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Abstract: Zinc oxide nanostructures have demonstrated significant reliability in the nanotechnology
sector, particularly in various biomedical applications, due to their low toxicity and excellent
biocompatibility, making them the most widely used metal oxide nanoparticles. This study focuses on
the green synthesis of zinc oxide nanoparticles (ZnONPs) from Calendula officinalis flower extract as
an alternative to conventional chemical methods. Comparative analysis reveals the crystalline structure
of both green-synthesized and chemically synthesized ZnONPs through XRD, with chemically
synthesized ZnONPs showing 26 values of 31.64°, 34.17°, 36.12°, 47.34°, 56.57°, 62.46v, and 67.79°,
while green-synthesized ZnONPs exhibit values of 31.71°, 34.52°, 36.12°, 47.68°, 56.86°, 62.86°, and
68.05°. SEM micrographs depict chemically synthesized ZnONPs as spherical and partially hexagonal,
while green-synthesized ZnONPs appear spherical and bullet-shaped. EDX analysis confirms the
elemental composition and purity of both types, while TEM analysis shows distinct microstructures.
Notably, green-synthesized ZnONPs exhibit greater antibacterial efficacy against Enterococcus
faecalis, Pseudomonas aeruginosa, and Staphylococcus aureus, with the highest inhibition zone noted
for Staphylococcus aureus.

Keywords: green synthesis; Calendula officinalis; DRS-UV spectra; transmission electron
microscopy; antibacterial activity.
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1. Introduction

Nanotechnology is defined as the development of particles with at least one
measurement between 1 and 100 nanometers [1,2]. Nanoparticles have a higher surface-to-
volume ratio due to their small size. In contrast to their bulk size, when particles shrink from
bulk matter to nano size, their physical, chemical, and biological properties alter [3]. At this
size, the different attributes of the material change, and the scientists use these features to
counteract different problems in the departments of aerospace, the health sector, physics, and
so on [4,5]. Nanotechnology is a rapidly developing field in industry that will revolutionize a
variety of scientific fields. In the industry, a variety of metal oxide nanoparticles have been
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created for various applications [6]. Nanoparticles are found to withstand high temperatures
and pressure. Some of these nanomaterials, especially zinc oxide, are known to have less
toxicity and also play a role in being vital to the human body [7,8]. Zinc oxide (ZnO) is one of
the most influential materials employed in the industry due to its exceptional attributes, like
being antibacterial and having great heat resistance [9]. Zinc oxide nanoparticles, on the other
hand, are unique and have piqued scientists' curiosity due to their widespread use in a variety
of sectors, due to their unique optical and chemical properties. Photocatalytic capabilities of
zinc oxide (ZnO) nanoparticles have been investigated in several biological and chemical
sectors for their photo-oxidizing ability [10,11]. They're also known to have antibacterial,
antifungal, and UV radiation reflection and filtering properties [12]. Zinc is a mineral found in
the human body that aids in metabolism and wound healing. It is crucial for eukaryotic species
because it performs many of their essential physiological tasks [13]. The advancement in
technology has led to the discovery of other approaches to synthesizing nanoparticles, one of
which is the biological method of synthesis [14]. There are various biological sources for
production, such as bacteria, fungi, and plants. Plant-interceded production of nanoparticles
has been picking up a lot of attention due to the fact that it is very eco-friendly and a much
more affordable method of nanoparticle synthesis compared to the other established approaches
[15-17]. Also known as green synthesis, this method of producing nanoparticles by plant
extracts has become a popular method in the synthesis of nanoparticles [18]. The plant used for
this research is Calendula officinalis, also commonly known as marigold, which was originally
found in the southern region of Europe. Pharmacological studies indicate that Calendula
officinalis exhibits a wide range of biological activities, establishing it as a promising candidate
for herbal-based therapies. The plant’s anti-inflammatory and antioedematous properties are
well-documented, alongside its antiviral activity against viruses such as influenza, HIV, and
herpes simplex. C. officinalis essential oil also demonstrates antimicrobial efficacy,
particularly against bacteria like Bacillus subtilis and fungi such as Candida albicans. Key
bioactive compounds in C. officinalis include terpenoids (e.g., stigmasterol, sitosterol),
flavonoids (e.g., quercetin, rutin), coumarins (e.g., esculetin, scopoletin), quinones, carotenoids
(e.g., lycopene, lutein), volatile oils, and amino acids. These compounds collectively contribute
to its medicinal properties [19]. It can reach a height of 60 cm. The flowers of this plant are
usually large in size and are yellow or orange in colour. This flower have an old history in
being used over many generations as remedies, creams and decoctions for sunburns and bruises
in folk culture. In addition to these effects, C. officinalis has shown anticancer potential. Studies
reveal that it induces cell cycle arrest and apoptosis in cancer cell lines, such as leukemia and
colorectal cancer. The triterpenoids and triterpenes present in its methanolic extract inhibit
inflammation triggered by agents like TPA and croton oil. The plant also demonstrates
antiprotozoal, hepatoprotective, antioxidant, and wound-healing properties. In animal models,
saponin-rich extracts of C. officinalis have shown antitumor efficacy. These pharmacological
properties underscore the plant’s therapeutic potential in various medical applications [20-22].

In this study, we report a comparative analysis of zinc oxide nanoparticles (ZnONPs)
synthesized via biological and chemical methods. The biologically synthesized ZnONPs (MG-
ZnONPs) were derived using Calendula officinalis (marigold) flower extract, while the
chemically synthesized ZnONPs served as a control. Both types of ZnONPs were characterized
using UV-visible diffuse reflectance spectroscopy (DRS-UV), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX). The
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antibacterial efficiency of biosynthesized ZnONPs was assessed and compared with their
chemically synthesized counterparts, highlighting the potential advantages of green synthesis
for antibacterial applications.

2. Materials and Methods

2.1. Materials.

The chemicals used in this work are analytical grade, 99% pure. Molecular biology
grade zinc nitrate [Zn (NOs)2] was purchased from SRL, India. Calendula officinalis
(marigold) flowers were purchased from the nearby market of BSA Crescent Institute of
Science and Technology, Vandalur, Chennai. Double-distilled water was used for reagent
preparation in the overall experiment.

2.2. Preparation of flower extract and preliminary phytochemical analysis.

Calendula officinalis (marigold) flower petals were washed with double-distilled water
thrice, followed by being baked under the shade of the sun, and were also left to dry in a hot
air oven at 60°C for 6 hours. Then, the dried flower petals were ground into fine particles using
a mortar and pestle. 10 g of grain powder was taken and put in 100 mL of double-distilled
water, and the mixture was boiled with continuous stirring at 60°C for 20 to 30 minutes. The
solution mixture was drained through a muslin cloth to get the flower extract [15]. After the
preparation of the flower extract, the preliminary phytochemical analysis was done using an
already existing protocol [23,24].

2.3. Synthesis of ZNONPs using the co-precipitation method.

ZnONPs are chemically synthesized using the co-precipitation method. In the 0.2 M
zinc nitrate solution, 0.5 M NaOH was added drop-wise, stirring at room temperature for 3 to
5 hours. After that, the precipitate was centrifuged, the supernatant was discarded, and the
pellet was washed with distilled water twice. After washing, the purified ZnONPs were dried
in a hot air oven overnight at 60°C [25-27].

2.4. Biosynthesis and purification of ZnONPs using Calendula officinalis (marigold) flower
extract.

In 25 mL of 0.2 M zinc nitrate solution, 5 mL of Calendula officinalis (marigold) flower
extract was added, then the mixture was mixed for 2.5 hours using a magnetic mixer. 0.5 NaOH
was added drop-wise, stirring at room temperature for 3 to 5 hours. After that, the precipitate
was centrifuged, the supernatant was discarded, and the pellet was washed with distilled water
twice. After washing, the purified MG-ZnONPs were dried in a hot air oven overnight at 60°C.

2.5. Characterization of synthesized ZnONPs.

The dried ZnONPs were crushed into fine powder using a mortar and pestle and
subjected to characterization using different analyses. The optical properties of the ZnONPs
were studied using UV-Vis diffuse reflectance spectra (DRS-UV), and spectra were taken in
the wavelength range from 200 to 1400 nm at room temperature on a UV 2600 (Shimadzu)
model spectroscopy. The functional groups of the ZnONPs and the spectral properties were
analyzed using FT-IR (Fourier transform infrared spectroscopy) analysis. The samples were
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read at a spectral range between 400-4000cm™ with 4 cm™ resolution at room temperature
using the spectroscopy model JASCO FTIR-6300 (Massachusetts, USA). The crystalline
nature of the synthesized ZnONPs was examined using an X-ray diffractometer (XRD) with
the X’pert powder XRD system under Cu Ko radiation (A\=1.5406 A), vertical goniometer type.
Microscopic analysis was examined using SEM and TEM analysis to observe the structural
morphology of the synthesized ZnONPs by SEM (FEI-QUANTA-FEG 200), which was
operated at an acceleration voltage range of 200 V — 30 kV, and TEM was carried out by JEOL -
JEM 2100 operated at an acceleration voltage of 200 kV. The Energy dispersive spectrum was
also examined for both chemically and green synthesized ZnONPs to ensure the elemental
composition.

2.6. Analysis of antibacterial activity.

Antibacterial activity was done for both chemically and green synthesized ZnONPs
against harmful and infectious bacteria Enterococcus faecalis, Pseudomonas aeruginosa, and
Staphylococcus aureus. A good diffusion method was used to compare the antibacterial activity
of the ZnONPs. 100 pg/mL of both samples was added to the wells and incubated at 37°C.
After overnight incubation, the zone of inhibition (size) was measured, and the experiment was
done in triplicate.

3. Results and Discussion

3.1. UV-Vis diffuse reflectance spectra (DRS-UV).

Figures la and b depict the ultraviolet-visible diffuse reflection spectra (UV-Vis DRS)
absorption of the chemically and green synthesized ZnONPs. The adsorption range of both
ZnONPs was absorbed at a wavelength range between (200-400 nm), and the absorption peak
of the green synthesized ZnONPs (Figure 1a) slightly differed compared to the chemically
synthesized ZnONPs absorption (Figure 1b). Both nanoparticles have a great amount of
absorption in the UV zone, and the absorption band intensity was also noted in the production
of ZnONPs in both methods. High absorbance was measured at a range of 385 nm in green
synthesized ZnONPs (Figure 1a), but in chemically synthesized ZnONPs, the UV-Vis DRS
absorbance range was near 390 nm (Figure 1b). The previous reports also show that the
ZnONPs absorbance range is equal to our finding. Higher extract concentrations typically result
in nanoparticles with enhanced optical properties, such as a blue shift in UV-vis absorption
spectra, which occurs due to the quantum confinement effect in smaller particles [28,29].
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Figure 1. UV-DRS spectrum analysis of (a) MG-ZnONPs; (b) ZnONPs.
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3.2. Fourier transform infrared spectroscopy (FT-IR).

The FTIR characterization was done for both chemically and green-synthesized
ZnONPs (Figures 2a and b). The broad peak at 3362.28 cm™ (Figure 2a) in MG-ZnONPs
(Green synthesized ZnONPs using Calendula officinalis (marigold) flower extract) and
3429.78 cm™* (Figure 2b) in chemically synthesized ZnONPs denotes that O-H stretching. The
week peak at 2925.48 cm™ in MG-ZnONPs indicates the CHg stretching vibration (Figure 2a).
Medium peaks at 1588.09 cm™ in MG-ZnONPs and 1644.02 cm™ in ZnONPs represent the N-
H bending presence of the amine group (Figures 2a and b). Medium peaks at 1413.57 cm™ in
MG-ZnONPs and 1363.78 cm™® in ZnONPs represent the O-H bending. The peak at 487.902
cm™ in MG-ZnONPs and 520.686 cm™ in ZnONPs confirms the presence of Zn-O stretching.
Usually, metal oxide peaks are between 600-400 cm™ [10]. The broad peaks at 3362.28 cm™ in
the green synthesized ZnONPs indicate the presence of phenol phytochemicals, and this phenol
helps in the reduction and stabilization of the nanoparticles. In the same way, a peak at 400 to
600 cm* confirms the presence of ZnONPs [30-32].
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Figure 2. FTIR analysis of (a) MG-ZnONPs; (b) ZnONPs.
3.3. X-ray diffraction analysis (XRD).

XRD helps in indicating the crystalline structure of both chemically and green
synthesized ZnONPs (Figures 3a and b). Figure 3(a and b) shows the spectrum of X-ray
diffraction caused by both ZnONPs. Crucial diffraction peaks observed here correlate with the
Bragg reflections with 26 values of chemically synthesized ZnONPs (Figure 3a) 31.64°,
34.17°, 36.12°, 47.34°, 56.57°, 62.46°, and 67.79°. 26 values of green synthesized (MG-
ZnONPs) are 31.71°, 34.52° 36.12°, 47.68° 56.86v, 62.86v and 68.05° in (Figure 3b).
Locations of the distinct peaks were indexed to (100), (002), (101), (102), (110), (103), and
(112) planes of the diffraction lattice, respectively [33]. The 26 values of both ZnONPs are
similarly matching with earlier reports [34-36].
https://nanobioletters.com/ 5 of 12
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Figure 3. XRD analysis of (a) MG-ZnONPs; (b) ZnONPs.

3.4. SEM and EDX analysis.

The shape and structure of the synthesized ZnONPs were examined by SEM and EDX
analysis(Figures 4 and 5). The SEM micrograph of the chemically synthesized ZnONPs reveals
that particles are in spherical, partially hexagonal, and accumulation form (Figure 4a). The
green synthesized ZnONPs SEM micrograph reveals that biologically synthesized Zinc oxide
particles are spherical, aggregate, and accumulate in a bullet shape (Figure 4b).

hl
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Figure 4. Morphological analysis-FESEM images. (a) ZnONPs; (b) MG-ZnONPs.

The EDX plot of both chemically and biologically synthesized ZnONPs revealed the
elemental composition of the nanoparticles (Figure 5a and b). This EDX plot shows the purity
of the nanoparticles and the Zn and Oxygen element composition of both ZnONPs (Figure 5a
and b).
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Figure 5. EDX spectrum analysis. (a) ZnONPs; (b) MG-ZnONPs.

3.5. TEM analysis.

The microstructure and shape of the synthesized ZnONPs are examined using TEM
analysis, and the morphologies of the chemically and green synthesized ZnONPs taken from
high-resolution TEM analysis are shown in Figures 6a and b. Chemically synthesized ZnONPs
are hexagonal and spherical in shape in the accumulation (Figure 6a). The microstructure of
the green synthesized ZnONPs is revealed in HRTEM analysis, and MG-ZnONPs are in
spherical and aggregated bullet-shaped nanoparticles(Figure 6b).
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Figure 6. Morphological analysis-HRTEM images. (a) ZnONPs; (b) MG-ZnONPs.
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The synthesis of zinc oxide nanoparticles (ZnONPs) using Calendula officinalis
extract, a green and eco-friendly method, is significantly influenced by the concentration of the
plant extract. This concentration plays a vital role in determining the size, shape, and properties
of the ZnONPs produced. At lower concentrations of Calendula officinalis extract, fewer
phytochemicals (e.g., flavonoids, terpenoids, and phenolic compounds) are available to reduce
zinc ions, leading to slower nucleation rates and the formation of larger nanoparticles. Larger
particle sizes are often a result of prolonged growth phases, as fewer nuclei are formed initially.
On the other hand, higher concentrations of the extract increased the availability of reducing
and capping agents, which facilitates faster nucleation and restricts nanoparticle growth,
resulting in smaller ZnONPs. The concentration of the extract also influences the shape of the
synthesized ZnONPs. Higher concentrations of Calendula officinalis provide more capping
molecules, leading to more controlled anisotropic growth, which can produce well-defined
shapes such as spherical, hexagonal, or rod-like structures. In contrast, lower concentrations
may result in irregularly shaped nanoparticles due to insufficient capping agents to regulate
growth patterns.

3.6. Antibacterial activity.

The antibacterial activity of the ZnONPs is based on the nanoparticle's shape and
morphology. Higher concentrations enhance the antibacterial, antioxidant, and photocatalytic
activities of ZnONPs, as smaller particles with larger surface areas exhibit better interaction
with microbial cells and catalytic systems. In this study, we have done an antibacterial study
against three different bacteria (Enterococcus faecalis, Pseudomonas aeruginosa, and
Staphylococcus aureus) using synthesized nanoparticles (ZnONPs and MG-ZnONPs).
Compared to chemically synthesized ZnONPs, green-synthesized ZnONPs are more effective
for the above-mentioned bacterial species. The zone of inhibition (size in mm) of each
bacterium is mentioned in Table 1. Between these three bacterial species in both ZnONPs,
compared to Enterococcus faecalis (Figure 7a) and Pseudomonas aeruginosa (Figure 7b), in
Staphylococcus aureus culture plate(Figure 7c), the zone of inhibition (size in mm) was high
(Table 1).

Table 1. Zone of Inhibition (in mm).
Sample (100ug/mi) Enterococcus faecalis | Pseudomonas aeruginosa | Staphylococcus aureus
MG-ZnONPs 8.0 mm 14.0 mm 15.0 mm
ZnONPs 7.2mm 11.5mm 13.0 mm

() (b) (©
Figure 7. Antibacterial activity of ZnO and MG-ZnO nanoparticles (a) Enterococcus faecalis; (b)
Pseudomonas aeruginosa; (c) Staphylococcus aureus.
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Biosynthesized zinc oxide nanoparticles (ZnONPs) exhibit superior antibacterial
activity compared to their chemically synthesized counterparts, largely due to the presence of
capping agents derived from plant extracts. These agents provide additional functional groups
that enhance the nanoparticles’ surface charge and chemical interactions, promoting better
adhesion to bacterial cell walls and facilitating disruption of bacterial membranes. Moreover,
these capping agents aid in generating reactive oxygen species (ROS), further enhancing
bacterial inhibition. The combined effects of particle size, surface charge, and bioactive
capping agents make biosynthesized ZnONPs highly effective for antimicrobial applications
[13,25].

4. Conclusions

In this study, we synthesized zinc oxide nanoparticles both chemically and biologically,
and a synthesis of ZnONPs using Calendula officinalis (marigold) flower extract was done.
The use of Calendula officinalis extract in the green synthesis of zinc oxide nanoparticles
(ZnONPs) significantly impacts their size, shape, and functional properties. Optimizing the
concentration of this extract is crucial for tailoring ZnONPs for various applications, such as
in medicine and environmental remediation. Green-synthesized ZnONPs demonstrate superior
thermal stability, with studies showing a weight loss of only about 29% when heated to 1000°C,
primarily due to moisture and organic compound loss, without major structural degradation.
Furthermore, phenolic compounds in the plant extract act as natural stabilizers, enhancing the
nanoparticles' resistance to oxidation and environmental stress, which chemically synthesized
ZnONPs lack. These bioactive compounds also protect ZnONPs from environmental factors
like high temperatures and pH variations. Green synthesis thus provides a more
environmentally friendly and sustainable approach compared to conventional chemical
methods. DRS-Uv spectra, FTIR, and XRD results of synthesized products confirm the
presence of ZnONPs. Morphological studies like SEM, EDX, and TEM results revealed that
synthesized nanoparticles are spherical in shape, and interestingly, green synthesized ZnONPs
accumulate and look like bullets in shape. The EDX plot of both nanoparticles confirms the
purity of the product and the composition of Zn and oxygen. Antibacterial activity against three
different bacteria (Enterococcus faecalis, Pseudomonas aeruginosa, and Staphylococcus
aureus) confirms the biological properties of the nanoparticles. Interestingly, in antibacterial
activity, compared to chemically synthesized ZnONPs, green synthesized ZnONPs have more
bacterial growth inhibition properties. The conclusion of this study is that our findings will be
more eco-friendly and an alternative to the recent biological compounds used to treat bacterial
infections.
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