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Abstract: Dental caries is a major lifestyle concern as dental components affect the face of an individ-
ual. The issue of tooth decay occurs in every age group throughout the globe. Researchers are probing
incipient implements and techniques to develop filling agents for decayed teeth. Zinc oxide (ZnO)
powder is utilized mostly as a filling agent. Nanotechnology enhanced the efficiency of compounds
of metal oxides utilized for dental caries. The present study aims to investigate the properties of
ZnO nanoparticles (NPs) synthesized chemically (using ZnCl, and NaOH) as well as biologically
(using aqueous leaf extract of Murraya paniculata). The XRD patterns confirm that ZnO NPs have a
hexagonal crystalline structure with particle sizes of 47 nm and 55 nm for chemically and biologically
synthesized NPs, respectively. The FE-SEM data confirm the nanorod and spherical/cubical shape
morphologies for the chemically and biologically synthesized ZnO NPs, respectively. FTIR data
show the peaks between 4000 and 450 cm ! of the functional groups of -OH, C-O, -C-H-, and Zn-O
bonds. The UV-Vis absorption study indicates a peak around 370 nm and a hump around 360 nm
corresponding to the chemically and biologically synthesized ZnO NPs, respectively. An antibacterial
bioassay was performed and compared with commercially available ZnO bulk powder against
tooth decaying pathogens, viz., Streptococcus mutans, Staphylococcus aureus, E. coli, and Lactobacillus
fermentum, and found that both ZnO NPs had results closer to those of the standard drug (rifampicin).
Thus, the synthesized ZnO NPs may be utilized as nano-drugs for the application of tooth decaying
filling agents. Even biologically synthesized ZnO NPs may be considered more environmentally
friendly and less toxic to human health concerns.

Keywords: ZnO nanoparticles; dental caries; tooth decaying pathogens; antibacterial bioassay; broth
microdilution; tooth filling agents

1. Introduction

Teeth play a generalized role in the individual personality. They not only help in ver-
balizing, but also affect one’s countenance. Dental caries adversely affects an individual’s
personality and is a major concern in human welfare. Tooth decay is now becoming an
incurable disease and is found to be a major concern for every age group. The people of

Crystals 2022, 12, 1063. https:/ /doi.org/10.3390/ cryst12081063

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst12081063
https://doi.org/10.3390/cryst12081063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-3255-0974
https://orcid.org/0000-0003-2969-2357
https://orcid.org/0000-0003-1773-3596
https://doi.org/10.3390/cryst12081063
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12081063?type=check_update&version=2

Crystals 2022, 12, 1063

20f11

India and abroad are affected by this disease throughout their lifetime [1]. Researchers and
medical practitioners are perpetually probing for novel concepts to deal with dental caries.

Cavities are created due to bacterial incursions as well as due to contingent causes, but
there is always the pressure of having smooth and white teeth. Because of these exigencies,
sundry tooth filling agents have been utilized as per their availability. These filling powders
have always been regulated as they degrade and conventionally lack antibacterial properties.
Several antibiotics have been used to cope with dental pathogens, but they have some
limitations such as resistant microbes, antibiotic degradation, or loss of antimicrobial prop-
erty [2]. The incorporation of nanotechnology resolves these issues and provides advanced
implements and techniques for materials used as filling agents. Their nano-sized structure
and sizably voluminous surface-to-volume ratio transmutes their properties compared with
their bulk materials/compounds [3,4]. The bulk materials of calcium, silicon, gold, zinc, etc.,
have been widely utilized as filling agents and tooth implants.

Nanoparticles are considered to have more potential as they never lose their properties
and are not degradable; however, they still need to be explored further due to health
concerns [5-10]. Sundry applications have proved that these nanoparticles, associated with
polymers [8] or having a surface coating [11,12], show maximum antimicrobial efficacy
against tooth decaying pathogens [13-15]. Among several metal oxide nano-biomaterials,
ZnO NPs have been found to be a good tooth filling agent; they are widely utilized be-
cause of their white color and because they show more antimicrobial properties [16-18].
These metal oxide nanoparticles protect from dental pathogens and never fade or become
decolorized. Thus, a congruous implant with these nanoparticles provides a perpetual
approach to tooth implantation and tooth fillings [19]. Their nano-sized structure provides
the capability to enter inside the microbial cell membranes and facilely alter their metabolic
pathways, leading to the death of or a decrease in microbial populations. The only difficul-
ties with these nanoparticles are those regarding human health concerns. Many researchers
believe that, due to their enhanced proprieties and nano-size, these nanoparticles may
alter the biological metabolic pathways of human cells and lead to causing some cancers,
rigorous diseases, or mutagenic irradiations [20].

Researchers are working on the establishment of nanoparticles with lesser toxicological
activity against humans but that trigger more lethality towards pathogens. Many promising
methodologies are being developed that still need to be further explored [21-30]. Simple
methods were chemically synthesized with a hydrothermal decomposition reaction [31,32]
and biologically with plant extracts, utilizing their secondary metabolites to minimize the
size of the metal. These simple methods are convenient, environmentally friendly, and
have a low cost [33,34].

In the present investigation, both biological and chemical synthesis techniques were
performed to prepare ZnO NPs. Various characterization techniques, such as field emis-
sion scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, and ultraviolet—visible (UV-Vis) spectroscopy, were used
to evaluate their shape, particle size, bond stretching, and optical properties, respectively.
Further, the synthesized ZnO NPs using a chemical method and a biological method were
checked against major dental caries pathogens by utilizing the broth microdilution tech-
nique recommended by CLSI M7AS8 [35]. Further, the antibacterial results of both the ZnO
NPs were compared with the results of ZnO bulk powder.

2. Materials and Methods
2.1. Collection of ZnO Bulk Powder
The ZnO bulk powder (Dental products of India, Bombay Burmah Corporation

Ltd., Mumbai, India) was collected from dentists of Sidhi Vinayak Dental Clinic at Naini,
Prayagraj, India.
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2.2. Chemical Synthesis of ZnO Nanoparticles

For the synthesis of ZnO NPs, an aqueous solution of 19.99 gm of sodium hydroxide
(Merck, Mumbai, India) was integrated in the aqueous solution of 5.5 gm zinc chloride
(Merck, Mumbeai, India) with perpetual stirring (1200 rpm) at the temperature of 60 °C for
2 h. The white precipitate was filtered with Whatman filter paper no. 42, washed thrice
with double distilled water, and left for 24 h in an oven at 200 °C [34,35]. Finally, the ZnO
NPs were obtained in powder form.

2.3. Biological Synthesis of ZnO Nanoparticles

The preparation of ZnO NPs was performed as prescribed by Bela et al. [36] with some
modifications. The 50 mL solution of zinc acetate (0.45 M) was integrated dropwise in the
aqueous solution of 5 gm of leaves of Murraya paniculata with perpetual stirring (1200 rpm)
at the temperature of 60 °C for 2 h. The precipitate was centrifuged at 6000 rpm for 15 min
and washed thrice with ethanol and double distilled water. The brown color precipitate
was kept for 24 h in a hot air oven at 100 °C. Finally, ZnO nanoparticles were obtained in
powder form.

2.4. Inoculum Preparation

The tooth decaying pathogens were Streptococcus mutans (MTCC- 497), Staphylococcus
aureus (MTCC-3160), Lactobacillus fermentum (MTCC-1745), and E. coli (MTCC-723). The
inocula were prepared from 24 h old cultures and the suspension was compared with
0.5 McFarland standard solution using a spectrophotometer at an optical density of 625 nm
with a value of 0.08-0.13 as prescribed by CLSI guidelines [37]. The inoculants having
a concentration of 5 x 105 CFU/mL were utilized further for the broth microdilution
technique for the drug susceptibility test.

2.5. Antibacterial Bioassay

The ZnO NPs synthesized by chemical as well as biological techniques and ZnO bulk
powder were comparatively studied with their antibacterial property against tooth decaying
pathogens, viz., S. mutans, S. aureus, L. fermentum, and E. coli. The broth microdilution method
was performed to evaluate the antibacterial efficacy with standard protocol as prescribed by
CLSI [35,37—-42]. Rifampicin was taken as a standard drug and the assay was performed on
96-microtiter plates. The experimental plates were incubated at 37 + 2 °C in a BOD incubator
for 24 h and data were calculated on a Spectramax Plus 384 molecular device.

3. Results and Discussion

The chemically and biologically synthesized ZnO NPs were characterized with X-ray
diffractometer (Rikagu, Japan) for their crystalline sizes and structures, field emission
scanning electron microscopy (FE-SEM) (Make: JEOL India Pvt. Ltd., Delhi, India) for
their morphology, Fourier transform infrared (FTIR) spectrometer (Perkin Elmer, Buck-
inghamshire, UK) for their stability, and ultraviolet—visible (UV-Vis) spectrophotometer
(Spectra Max, San Jose, CA, USA) for their optical properties; furthermore, the antibacterial
property of ZnO NPs was assessed and compared with that of ZnO bulk powder (obtained
from a dental clinic) against different bacterial strains.

3.1. X-ray Diffraction (XRD) Analysis of ZnO NPs

Figure 1a,b show the XRD patterns of ZnO NPs synthesized by chemical and biological
methods, respectively. All peaks in Figure 1a,b matched with JCPDS Cat. No. 36-1451 and
79-0207 [43], confirming the formation of ZnO NPs. The XRD 20 values were found for
crystallography peaks at (100), (002), (101), (102), (110), (103), (200), (112), and (201) for
the chemically as well as the biologically synthesized ZnO NPs. The grain sizes of XRD
patterns were calculated from the Debye-Scherrer formula:

D =0.9A/Bcosb
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where D is the grain size, 3 is the full width at half maximum (FWHM) in radians of the
XRD pattern, A is the X-ray wavelength, and 0 is the Bragg diffraction angle of the XRD
peak. The particle sizes of the ZnO NPs synthesized by the chemical method (Figure 1a)
and biological method (Figure 1b) were calculated from the above formula and found to be
47 nm and 55 nm, respectively, along with the high intensity orientation (002). Both NPs
had hexagonal crystalline structures with space group P63mc (186). The appearance of
some noise in the XRD pattern of the biologically synthesized NPs may be due to some
impurities of other elements present in the leaves of Murraya paniculata.
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Figure 1. X-ray diffraction patterns of: (a) chemically synthesized ZnO NPs and (b) biologically
synthesized ZnO NPs.

3.2. Field Emission Scanning Electron Microscopy (FE-SEM) Analysis of ZnO NPs

Figure 2a,b show FE-SEM images of ZnO NPs synthesized by chemical and biological
methods, respectively. The FE-SEM images reveal the crystal shapes as being nanorods
for the chemically synthesized ZnO NPs (Figure 2a) and spherical and cubical for the
biologically synthesized ZnO NPs (Figure 2b). The thickness and length of the nanorods
were calculated by the “image J” software as shown in the SEM image of Figure 2a. The
thickness/diameter of the nanorods was 25-65 nm and the length of the nanorods was
250-600 nm. From the FE-SEM image of Figure 2a, it is clearly seen that the nanorods are
uniformly distributed in the whole space. However, in the FE-SEM image of Figure 2b,
it is clearly seen that the particle sizes vary from a very small size to a larger size and
some particles are of spherical, cubical, and other shapes. There are clear differences in the
morphology of the obtained nanoparticles by different synthesis methods. The formation
of nanorods occurs by chemical reaction. In the case of biological synthesis, the processes
of the formation of nanoparticles have a more complex mechanism than in the case of
chemical synthesis.

——
500 nm %

Figure 2. FE-SEM image of: (a) chemically synthesized ZnO NPs and (b) biologically synthesized
ZnO NPs.
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3.3. Fourier Transform Infrared (FTIR) Spectroscopy Analysis of ZnO NPs

Figure 3a,b show the FTIR spectra of ZnO NPs synthesized chemically and biologically,
respectively. The FTIR spectra were recorded in the form of pellets utilizing spectroscopic
grade KBr in the wave number range of 4000 to 450 cm ™! in the diffuse reflectance mode.
The spectrum of the chemically synthesized ZnO NPs (Figure 3a) showed bands of func-
tional groups located at 3435, 2927, 2857, 1634, 1550, 1439, 1085, 1023, and 840 cm L. The
spectrum of the biologically synthesized ZnO NPs (Figure 3b) showed bands of functional
groups located at 3427, 2934, 2854, 1568, 1420, 1340, 1022, 954, 694, 617, and 517 cm~ 1.
The strong broad bands in the higher region at 3435 and 3427 cm ™! are due to the stretch-
ing vibration of hydroxyl (OH) groups. The absorption bands at 2927, 2934, 2857, and
2854 cm~! are due to the stretching vibration of CH groups. The peaks around 1634, 1550,
and 1568 cm ! correspond to the C=0 amide group. The ~C-H- bending vibration band
arises at 1439, 1420, and 1340 cm~!. The C-O stretching vibration band arises at 1085, 1023,
and 1022 cm™~1. The peaks around 840, 954, and 694 cm~ 1 are due to the bending vibration
of =C-H groups. The peak around 617 cm~! is ascribed to the bending vibration of the
O-H group. The absorption band at 517 cm ™! is attributed to the stretching vibration of
Zn-O bonds and confirms the formation of materials [44]. The peaks from 4000 to 450 cm !
observed in the spectra indicate the presence of -OH, C-O, and —C-H- residues, which may
be due to the precursors used in the reaction.

70 Zn0 NPs 1 Zn0 NPs
(Chemically Synthesized) 85 1 (Biologically Synthesized)

Transmittance ( %)
Transmittance (in %)

w 8
(v 4
4000 3550 30‘00 zs‘oo zoloo 15‘00 1o|oo 5(‘10 2 LS N S T S S S S
4000 3500 3000 2500 2000 1500 1000 500
bl
Wavenumber (cm ) Wavenumber {in cm’'}
(a} (b)

Figure 3. FTIR spectra of: (a) chemically synthesized ZnO NPs and (b) biologically synthesized ZnO NPs.

3.4. UV-Visible Spectroscopy Analysis of ZnO NPs

To explore the optical properties of the ZnO NPs, UV-visible spectroscopy is the best
technique. The absorption spectrum of ZnO NPs is shown in Figure 4a,b. The high and
stable peak found around 370 nm, corresponding to the chemically synthesized ZnO NPs
(Figure 4a), confirms the formation of ZnO NPs. The hump around 360 nm, corresponding
to the biologically synthesized ZnO NPs (Figure 4b), is evidence of the formation of ZnO
NPs. The prepared ZnO nanoparticles exhibit an absorbance peak around 300nm in
Figure 1b, which corresponds to the formation of smaller-sized particles [45]. The smaller-
sized particles are also seen in the SEM picture (Figure 2b), which also supports the above
statement. It is also evidence that the paramount absorption of sharp ZnO NPs designates
the mono disappeared nature of the NPs distribution [43]. The average particle size of
the ZnO NPs can be calculated from the UV-Vis absorption spectra using an effective
mass model (Figure 3a,b) [46,47]. The band gap enlargement is expected for particle radii
less than about 10 nm for biologically synthesized ZnO NPs and 20 nm for chemically
synthesized ZnO NPs [48-50].
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Figure 4. UV-Visible spectra of: (a) chemically synthesized ZnO NPs and (b) biologically synthesized
ZnO NPs.

3.5. Antibacterial Bioassay of Synthesized ZnO NPs

The biologically synthesized ZnO NPs had minimum inhibitory concentration (MIC)
values of 0.261 ug/mL for E. coli, 0.293 nug/mL for S. mutans, 0.134 pg/mL for S. aureus,
and 0.426 ug/mL for L. fermentum. The chemically synthesized ZnO NPs were evaluated
with MIC values of 0.193 ug/mL for E. coli, 0.308 nug/mL for S. mutans, 0.296 pg/mL for
S. aureus, and 0.407 nug/mL for L. fermentum. Both the NPs were found to more efficacious
as compared to ZnO bulk powder. The biologically synthesized ZnO NPs were more
efficacious against S. mutans and S. aureus, whereas the chemically synthesized ZnO NPs
showed higher antibacterial efficacy against E. coli and L. fermentum. The MIC and half-
maximal inhibitory concentration (ICsy) values of both NPs were closer to the values of the
standard drug rifampicin. Moreover, both NPs were found to be more effective compared
to the ZnO bulk powder, leading to potency for the drug formulations against tested
pathogens (Table 1, Figures 5 and 6a—d). Both nanomaterials were found to much less
effective against S. mutans and L. fermentum compared to the standard drug.

H Rifampicin ZnO NPs (Chemically)
ZnO Bulk Powder ZnO NPs (BiologicaIIyT

[y

o
o

o

)]
=

=

1
S

IIII ﬂ il i
: I
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o
=Y

0.2 I I
0 ] ] & ]
1C50 MIC 1C50 MicC 1C50 MIC 1C50 MIC
E. coli S. mutans S. aureus L. fermentum
Samples

Figure 5. Comparative evaluation of antibacterial bioassay of synthesized ZnO NPs (chemically and
biologically) with ZnO bulk powder against tooth decaying pathogens.
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Figure 6. Antibacterial bioassay of synthesized ZnO NPs (chemically and biologically), ZnO bulk
powder, and rifampicin against: (a) E. coli; (b) S. mutans; (c) S. aureus; and (d) L. fermentum.

Table 1. Antibacterial bioassay of synthesized ZnO NPs against tooth decaying pathogens.

S No Drugs/ E. coli S. mutans S. aureus L. fermentum

“% Samples ICso MIC ICso MIC ICso MIC ICsp MIC

1 Rifampicin 0.152 0.081 0.081 0.108 0.146 0.075 0.044 0.075

2 ZnO.NPS 0.184 0.193 0.332 0.308 0.272 0.296 0.433 0.407
(chemically)

3 ZnO bulk 0.689 0.648 0.248 0.482 0.572 0.628 0.576 0516

powder

4 .Zno NPS 0.257 0.261 0.279 0.293 0.122 0.134 0.457 0.426

(biologically)

Note: All the values are in MIC (in pg/mL) and IC50 (in pg/mL).

Zinc has been widely used in human welfare since ancient times in the form of tooth
powder and toothpaste [51,52]. Zinc has antibacterial properties and is a major constituent
after calcium and magnesium in tooth formation. The present study was performed
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with ZnO NPs and compared with commercially available ZnO bulk power against tooth
decaying pathogens utilizing the broth microdilution technique. The data were analyzed
and found high antibacterial efficacy compared with the ZnO bulk powder [53,54]. The
biologically synthesized ZnO NPs were found to have the highest antibacterial property
against S. aureus and were less effective against L. fermentum. The chemically synthesized
ZnO NPs were found to have more lethality against E. coli and were less toxic to S. aureus.
Both nano-biomaterials were found to have a potential antibacterial property compared
to the standard drug (rifampicin) and ZnO bulk powder. The antibacterial properties of
ZnO NPs were also reported by other researchers [53-55]. The MIC values of the ZnO
NPs synthesized chemically as well as biologically were found to be similar to those from
other, earlier reports [56]. For the herbal (phyto)synthesis, more bioactive components were
found and they showed less toxicity to human health [56,57]. Some researchers reported
mechanisms wherein these nanoparticles trigger the release of free radicals which rupture
the microbial cell membranes, causing their death [57,58]. Both synthesized ZnO NPs
showed better proximity to the standard drug compared to ZnO powder against all four
bacterial species. This may be due to the ZnO NPs having highly penetrable, large surface
areas and stable properties compared to the ZnO bulk powder. The nano form of ZnO
leads to alteration in cell membrane permeability, which is responsible for leakage of the
components of the intracellular compartment [59,60].

4. Conclusions

ZnO nanoparticles were successfully synthesized by chemical as well as biological
methods. Biological synthesis of ZnO NPs using the aqueous leaf extract of Murraya
paniculata as a reducing agent provides an environmentally friendly, simple, and efficient
route for the synthesis of nanoparticles. The XRD patterns confirm that ZnO NPs have
a hexagonal crystalline structure with space group P63mc (186). The particle sizes were
found to be 47 nm and 55 nm for the chemically and biologically synthesized ZnO NPs,
respectively, along with the high intensity orientation (002). FE-SEM data confirm the
rod shape morphology with a thickness of ~25-65 nm and length of ~250-600 nm for the
chemically synthesized ZnO NPs and spherical and cubical shapes for the biologically
synthesized ZnO NPs. FTIR data show that the peaks between 4000 and 450 cm ! observed
in the spectra indicate the presence of the functional groups -OH, C-O, and -C-H-. The
absorption band at 517 cm 1 is attributed to the stretching vibration of Zn-O bonds, which
confirms the formation of materials for the biologically synthesized ZnO NPs. The UV-
Vis absorption spectra of the ZnO NPs indicate that the high and stable peak was found
around 370 nm, corresponding to the chemically synthesized ZnO NPs, which confirms
the formation of ZnO NPs. The hump around 360 nm, corresponding to the biologically
synthesized ZnO NPs, is evidence of the formation of ZnO NPs, and an absorbance peak
around 300 nm corresponds to the formation of smaller-sized particles. Both ZnO NPs and
Zn0O bulk powder were comparatively studied with their antibacterial property with the
broth microdilution method. The MIC and IC50 values of both the synthesized ZnO NPs
showed better proximity to the values of the standard drug compared to those of the ZnO
powder against tooth decaying pathogens, i.e., S. mutans, S. aureus, L. fermentum, and E. coli.
This may be due to the ZnO NPs having a highly penetrable, large surface area and stable
properties compared to the ZnO bulk powder. The present study has potentially shown the
antibacterial efficacy of ZnO NPs against major tooth decaying pathogens, opening the door
for biologically synthesized ones as an alternative that is more cost-effective and less toxic to
human health. Finally, we conclude that the present study focused on the environmentally
friendly and low-cost synthesized nanomaterials of other tooth filling elements, such as
Ti, Ag, and Ca, which may be utilized as filling agents with high antibacterial efficacy.
Moreover, the amalgamation of tooth filling nanomaterial powder can be further utilized
in dentistry as well as other pharmacological applications. This study is helpful and
useful to the scientific community for using ZnO NPs in dentistry, antimicrobial, and other
pharmacological applications for commercial biomedical applications.
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