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he present study explores the
molecular mechanisms under-
lying the wound-healing effi-
cacy of bee-pollen-derived phy-
tochemicals that contribute to
the biosynthesis and biological function
of cobalt nanoparticles (CoNPs). Build-
ing upon our experimental findings, in
which bee pollen aqueous extract (BPAE)
served as both a reducing and stabilizing
agent for CoNP formation, this in silico
investigation identified key bioactive con-
stituents and their potential interactions
with chronic wound-associated biomarkers.
Gas chromatography-mass spectrometry
(GC-MS) analysis revealed compounds
such as diethyl carbitol, (S)-(+)-2-amino-
3-methyl-1-butanol, and propanal (2,3-
dihydroxy-, S-), which were further eval-
uated through molecular docking against
selected wound-healing targets includ-
ing tumor necrosis factor-a (TNF-a),
cyclooxygenase-2 (COX-2), and matrix
metalloproteinase-9 (MMP-9). Among
these ligands, diethyl carbitol exhibited the
highest binding affinity (—4.5 kcal mol™),
forming hydrogen-bond interactions with
residues ASP833 and VAL753, indicat-
ing strong anti-inflammatory and tissue-
regenerative potential. Absorption, dis-
tribution, metabolism, and excretion
(ADME) and pharmacokinetic profiling
further confirmed drug-likeness, moder-
ate aqueous solubility, and favorable oral
bioavailability, with a bioavailability score
of 0.55. Collectively, these findings high-
light how deterministic biomolecular in-
teractions and stochastic conformational
variations jointly influence ligand—receptor
stability, supporting the dual-mechanism
hypothesis proposed for CoNP-mediated
therapeutic action. This integrative in
vitro—in silico framework provides mecha-
nistic insight into the synergistic role

of bee-pollen phytochemicals in nanoparticle- stingless and honey bees are increasingly

assisted wound healing and offers a rational
platform for the development of nature-
inspired nanotherapeutics.
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Introduction

Agricultural nanotechnology has ushered
in a new paradigm in material science, en-
abling the synthesis of nanomaterials whose
characteristic size (1-100 nm) gives rise
to exceptional physicochemical properties
such as high surface-to-volume ratio, en-
hanced reactivity, and tunable electronic
structure. These features render metal-
lic nanoparticles (NPs) powerful agents in
agro-biotechnological and biomedical inter-
faces, where deterministic control of func-
tional performance and stochastic variabil-
ity of environmental interactions both play
key roles.

Among the array of nanomaterials, cobalt
oxide nanoparticles (Co304) have emerged
as versatile catalysts for water oxidation,
energy conversion, and biomedical applica-
tions, owing to their multivalence transi-
tion metal nature, dual redox activity, and
adjustable band gap (Smith et al., 2023).
Green or bio-mediated synthesis of Co304
NPs has gained traction as a sustainable
and eco-adaptive route, leveraging phyto-
chemicals from plant extracts as reducing
and capping agents (Wang et al., 2024;
Ryntathiang, 2025). For example, leaf ex-
tracts of Psidium guajava and Hyphaene
thebaica have been successfully used to form
Co0304 NPs with defined morphology and
biofunctional properties (Jayaraman et al.,
2022; Ryntathiang, 2025). These green
routes integrate deterministic synthesis pa-
rameters (temperature, concentration, and
time) with stochastic variation inherent to
extract composition (phytochemical pro-
files and seasonal variation), yielding repro-
ducible nanomaterials with tailored prop-
erties.

In parallel, bee-pollen products from the

recognized as bio-reservoirs of flavonoids,
phenolic acids, and other phytochemicals
possessing antimicrobial, antioxidant, and
anti-inflammatory activities (Anjum et al.,
2024; Kacemi, 2025). The synergy be-
tween bee-pollen biomolecules and metallic
nanoparticle frameworks offers a promising
deterministic pathway to enhance nano—bio
interfaces. Recent research demonstrates
that bee-pollen extracts can act as both
reducing and stabilizing agents in the green
synthesis of metallic nanoparticles and im-
part additional biological functionalities
(Alcala-Orozco et al., 2024). For instance,
bee-pollen-mediated silver nanoparticles
have shown potent antibacterial activity
via agar well diffusion assays (Kacemi,
2025).

Wound healing represents a complex, multi-
phase biological process (hemostasis —
inflammation — proliferation — remod-
eling) that is influenced by reactive oxy-
gen species (ROS), microbial infection,
impaired angiogenesis, and chronic in-
flammatory microenvironments (Naskar,
2024). Contemporary wound-management
strategies increasingly integrate biomate-
rials with antimicrobial and regenerative
cues (Hashemi et al., 2024). The cou-
pling of green-synthesized nanoparticles
with bee-pollen phytochemicals offers a
dual-function approach: the nanoparticle
framework delivers deterministic physico-
chemical properties (e.g., catalytic ROS
scavenging and scaffold support), while
phytochemicals contribute stochastic vari-
ability in bioactivity modulation (e.g., an-
timicrobial metabolites and growth-factor
stimulation).

In silico modeling has emerged as a pow-
erful tool to explore ligand-target inter-
actions, facilitate lead-compound opti-
mization, and integrate deterministic com-
putational frameworks with stochastic
biomolecular variability (Saha et al., 2022).
Within the context of bee-pollen phy-
tocompounds, in silico docking against
wound-healing biomarkers such as matrix
metalloproteinases (MMP-1 and MMP-12),
transforming growth factor-g (TGF-0),
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and insulin-like growth factor receptor
(IGF-1R) provides a predictive layer prior
to in witro and in vivo validation (Arda
et al., 2024).

In the present study, we aimed to syn-
thesize Co304 nanoparticles via a green
route using bee-pollen aqueous extracts as
both reducing and capping agents. The
synthesized nanoparticles were charac-
terized using Fourier-transform infrared
spectroscopy (FTIR), scanning electron
microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDAX),
and UV-—visible spectroscopy. Further-
more, in silico screening of bee-pollen
phytocompounds was conducted against
key wound-healing biomarkers, and the
antimicrobial, anti-inflammatory, hemo-
static, and wound-healing activities of
bee-pollen-mediated Co304 nanoparticles
were evaluated. By integrating determinis-
tic nanomaterial synthesis with stochastic
biological variability, this work advances
a bio-adaptive nanotechnology framework
for wound-healing applications.

Materials and Methods

Synthesis of cobalt nanoparticles
using bee pollen extract

0.1 Preparation of bee pollen aque-
ous extract (BPAE)

Bee pollen was procured from a local ven-
dor in Chennai, Tamil Nadu, India. The
pollen was air-dried and ground into a
fine powder using a mechanical grinder.
Approximately 25 g of the powder was
mixed with 200 mL of distilled water and
soaked overnight. The mixture was heated
at 60 °C for 20 min and subsequently fil-
tered through Whatman No. 1 filter paper.
The resulting bee pollen aqueous extract
(BPAE) was stored at 4 °C for further use.

0.2 Preparation of cobalt chloride
solution

A 5 mM cobalt chloride (CoClz) solution
was prepared by dissolving cobalt chloride
in 300 mL of distilled water.

0.3 Synthesis of cobalt nanoparti-
cles (CoNPs)

For nanoparticle synthesis, 10 mL of BPAE
was added to 90 mL of 5 mM CoCls solu-
tion and stirred at 35 °C. The pH of the

reaction mixture was monitored through-
out the process. The solution was incu-
bated in the dark at 40 °C on a rotary
shaker at 300 rpm for 3 h, followed by in-
cubation at room temperature for 72 h. A
visible color change (Figure 1) confirmed
nanoparticle formation, whereas the con-
trol (BPAE alone) showed no such change.

The synthesized CoNPs were charac-
terized using UV-visible spectroscopy
(200-800 nm), Fourier-transform infrared
(FTIR) spectroscopy (4000-400 cm™!), and
scanning electron microscopy (SEM) cou-
pled with energy-dispersive X-ray analysis
(EDX) to determine optical properties,
functional groups, morphology, and ele-
mental composition.
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Figure 1: Visual observation of cobalt
nanoparticle synthesis using bee pollen
aqueous extract.
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Figure 2: Reaction progression during
CoNP synthesis showing color change in
treated samples compared with control.
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1.1 FTIR analysis

FTIR spectroscopy was employed to iden-
tify functional groups present in BPAE that
may participate in the reduction and sta-
bilization of CoNPs.

1.2 GC-MS analysis

A 100 pL aliquot of BPAE was dissolved
in 1 mL of methanol and vortexed for 20 s,
followed by filtration through a 0.2 um
membrane filter. The filtrate was analyzed
using gas chromatography—mass spectrom-
etry (GC-MS) to identify phytochemical
constituents involved in nanoparticle syn-
thesis.

Phytochemical screening and an-
tioxidant assay

2.1 Qualitative phytochemical anal-
YSis

Qualitative phytochemical screening was
performed to detect the presence of alka-
loids, flavonoids, phenolics, saponins, and
tannins using standard biochemical meth-
ods.

2.2 DPPH free radical scavenging
assay

The antioxidant activity of BPAE was eval-
uated using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging assay. Ab-
sorbance was measured at 517 nm, and
percentage inhibition was calculated as:

Ac— A,

Inhibition (%) = 1

x 100 (1)
where Ag is the absorbance of the sample
and A. is the absorbance of the control.

In silico analysis

3.1 Molecular docking and ADME
prediction

Protein structures were retrieved from the
RCSB Protein Data Bank and optimized
prior to docking. Ligand structures of iden-
tified phytocompounds were obtained from
the PubChem database, energy-minimized
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using Avogadro software, and converted
into appropriate formats. Molecular dock-
ing was performed using AutoDock 4, and
binding interactions were analyzed using
BIOVIA Discovery Studio. Pharmacoki-
netic properties, including drug-likeness,
absorption, and bioavailability, were pre-
dicted using the SwissADME web tool (Fig-
ure 3).

Anti-inflammatory assays

4.1 BSA denaturation assay

A 0.45 mL bovine serum albumin (BSA)
solution was mixed with 0.05 mL of BPAE
(10-50 pg/mL). The pH was adjusted to
6.3, and samples were incubated at room
temperature for 20 min, followed by incu-
bation at 55 °C for 30 min. Dimethyl sul-
foxide served as the control, and diclofenac
sodium as the standard. Absorbance was
measured at 660 nm, and percentage inhi-
bition was calculated using Equation (2).

Ac— A,

Inhibition (%) = a1

x 100 (1)

Antibacterial efficacy of BPAE-mediated
CoNPs was evaluated using the agar well
diffusion method against Staphylococcus au-
reus (Gram-positive) and Escherichia coli,
Enterococcus faecalis, and Pseudomonas sp.
(Gram-negative) strains. Zones of inhibi-
tion were measured in millimeters following
incubation.

5.1 Time—kill kinetic assay

Bactericidal activity was assessed using a
time-kill assay. Bacterial cultures were
grown in Mueller-Hinton broth containing
CoNP concentrations ranging from 100 to
1000 pg/mL. Optical density was measured
at defined intervals to monitor bacterial
growth inhibition.

5.2 Protein leakage assay

Cell membrane integrity was evaluated by
treating bacterial suspensions with CoNPs
at concentrations of 25, 50, and 100 uL.
Ampicillin served as the standard control.
Protein leakage was quantified by measur-
ing absorbance at 280 nm.
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Figure 3: Overview of in silico molecular docking and ADME analysis of bee-pollen-

derived phytochemicals.

4.2 Egg albumin denaturation as-
say

For egg albumin denaturation, 2.8 mL of
phosphate buffer was mixed with 0.2 mL of
freshly prepared egg albumin and 0.5 mL of
BPAE (10-50 pug/mL). After adjusting the
pH to 6.3, samples were incubated at room
temperature for 20 min and then heated at
55 °C for 30 min. Diclofenac sodium and
dimethyl sulfoxide served as the standard
and control, respectively. Absorbance was
recorded at 660 nm.

Antibacterial activity

Results

UV-—Visible spectral confirmation
of nanoparticle formation

UV-—Visible spectroscopy provided the first
deterministic confirmation of CoNP forma-
tion, showing a distinct surface plasmon
resonance (SPR) peak at 340 nm, indi-
cating successful bioreduction of Co*" ions
by bee pollen metabolites (Figure 4). The
spectral broadness and minor shoulder be-
yond 400 nm indicate size dispersion due to
stochastic variations in nucleation kinetics
(Ovais et al., 2023). Similar absorption

(o)

features have been reported for biosynthe-
sized CoNPs using Moringa oleifera and
Hibiscus rosa extracts (Singh et al., 2024;
Kainat et al., 2021).
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Figure 4: UV—-Visible absorption spectrum
of bee pollen—mediated cobalt nanopar-
ticles (CoNPs), showing a distinct sur-
face plasmon resonance (SPR) peak at
~340 nm, confirming nanoparticle forma-
tion and stability

FTIR analysis of reducing and sta-
bilizing functional groups

Qualitative and semi-quantitative screen-
ing of bee pollen extract revealed a rich
presence of bioactive compounds (Table 1).
Proteins and fatty acids showed strong
intensity (+++), indicating their major
role in the bioreduction and capping of
nanoparticles. The FTIR analysis identi-
fied functional groups such as -OH, C=0,
C-N, and C-O (Figure 5), consistent with
biomolecules observed in the phytochem-
ical profile (Table 1), which are responsi-
ble for reducing and stabilizing cobalt ions
during nanoparticle synthesis. The distinct
Co-O stretching near 418 cm ™" confirmed
nanoparticle formation. These bands re-
flect the participation of biomolecules as re-
ducing and capping agents, a deterministic
biochemical stabilization route consistent
with findings of Bhomia et al. (2019) and
Krishnaswamy et al. (2020). FTIR analy-
sis of BPAE (Figure 5) revealed character-
istic bands at 3261, 2935, 1624, 1405, and
1235-417 cm™?, confirming the presence of
hydroxyl, amide, and polysaccharide func-
tional groups typical of bee pollen’s antiox-
idant matrix.

Morphology and elemental confir-
mation

SEM imaging showed predominantly spher-
ical to semi-spherical CoNPs (80-120 nm),
confirming homogeneous particle morphol-
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ogy shaped by both deterministic biochem-
ical reduction and stochastic aggregation
forces (Figure 6). The EDS spectrum (in-
set) verified the presence of cobalt with
organic capping.

Table 1: Qualitative Phytochemical
composition of bee pollen extract

Phytochemicals Bee pollen
Alkaloid ++
Flavonoid ++
Tannins +
Saponin ++
Glycoside ++
Terpenoids ++
Phenol +
Carbohydrates +
Proteins +++
Fatty acids +++

Bee pollen
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Figure 5: FTIR spectrum of bee pollen
aqueous extract (BPAE), indicating key
functional groups (-OH, C=0, C-N, and
C-0) responsible for metal ion reduction
and nanoparticle stabilization.
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Figure 6: Scanning electron microscopy
(SEM) micrograph showing spherical to
semi-spherical CoNPs with sizes ranging
from 80-120 nm; inset: EDS spectrum con-
firming elemental cobalt composition and
organic capping derived from bee pollen
biomolecules.
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Figure 7: Inset

Antioxidant activity of bee pollen
extract

The DPPH assay demonstrated strong,
concentration-dependent radical scaveng-
ing activity in the bee pollen extract (Fig-
ure 8), validating its intrinsic antioxidant
strength relevant to nanoparticle formation
and wound-healing applications.
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Figure 8: DPPH radical scavenging activ-
ity of bee pollen extract, demonstrating
concentration-dependent antioxidant po-
tential comparable to ascorbic acid stan-
dard.

GC-MS identification of bioactive
compounds

GC-MS profiling identified multiple reduc-
ing and capping biomolecules including Di-
ethyl carbitol, (iS)-(+)-2-Amino-3-methyl-
1-butanol, and Propanal (2,3-dihydroxy-, S-
) (Figure 9). These compounds serve as
both deterministic (predictable chemical in-
teractions) and stochastic (variable metabo-
lite composition) contributors to nanopar-
ticle synthesis.

Error %

Kratio Z A F

3.78 0.6418 1.0994 0.8768 1.0000

869 0.1741 0.8015 0.6498 1.0000

with FIGURE 6
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W SV AR
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Figure 9: Gas Chromatography—Mass Spec-
trometry (GC-MS) chromatogram of bee
pollen extract identifying major bioac-
tive metabolites such as Diethyl carbitol,
(S)-(+)-2-Amino-3-methyl-1-butanol, and
Propanal (2,3-dihydroxy-, S-).
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In silico validation: molecular
docking and ADME profiling

Molecular docking results showed that
Diethyl carbitol exhibited strong binding
affinity toward wound-healing biomark-
ers, forming stable hydrogen bonds with
residues such as ASP833 and VALT753
(Figure 10). ADME predictions indicated
favourable drug-likeness and oral bioavail-
ability. The docking results demonstrated
significant interactions between the se-
lected ligands and the active site residues
of the target protein, confirming their
potential biological relevance (Table 2).
Also the physicochemical and ADME (Ab-
sorption, Distribution, Metabolism, and
Excretion) profiling of Diethyl carbitol
revealed favorable pharmacokinetic proper-
ties (Table. 3) and (Table 4).
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Table 2: Docking results showing interactions between the selected ligands and the active site residues of the target protein.

Ligand

3D interaction

2D interaction

55
PHE
A:834
LEU
A766
1 it
. [ pea
(S)-(+4)-2-Amino-3-methyl-
1-butanol
LEU
VAL AI755
A:753
PHE £
A:834
THR
A:768 o
VAL
AT 836
A:832
LYS
\ A:723
. . £ 2 A E e i
Diethyl carbitol _— . B s g —jae
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Table 3: Physicochemical properties of
diethyl carbitol.

Property Value

Molecular weight 162.23

(gmol )

Molecular for- CgHis03

mula

Topological polar  27.69

surface area (A?)

Canonical Cccoccoccoce
SMILES

Blood—brain bar- No
rier permeation

Lipinski viola- 0
tions

Synthetic accessi- 2.41
bility

LPO

FLEX size

~N

INSATY POLAR

LS P S iV T

INSOLU

Figure 10: Molecular docking interactions
(3D and 2D) between Diethyl carbitol and
target wound-healing biomarkers showing
stable hydrogen bonding with ASP 833 and
VAL 753 residues; inset: ADME profile pre-
dicting good drug-likeness and oral bioavail-
ability; inset: ADME profiling
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Figure 11: Molecular docking interac-
tions (Bovine serum albumin (BSA) de-
naturation inhibition assay indicating dose-
dependent anti-inflammatory activity of
bee pollen—synthesized CoNPs compared
to diclofenac standard.

Table 4: Molecular docking results of selected bee-pollen-derived phytochemicals against wound-healing target proteins.

Name of the ligand

Binding affinity value Distance

Hydrogen interactions

Amino acid residues

(S)-(4)-2-Amino-3- -4.4
methyl-1-butanol

2.2 (VAL 836); 2.4 1.
(ASP 833)
bond; 3. Alkyl

Van der Waals; 2.
Conventional hydrogen

1. ALA A:832, THR A:736, VAL
A:753, LEU A:766, LYS A:723;
2. ASP A:833; 3. PHE A:834,
LEU A:755, VAL A:836

Diethyl carbitol -4.5 2.2 (ASP 833); 2.5 1. Van der Waals; 2. 1. ALA A:832, VAL A:753; 2.
(ASP 833) Conventional hydrogen THR A:768, ASP A:833; 3. PHE
bond; 3. Alkyl A:834; 4. LEU A:755, VAL
A:704, LYS A:723, CYS A:721,
ILE A:744
Propanal, 2,3- -3.6 2.5 (ASP 833); 2.2 1. Van der Waals; 2. 1. ILE A:744, LEU A:755, ARG

dihydroxy-, (S)-

(VAL 753); 3.2 (PHE

834) bond; 3. Alkyl

Conventional hydrogen

A:754, ALA A:832, THR A:768;
2. PHE A:834, ASP A:833, VAL
A:T53

Anti-inflammatory

The BSA denaturation inhibition assay re-
vealed dose-dependent anti-inflammatory
activity of CoNPs (Figure 11), comparable
to the standard diclofenac, demonstrating
their suitability for wound-healing applica-
tions.

Antibacterial activity

The antibacterial efficacy of CoNPs was
assessed against Staphylococcus aureus, En-
terococcus faecalis, Escherichia coli, and
Pseudomonas sp., using agar well diffusion.
Inhibition zones increased with concentra-
tion (Figure 13), and the quantitative zone
values are presented in Table 4. The bar
graph summarizing the zone of inhibition
values further supports dose dependency
(Figure 14).

Figure 13: Agar well diffusion assay show-
ing antibacterial activity of CoNPs against
Pseudomonas sp., S. aureus, E. coli, and
E. faecalis; clear inhibition zones confirm
dose-dependent bactericidal potential.

Antibacterial Activity - Bee Pollen (CoNPs)

-
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2 z 1 WEcoli

210 5 = . B

£ - - Pseudomonas sp
g0

g 25pg/mL 50ug/mL 100 pg/mL Control

N Concentration

Figure 14: Bar graph representation of an-
tibacterial activity illustrating zone of inhi-
bition (mm) for different bacterial strains
treated with varying concentrations of
CoNPs. Values represent representative
measurements obtained using the agar well

diffusion method.
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Time—kill kinetics

Time-kill assays demonstrated rapid and
concentration-dependent reduction in vi-
able bacterial counts across all pathogens
(Figure 15). The deterministic bacterici-
dal trajectory was evident, although slight
fluctuations reflected stochastic microbial
responses.

Pseudomonas sp. - Bee pollen (CoNPs)

o
9
s
g7
S e —e—25pg/mL
=
(S —e—50pg/mL
4
S 4 —e— 100 pig/mL
o0 3
& —e—Standard
-2
1 —e— Control
0

Time (h)

o

Table 5: Zone of inhibition (mm) for CoNPs at different concentrations against four

bacterial strains.

Strain 25 pg/mL 50 pug/mL 100 pg/mL  Control
S. aureus 9 11 15 9
E. faecalis 9 9 9 30
E. coli 9 9 9 36
Pseudomonas sp. 13 14 20 9
S. aureus - Bee pollen (CoNPs) E. coli - Bee pollen (CoNPs)
3
3 ol
£ N
5 —e—25 pg/mL S e —e—25ug/mL
@ —e—50ug/mL t,; 5 ——————f——— ¢ ——sou/ml
s —e—100 pg/mL s 4 —e—100 pg/mL
o0 o0 3
3 —e—Standard 3 2 —e—Standard
—e— Control 1 —e— Control
0

Time (h)

Time (h)

Figure 15: Time—kill kinetics curves for Pseudomonas sp., S. aureus, E. coli, and E. faecalis, demonstrating dose- and time-dependent

bactericidal effects of CoNPs.

Bacterial membrane disruption

Protein leakage assays indicated signifi-
cant membrane damage in CoNP-treated
bacterial cells (Figure 16), confirming a
membrane-targeted mechanism of action.

Protein leakage analysis - Bee pollen
(Cobalt NPs)

=
o

BE faecalis

BE 0l

=
[y

Optical density

1 Pseudomonas sp.

=

11 S.aureus

251g/ml

S0pg/ml 100pg/ml  Standard  Control

Concentration

Figure 16: Protein leakage assay confirm-
ing bacterial membrane disruption upon
CoNP exposure; increased protein release
correlates with nanoparticle concentration.

Cytotoxicity and biocompatibility

The MTT assay showed that CoNPs main-
tained 80% viability in 3T3-L1 fibrob-
lasts up to 80 pg/mL (Figure 17), demon-
strating good cytocompatibility suitable
for wound-healing applications.

control

20 40 )

Concentration CO-BP (ug/ml)

Figure 17: MTT cytotoxicity assay show-
ing fibroblast (3T3-L1) cell viability above
80% up to 80 ug/mL CoNP concentration,
confirming dose-dependent biocompatibil-
ity.

Cellular morphology (MG-63)

CoNP-treated MG-63 osteosarcoma cells
showed apoptotic morphology such as
shrinkage and membrane blebbing (Figure
18), supporting their potential anti-cancer
relevance.

Figure 18: Cell morphology of MG-63
osteosarcoma cells post-CoNP treatment
showing apoptotic changes including mem-
brane blebbing and cytoplasmic shrinkage.

Scratch wound healing activity

The scratch assay demonstrated moderated
fibroblast migration under CoNP treatment
(Figure 19), indicating potential controlled
wound-healing behavior.

Discussion

The present study demonstrates that bee
pollen extract serves as an efficient bio-
logical reducing and stabilizing agent for
the green synthesis of cobalt nanoparti-
cles (CoNPs). The successful formation
of CoNPs supports earlier findings that
bee-derived products, rich in proteins,
flavonoids, fatty acids, and phenolic com-
pounds, possess strong metal-ion chelating
and reduction capabilities (Komosinska-
Vassev et al., 2015; Margdoan et al., 2019).
The qualitative phytochemical screening in
this study revealed a dominance of proteins
and fatty acids, aligning with previous re-
ports that these constituents play critical
roles in nanoparticle nucleation, growth,
and stabilization (Iravani, 2011; Ahmed
et al., 2016). The synthesized CoNPs ex-
hibited significant antibacterial activity
against both Gram-positive and Gram-
negative bacteria. This broad-spectrum
efficacy is consistent with earlier studies
demonstrating that cobalt-based nanopar-
ticles induce oxidative stress, membrane
disruption, and DNA damage in bacterial
cells (Padmavathy & Vijayaraghavan, 2008,
Sadiq et al., 2021). The concentration-
dependent increase in inhibition zones
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suggests a strong dose-response relation-
ship, similar to trends observed in other bi-
ologically synthesized metal nanoparticles
(Singh et al., 2024). Bee pollen—mediated
nanoparticles may have enhanced antibac-
terial potency due to the synergistic pres-
ence of phytochemicals such as flavonoids,
phenolic acids, and peptides that individ-
ually possess antimicrobial activity (Bog-
danov et al., 2008). The anti-inflammatory
potential of CoNPs was further confirmed
through BSA denaturation assays, where
up to 80 % inhibition was observed at 50
pg/mL, comparable to diclofenac sodium.

This aligns with previous findings that
nanoparticles synthesized using plant or
pollen extracts often exhibit enhanced anti-
inflammatory activities due to the presence
of bioactive compounds capable of stabiliz-
ing proteins and modulating inflammatory
pathways (Babu & Prabhu, 2021; Gu-
runathan et al., 2018). The mechanism for
this effect may involve inhibition of protein
denaturation, free radical scavenging, and
interaction with inflammatory mediators.
Overall, the results highlight the potential
of bee pollen—derived CoNPs as multifunc-
tional agents with strong antibacterial

o

and anti-inflammatory activity. The syn-
ergistic effect of cobalt ions and the phy-
tochemical matrix derived from bee pollen
likely enhances stability and biological
efficacy. This green synthesis route is en-
vironmentally benign, cost-effective, and
capable of producing bioactive metallic
nanoparticles suitable for pharmaceutical,
food safety, and biomedical applications.
Future research should focus on mech-
anistic studies, cytotoxicity evaluation,
and in vivo validation to fully establish
therapeutic relevance.

Figure 19: Scratch wound healing assay of fibroblast (3T3-L1) cells treated with CoNPs demonstrating moderated cell migration,
indicating potential application in controlled wound healing.

Conclusion

The present study demonstrates that bee
pollen extract is an effective and sustain-
able reducing and stabilizing agent for
the green synthesis of cobalt nanoparti-
cles (CoNPs). The biosynthetic process
reflects a dual contribution of deterministic
and stochastic mechanisms. Deterministic
factors such as the defined redox activ-
ity of flavonoids, phenolics, proteins, and
fatty acids govern the predictable con-
version of cobalt ions and the controlled
nucleation and growth of nanoparticles.
In parallel, stochastic variations arising
from natural biochemical diversity and
nanoscale reaction microenvironments in-

Mechanisms, characterization, and applica-
tions. Nanomaterials, 9(12), 1719. https:
//doi.org/10.3390/nano9121719

Iravani, S. (2011). Green synthesis of metal
nanoparticles using plants. Green Chemistry,
13, 2638-2650. https://doi.org/10.1039/
clgc15386b

Komosinska-Vassev, K.,
Kazmierczak, J., Mencner,
czyk, K. (2015). Bee pollen: Chemical
composition and therapeutic applica-
tion.  Ewvidence-Based Complementary
and Alternative Medicine, 2015, 297425.
https://doi.org/10.1155/2015/297425

Olczyk, P,
L., & Ol-

Margaoan, R., Strant, M., Varadi, A., et al.
(2019). Bee pollen: Chemical composi-

-logical applications. Journal of Cluster Sci-
ence, 33, 1627-1642. https://doi.org/10.
1007/s10876-021-02103-8

Alcald-Orozco, M., Ruiz-Salinas, F., Alvarez-
Suérez, J. M., & Giampieri, F. (2024). En-
hancing the nutritional and bioactive proper-
ties of bee pollen: Processing methods and
functional relevance. Foods, 13(21), 3437.
https://doi.org/10.3390/foods13213437

Anjum, S. I., Ullah, A., Khan, M. A., &
Attaullah, M. (2024). Bee pollen as a
food and feed supplement: Implications
for burn wound healing. Frontiers in Nu-
trition, 11, 1371672. https://doi.org/10.
3389/fnut.2024.1371672

Arda, A. G., Koc, E., & Yilmaz, A. M. (2024).
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troduce subtle structural and functional
heterogeneity. This balance between pre-
dictable chemical pathways and inherent
biological variability yields CoNPs that
are simultaneously stable and function-
ally versatile. The nanoparticles exhibited
strong antibacterial activity and significant
anti-inflammatory potential, suggesting a
synergistic interaction between cobalt ions
and pollen-derived phytochemicals. Such
performance underscores how controlled
deterministic synthesis can be enhanced
by stochastic bio-origin characteristics to
produce nanoparticles with adaptable bi-
ological responses. Overall, the findings
not only reinforce the potential of bee
pollen as a green synthesis platform but
also highlight the value of the determinis-
tic—stochastic framework in understanding
and designing bioinspired nanomaterials.
This conceptual approach may guide the
future development of nanoparticles that
combine reproducibility with adaptive
bioactivity for pharmaceutical, biomedical,
and environmental applications.
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