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Abstract: The eco-friendly fabrication of zirconia nanoparticles (ZrO, NPs) using Guettarda speciosa
(G. speciosa) leaves extract was achieved. Three samples were prepared by using different
concentrations of the precursor solution. The synthesized samples were characterized by Ultraviolet-
visible spectrophotometer (UV-Vis), Fourier transform infrared spectrometer (FTIR), X-ray diffraction
(XRD), Scanning electron microscope (SEM), Energy-Dispersive study (EDS), High-resolution
transmission electron microscope (HR-TEM) coupled with selected area diffraction pattern (SAED).
The ZrO, NPs were in a tetragonal crystal structure, which was established by using XRD pattern and
the average crystallite size was in the range of 6-9 nm. The ZrO, NPs were in spherical morphology,
and no agglomeration was confirmed by FESEM and HR-TEM analysis. Antibacterial activity ZrO-
NPs was tested against oral bacteria, Escherichia coli, Bacillus substilis, Salmonella typhi, and
Pseudomonas aeruginosa. The results revealed that the green synthesized ZrO, NPs nanoparticles are
potential antibacterial properties. From the results and discussion, leaves extract of G. speciosa is a
potential natural reducing agent, and hence, ZrO, NPs could be used for dental application.

Keywords: green fabrication; zirconia nanoparticles; Guettarda speciosa; antibacterial activity.

© 2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Nanoparticles (NPs) of less than 100 nm are widely used in nanoscience [1]. Nan
bioscience is an emerging field with tremendous applications such as biological science and
pharmaceutical technology. Recently, metal oxide nanoparticles have been focused on due to
their remarkable properties and applications. In particular, the fabrication of nanoparticles has
attracted much attention in nanotechnology research, as there is increasing demand in industries
and medical sectors such as fillers, disinfectants, optics, antimicrobial agents, drug delivery,
and catalytic products [2]. Metal oxide nanoparticles such as ZnO, CuO, CeO_, and ZrO, NPs
have been studied for their biological and biomedical applications [3,4]. Zirconium oxide
(Zr0Oy), also known as zirconia, is a versatile material that has been widely used as a
photocatalyst [5,6]. It has enhanced thermal, mechanical, catalytic, and corrosion properties
[7,8]. Various methods of synthesizing zirconia nanoparticles have been investigated for
various applications [9,10]. Several methods such as precipitation, solvothermal, spray drying
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system, sonochemical, hydrothermal, and sol-gel methods [11] are engaged to synthesize
nanoparticles in chemical methods. However, the conventional methods required some toxic
solvents, which dispose harmful residues to human health and the environment.

Thus, green synthesis is a promising way of producing various metal and metal oxide
nanoparticles [12-15]. Green synthesis is a non-toxic, biodegradable, and low-cost chemical
compared with the chemical synthesis of nanoparticles [16,17]. Plant extracts are very
promising due to their complex chemical composition and the facilities for their extraction.
They act in the synthesis as a reducer and as a capping agent preventing the agglomeration of
nanoparticles during the nucleation. However, some studies use green synthesis to prepare
zirconia nanoparticles [18-20]. Many other contributions are still needed due to the great
genetic variability of plant species that can lead to varying chemical compositions depending
upon the plant studied. This factor can interfere directly with the properties of the material
obtained. Because of that, the use of different species must still be evaluated [21].

Various plant extracts have been used as a green stabilizing agent in the synthesis of
ZrO2 NPs. Fusarium oxyporam fungus [22], Helianthus annuus seed [23], Rosemary [24],
Alovera [25], Nyctanthes plant [26], Curcuma longa tuber extract [27], Lemon juice [28],
Eucalyptus globuler [29], Lagerstro emia speciosa [30] seaweed sargassum wightii [31],
Euclea nataleniss extract [32] and Wrightia tinctoria leaf extract [11], Daphne alpine leaves
extract [33] and Curcuma longa extract [34] have been used as green stabilizing agents to
produce ZrO. NPs. Green synthesis is easy and cost-effective compared with chemical
methods. Also, it reduces toxic substances, which affect human health and the environment.
Hence, there is a great demand for developing a safe, simple, and eco-friendly synthesizing
method for nanoparticles. The phytochemicals such as carbohydrate, saponin, amino acid,
flavonoid, terpenoid, and protein present in the plant extract play a key role in synthesizing
nanoparticles [21,35].

There is no literature on the green synthesis of zirconia nanoparticles using G. speciosa
leaves extract and its evaluation of the biological activity. G. speciosa belongs to the
Apocynaceae family. It is used for treating infection, cough, cold, sore throat, dysentery,
wounds, and headache as a traditional folk medicine [36]. These traditional folkloric claim the
anti-inflammatory activity in murine macrophages of the methanolic extract from Indonesia
[37,38].

The present work aims to synthesize ZrO> NPs using a simple and eco-friendly method
using leaves extract of G. speciosa and study their effect on the morphology, followed by the
examination of antibacterial activity.

2. Materials and Methods

2.1. Materials.

All the reagents used in this work, including zirconyloxychloride were analytical grade
(99.9%). All the bacterial cultures such as Escherichia coli, Bacillus subtilis, Salmonella typhi,
and Pseudomonas aeruginosa were purchased from a microbial culture collection, Institute of
Microbial Technology, Chandigarh, India. All the reagents used were of analytical grade with
the highest purity. All the solutions were prepared using distilled water.
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2.2. Preparation of extract.

G. speciosa leaves were collected from Velur, Namakkal District, Tamil Nadu, India.
Fresh leaves were taken from the plant and washed thoroughly with distilled water. Then, the
leaves were dried under shade for a week (a better method to maintain the phytochemicals
active in the leaves) before being ground into a fine powder. Then, 100 g of leaf powder was
added to 250 mL of distilled water and boiled at 85°C for 2 h. The extract was cooled to room
temperature and then filtered by using a Whatman filter paper and stored in a refrigerator for
further use.

2.3. Synthesis of ZrO, NPs.

For the green synthesis of ZrO> NPs, different concentrations (0.02 M, 0.05 M, and
0.08 M) of precursor solution were prepared using G. speciosa leaves extract. The reaction
mixture was heated on a hot plate with a magnetic stirrer at 85°C. The off-white precipitate
was formed without adding any chemical reducing agent. The precipitate was thoroughly
washed with distilled water several times. Then, the precipitate was carefully collected and
dried at 100°C for 3 h. The precipitate was calcinated at 500°C for 2 h to decompose zirconium
hydroxide into their oxide. Finally, the obtained nanoparticles were stored in an airtight
container for further studies.

2.4. Characterization methods.

The green synthesized ZrO, NPs were analyzed by UV-Visible spectrophotometer
(UV-1800 Shimadzu) with a resolution of 1 nm, in 200-800 nm. Functional group analysis was
studied by Fourier transform infrared spectrophotometer in the frequency range of 400-4000
cm™. The crystalline phase of the samples was analyzed by the X-ray diffractometer (XRD)
operating at a current of 40 mA and voltage of 45 kV with Cu-Ka radiation in the scanning
range of 20 from 10° to 80°. The formation of the particles and elemental composition of the
samples were studied by SEM with the resolution 15 nm (JEOL Model JSM — 6390LV SEM)
coupled with EDAX. The morphology and structure were examined using HR-TEM using
Jeol/JEM 2100, operating at an accelerating voltage of 200 kV. The selected area electron
diffraction (SAED) pattern was also recorded from the HR-TEM image to obtain the
morphology of the nanoparticles.

2.5. Antibacterial activity.

The antibacterial activity of ZrO2 NPs synthesized using G. speciosa leaves extract was
studied by the disc diffusion method [39]. The green synthesized ZrO, NPs were examined for
their antibacterial activity against clinically isolated bacterial cultures such as Escherichia coli
(E. coli), Bacillus substilis (B. substilis), Salmonella typhi (S. typhi), and Pseudomonas
aeruginosa (P. aeruginosa) and Proteus vulgaris (P. vulgaris). The antibacterial activity of
nanoparticles was examined by the well diffusion method. Nutrient agar medium, 20 mL, was
poured into the Petri-plates of 5 mm wells, and made sterile using a cork borer. Different
concentrations of ZrO, NPs (25, 50, 75,100 pg), and 50 pL were loaded onto the wells.
Ciprofloxacin was taken as a standard antimicrobial agent (25 pg). The plates were incubated
at 37°C for 24 h. The diameters of inhibition zones were measured in millimeters (mm).
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3. Results and Discussion

3.1. UV-Vis study.

The UV-Visible spectra of ZrO2 NPs are shown in Figure 1 (A-C). From the figure,
biosynthesized ZrO. NPs showed strong absorption at 224, 225, and 226 nm. It is seen that the
absorption of nanoparticles is nearly the same for all the samples. Bandgap energy of A, B, and
C were calculated by using the Tauc formula.

(ahv)n = A(hv—EQ).
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Figure 1. UV-Vis spectrum of ZrO, NPs; A-C represents NPs synthesized using 0.02, 0.05, and 0.08 M solution
using G. speciosa leaves extract.

Here, a is the absorption coefficient, hv is the photon's energy, and Eg is the bandgap
energy [40]. The variation of (cthv)? versus hv is linear at the absorption edge, confirming that
the nanoparticles are semiconductors with direct bandgap energy. The estimated direct bandgap
energy of A sample is found to be 5.54 eV, and that for B and C is found to be 5.51 eV and
5.49 eV, respectively. The probable mechanism of phytochemicals present in the leaves
extracts the reduction of Zr?* to zero-valent Zr. Also the phytochemicals in leaves extract act
as stabilizing as well as a capping agent in the formation of ZrO, NPs. This is similar to the
earlier studies found in the literature that confirm the presence of ZrO> NPs [41]. The result
denotes the extra contribution from external states for absorption in the region. The ZrO, NPs
may have greater surface defects due to their great surface area [28].

3.2. FTIR study.

FTIR analysis was carried out to assess the possible bonds in the ZrO2 NPs. Figure 2
(A-C) illustrates the FTIR spectra of ZrO, NPs synthesized using G. speciosa leaves extract.
The ZrO2 NPs show broad, sharp, and weak absorption bands at 3416-3132, 2323, 1621, 1402,
1047, 961, 827, 649, and 465 cm™*. A broadband noticed in the range between 3416-3132 cm™
reveals the presence of moisture content during sample preparation [42]. The absorption band
obtained between 649-465 cm™ is characteristic of Zr—O—Zr vibrations. The region between
1402-827 cm indicates the presence of a Zr-O bond supported by the tetragonal form of ZrO
NPs [25].
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Figure 2. FTIR spectra of ZrO, NPs synthesized using G. speciosa leaves extract from (A) 0.02 M, (B) 0.05 M,
and (C) 0.08 M solution.

3.3. XRD analysis.

The crystalline phase structure of the green synthesized ZrO; NPs was confirmed by the
XRD pattern as depicted in Figure 3 (A-C). The diffraction peaks are found at 26 = 27.55,
31.08, 35.85, 45.55, 50.85, 54.20, 60.37, 63.55 and 75.19° corresponding to the (101), (110),
(112), (103), (211), (202), (220), (213) and (310) lattice planes, respectively. (JCPDS Card No:
42-1164 and 37-1484). This reveals that the green synthesized ZrO> NPs are in both monoclinic
and tetragonal phases, found similar results from the previous report [43]. It can be noticed
from the figure that the (101) plane has high intensity of showing crystals with the plane (101).
The crystallite size of the particles was calculated by applying Debye-Scherrer’s equation (1).

p cos@

Where, D is the size of the particle, A the wavelength (0.1542 nm) with Cu-Ka radiation), f the
full width at half maximum, and 4 the Bragg angle. Small peaks at 27.55 show phase transition
from tetragonal to monoclinic phase.
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Figure 3. XRD spectra of ZrO, NPs synthesized using G. speciosa leaves extract from (A) 0.02, (B) 0.05, and

(C) 0.08 M solution.
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The XRD pattern of samples shows that the tetragonal-monoclinic diversified phase is
formed. The peaks witnessed at 27.55 and 31.08° correspond to the (—111) and (111) planes of
the monoclinic phase. The intensity of diffraction peaks corresponds to the tetragonal phase
and monoclinic phase. The average crystallite of A, B, and C are found to be 6.54, 6.53, and
9.15 nm, respectively. The sharp peaks exhibited in XRD pattern reveal that the G. speciosa
leaves extract stabilized ZrO2 NPs is pure and crystalline.

3.4. SEM analysis.

The morphology, shape, and formation of ZrO, NPs were analyzed by scanning
electron microscope. The SEM morphographs of the particles under two different
magnifications and images are displayed in Figure 4 (A-C). The images show that the particles
are irregular, quasi-spherical particles and agglomerated. The irregular shape and agglomerated
particles were noticed in A, B, and C. However, the SEM images of ZrO> NPs prepared using
0.02M solution show that the particles are spherical and homogeneously distributed without
agglomeration.
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Figure 4. SEM images and EDAX spectra of ZrO, NPs synthesized from (A) 0.02, (B) 0.05, and (C) 0.08 M
solution using G. speciosa leaves extract.

The chemical composition of the ZrO, NPs was analyzed using EDX, as shown in
Figure 4 (A-C). These results exhibited peaks for oxygen and zirconium. In addition, carbon is
also present in all three samples at 2-3 %. This residual carbon may be due to biomolecules
present in the extract. The percentage of elemental composition is included in each EDAX
spectrum.
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3.5. TEM morphology study.

The shape, morphology, and lattice interplane distance of the ZrO, NPs were analyzed
using HR-TEM with SAED pattern. HR-TEM images of A, B, and C prepared using 0.02, 0.05,
and 0.08 M solution are shown in Figure 5 (A-C). The TEM images display quasi-spherical
shape, and some show slight agglomerations. The high magnification micrograph was
displayed in Figure 6C.

Figure 5(B). TEM images of ZrO, NPs synthesized from (B) 0.05 M solution using G. speciosa leaves extract.
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Figure 5(C). TEM images of ZrO, NPs synthesized from (B) 0.05 M solution using G. speciosa leaves extract.

The SAED image ZrO> NPs exhibit ring structures and slight crystalline spots as
denoted in Figure 6 (A-C (iii)). These images can clearly depict lattice fringes pattern of A, B,
and C at 0.256, 0.283, and 0.281 nm corresponding to the crystalline (101) plane of tetragonal
ZrO2 NPs. The clear lattice fringe observed in the TEM images further confirms the
crystallinity of the samples. The lattice spacing, 0.2702 nm from the TEM image, corresponds
(101) plane of tetragonal ZrO2 NPs.

3.6. Antibacterial activity.

The antibacterial efficiency of ZrO, NPs was examined against Escherichia coli (E.
coli), Bacillus substilis (B. subtilis) and Salmonella typhi (S. typhi), Proteus vulgaris (P.
vulgaris), and Pseudomonas aeruginosa (P. aeruginosa) and the zone of inhibition was
measured by using disc diffusion method (Figure 6).

Figure 6. Zone of inhibition shown by (a) Escherichia coli, (b) Bacillus substilis, (¢) Salmonella typhi, (d)
Pseudomonas aeruginosa and (e) Proteus vulgaris. Each plate (AB) Ciprofloxacin antibiotic (25 ug), A, B, and
C represent ZrO, NPs synthesized using G. speciosa leaves extract from 0.02, 0.05, and 0.08 M solution.
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The zone of inhibition of A, B, and C were tested at the concentration of 100 pg/ml for
all the bacteria. At the same time, 25 ug/ml of antibiotic was used as standard. The zone of
inhibition against E. coli observed for A, B, and C was 10, 5, and 5 mm.

The zone of inhibition against B. subtilis observed for A, B, and C was 10, 8, and 8
mm. The zone of inhibition against S. typhi observed for A, B, and C was 15, 12, and 12 mm.
The zone of inhibition against P. vulgaris observed for A, B. C was 5, 15, and 8 mm. Similarly,
the zone of inhibition against P. aeruginosa observed for A, B. C was 8, 5, and 8 mm. 5, 15 and
8 mm. Antibiotic exhibit the zone of inhibition from 17 mm to 20 mm for all the tested bacteria.
However, the bactericidal killing potential of ZrO2 NPs is not comparable with antibiotics. The
results established that ZrO> NPs synthesized using G. speciosa leaves extract to possess better
antibacterial activity against all the bacterial strains. From this test, it can be considered that
the ZrO> NPs are effective in inhibiting bacterial growth. This may be due to the interaction
between bacteria and ZrO, NPs. Different mechanisms have been proposed for antibacterial
activity. It is thought that smaller particles penetrate the cell wall, damaging the
microorganism. There is an electrostatic interaction between bacteria and charged particles,
which rupture the cell wall causing cell death. G. speciosa leaves extract stabilized ZrO, NPs
are found to be smaller in size according to the XRD analysis, which has a large surface area
that may improve the killing efficiency of nanoparticles [44].

4. Conclusions

It is established that the tetragonal spherical ZrO> NPs can be synthesized by G.
speciosa leaves extract as a stabilizing agent as well as a reducing agent. The ZrO2 NPs have
obtained from 0.02, 0.05, and 0.08 M solution without adding any chemical reducing agent.
The growth of spherical ZrO, NPs was established by UV-Vis, FTIR, XRD, SEM-EDAX, and
TEM-SAED techniques. The synthesis incorporating this G. speciosa leaves extract led to the
formation of spherical particles with sizes ranging between 4 to 9 nm. The synthesized ZrO»
NPs exhibited a zone of inhibition against tested bacteria, showing their bactericidal efficiency.
Bandgap energy calculated from the UV-Vis study gave added evidence for the formation of
ZrO2 NPs. The water-soluble biomolecules present in the G. speciosa leaves extract might be
responsible for the formation of spherical particles. Thus, G. speciosa proved to be a suitable
biomaterial for synthesizing ZrO> NPs.
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