NPs synthesized using Raphia hookeri seed
extract showed maximum UV-Vis absorbance at 421 nm, which confirmed the reduction of
manganese acetate precursor to black-coloured MnO, NPs. UV-Vis spectroscopy revealed
that Martynia annua extract reduced 1 mM KMnO, from magenta-pink to brown overnight
in darkness at room temperature, visually indicating MnO, NPs formation, with a strong
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absorption maximum at 370 nm consistent with prior green synthesis precedents [35].
Alshahrani et al. [36] determined MnV,0Os5 NPs from jasmine flower extract sol-gel synthesis
with bandgap Eg = 2.49 eV via Tauc plot extrapolation of (ahv)? vs. hv.

Extract
- MnO NPs

Absorbance

T T T T T 1
200 300 400 500 600 700 800
Wavelength (nm)

Figure 2. UV-Visible spectrum of C. roseus flower-assisted MnO NPs.

FTIR Analysis

C. roseus flower extract exhibited prominent FTIR transmittance peaks (Figure 3a)
at 3314 cm~! (O-H/N-H stretching of phenols, alcohols and amines), a cluster of weak
bands between 2186 and 1979 cm~! (C=C/C=N stretching), and 1635 cm ™! (C=0 stretch-
ing of amide groups and aromatic C=C). Strong bands at 525, 511, 483, 471, 455, 446,
438, 428, 416, 410 and 406 cm 1 correspond to C—Br/C-I stretching in alkyl halides and
Mn-O vibrations, confirming the presence of bioactive functional groups responsible for
MnO NP bioreduction and stabilization. Caralluma bicolor aqueous extract phytocom-
pounds revealed eleven FTIR bands at 3452.58 (O-H phenols/alcohols), 3302.13 (N-H pri-
mary amines), 2931.80 (C-H alkanes), 2376.30/2229.71 (CO; /nitriles), 1585.49 (aromatics),
1419.61 (C=C), 1076.28 (C-O alcohols), 655.80/617.22 /428.20 cm ! (alkyl halides/alkynes)
across 500-4000 cm ™! [37].

C. roseus flower-assisted MnO NPs showed FTIR bands at 2922 cm ! (aliphatic C-H
stretching), 21592112 cm ! (C=C/C=N groups), 1978-1861 cm ™! (aromatic overtones),
1573 and 1399 cm™~! (aromatic C=C and C-N/C-O vibrations), and 1066, 945 and 809 cm !
(C-O/C-N of polysaccharides and proteins). Strong absorptions at 591, 462, 424, 417 and
405 cm~! were assigned to Mn-O lattice vibrations, confirming MnO NP formation with
residual C. roseus phytochemicals capping the NP surface (Figure 3b). Ogunyemi et al. [23]
reported that FTIR spectra of MnO, NPs biosynthesized using Matricaria chamomilla L.
flower extract exhibited characteristic bands at 3386, 1643, 1395, 1056, and 570 cm 1. The
broad peak at 3386 cm ! was ascribed to O-H and N-H stretching, 1643 cm~! to C=C/C=0
stretching, 1395 cm~! to C-H bending, 1056 cm~! to C-O stretching, and 570 cm ! con-
firmed the characteristic Mn—-O vibration of MnO, NPs. Valle-Rivera et al. [38] studied
that FTIR spectra of Mn3O,4 NPs synthesized from N. oleander and B. orellana leaf extracts
revealed characteristic Mn—O vibrations at 477-493 cm ™! (octahedral) and 594-608 cm ™!
(tetrahedral), alongside peaks at 1049-1068 cm ! (Mn-O-H), 13681414 cm ! (adsorbed
H,0/C0,), 1566-1626 cm~! (O-H stretching), and 3207-3330 cm~! (broad hydroxyls).
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Higher extract concentrations diminished Mn3Oy4 band clarity, particularly with B. orellana,
due to increased organic surface coatings.

100
90
80
70
60

50

Transmittance (%)

40

30

20 1 I I 1 I I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
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(b)
Figure 3. FTIR spectra of (a) C. roseus flower extract and (b) C. roseus flower extract-assisted MnO NPs.
XRD Analysis

C. roseus flower-assisted MnO NPs exhibited a broad XRD pattern (Figure 4) in
the 26 range 30-80°, with distinct reflections indexed to the (111), (200), (202), (311)
and (222) planes of cubic MnO. The diffractogram matched the standard JCPDS card
no. 96-900-6663 for manganosite (MnO). The average crystallite size was calculated as
34 nm using the Debye—Scherrer equation. No extra peaks attributable to impurity phases
were detected, confirming the formation of single-phase crystalline MnO NPs.
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Figure 4. XRD analysis of C. roseus flower-assisted MnO NPs.

Dixit et al. [39] performed the XRD analysis of MnO NPs synthesized using Tinospora
cordifolia stem extract. The diffraction pattern showed prominent peaks at 26 values of
23.25°,33.45°, 38.80° and 56.74°, indexed to the (110), (101), (111) and (211) planes consistent
with the crystalline structure of MnO NPs. Using the Debye—Scherrer equation, the average
crystallite size of MnO NPs was calculated to be 62.59 nm. Brassica oleracea leaf-derived
MnO NPs were polycrystalline in nature with average crystallite size of 10.70 nm by
Debye-Scherrer [40].

FESEM Analysis

FESEM images revealed that C. roseus flower-assisted MnO NPs consisted of densely
packed, flaky, crumpled sheet with agglomerated clusters, indicating assemblies of fine
nanostructured domains, consistent with high surface area MnO suitable for biological
interactions (Figure 5a,b). Kamran et al. [41] displayed that MnO NPs from Cinnamomum
verum bark extract displayed spherical morphology under SEM, <100 nm in size, and
aggregated. SEM images revealed porous, spherical (Mn3O4) L (leaf) and (Mn3O4) P
(petal) NPs from Tagetes erecta extract with agglomeration tendency, measuring 14-35 nm
diameters consistent with XRD data [42].

EDX Analysis

The EDX analysis of C. roseus flower-assisted MnO NPs confirmed the presence of
manganese and oxygen as primary elements (Figure 6). The spectrum showed characteristic
peaks for Mn at ~6.0 keV and O at ~0.5 keV, with quantitative elemental composition
dominated by Mn (62.37%) and O (28.40%), along with minor contribution from C (9.23%)
attributed to phytochemical capping agents using the flower extract. Majani et al. [43]
exhibited via EDX mapping of Saraca asoca leaf extract-mediated MnO, NPs the atomic
composition C (25%), O (47%), Mn (28%), with elevated oxygen linked to agglomerated

https://doi.org/10.3390/surfaces9020052


https://doi.org/10.3390/surfaces9020052

Surfaces 2026, 9, 52 90f17

nanostructure development. Musa paradisiaca (Banana peel) mediated MnO NPs with
76 wt% Mn EDX along with K, Cl, Si, Ca, P and Zn impurities from the sample [44].

.

& - 4 -

SEM HV: 15.0 kV WD: 10.“2>7 mm MIRA3 TESCAN
View field: 4.15 pm Det: SE

SEM HV: 15.0 kV ' MIRA3 TESCAN
View field: 2.93 pm Det: SE 500 nm
(b)

Figure 5. (a,b) FESEM of C. roseus flower-assisted MnO NPs.
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Figure 6. EDX analysis of C. roseus flower-assisted MnO NPs.

Zeta Potential Analysis

The zeta potential measurement of C. roseus flower-assisted MnO NPs revealed a value
of —0.3 mV, indicating low electrostatic stabilization and low colloidal stability conferred
by the negative surface charge from flower extract capping (Figure 7). Microfluidic tannic
acid/PEG2000-reduced KMnO, yielded MnO, NPs with a zeta potential of —27.6 & 0.4 mV,
showing a strong colloidal stability with polyphenolic/PEG capping [45].
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Figure 7. Zeta potential analysis of C. roseus flower-assisted MnO NPs.
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TG Analysis

TG analysis of the C. roseus flower-assisted MnO NPs showed a total weight loss of
33.7% across three-stages: an initial 14.1% decrease between 30 and 250 °C due to removal
of adsorbed moisture and volatile phytochemicals, a major 16.5% loss from 250 to 600 °C
attributed to decomposition of more strongly bound organic constituents and conversion
of residual manganese species, and a final 3.1% loss in the 600-985 °C range associated
with burnout of persistent organic capping, indicating overall good thermal stability of the
MnO core (Figure 8).

= Time|
- TG ‘
T T ) T i T T 105
30°C -985°C
S04 o 33.7% Total weight loss
__________ ~ 100
1
1
30°C-250°C 1 L 95
40 14.1% Weight loss | 9
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SE304 __ __ N I 2
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eSS S e 0 £ S ek S s M T R s L 65
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Temperature (°C)

Figure 8. Thermogravimetric analysis of C. roseus flower-assisted MnO NPs.

Geetanjali et al. [46] documented steady TGA mass decline (30-600 °C) in Sapindus
mukorossi-synthesized MnO, NPs attributed to water/organic decomposition, with DTA
affirming thermal robustness via 72.16-100% mass retention. TGA curves of MnO nanorods
synthesized using Nelumbo nucifera petal (NP) and Rosa petal (RP) extracts exhibited two-
stage decomposition, with total weight losses of 31.4% (higher thermal stability) for NP
and 50.8% (lower stability) for RP [47].

Antibacterial Activity

C. roseus flower-assisted MnO NPs displayed dose-dependent antibacterial efficacy,
with inhibition zones of 10-15 mm against K. pneumoniae, 7-11 mm against B. subtilis,
10-13 mm against E. coli and 4-8 mm against P. aeruginosa at 40-100 ug/mL, surpassing
ofloxacin 5 pg/disc controls. This activity stemmed from NP adhesion to bacterial surfaces,
disrupting membranes and elevating ROS levels to impair cellular respiration and induce
lysis (Figure 9). Karunakaran et al. [48] demonstrated that Mn3O4 NPs biosynthesized
using Chaenomeles sp. flower extracts exhibited zones of inhibition of 16 & 0.84 mm against
P. aeruginosa (Gram-negative) and 15 £ 0.41 mm against Streptococcus pyogenes (Gram-
positive) via Kirby—Bauer assay, surpassing streptomycin control and demonstrated higher
efficacy against Gram-negatives due to thinner peptidoglycan layers. Kamran et al. [41]
evidenced Cinnamomum verum bark extract-synthesized Mn NPs displayed concentration-
dependent antimicrobial zones against E. coli (16 &= 0.5 to 22 & 0.25 mm) > S. aureus (18 £ 0.7
to 4.5 & 0.55 mm) at 0.4-1 mg/mL, nearing streptomycin (24 mm S. aureus, 27 mm E. coli)
through Mn-thiol binding disrupting membrane permeability.
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Figure 9. (A-D) Antibacterial activity of C. roseus flower-assisted MnO NPs. (E) Antibacterial activity
of C. roseus flower-assisted MnO NPs. The antibacterial activity is assessed in triplicate (n = 3), and
the zones of inhibition are measured in millimetres and reported as the mean =+ standard deviation
(SD). Statistical analysis is performed using a two-way ANOVA followed by a post hoc test, with
statistical significance considered at **** p < 0.0001, ** p < 0.01, and * p < 0.05.
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2.4.9. Cytotoxicity Assay

MTT assay on L929 fibroblast cells showed that C. roseus-assisted MnO NPs maintained
78.77% cell viability at 20 pg/mL, which decreased to 39.97% at 100 pg/mL. This effect
arises from MnO NP-induced reactive oxygen species (ROS) generation, causing oxidative
stress, mitochondrial dysfunction, and eventual apoptosis in fibroblasts. The triplicate
measurements plotted in GraphPad Prism indicated a clear dose-dependent reduction in
cell viability over the tested concentration range (Figure 10).

150 - mmm  Control % of Cell Viability

% %k %k k %k %k %k % %k %k %k %k 5%k %k %k %k %k %k %k %k

< 100-

2z

= 50- _

&) -

0- | I | I I

20 40 60 80 100

Concentrations (pg/mL)

Figure 10. Cytotoxicity analysis of C. roseus flower-assisted MnO NPs. Statistical analysis was carried
out using two-way ANOVA followed by a post hoc test, with statistical significance considered at
e p < 0.0001.

Z. clinopodioides mediated MnO NPs exhibited exceptional biocompatibility
(>95% viability) against HUVEC cell line up to 1000 pug/mL after 48 h MTT assay, com-
parable to precursor MnSO, and extract controls [49]. lacovita et al. [50] tested MnFe;O4
Polyol-Mediated NPs by four cell lines using MTT assay at concentrations of 0.05, 0.1, and
0.2 mg/mL for 24 h. No toxicity appeared at the lowest dose (0.05 mg/mL), viabilities
dropped slightly to 98-91% at 0.1 mg/mL, and further to 80-95% at 0.2 mg/mL, with
cancer cells showing greater sensitivity.

2.4.10. Scratch (Migration) Assay

Scratch assay on L929 fibroblasts revealed that C. roseus-assisted MnO NPs promoted
cell migration (Figure 11), reducing the scratch area to —16.31% compared to —17.41% in
untreated controls. Atlow concentrations, MnO NPs enhance fibroblast migration likely
through mild ROS signalling that activates Matrix Metalloproteinases (MMPs) and growth
factors, promoting wound healing without cytotoxicity.

Chitosan-Mn nanovesicles, synthesized via hydrothermal treatment, exhibited 57.84%
wound closure in human dermal fibroblast (HDF) cell line at 16 pg/mL and (con-

trol: 49.30%) after 16 h in a cross-shaped scratch assay on confluent monolayers
(1.3 x 10° cells/well) [51].

https://doi.org/10.3390/surfaces9020052


https://doi.org/10.3390/surfaces9020052

Surfaces 2026, 9, 52

14 of 17

m=m Oh 24 h
3k 3k %k 3k
1000000_ Sk ok %k %k
X 800000- o
r-a- —
<= 600000
b —
=
-
§ 400000 -
200000 -
0 | 1
Control C. roseus
flower-assisted
MnO NPs

Figure 11. Wound healing-scratch assay of C. roseus flower-assisted MnO NPs. Statistical analysis
is conducted using a two-way ANOVA followed by a post hoc test, with statistical significance
considered at *** p < 0.0001.

3. Conclusions

The present work demonstrated that C. roseus flower extract was an effective biogenic
platform for the synthesis of MnO NPs, yielding crystalline, thermally robust nanostruc-
tures with flaky, agglomerated morphology and moderate colloidal stability suitable for
biological interfaces. Spectroscopic and microscopic analyses confirmed that phytochemical
constituents participated in both the reduction of manganese precursors and coverage of the
NPs surface, consistent with reports that plant-derived ligands can tune the physicochemi-
cal behaviour of green-synthesized metal and metal oxide nanomaterials for biomedical
applications. In vitro evaluation on L929 fibroblasts showed that the C. roseus-mediated
MnO NPs exerted a concentration-dependent reduction in cell viability, yet simultaneously
promoted fibroblast migration in the scratch assay, a pattern consistent with the literature
describing dose-window-dependent benefits of green-synthesized metal NPs in wound
repair models. The C. roseus-mediated MnO NPs exhibited dose-dependent antibacterial
efficacy, with the highest inhibition zones of 15 mm against K. pneumoniae and E. coli,
and the lowest of 4 mm at 40-100 pg/mL. Collectively, these findings indicated that the
biosynthesized MnO NPs possessed a promising balance between structural stability and
bioactivity, supporting their further investigation as wound-healing adjuncts and broader
regenerative or antimicrobial agents, with future work required to define optimal dosing,
mechanisms of action, and in vivo therapeutic performance.
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