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2.

Advances in nanotechnology have enabled the creation of a nanoparticulate form of selenium (Se)
that exhibits versatility in its applications across various functional domains. Se is a crucial
micronutrient that plays a critical role in the survival of all mammals and participates in the optimal
functioning of human physiological functions. The available empirical evidence indicates that
Selenium Nanoparticles (SeNPs) possess significant antioxidant and antimicrobial properties. This
paper presents the production of SeNPs using Cinnamomum verum extract, with a focus on their
antimicrobial, antioxidant, and toxicological properties. The antioxidant effectiveness of
SeNPs was evaluated using 2,2-diphenyl-1-picrylhydrazyl (DPPH), hydrogen peroxide (H202),
Ferric Reducing Antioxidant Power (FRAP), nitric oxide, and 2,2"-azinobis (3-ethylbenzthiazolin-
6-sulfonic acid) (ABTS) assays. The results demonstrate that SeNPs exhibit significant ascorbic
acid-based free radical scavenging activity. The effectiveness of SeNPs against prevalent pathogens
was evaluated. The SeNPs demonstrated significant microbial efficacy using, time-kill curve
analysis and protein leakage analysis methods, which exhibit concentration-dependent suppression
of microbial proliferation, rendering them highly promising as antimicrobial therapeutics.
Furthermore, the toxicological impacts of SeNPs were examined in zebrafish embryos as a model
organism. Variations in SeNPs levels were administered, and their effects on embryonic
development were monitored longitudinally. The findings of this study demonstrated a response to
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dosage, whereby higher concentrations resulted in elevated mortality rates and developmental
defects in zebrafish embryos. The toxicological assessment highlights the importance of precise
dosage calculation in the context of potential biomedical applications, despite their benefits. This
study emphasized the potential of SeNPs as eco-friendly antioxidants and antimicrobial agents.
However, this underscores the need for further investigation into their safety profile, particularly in
the context of biological applications.

Keywords: Cinnamomum verum, Selenium nanoparticles, Antioxidant activity, antimicrobial
activity, zebrafish embryos, toxicology study,

1. Introduction

Numerous industries, including food, agriculture, electronics, medicine, drug delivery,
therapies, and diagnostics, are seeing a significant rise in the use of nanotechnology.
Nanoparticles can as vehicles for adjuvants, vaccinations, and antibiotics [Ghaderi et al.,
2022]. The fast biosynthesis of metal nanoparticles, including gold, silver, selenium, MgO,
Cu0, and Zn0, has been successfully investigated in plants. Because medications attached to
nanoparticles can deeply enter organs, the use of nanoparticles in cancer drug delivery is
widespread. In particular, selenium, an important dietary vitamin present in Selenium
Nanoparticles (SeNPs), is a novel therapeutic nanocarrier in medicine because of SeNPs'
potent antibacterial and antioxidative properties [Alagesan et al., 2019].

Se is essential for thyroid metabolism, human fertility, enzyme activation, cellular metabolism,
bodily defense against free radicals, and several other energy-related processes. The biological
applications of selenium have been successful in various fields, such as molecular biology,
biochemistry, genetics, and health. These fields include the use of selenium in
immunomodulatory, antioxidant, antitumor, enzyme inhibitor, and anti-infective formulations
[Alghuthaymi et al., 2021]. The Lauraceae family includes the evergreen Cinnamomum verum
tree, which is widely distributed throughout Sri Lanka and other Asian nations. Indian
traditional medicine treats bacterial, fungal, and inflammatory conditions using various plant
parts. Several biological activities, including antibacterial, antibiofilm, anthelmintic,
anticancer, and antifungal properties, have been found in cinnamon bark extract, making it one
of the main bioactive substances Because of all of its biological potential [Ansari et al., 2020].

In the current investigation, C. verum bark extract was used for the green synthesis of ZnONPs
and, AgNPs because of its extensive biological potential [Gulcin et al., 2019]. An essential oil,
including eugenol and cinnamaldehyde, is extracted from the bark. Cinnamaldehyde has been
linked to several biological actions, including cytotoxic, antimutagenic, anticancer, antifungal,
and peripheral vasodilatory effects [Abu-Elghait et al., 2021]. SeNPs were characterized using
several instrumental analytical techniques. Color shifts in the solution were utilized to visually
monitor SeNPs formation during the incubation stage using UV/Vis Spectroscopy, Fourier
Transform Infrared Spectroscopy (FTIR), and Scanning Electron Microscopy (SEM) with
Energy-Dispersive X-ray Spectroscopy (EDAX) [Yilmaz et al., 2021, Salem et al., 2022,
Munteanu et al., 2021]. The synthesized SeNPs were tested for their antioxidant capabilities
by scavenging 2,2-diphenyl-1-picrylhydrazyl (DPPH) and hydroxyl (OH) radicals. The Ferric
Reducing Antioxidant Power (FRAP) test is a widely used technique based on the Selective
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Electron Transfer (SET) method. The results evaluate the ability of antioxidants under acidic
conditions to reduce the ferric ions (Fe3+)-ligand complex, resulting in the formation of the
luminescent ferrous complex (Fe2+). The 2,2'-azinobis (3-ethylbenzthiazolin-6-sulfonic acid)
(ABTYS) test evaluates the capacity of antioxidants to counteract the blue-green chromophore
of maximum absorption, ABTS stable radical cation, which decreases in color intensity when
antioxidants are present. [Gulcin et al., 2020, Bi et al., 2024]. Experiments with antioxidants
demonstrated that the phytochemicals contained in SeNPs contribute to electrons and
hydrogen. Therefore, by converting free radicals into more stable compounds, they should be
able to terminate free radical chain reactions with an oxygen—oxygen single bond; hydrogen
peroxide (H2O>) is the most basic peroxide. It is fragile and breaks down gradually upon
exposure to light. All biological systems, including the human body, contain H.O2. Enzymes
that use or break down H,O- are categorized as peroxidases [Hariharan et al., 2024].

Cell lines and simple organisms are valuable tools for studying cell-level toxicity and
genotoxicity. However, to obtain a comprehensive understanding of complex physiological
interactions, it is imperative to use higher vertebrates. However, because of their large size,
rodent models require substantial amounts of material for testing, have relatively slow and
inaccessible embryo development, are expensive, and raise ethical questions about their use.
In contrast, primate models have similar problems, but to a much greater extent. Zebrafish
embryos are more advantageous for toxicity investigations due to their optical transparency,
physiological responsiveness to xenobiotics, and resemblance to human tissue types and
genome. Zebrafish embryos were treated with different amounts of SeNPs for toxicity
experiments [Chandramohan et al., 2019, Haque et al., 2018].

2. Materials and methods:

SeNPs were synthesized using C. verum bark extract and characterized using various assays.
C. verum bark was collected from Chennai, Tamilnadu, India. The Center for Advanced
Studies in Botany reviewed the samples at the University of Madras, Chennai, India. The
preparation of C. verum bark powder and its agueous extraction procedure were performed as
described in a previous study [Behera et al., 2024a]. Figure 1 displays a graphical abstract of
the green synthesis of SeNPs using plant extracts.

2.1 Synthesis and characterization of Selenium nanoparticles

A 5 mM sodium selenite (Na.SeOs) solution was prepared by dissolving it in 200 mL of
distilled water. To synthesize SeNPs, 50 mL of C. verum bark extract was mixed with 150 mL
of a Na,SeOs solution. The acidity level of reaction mixture was consistently checked and
recorded. Subsequently, the reaction mixtures were incubated in a dark roomon a
rotating shaker at 40°C and 300 rpm for 3 h. Visual evaluation of the reaction mixture's color
was followed by incubation at room temperature for 72 h. After the incubation period, a total
color change was detected in the reaction mixture, indicating the successful synthesis of the
nanoparticles. Conversely, the control containing only SeCl; exhibited no color change.
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The SeNPs were characterized using UV- vis spectroscopy, FTIR spectroscopy, and SEM with
EDAX. Synthesis was first detected using UV-visible spectrophotometry in the 200-800 nm
range. The FTIR analysis, at 4000-400 cm™, successfully identified the specific functional
groups present on the SeNPs. Morphology and purity were evaluated using SEM and EDAX.
Figure 2 shows a graphical abstract of the application of the synthesized SeNPs [Behera et al.,
2024a].

2.2 Antioxidant activity:
2.2.1 DPPH radical scavenging assay:

Each experiment involved the dilution of a 0.1 mM DPPH stock solution in methanol to a final
concentration of 20 pM. SeNPs (10-50 pg/mL) were introduced into 200 pL of the DPPH
solution and incubated in the dark for 10 min at ambient temperature. The absorbance was
measured using methanol as, the blank. The DPPH scavenging activity was determined using
a previously reported methodology [Wu et al., 2020].

2.2.2 Hydrogen peroxide radical scavenging assay

The H,0, scavenging activity of SeNPs generated by biosynthesis was assessed using a 40
mM H;0- solution in phosphate buffer at pH of 7.4. SeNPs and ascorbic acid (10-50 pg/mL)
were added to 0.6 mL of the H,O, solution and incubated for 10 min. Absorbance was
determined using Vitamin C as the reference standard. The calculation of H,O. scavenging
activity was calculated following previous research [Rajakumari et al., 2020].

2.2.3 FRAP ASSAY:

A solution containing 2.3 mL of FRAP reagent was combined with 0.7 mL of SeNPs at
different concentrations ranging from 10 to 50 pg/mL. The solution was subsequently
incubated at 37°C for 30 min. A spectrophotometer was used to measure the absorbance in a
blank solution containing all chemicals. An increase in the absorbance of the reaction mixture
indicates an enhanced reduction capability. The samples were acquired in triplicate. Ascorbic
acid was used as the reference standard [Rajakumari et al., 2020].

2.2.4 ABTS:

The radical scavenging of ABTS was assessed following a prior investigation [Rajakumari et
al., 2020]. 250 pL of ABTS+ and 20 pL of sample (10-50 pg/mL) were combined in a 96-well
plate. The standard reference in this study was ascorbic acid, and ethanol was used as the
blank. The absorbance was assessed.

2.2.5 Nitric Oxide Assay:

The nitric oxide radical inhibition assay was examined using previous experiments
[Vinothkanna et al., 2023]. Incubation was performed on a reaction mixture (3 mL) containing
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sodium nitroprusside (10 mm, 2 mL), phosphate buffer saline (0.5 mL), and either SeNPs (10-
50 pg/mL) or a reference solution (ascorbic acid, 0.5 mL). Following the incubation period, a
volume of 0.5 mL from the reaction mixture was combined with 1 mL of sulfanilic acid reagent
(0.33 % in 20% glacial acetic acid) and left undisturbed for 5 minto ensure thorough
diazotization. Subsequently, 1 mL of naphthyl ethylene diamine dihydrochloride was
introduced, thoroughly blended, and left undisturbed for 30 min at 25°C. When exposed to
diffused light, a pink chromophore is generated. The absorbance of these solutions were
quantified at a wavelength of 540 nm compared with the equivalent blank solutions.

2.3 Antimicrobial Activity

Antimicrobial activity was evaluated using SeNPs synthesized from C. verum extract using
the agar well diffusion method. Bacterial were selected as Enterococcus faecalis,
Streptococcus mutans, Candida albicans, and Klebsiella sp.

The antimicrobial activity of SeNPs was evaluated using the agar well diffusion technique
[Rifaath et al., 2023]. The wells were then filled with different concentrations (25, 50, 100
pg/mL) of SeNPs. An antibiotic (Amoxyrite, Flucanazole) was used as the standard. The plates
were incubated at 37°C for 24 and 48 h for fungal cultures. The antibacterial efficacy was
assessed by quantifying the diameter of the zone of inhibition (ZOI) encompassing the wells.
The diameter of the ZOI was determined using a ruler and was thereafter documented in mm,
after which the ZOI was estimated [Rifaath et al., 2023].

2.4 Time-kill curve analysis

A time-kill curve approach was used to evaluate the microbial characteristics of SeNPs,
following previous research [Hameed et al., 2024]. The pathogens were cultivated in Mueller-
Hinton broth supplemented with SeNPs, and their growth was quantified at regular intervals.
To ensure the attainment of the mid-log phase by pathogens, preliminary growth curves were
produced during a 5 h pre-incubation period in a broth devoid of antimicrobial agents. An
inoculum with a size of 0.5 McFarland was, obtained from cultures cultured at 37° C for 18-
20 h, was diluted in pre-warmed broth using pH-balanced saline (PBS). A 90 mL volume of
the aforementioned combination was introduced into each well in a 96-well plate.
Subsequently, 10 puL of SeNPs at several concentrations (25, 50, and 100 pg/mL) was added,
and an untreated control was included for reference.

2.5 Protein leakage analysis

The isolation of microbial proteins into supernatants was used to evaluate the structural
soundness of microbial cells. The microbiological suspensions consisting, of E. faecalis, S.
mutans, C. albicans, and Klebsiella sp., were subjected to several concentrations of SeNPs (25,
50, and 100 pL), with each suspension containing 10 mL. Positive controls were established
using microbial suspensions, whereas ampicillin and fluconazole were used as standard
materials. Protein leakage analysis was conducted using a methodology akin to that outlined
in previous studies.
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2.6 Embryonic toxicology of SeNPs in zebrafish

The present study on embryonic toxicity in

zebrafish was conducted a prior study

[Rajeshkumar et al., 2022]. SeNPs synthesized using C. verum extract were administered to
embryos at concentrations from 5-80 pg/mL. The study employed three replicates, and a
control group, in the culture medium. The plates were subjected to incubation at 26°C, and
various stages of embryo and larval development were periodically observed. The ratios of
hatching and mortality were documented, whereas microscopic examination was conducted to
observe malformations generated by nanoparticle interactions.
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Figure 1: Graphical abstract of the synthesis
extract.
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Figure 2: Graphical abstract of the toxicological study and antioxidant activity of the
synthesized selenium nanoparticles

3. Results

3.1 UV-Visible Spectroscopy

To confirm the synthesis of SeNPs, UV/vis spectrophotometry in the range of 200-800 nm
was performed and to examine the optical characteristics of green SeNPs synthesized from C.
verum bark extract.

The UV-Vis absorbance spectrum shows a sharp peak around 210-230 nm and also indicates
a red shift, as shown in Figure 3. This peak indicates a strong UV absorbance by the SeNPs in
the corresponding wavelength range, which is typical for nanoparticles due to their unique
electronic properties. The sharp peak at lower wavelengths (around 210-230 nm) can be
attributed to electronic transitions within the SeNPs. These transitions are generally attributed
to electron excitation from the valence band to the conduction band. The energy difference
between these bands in the nanoparticles could result in typical absorbance bands in the UV
region.
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There is a noticeable secondary peak around 270-280 nm, although it is much smaller in
intensity than the primary peak. This secondary peak suggests the presence of another
electronic transition or the influence of the particle size and distribution on the absorbance
properties of the SeNPs [Pyrzynska 2024]. The significant UV absorption of SeNPs
demonstrates the product’s suitability for various medicinal applications. The presence of a
secondary peak and the overall shape of the absorbance spectrum can provide insights into the
size distribution and surface characteristics of SeNPs. Smaller particles typically show a more
pronounced absorbance in the UV region due to gquantum confinement effects, where
electronic properties are significantly altered due to the reduced dimensions of the NPs.

As the wavelength increases from 300 to 500 nm, the absorbance gradually decreases,
approaching zero. The above observations reveal that the absorbance of SeNPs is higher in the
UV region and is negatively inclined in the visible region. The lack of a distinct Surface
Plasmon Resonance (SPR) peak in the visible region suggests that the SeNPs might be too
small or not in the optimal size range for SPR in the visible spectrum [AL-Roomi and Ajeel
2024].
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Figure 3: UV-Visible spectra of SeNPs from Cinnamomum extract

3.2 Fourier Transform Infrared Spectroscopy

To broaden the understanding of the roles of various functional groups between the reducing
agent (Cinnamon extract) and Na;SeQOs in the formation of SeNPs, FTIR analysis was
performed. All functional groups are represented as peaks in the FTIR spectra (Figure 4).
FTIR analysis was performed for samples in the range of 4000-400 cm-1. FTIR spectroscopy
revealed prominent absorption bands at the peaks (3239.978, 1586.784, 1386.583,1189.809,
1096.331, 615.953, 487.535, 418.316 cm™).
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The broad peak at 3239.978 cm™ can be attributed to the O-H stretching of the hydroxyl
groups. The presence of such groups indicates that water or alcohol is involved in the
stabilization or capping of SeNPs. The bark extract likely contains water or alcohol, which
contributes to this peak. 1586.583 ¢cm™ peak corresponds to the C=C stretching vibrations of
the aromatic rings. This result is consistent with the presence of cinnamaldehyde, a major
component of C. verum bark extract, which contains aromatic compounds. The peak at
1386.583 cm™ is often associated with C-H bending vibrations in the methyl groups of organic
compounds in the bark extract. The highest peak level is observed at 1189. 809 cm™ is
attributed to C-O stretching, a functional group normally observed in alcohols, ethers,
carboxylic acids, or esters. This suggests that the bark extract contains such compounds that
are interacting with the SeNPs. 1096.331 cm™ band can be attributed to C-O-C stretching
vibrations, indicating the presence of ether linkages or possibly the presence of secondary
alcohols. The peak at 615.953 cm™ indicates the presence of Se-O stretching vibrations,
suggesting an interaction between Se and oxygen in the structure of the NPs. 487.535 cm™
peak is due to the Se-Se stretching vibrations, indicating the formation of SeNPs. The peak at
418.316 cm™ is also related to Se-O or Se-Se stretching vibrations, further supporting the
formation of SeNPs.

The FTIR spectrum confirmed the successful synthesis of SeNPs, as indicated by the Se-O and
Se-Se stretching vibrations. The presence of various organic functional groups such as
hydroxyl, aromatic, and ether groups in the C. verum bark extract supports the positive
contribution of these compounds to the reduction and stabilization of SeNPs [AL-Roomi and
Ajeel 2024, Alghuthaymi et al., 2021].
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Figure 4: FTIR Spectra of SeNPs synthesized from Cinnamomum extract

3.3 SEM with EDAX
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Figures 5 and 6 show the results of SEM analysis coupled with EDAX. The SEM image
(Figure 5) reveals that the synthesized SeNPs are spherical, which is a common morphology
of nanoparticles synthesized using biological methods. The shape uniformity suggests a
consistent synthesis process. The nanoparticles appeared to be well-dispersed across the
surface, indicating that the synthesis process effectively prevented significant agglomeration.
This step is important for ensuring that the nanoparticles retain their unique properties and do
not clump together. The scale bar at the bottom of the SEM image indicates a scale of 0.5
micrometers (um). The average particle size was calculated as 50-100 nm. Based on these
results, the SeNPs can be estimated to have a diameter in the range of tens of nanometers,
typically expected for nanoparticles.

EDAX provides information on the qualitative and quantitative status of the elements
concerned, which may be relevant in the formation of nanoparticles. The elemental analysis
of the SeNPs synthesized from C. verum bark extract is illustrated in Figure 6. Key peaks in
the spectrum correspond to different elements detected in the sample, including Carbon (C),
Oxygen (O), Sodium (Na), Chlorine (Cl), Potassium (K), and Selenium (Se). Table 1 lists the
morphological and surface characteristics of the SeNPs and the weight (Wt%) and atomic
percentage of each element. The elemental profile is as follows: -

The high Carbon (48. 2 wt%), which can be attributed to the organic nature of the components
in the C. verum bark extract used in the synthesis of the nanocomposite. These organic
compounds, possibly including polyphenols and cinnamaldehyde, play major roles in the
reduction and stabilization of SeNPs. The significant presence of Oxygen (41.6 wt%) is
consistent with the presence of organic molecules that contain hydroxyl, carbonyl, and
carboxyl groups. Additionally, oxygen might be associated with the SeNPs themselves if they
are partially oxidized or if surface-adsorbed oxygen species are present. Potassium (4.2 wt%)
was likely present in the C. verum bark extract, as potassium salts are commonly found in
plant materials. It might also play a role in stabilizing nanoparticles. Sodium (3.1 wt%) could
be present in any residual Na,SeOs used as the selenium source in the synthesis. It indicates
that not all sodium was removed during the purification process. Chlorine (1.6 wt%) may
originate from any salts or compounds in the bark extract or the reaction medium. Its presence
in a small amount suggests that it is a minor component. The presence of Selenium (1.4 wt%)
confirmed the successful synthesis of SeNPs. Despite its lower percentage than other elements,
its detection validates the formation of SeNPs [Behera et al., 2024b].

Together the SEM and EDX spectra provide a holistic view of the SeNPs. The SEM image
confirmed the nanoscale size and spherical morphology of the particles, while the EDAX
spectrum provided the elemental composition, confirming the successful synthesis and
stabilization of SeNPs. The high carbon and oxygen contents determined from the EDAX
analysis reinforce the idea that organic molecules from the bark extract are crucial to
nanoparticle formation process [Kelesoglu et al., 2023, Vyas and Rana 2017].
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Figure 6: SEM EDAX images of SeNPs [Behera et al., 2024b]
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Table 1. Elemental analysis of the SeNPs was performed using EDAX [Behera et al.,
2024b]

S. Magnifica | Averag | Morphol | Surface | Eleme | Weight | Atomic
No | tion e ogy Charac | nt % %
Particl teristics (W1t%)
e Size
(hm)
Sa | 150K 50-100 | Spherical | Smooth | C 48.2 58.01
mpl 0] 41.6 37.55
el K 4.2 1.55
Na 3.1 1.95
Cl 1.6 0.65
Se 14 0.26

3.4 Antioxidant Assay

3.4.1 DPPH Assay

The DPPH assay is widely used assay for determining the ability of compounds to scavenge
free radicals. The percentage of DPPH radical scavenging activity was determined from the
level of reduction in absorbance, which indicated the potency of the compound in consuming
free radicals. Figure 7 shows the percentage inhibition of DPPH radicals by two samples: a
standard antioxidant (depicted in red) and SeNPs (depicted in blue) at various concentrations
ranging from 10 to 50 pg/mL.

Both standard and SeNPs showed an increase in the inhibition percentage with increasing
concentration. The standard antioxidant consistently showed higher inhibition percentages
compared with SeNPs at each concentration. It can be inferred that both the standard and
SeNPs have significant antioxidant properties, as evidenced by their ability to inhibit DPPH
radicals. The standard antioxidant showed superior efficacy compared with SeNPs at all tested
concentrations. This suggests that although SeNPs have good antioxidant potential, they are
not as potent as standard antioxidants. For both samples, the inhibition of DPPH radicals
increased with increasing concentration, which is a typical antioxidant assay result. The
increased inhibition suggests that higher concentrations of antioxidants are more effective at
neutralizing free radicals, up to the highest tested concentration of 50 pg/mL. At 10 pg/mL,
the standard exhibited approximately 64% inhibition, whereas the SeNPs exhibited
approximately about 58% inhibition. This difference of approximately 6% means that the
SeNPs are slightly less effective at lower concentrations. At a concentration of 50 pg/mL, the
standard achieved an inhibition level of approximately 88%. The gap narrowed slightly at
higher concentrations, suggesting that the difference in efficacy between the standard and
SeNPs decreased as the concentration increased.
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The higher efficacy of the standard antioxidant suggests that it may be more suitable for
applications requiring strong and immediate antioxidative effects. SeNPs, although slightly
less potent, still demonstrate substantial antioxidative activity, which could be advantageous
in scenarios where natural or less potent antioxidants are preferred due to lower toxicity or
better biocompatibility.

The DPPH assay data demonstrated that both the standard antioxidant and SeNPs had
significant radical-scavenging abilities, with the standard showing consistently higher
inhibition percentages. However, the substantial antioxidant activity of SeNPs highlights their
potential as a natural antioxidant source. The increasing trend of inhibition with increasing
concentration for both samples suggests a dose-dependent response, encouraging the
exploration of higher concentrations or combinations with other antioxidants to enhance
efficacy [Benitha et al., 2021].

DPPH Assay

B Standar
BcC I VEruIT
SeNFs)
75
75
0 -
i II |I || I
1}
10 20 0 20 50

|

% of mnhibition
)

Concentration (ug/mL}

Figure 7: DDPH inhibition by SeNPs and Standard

3.4.2 Hydrogen Peroxide Scavenging Assay

SeNPs and the standard antioxidant showed a progressive increase in percent inhibition as the
concentration range increases from 10ug/mL to 50ug/mL. This trend suggests a dose-
dependent response, where higher concentrations result in greater inhibition of H.0,
production, indicating stronger antioxidant activity. The standard antioxidant shows
approximately 50% inhibition, whereas SeNPs exhibit slightly lower inhibition, close to 45%
at 10 pg/mL concentration. At 20 pg/mL concentration, the standard antioxidant inhibitory
effect increased to approximately 55%, whereas SeNPs showed approximately 52% inhibition.
The inhibition off the standard was approximately 65%, with SeNPs at approximately 60%
when 30 pg/mL was used. At 40 pg/mL concentration, the standard antioxidant reaches
approximately 75% inhibition, whereas the SeNPs exhibit approximately 70% inhibition. In
the maximum concentration used (50 pg / mL), both the standard and SeNPs exhibited
approximately 90% inhibitory effects, revealing highly potent antioxidant activity at this
concentration.
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Across all concentrations, SeNPs consistently showed slightly lower inhibition percentages
than the standard antioxidant. However, the differences were not substantial, particularly at
higher concentrations (40 and 50 pg/mL), where the percentage of inhibition converged.
Results imply that SeNPs have potent antioxidant properties, although they are slightly less
effective than standard antioxidants, particularly at lower concentrations. However, at higher
concentrations, the effectiveness of SeNPs approached that of the standard, indicating that
could be a viable alternative for antioxidant applications. The use of SeNPs derived from C.
verum might enhance its antioxidant properties compared with non-nanoparticle forms, though
further comparative studies are needed to confirm this.

The H,0, assay results shown in Figure 8 indicate a clear dose-dependent inhibition of
hydrogen peroxide by both the standard antioxidant and SeNPs. Although the standard
antioxidant consistently showed slightly higher inhibition percentages, SeNPs also
demonstrated significant antioxidant activity, particularly at higher concentrations. The small
error bars suggest reliable and consistent data, reinforcing the potential of SeNPs as strong
antioxidants, suitable for various applications in which oxidative stress must be mitigated
[Shanmugam et al., 2023].

H202 Assay
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Figure 8: H.O; inhibition of the SeNPs and Standard
3.4.3 FRAP Assay
One of the standard techniques for evaluating antioxidant activity is the FRAP method. This
assay relies on the conversion of a relatively insoluble ferric-triazine complex to its less

insoluble ferrous form, which can be detected by measuring the absorbance at 593 nm. The
antioxidants present in the sample were in a position to reduce ferric (Fe *) to ferrous (Fe?*)
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ions, thereby increasing the absorbance. This variation in absorbance is directly related to the
antioxidant activity of the sample.

Absorbance readings obtained from the spectrophotometer indicated the antioxidant capacity
of the samples. Increased absorbance correlates with higher antioxidant potential as ferric ions
are reduced to ferrous ions by the antioxidants in the extracts. At low concentrations (10
pg/mL), the absorbance was relatively low. This suggests that the amount of antioxidants
present in the sample was minimal; hence, the reduction of ferric ions and the percentage of
inhibition is limited. At moderate concentrations (20, 30 pg/mL), as the extract concentration
increases, a corresponding increase in absorbance is observed. This indicates that higher levels
of antioxidants are available to reduce ferric ions. At high concentrations (40, 50 pg/mL), the
absorbance was significantly higher than at lower concentrations. This suggests the substantial
presence of antioxidants, leading to a greater reduction in ferric ions. The highest concentration
(50 pg/mL) exhibited the maximum absorbance and percentage of inhibition, indicating a peak
antioxidant activity within the tested range.

Both the standard and SeNPs exhibit antioxidant activity, and the activity increases with
increasing concentration. The SeNPs extract shows slightly lower antioxidant activity than the
standard at all tested concentrations, which is clearly illustrated in Figure 9 [Vyas and Rana
2017].
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Figure 9: FRAP inhibition by SeNPs and Standard
3.4.4 ABTS Assay

Figure 10 shows the results of an ABTS assay comparing, the antioxidant activities of a
standard substance and SeNPs at different concentrations (50, 40, 30, 20, and 10ug/mL). The
y-axis represents the percentage of inhibition, indicating the extent to which the SeNPs can
neutralize the ABTS radical, which is a common method for measuring antioxidant activity.
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The results revealed that both the standard and SeNPs exhibited antioxidant activities, as
indicated by their ability to inhibit ABTS radicals at all concentrations. The percentage of
inhibition increased with increasing concentration for both substances, suggesting a dose-
dependent relationship.

At low concentrations (10 pg/mL), the standard exhibited slightly higher inhibition (68%)
compared with SeNPs (65%). This trend continued at 20 pg/mL (standard 73%, SeNPs 70%)
and 30 pg/mL (standard 76%, SeNPs 73%). At higher concentrations (40 and 50 pg/mL), the
differences in anti-oxidant activity between the standard and the SeNPs diminish. Both
treatments reached approximately the same level of inhibition (79% at 40 pg/mL and 82% at
50 pg/mL).

SeNPs are highly effective antioxidants, performing nearly and the standard at all tested
concentrations. This effect is particularly notable at higher concentrations where the difference
in effectiveness between the standard and the nanoparticles is minimal. The high percentage
of inhibition achieved by SeNPs suggests that these nanoparticles could be a potent source of
antioxidant activity, potentially due to their surface properties or increased reactivity owing to
their nanoscale size.

The close performance of SeNPs to the standard antioxidant suggests that these nanoparticles
can be used as an alternative to conventional antioxidants in various applications, such as food
preservation, cosmetics, and health supplements. The ability of SeNPs to effectively scavenge
free radicals at relatively low concentrations also highlights their potential utility in reducing
oxidative stress in biological systems, which is linked to various diseases, including ageing
and cancer [Vyas and Rana 2017].
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Figure 10: ABTS inhibition by SeNPs and Standard

3.4.5 Nitric Oxide Scavenging Assay
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Both standard and SeNPs showed a dose-dependent increase in nitric oxide inhibition as their
concentrations increased. As shown in Figure 11, At all tested concentrations, the standard
exhibited slightly higher inhibition percentages compared to SeNPs. This suggests that the
standard substance is marginally more effective at inhibiting nitric oxide production. For both
substances, the percentage of inhibition increased with increasing concentration. This indicates
a positive dose-response relationship, which is typical in pharmacological assays. The
incremental increases in inhibition appear to be consistent, suggesting a stable and predictable
response to increasing concentrations.

Although SeNPs as nitric oxide inhibitors are not as potent as the standard, they significantly
inhibit nitric oxide. This could have potential therapeutic implications, especially in conditions
where nitric oxide plays a role, such as inflammation and cardiovascular diseases. The data
indicate that SeNPs can be developed as a natural, plant-based therapeutic agent with
applications under certain conditions [Abedi et al., 2021].
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Figure 11: Nitric oxide inhibition by SeNPs and Standard
3.5 Antimicrobial Activity

As shown in Figure 12, the ZOI of SeNPs was demonstrated against three different bacteria
(Klebsiella sp., Streptococcus mutans, Enterococcus faecalis) and one fungal culture (Candida
albicans). Figure 13 illustrates the antimicrobial activity of SeNPs synthesized from C. verum
extract. The activity was measured against Enterococcus faecalis, Streptococcus mutans,
Klebsiella sp., and Candida albicans using the agar well diffusion method, where the ZOI
(measured in mm) indicates the effectiveness of the antimicrobial agent.

SeNPs synthesized from C. verum extract exhibit antimicrobial activity against all tested

microorganisms. There was a dose-dependent increase in the ZOl for all microorganisms,
indicating that higher SeNPs concentrations resulted in greater antimicrobial activity. The
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control, which likely represents a standard antimicrobial agent, exhibited a significantly higher
ZOI (~30 mm) compared with the SeNPs at all tested concentrations.

The SeNPs were less effective than the control but still demonstrated measurable antimicrobial
properties. All four microorganisms exhibited similar sensitivities to SeNPs, as indicated by
the relatively consistent ZOI across the tested concentrations. This suggests that SeNPs have
broad-spectrum antimicrobial activity against, both Gram-negative bacteria (Klebsiella sp.),
Gram-positive bacteria (S. mutans and E. faecalis) and fungi (C. albicans). This confirms the
dose-response relationship, which shows an increase in the ZOI as the concentration of SeNPs
increases. At 25 pg/mL, the ZOI are around 7-8 mm, increasing slightly to 8-9 mm at 50
pg/mL, and reaching 9-10 mm at 100 pg/mL.

The present data suggest that SeNPs synthesized from C. verum extract could serve as
alternative or complementary antimicrobial agents, particularly in cases where traditional
antibiotics are ineffective or resistance is an issue. The ability of SeNPs to inhibit various
microorganisms highlights their potential use in treating various infections, including those
caused by bacteria and fungi [Benitha et al., 2021].

Figure 12: ZOI of SeNPs against (a) Klebsiella sp., (b) S. mutans, (c) E. faecalis, (d) C.
albicans
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Figure 13: Antimicrobial activities of SeNPs

3.6 Time-Kill Kinetic Analysis

Figure 14 displays the results of a time-kill curve analysis conducted to assess the bactericidal
properties of SeNPs formulated with C. verum extract against four different pathogens:
Klebsiella sp., S. mutans, E. faecalis, and C. albicans. Each panel represents a different
microorganism and shows the bacterial load (in Log CFU/mL) over time (O to 5 h), treated
with different concentrations of SeNPs (25 pug/mL, 50 pg/mL, 100 pg/mL), standard antibiotic
treatment, and untreated control.

Across all pathogens, the curves show little to no reduction in bacterial load over the 5 h period
for all tested SeNPs concentrations. The consistency of the curves, including the controls,
indicated that SeNPs at the tested concentrations did, not significantly reduce the bacterial
load. The "standard" treatment line in each graph remained closely aligned with the SeNPs
treatments and the control, indicating similar ineffectiveness in reducing the pathogen
populations. This may suggest a potential resistance to the standard treatment or general
tolerance of the pathogens to the treatments under the tested conditions. The responses of each
pathogen to the treatments is remarkably similar, which could indicate that the mode of action
of SeNPs and the standard treatment may not be sufficiently potent or fast-acting against these
particular strains.

In conclusion, the time-kill curve analysis presented in the graphs demonstrates a critical
examination point for the ongoing development of nanoparticle-based antimicrobial
treatments. The apparent lack of significant antimicrobial activity at the tested concentrations
and conditions highlights the complexity of developing effective nanoparticle-mediated
therapies against robust pathogens [dos Santos Souza et al., 2022].
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Figure 14: Time kill curve analysis of SeNPs
3.7 Protein Leakage Analysis

Figure 15 presents protein leakage analysis of various microorganisms (E. faecalis, S. mutans,
Klebsiella sp., and C. albicans) treated with cinnamon-derived SeNPs at different
concentrations. This study aims to assess the antimicrobial properties of these nanoparticles,
specifically their ability to induce protein leakage, which is a marker of cellular damage.

Across all organisms, as the concentration of SeNPs increased from 25 pg/mL to 100 pg/mL,
the optical density tended to remain relatively stable, suggesting that increasing the SeNPs
concentration within this range does not significantly enhance protein leakage. This could
indicate a threshold above which higher concentrations do not increase cellular damage or,
that the method of action of the plateaus of these nanoparticles is within this range.

E. faecalis and S. mutans exhibited similar optical density patterns across concentrations,
suggesting similar sensitivity or resistance to SeNPs-induced stress. Klebsiella sp. showed a
similar trend but generally had slightly higher optical density values at each concentration,
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possibly indicating a higher degree of susceptibility to SeNPs or greater protein leakage. As a
fungal organism, C. albicans generally exhibits a pattern similar to that of bacterial strains, but
with lower optical density values. This suggests that C. albicans is either less affected by
SeNPs or has different mechanisms of resistance or response to these nanoparticles.

The standard likely refers to a treatment considered effective for inducing protein leakage and,
used as a benchmark to evaluate the efficacy of SeNPs. The optical densities for the standard
treatment across the microbial strains were consistent and aligned closely with those observed
for high concentrations of SeNPs, suggesting that SeNPs at 100 pg/mL perform similarly to
the standard treatment. The control group, which had the lowest optical density, served as the
baseline, indicating the level of protein leakage in the absence of any treatment. Significantly
lower values confirm the role of SeNPs in inducing protein leakage.

It can be suggested that cinnamon-derived SeNPs induce protein leakage across various
microbial strains at the tested concentrations, with no significant gain observed at higher
concentrations within the tested range. The behavior across different strains indicates that
although there is a general effectiveness of the nanoparticles, the degree and pattern of
responses may vary slightly among different types of microorganisms. This type of analysis is
crucial for determining the potential of SeNPs as antimicrobial agents, especially for
determining effective concentrations and predicting broad-spectrum capabilities [Elakraa et
al., 2022].
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Figure 15: Protein leakage analysis of microorganisms

3.8 Toxicology of Selenium Nanoparticles in Zebrafish Embryos
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Zebrafish embryos have been established as an in vivo assay model and can be used as a
preclinical model for drug development for human diseases. Zebrafish and human organisms
share 85% genome similarity. To analyze the cytotoxicity of SeNPs, zebrafish embryos were
treated with SeNPs at concentrations of 5-80 pg/mL.

Figure 16 shows zebrafish embryos at different stages of development exposed, to various
concentrations of SeNPs: (a) 4 h, (b) 24 h, and (c) 48 h. The first image depicts a normal
embryo, whereas the other two images show signs of malformation or developmental
abnormalities, indicating the toxic effects of SeNPs.

-

Figure 16: Microscopic images of Selenium nanoparticles in zebrafish embryo recorded
at different periods (a) 4 h, (b) 24 h, and (c) 48 h.

3.8.1 Different stages of Zebrafish embryo development

Figure 17 depicts the results of toxicity assays performed on Zebrafish embryos exposed to
various concentrations of SeNPs. The first graph shows the hatching rate of the embryos. As
the concentration of NPs increased, the hatching rate decreased, indicating that SeNPs hinder
the hatching process. The second graph illustrates the viability rate of zebrafish embryos.
Similar to the hatching rate, the viability rate decreased with increasing SeNPs concentration,
suggesting that SeNPs are toxic to zebrafish embryos and reduce their survival. Overall, the
data indicate that SeNPs have a toxic effect on zebrafish embryos, causing developmental
abnormalities and reducing hatching and viability rates [Pérez Gutiérrez et al., 2022].
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4. Discussion

The bioreduction of SeNPs was further supported by characteristic analytical techniques
focusing on the successful use of C. verum bark extract in the synthesis of SeNPs. UV-Visible
spectroscopy analysis revealed a CIE peak at 210-230 nm and the second at 270-280 nm due
to electronic transitions of the nanoparticles. These peaks indicate that the material exhibits
excellent UV absorption and that it is possible to be affected by the size and distribution of
SeNPs [Pyrzynska 2024, AL-Roomi and Ajeel 2024]. In FTIR spectroscopy, the absorption
bands indicated some wavenumbers present in the functional groups of C. verum bark extract
that were responsible for the reduction and stabilization of SeNPs. Notably, the peaks
attributed to Se-O and Se-Se vibrations served as confirmation that SeNPs were synthesized:;
however, the role of the extract was evident from the signals of the hydroxyl, aromatic, and
ether groups [Alghuthaymi et al., 2021]. The features of SeNPs were characterized by SEM
and EDAX analyses, which revealed information related to the morphology and elemental
assessment. The high percentage values of carbon and oxygen in the encapsulated NPs were
attributed to the significant contribution of organic compounds in the bark extract to the
stabilization of NPs [Kelesoglu et al., 2023].

The antioxidant activity of SeNPs was determined using various methods. The result obtained
from the DPPH assay was also significant radical scavenging activity with inhibition
increasing with the concentration of SeNPs. SeNPs were found to come close to the standard
antioxidant but possessed less antioxidant activity as compared to it; however, at increased
concentrations, SeNPs demonstrated appreciable antioxidant activity [Benitha et al., 2021].
The same results were obtained in the H20> scavenging assay, in which the antioxidant activity
increased with increasing SeNPs concentration and was close to the standards at higher
concentrations [Shanmugam et al., 2023]. The antioxidant activity of SeNPs was also
established to be significant in both the FRAP and ABTS assays; however, the ABTS assay
provided a better estimation of the strong antioxidant properties of the nanoparticles. SeNPs
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also exerted a great extent of inhibition in the nitric oxide scavenging assay, which indicates
their therapeutic relevance in diseases mediated by nitric oxide. Susceptibility of Klebsiella
sp. to other microorganisms and their antifungal properties. Thus, they established that SeNPs
possessed significant antimicrobial characteristics against several microorganisms, including
both gram-positive and gram-negative bacteria, including Streptococcus mutans, Enterococcus
faecalis, and Candida albicans [Vyas and Rana 2017]. SeNPs were, however, less effective
than the control, but the ZOI increased with the increases in doses, which points to the fact
that SeNPs can possibly be used as an alternative or adjunct to the currently available
antimicrobial agents [Abedi et al., 2021, dos Santos Souza et al., 2022]. A time-kill kinetic
analysis, however, showed moderate activity of SeNPs in preventing the growth of
microorganisms at established concentrations; therefore, the current concentrations of SeNPs
need to be optimized if better antimicrobial members are to be recorded [Elakraa et al., 2022].

This study demonstrated the successful green synthesis of SeNPs using the extract of C. verum
bark and demonstrated the effective antioxidant and antimicrobial potential of the synthesized
SeNPs. Thus, the approach of synthesizing nanoparticles using natural plant extracts not only
addresses environmental concerns but also increases the biocompatibility of nanoparticles for
their numerous applications in the biomedical field. Another direction for research should be
devoted to improving the synthesis process and expanding the applications of such
nanoparticles for various purposes in medicine and industry.

5. Conclusion:

The green synthesis of SeNps using an aqueous extract of cinnamon was confirmed by
structural and morphological investigation. The existence of SeNPs was indicated by the
absorbance peak observed at approximately 220 nm. Similarly, SeNPs were detected using
FTIR and SEM with EDAX, leading to the identification of functional groups and the
observation of a spherical particle shape. These findings indicate that this material
may exhibit reduced environmental toxicity. The current study also involved the evaluation of
antibacterial and antioxidant properties, and toxicological consequences, of SeNPs in
zebrafish. Furthermore, it is important to conduct a more extensive and comprehensive clinical
inquiry to evaluate the effects of this intervention on cancer treatment.
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