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Abstract: This paper presents the green synthesis and characterization of ZnO nanoparticles and
their microbial and photocatalytic application. The green synthesis of ZnO nanoparticles was carried
out using Zinc nitrate hexahydrate and the bark extract of Acacia caesia (L.) Willd. The nanoparticles
were synthesized at an optimum temperature of 65 ◦C followed by calcination at 400 ◦C. The samples
were characterized using UV-visible spectroscopy, SEM, XRD, FTIR and EDX analysis. UV-visible
spectroscopy showed a characteristic peak at 338 nm and the bandgap energy was found to be 3 eV
which is specific for ZnO. SEM confirmed the presence of ZnO on its nanoscale. EDX gave the
elemental details of Zinc constituting to 37.77% and Oxygen comprising 20.77% of its atomic weight.
XRD analysis gave the diffractogram indexed at various angles corresponding to ZnO nanoparticles.
It also revealed the average crystalline size to be 32.32 nm and the shape was found to be hexagonal.
The functional group present in the nanoparticles was characterized using FTIR, which gave a
characteristic peak at 485 cm−1. The synthesized nanoparticles exhibited significant photocatalytic
(methyl blue under UV irradiation). The presence of nanoparticles induces changes in its kinetics,
whose rate constants and correlation coefficients were analyzed during the photocatalytic degradation
of the model pollutant Methyl Blue. Studies on antibacterial (Escherichia coli, Staphylococcus aureus),
antifungal (Aspergillus niger, Candida albicans) and anti-inflammatory (COX assay) properties were
also carried out. The nanoparticles were synthesized in an eco-friendly and cost-effective method.
The study opens new horizons in the field of water treatment, biosensors and nanotechnology.

Keywords: green synthesis; Acacia caesia (L.) Willd; eco-friendly; Zinc oxide nanoparticles; photocat-
alytic; water treatment; antimicrobial

1. Introduction

Nanotechnology has always been a point of interest for scientists all over, owing to
their peculiar properties and potential application, thereby an active research topic [1,2].
They are of major innovative importance in various domains such as nanomedicine [3,4]
and antimicrobial [5,6]. These engineered marvels have found promising applications in
the construction of biosensors [7,8]. Nanomaterials have not only high specific surface area
but also have a high surface area to volume ratio, which increases with a decrease in size,
distribution and morphology of the particles [9,10]. Furthermore, these superior physical
properties make the nanoparticles more reactive [11].

Chemical synthesis of nanoparticles often poses a number of subsequent problems,
such as the presence of toxic chemical species which may get absorbed on the surface of
the nanoparticles as a result of the synthesis process, which in turn makes them unsuitable
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for any biomedical processes [12–14]. In addition, the conventional chemical methods
are often too expensive to carry out due to the need for expensive chemical reducing
agents [15,16]. Hence there necessitates a need for the synthesis of less toxic, more eco-
friendly nanoparticles synthesis method, which is achieved by green synthesis [17–19].
Green synthesis methods utilize bacteria, fungi, macro/microalgae and plant parts for the
synthesis [20–23]. Among green synthesis techniques, synthesis using plant extracts offers
a more significant promise owing to their ease of availability, less biohazardous properties
and negates the involvement of cell culturing practices [24–26]. Plant parts like root, bark,
fruit, flower, leaf etc. have been used in the past for the synthesis of nanoparticles [27–31].
For the present study for the synthesis of nanoparticles, bark extract has been used.

Metal oxide nanoparticles offer an area of interest owing to their distinctive optical,
magnetic, catalytic and electrical properties [32]. Moreover, they possess unique charac-
teristics such as surface plasmon resonance hence are being extensively used in the field
of optical imaging [33]. Amongst the various metal oxides, Zinc oxide is found to be a
potential candidate in the field of biomedical, especially for antimicrobial, anti-cancer,
anti-diabetes, anti-inflammatory, cell imaging, and biosensing applications [34–37]. In
addition, zinc oxide nanoparticles form the ideal candidates for applications involving
biological materials owing to their easy fabrication, non-toxicity, biocompatibility and
biosafety [11,38,39].

This paper presents the synthesis of ZnO nanoparticles using the bark extract of the
plant Acacia caesia (L.) Willd. It is an Indian medicinal plant with a rich phytochemical
profile [40]. The bark of the woody shrub has been shown to possess numerous thera-
peutic properties such as antimicrobial activities, insecticidal and wound healing [41,42].
Acacia caesia (L.) Willd. has also been shown to exhibit antioxidant activity compara-
ble to ascorbic acid [43]. Previously, Acacia caesia (L.) Willd. leaf extract has shown
great promise in silver nanoparticle fabrication, which exhibited considerable activity
against the hatching and growth of mosquito vectors [40]. This is the first time that the
bark extract of Acacia caesia (L.) Willd. has been used for the formulation of Zinc oxide
nanoparticles. Scheme 1. shows the mechanism of nanoparticle synthesis. From the figure,
Methoxyeugenol complex formation is an assumption based on the structure of the com-
pound and, owing to the class of compound it belongs to, based on previous literature [44].
Phenolic compounds have been reported to have a high affinity to form complexes with
metals as they are potent metal chelators. In particular, eugenol has been studied and
found to possess chelating potential with metals. Methoxy group has also been reported to
serve an auxillary for complex formation with metals and have been reported to show an
increasing antioxidant property. The flavanoid moieties are known to initiate capping of
Zn2+ ions while phenolic compounds have been reported to stabilize ZnO nanoparticles
after nucleation and also aid in the formation of multi-chelating bonds and thereby result
in the formation of different sized nanoparticles.

ZnO nanoparticles also have great photocatalytic activity among all the inorganic pho-
tocatalytic materials because of their advanced oxidation property. They are widely used
for the removal of pollutants like dyes, toxins and pigments from the environment [45–47].
The mechanism involved in the degradation of the pollutant is illustrated in Scheme 2.
When irradiated with UV light, the electrons from the valence band get quickly excited and
jump to the conduction band. ZnO is an n-type semiconductor with a wide bandgap of
3.37 eV [48] and a large exciton binding energy of 60 meV [49]. This results in the generation
of electron-hole pairs as there will be vacant sites in the valence band. Thus, the valence
band is accumulated with holes and the conduction band with electrons. These hole in the
valence band, upon reaction with water molecules forms hydroxyl groups which when
reacts with the dye produce the degradation products along with carbondioxide and water.
The degradation can also happen due to the reaction between the oxygen atoms with the
electrons in the conduction band reducing the oxygen to O2

−.
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Recent studies have reported that the use of nanomaterials resulted in high-performance
waste water treatment [50–52]. Various environmental friendly methods like the embedded
ZnO nanoparticles in a surface layer of clay used as a matrix has been reported in the past
for the adsorption and photocatalytic degradation of pollutants in wastewater [53]. Wang
et al. investigated and synthesized a novel clay nano-based catalyst of ZnO/TiO2/rectorite
for photodegradation and adsorption of methylene blue from the aqueous phase [54].
Several studies also revealed that the same experiment using different dyes in varying
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conditions showed the degradation of the photocatalytic activity of the nanocomposites in
the removal of the dyes [55–57]. For the present study, a model pollutant like methyl blue
was considered for the analysis whose photocatalytic activity was measured in terms of
percentage degradation of the dye.

Another application the study put forward is in the antimicrobial activity of the syn-
thesized nanoparticles. The use of ZnO nanoparticles may be a promising alternative
to antibiotics and it can act against a diversity of microorganisms, such as S. aureus, [58]
E. coli [59] and C. albicans [60,61]. Several studies revealed that the antibacterial and antifun-
gal activity of ZnO nanoparticles is based on the formation of reactive oxygen species (ROS)
such as superoxide anion, hydroxyl radicals, and hydrogen peroxide production. These
ROS interacts with the cell causing oxidative stress and subsequently cell damages, thus
resulting in antimicrobial activity [62,63]. Another mechanism is the release of Zn2+ ions,
which would cause bacterial cell membrane disintegration, membrane protein damage and
death of bacterial cells [64,65]. The other possible mechanism is the nanoparticles entering
the bacteria cell membrane via electrostatic forces and the loss of cellular integrity resulting
in cell death [66]. Moreover, ZnO nanoparticles have anti-inflammatory and anti-cancer
properties and several studies reported that it is an excellent anti-inflammatory agent by
dose-dependently suppressing both mRNA and protein expressions of iNOS, COX-2, IL-1β,
IL-6 and TNF-α [67].

The present paper discusses the Green synthesis of ZnO nanoparticles from the herbal
medicinal Plant Acacia caesia (L.) Willd. followed by characterization, photocatalytic degra-
dation activity of dye Methylene Blue, antimicrobial and anti-inflammatory properties.

2. Results and Discussions
2.1. XRD Analysis

The diffractogram was analyzed to understand the crystalline nature of the synthe-
sized nanoparticles. The X-ray diffraction peaks of green synthesized ZnO nanoparticles
using Acacia caesia (L.) Willd. at 2θ obtained are at 31.61◦, 34.28◦, 36.10◦, 47.4◦, 56.45◦,
62.72◦, 67.8◦, 68.93◦. The peaks were matched with the ICDD card number 01-089-0511,
and the shape of the crystal was found to be hexagonal in nature. From the ICDD card
details, the crystalline shape was identified from the space group (P63mc) and space group
number (No.186) and the lattice parameter a (equal to b) was found to be 3.2490 Å and c
was found to be 5.2052 Å which matches with the values previously reported [68]. In the
XRD analysis of nanoparticles, crystal planes were detected, as shown in Figure 1 which
correspond to the lattice planes (hkl) indexed as (100), (002), (101), (102), (110), (103), (112),
and (201) respectively as shown in Table 1. A reference image of ZnO nanoparticle formed
using the chemical synthesis method is shown in the inset [69] which is in accordance with
the XRD reported in this paper. Apart from the major peaks, some minor peaks can also be
seen at 23.5, 28.1, 29.2, 40.3, 41.03, 67.8, 72.4 and 76.8 which is attributed to the formation of
certain compounds due to the presence of the elements Sodium and Carbon as detailed
in Section 2.3.

Table 1. Crystal planes and particle size details from the XRD analysis of ZnO nanoparticles synthe-
sized using Acacia caesia (L.) Willd. at different diffraction angles.

Sl. No. 2Ө FWHM (β) Miller Indices Particle Size D (nm)

1 31.61 0.0039 (100) 36.48
2 34.28 0.0039 (002) 36.74
3 36.10 0.0043 (101) 33.56
4 47.40 0.0047 (102) 31.94
5 56.45 0.0055 (110) 28.46
6 62.72 0.0063 (103) 25.69
7 67.80 0.0055 (112) 30.21
8 68.93 0.0047 (201) 35.48
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Figure 1. X-ray diffractogram of synthesized Zinc oxide nanoparticles along with a reference diffractogram.

The synthesized nanoparticle’s crystalline size varies from as small as 25.69 nm to as
high as 36.48 nm. The average crystalline size of the particles was found to be 32.32 nm.

2.2. SEM Analysis

The Scanning Electron Microscopic images were taken to confirm the presence of
nanoparticles. Figure 2 shows SEM taken at different magnifications—10,000×, 25,000×,
50,000× and 100,000×. The particles were in an agglomerated form. From the Figure 2. A
depicts a more spherical shape. On a closer note, as seen in B, fibre shaped particles were
more evident. These fibrous formed hexagonal shaped particles when figures of various
magnifications were analyzed. SEM revealed the particle to be in its nano form. The
partially agglomerated state could be due to the fact that no hard-acting chemical filtration
methods were employed in green synthesis. Another factor that promotes aggregation can
be the smaller size of the nanoparticles.

2.3. EDX

The EDX graph provides the elemental details of the synthesized ZnO nanoparticles
as shown in Figure 3. The weighted percentage of Zinc and Oxygen was 37.77% and
20.77%, respectively. Apart from Zinc and Oxygen, there were traces of other compounds
like Carbon, Sodium etc. The presence of other major peaks might be as a result of X-ray
emissions breaking down capping agents such as polysaccharides, proteins, amino acids
and sugars [70,71]. When kept at room temperature for long, the synthesized particles will
react with moisture and carbon dioxide to form other compounds. That is why a trace of
carbon is found at 0.277 eV.

The table in Figure 3 gives the atomic and the weight percentage of the elements in
the nanoparticles. X-ray.
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2.4. UV-Visible Spectroscopy

The preliminary confirmation of the presence of zinc oxide was carried out by UV-
Visible spectral analysis. The suspension concentration was 0.2 mg/mL. The sample
exhibited a peak absorption at 338 nm as shown in Figure 4 is in accordance with the
spectral range of ZnO nanoparticles, between 300–500 nm [17,72]. The bandgap energy
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was found to be 3 eV. This was calculated using Tauc’s plot obtained from the values of the
UV spectrum. The intercept of Tauc’s plot directly gives the measure of the energy gap [73].
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When zinc nitrate hexahydrate is added to the aqueous extract of the Acacia caesia bark
and heated, the formation of yellow colour serves as a visual confirmation on the formation
of compounds of zinc nanoparticle [16,74]. This may also be due to the formation of Zinc
oxide from Zinc nitrate hexahydrate using the secondary metabolites present in the plant
extract as reported in the past. The change of colour to yellow may be attributed to oxygen
deficiencies as Zinc oxide nanoparticles are heated

ZnO = Zn2 + +
1
2

O2 + 2e−

This results in the movement of excess zinc ions into the interstitial space followed
by electrons into the adjacent interstitial spaces and formula becomes Zn1+xO. As the
anionic oxygen moves to bind with the cationic Zn2+ species, electrons will fill the anionic
vacancies thereby forming F-centres which imparts the yellow color [75].

2.5. FTIR

The FTIR spectral profile details about the functional groups present in the synthesized
ZnO nanoparticles. It also portrays that the formation of ZnO nanoparticles is due to the
interaction of the phenolic compounds, alkenes, amines, terpenoids, and flavonoids. FTIR
spectra of the synthesized ZnO nanoparticles using Acacia caesia (L.) Willd. was analyzed in
the range 400 to 4000 cm−1. Conversion of Zinc ions to Zinc oxide was observed as bands
which resulted in the formation of Zinc oxide nanoparticles. Each of the bands corresponds
to various stretching and bending modes. From Figure 5, the band corresponding to
hydroxyl group stretching is observed at 3258 cm−1. This is due to the interaction of
OH group in water by H bond which is observed as a stretching mode. The bending at
1630 cm−1 is attributed to the H-O-H bonding due to the water molecules adsorbed on
the surface [76]. This hydroxyl stretching with HOH bending together accounts to the
strength of the water molecules to the anion [77]. Moreover, this bending has contributed
to the peak intensity which can be observed in 1312 cm−1. The region at 1053 cm−1

corresponds to –C–O–C stretching bonds whereas the spectra with wavenumber below
500 cm−1 correspond to the presence of metal oxides, and the stretching at 485 cm−1

confirms the presence of ZnO [78]. It can also be noted that there is an increase in the
peak of the functional group amine at 1312 cm−1 which is due to the presence of carbon
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as briefed in Section 3.2. However, the XRD spectra give clear information regarding the
compound ZnO even though traces of other compounds can be found.

Catalysts 2021, 11, x FOR PEER REVIEW 8 of 21 
 

 

This results in the movement of excess zinc ions into the interstitial space followed 
by electrons into the adjacent interstitial spaces and formula becomes Zn1+xO. As the ani-
onic oxygen moves to bind with the cationic Zn2+ species, electrons will fill the anionic 
vacancies thereby forming F-centres which imparts the yellow color [75]. 

2.5. FTIR 
The FTIR spectral profile details about the functional groups present in the synthe-

sized ZnO nanoparticles. It also portrays that the formation of ZnO nanoparticles is due 
to the interaction of the phenolic compounds, alkenes, amines, terpenoids, and flavonoids. 
FTIR spectra of the synthesized ZnO nanoparticles using Acacia caesia (L). Willd was ana-
lyzed in the range 400 to 4000 cm−1. Conversion of Zinc ions to Zinc oxide was observed 
as bands which resulted in the formation of Zinc oxide nanoparticles. Each of the bands 
corresponds to various stretching and bending modes. From Figure 5, the band corre-
sponding to hydroxyl group stretching is observed at 3258 cm−1. This is due to the inter-
action of OH group in water by H bond which is observed as a stretching mode. The 
bending at 1630 cm−1 is attributed to the H-O-H bonding due to the water molecules ad-
sorbed on the surface [76]. This hydroxyl stretching with HOH bending together accounts 
to the strength of the water molecules to the anion [77]. Moreover, this bending has con-
tributed to the peak intensity which can be observed in 1312 cm−1. The region at 1053 cm−1 

corresponds to –C–O–C stretching bonds whereas the spectra with wavenumber below 
500 cm−1 correspond to the presence of metal oxides, and the stretching at 485 cm−1 con-
firms the presence of ZnO [78]. It can also be noted that there is an increase in the peak of 
the functional group amine at 1312 cm−1 which is due to the presence of carbon as briefed 
in Section 3.2. However, the XRD spectra give clear information regarding the compound 
ZnO even though traces of other compounds can be found. 

 
Figure 5. FTIR spectrum of synthesized Zinc oxide nanoparticles. 

2.6. Photocatalytic Activity 
The absorption spectra were taken for the model pollutant Methyl blue at 0.06 mg/mL 

and 0.03 mg/mL for two different concentration of ZnO (0.2 mg/mL and 0.1 mg/mL). The 
spectrum showed a maximum wavelength, λmax at 601 nm for both the concentration of 
ZnO nanoparticles which is specific for MB [79]. During the experimentation, the ZnO 
nanoparticles were kept in the dark for 10 min for observation and the dye did not show 
any degradation. While the absorption drastically changed over a period of 40 min when 
ZnO was added to the same stock solution and exposed to UV light radiation, as shown 
in Figure 6a. For a higher concentration of ZnO, the absorption at 0 min was higher than 
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2.6. Photocatalytic Activity

The absorption spectra were taken for the model pollutant Methyl blue at 0.06 mg/mL
and 0.03 mg/mL for two different concentration of ZnO (0.2 mg/mL and 0.1 mg/mL). The
spectrum showed a maximum wavelength, λmax at 601 nm for both the concentration of
ZnO nanoparticles which is specific for MB [79]. During the experimentation, the ZnO
nanoparticles were kept in the dark for 10 min for observation and the dye did not show
any degradation. While the absorption drastically changed over a period of 40 min when
ZnO was added to the same stock solution and exposed to UV light radiation, as shown in
Figure 6a. For a higher concentration of ZnO, the absorption at 0 min was higher than the
sample with a lower ZnO concentration. This is due to the fact that more the concentration
of ZnO nanoparticles, more will be the molecules that interacts with light waves leading to
higher absorption. At the end of 40 min for both the samples, the absorption has reduced
and are comparable.

The degradation percentage showed 92% of the dye had degraded for a higher con-
centration of ZnO nanoparticles (0.2 mg/mL), whereas the dye degradation was only 83%
at the end of 40 min for the lower concentration of ZnO (0.1 mg/mL) as shown in Figure 6b.
The present paper reports 50% dye degradation within 8 min, which is twice as fast when
compared to previously reported paper using the same precursor for the green synthesis of
ZnO nanoparticles [80]. For MB dye at 0.03 mg/mL, when ZnO with a higher concentration
(0.2 mg/mL) was added, the absorption reduced in an exponential manner as shown in
Figure 7a. It may also be noted that in the case ofMB added with ZnO nanoparticle of
lower concentration (0.1 mg/mL), the absorption decreases almost in a linear manner.
Figure 7b shows the degradation percentage for ZnO with higher concentration. It shows
a degradation of 85% and the MB added with ZnO nanoparticle of lower concentration
(0.2 mg/mL) added, the degradation percentage is as low as 61%.
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Rate constant has been calculated for all the four cases (A to D) using Langmuir
Hinshelwood equation. The rate constant ideally should follow the first order reaction
which is linear as shown in Figure 8. The slope, intercept and the R2 values are shown
in Table 2. Figure shows the kinetics of MB at two different concentrations (0.06 mg/mL
and 0.03 mg/mL) with ZnO nanoparticles added reaction at two different concentrations
0.2 mg/mL and 0.1 mg/mL. The slope of the equation directly gives the rate constant. The
rate constant for cases A, B, C and D are 3.16 × 10−4/s, 1.75 × 10−4/s, 2.19 × 10−4/s and
1.13 × 10−4/s respectively. These values of the rate constant are in accordance with the
previously reported work [81]. When compared to case D, the rate constant of A is three
times as reported in a similar study earlier [82].
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Table 2. Values of concentration of MB, ZnO, first order rate constants and correlation coefficients for the photocatalytic
degradation of MB.

Notation Concentration of MB (mg/mL) Concentration of ZnO (mg/mL) Rate Constant Intercept R2

A 0.06 0.2 3.16 × 10−4/s 0.029 0.98
B 0.06 0.1 1.75 × 10−4/s 0.071 0.96
C 0.03 0.2 2.19 × 10−4/s 0.083 0.90
D 0.03 0.1 1.13 × 10−4/s 0.015 0.99

2.7. Anti-Inflammatory Activity of ZnO Nanoparticles

The inhibition of cycloxygenase enzyme by ZnO nanoparticles at different concen-
trations (25, 50, 100 µg/mL) were analyzed and compared against Acetylsalicylic acid,
used as the reference compound. The results are summarized in Figure 9. The percentage
of inhibition by the ZnO nanoparticles and Acetylsalicylic acid were 23.41% and 34.51%,
respectively, at a concentration of 25 µg/mL each. At a treatment level of 50 µg/mL the
percent inhibition by the lead compound ZnO nanoparticles was 34.24% and that of Acetyl-
salicylic acid was 51.80%. Among the three different concentrations, the concentration of
100 µg/mL ZnO nanoparticles showed higher percentage of inhibition (64.81%).
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Figure 9. Percentage inhibition of COX enzyme.

The results reveal that at a higher concentration of Zn nanoparticles, high percent-
age of inhibition like the reference drug Acetylsalicylic acid is exhibited. The study
thus shows that green synthesized Zn nanoparticles possess good anti-inflammatory
activity. Nagajyothi et al. observed that green synthesized ZnO nanoparticles using
the root extract of P. tenuifolia have anti-inflammatory activities using LPS-stimulated
RAW 264.7 macrophages [67]. Moreover, previous studies have reported that the bio-
mediated synthesis of ZnO nanoparticles using Lantana Camara flower extract has high
anti-inflammatory properties [83]. Furthermore, studies also investigated that the small-
sized ZnO nanoparticles have significant effects on reducing skin inflammation [84] using
in different-sized ZnO nanoparticles penetrate injured skin in the mouse model.

2.8. Antimicrobial Activity of ZnO Nanoparticles
2.8.1. Antibacterial Activity of ZnO Nanoparticles

The antibacterial activity of ZnO nanoparticles was examined against Gram-negative
(Escherichia coli ATCC 25922) and Gram-positive (Staphylococcus aureus ATCC 25923) bacte-
rial strains by using the disc diffusion method. Different concentrations (250 µg, 500 µg
and 1000 µg) of the samples were prepared and used. The result is shown in Table 3 and
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Figure 10. The green synthesized ZnO nanoparticles using Acacia caesia (L.) Willd. bark
extract exhibited strong antibacterial activity against both Gram-negative (E. coli) and
Gram-positive (S. aureus) bacteria strains. The 1000 µg/mL concentration of ZnO nanopar-
ticles showed a maximum inhibition zone in both strains. Various studies reported that
green synthesized ZnO nanoparticles show high bactericidal activity in both strains [85–87].

Table 3. Antibacterial activity of ZnO nanoparticles.

ZnO Nanoparticle Concentration (µg)
Zone of Inhibition (mm) (Diameter)

E. coli S. aureus

250 15 11
500 17 12
1000 18 13

Streptomycin (100 µg) 25 25
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In the present study, it was found that the green synthesized ZnO nanoparticles
showed a more significant inhibitory effect on the Gram-negative bacteria (E. coli) in
contrast to a lower activity on Gram-positive bacteria (S. aureus). However, previous
studies reported that green synthesized zinc oxide nanoparticles have great antibacterial
potential on Gram-positive than Gram-negative bacteria [88]. The Gram-negative has a
lower thickness, when compared to a much larger thickness in Gram-positive bacteria, of
peptidoglycan layer which plays a primary role in maintaining cell integrity. The cell walls
of Gram-negative bacteria are more complex in layout than the Gram-positive ones acting
as a diffusion barrier and making them less susceptible to the antibacterial agents [86]. This
observed difference could be attributed to the plant extract were used structural differences
between Gram-positive and Gram-negative bacteria.

The present study depicted that the zone of inhibition by the E. coli and S. aureus were
15 mm and 11 mm, respectively, at a concentration of 250 µg/mL each. At the concentration
of ZnO NPs 500 µg/mL the zone of inhibition by E. coli was 17 mm and S. aureus was
12 mm. Gram-negative strain E. coli showed higher inhibition (18 mm) at a concentration of
1000 µg/mL in comparison with the Gram-positive strain S. aureus (13 mm). The positive
control Streptomycin (100 µg) showed a zone of inhibition at 25 mm in both the strains. In
the study, it is found that the green synthesized zinc oxide NP showed a more significant
inhibitory effect on the E. Coli in contrast to a lower activity S. aureus. Jiang et al. also
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revealed the potential antibacterial mechanisms of ZnO nanoparticles against E. coli [59].
The activity of the crude extract of the plant against E. coli and S. aureus, reported in our
previous work [41] showed that the plant extract alone does not show significant activity
at low concentrations.

The exact mechanism for the interaction of nanoparticles with bacteria that causes
cell disruption is not known, but there have been numerous proposed mechanisms. One
mechanism suggests the formation of reactive oxygen species (ROS), which interacts with
the cell causing oxidative stress and subsequent cell damage, thus resulting in antibac-
terial activity [88]. Another mechanism suggests a relationship between the structural
relationships of the nanoparticles with the cell. Smaller nanoparticles have a greater surface
reactivity and hence could penetrate easier into the cell to release Zn2+. The release of
Zn2+ from ZnO nanoparticles is known to disrupt cell processes, including active transport,
bacteria metabolism, and enzyme activity and thus leading to bacterial cell death [89]. The
nanoparticles enter the bacteria cell membrane via electrostatic forces and disrupt the cell
is one other possible mechanism. This may distort the membrane plasma structure and
damage the bacterial cell integrity resulting in cell death [90].

2.8.2. Antifungal Activity of ZnO Nanoparticles

In the present study the antifungal activity of ZnO nanoparticles was conducted using
Aspergillus niger (ATCC 16404) and Candida albicans (ATCC 10231) fungus through a well-
diffusion method. Different concentrations (250 µg, 500 µg and 1000 µg) of the samples
were prepared and the results are shown in Table 4 and Figure 11.

Table 4. Antifungal activity of ZnO nanoparticles.

ZnO Nanoparticles Concentration (µg)
Zone of Inhibition (mm) (Diameter)

Aspergillus niger Candida albicans

250 11 Nil
500 12 12
1000 14 15

Standard Drug Clotrimazole (100 µg) 29 27
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The value of antibiotic Clotrimazole (100 µg) inhibition zone diameter (positive con-
trol) on A. niger (ATCC 16404) and C. albicans (ATCC 10231) fungus were 29 mm and 27 mm
respectively. At the concentration of 250 µg and 500 µg, A. niger showed inhibition with
a zone diameter of 11 mm and 12 mm respectively. The zone diameter of C. albicans was
12 mm at sample concentration of 500 µg. It was found that at concentration of 1000 µg
ZnO nanoparticles, the zone of inhibition of A. niger and C. albicans were 14 mm and 15 mm
respectively. The result concluded that the antifungal activity of ZnO nanoparticles is
significant, though far less than the standard drug. Previous studies reported that green
synthesized ZnO NPs shows high fungicidal activity in both strains [60,91,92]. The anti-
fungal nature exhibited against the organisms could be because of the smaller size of the
ZnO nanoparticles. The nanoparticle could penetrate the cell walls and thus inhibit fungal
growth due to direct contact with the fungal cell membrane [6,93].

3. Materials and Methods
3.1. Materials for the Synthesis of ZnO Nanoparticles

The bark of Acacia caesia (L.) Willd. was collected from Pala, Kottayam district, Kerala.
A herbarium was deposited at the Department of Botany at the University of Kerala,
Kariyavattom in Trivandrum for identification (Voucher Number: KUBH 10097). Zinc
nitrate hexahydrate (98% purity), used as the precursor for the synthesis of nanoparticles,
was purchased from Merck®.

3.1.1. Preparation of Acacia caesia (L.) Willd Bark Extract

Freshly procured young green bark of Acacia caesia (L.) Willd. was washed thoroughly
to remove dirt and solid residues from the bark. 25 g of the thoroughly cleaned young bark
was cut into small pieces and transferred to a mortar and pestle. 50 mL of distilled water
was added to the bark extract to grind the mixture thoroughly to obtain an extremely thick
paste. This paste was then pressed to get the aqueous extract of the bark. The solution so
obtained was then centrifuged at 2400 rpm for 5 min to remove any persisting debris to get
the final liquid aqueous extract which was further taken for the analysis.

3.1.2. Synthesis of Zinc Oxide Nanoparticles

For the synthesis of zinc oxide nanoparticles, the final aqueous extract was boiled
in a magnetic stirrer to which 5 mL of 10 mM Zn (NO3)2.6H2O solution was added. The
solution developed a slight yellow colour which intensified upon heating for 40 min in
a magnetic stirrer at 65 ◦C. This optimum temperature was chosen after experimenting
with temperatures above and below the working temperature. When used 60 ◦C for the
analysis, the yellow colour, which denotes the formation of Zinc complexes with phenolic
ligands, was not evident. When a higher temperature of 70 ◦C was used, it resulted in the
formation of ashes. Hence 65 ◦C was considered as the optimum temperature for the study.
Conversion from Zinc nitrate to Zinc complexes takes place during this heating process
which is indicated by the formation of a yellow coloured solution. This solution is then
subjected to drying by heating the obtained nanoparticle solution at 65 ◦C overnight to get
a thick paste. The paste so obtained was then wholly dried through a process of calcination
at 400 ◦C for 2 h. Calcination is a temperature-dependent process that reduces compounds
in their impurity free and powdered form. Calcination also improves the crystalline nature
of the nanoparticle and has an effect on the size and shape of the crystal formed [94,95].
This powder is then collected and packed separately for further analysis [96].

3.2. Characterization of Zinc Oxide Nanoparticles
3.2.1. X-ray Diffractogram

X-ray Diffractometer (Bruker AXS D8 Advance) with Cu K-α radiation of wavelength
1.5402 Å was used for analyzing the crystal planes, the shape of nanoparticles and crys-
talline size determination.
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The debye-Scherrer formula was used to calculate the crystalline size of the particles.

D =
kλ

β cos θ
Å (1)

where average crystalline particle size is denoted by D, k is the shape factor (0.9), λ
corresponds to the wavelength (1.5406 Å) of the X-rays used for diffraction, β corresponds
to the full width at half maximum of a peak and θ is Bragg’s diffraction angle.

3.2.2. Scanning Electron Microscopy

Sample coated surfaces were analyzed using Nova NanoSEM 450 analyzer. The
samples were mixed with acetone and were dried before recording SEM. Multiple SEM
images were obtained at accelerating voltages of 5 kV and 10 kV at varying magnifications
of 100,000×, 50,000×, 25,000×, 10,000×, at scales of 1 µm, 2 µm, 3 µm, 5 µm and at working
distances of 5.8 mm and 5.6 mm.

3.2.3. Energy Dispersive Spectrometry

For the elemental study of the synthesized nanoparticle, Energy dispersive
spectrometer—Nova NanoSEM 450 analyzer was used. It gave the atomic weight and
elemental composition in terms of energy released due to the bombardment of X-rays.

3.2.4. UV-VISIBLE Spectrophotometry

UV-Vis spectrometric studies were carried out to confirm the presence of nanoparticles.
The powdered ZnO NPs were re-suspended in deionized water and UV-Vis spectra was
recorded in Cary 100 UV-Vis spectrophotometer G9821A from Agilent Technologies. The
spectra were recorded between 300–800 nm wavelength and the solution was sonicated
prior to characterization for even distribution. The energy gap value of the absorption
spectra was calculated utilizing the Tauc’s equation given by

(αhυ)n= A
(
hυ− Eg) (2)

where α is the absorption coefficient, hυ is the photon energy, Eg is the energy bandgap,
A is the proportionality constant and n is 2 for direct band transitions [97].

3.2.5. Fourier Transform Infrared Spectroscopy

ThermoFisher-Scientific Nicolet iS50 was used to obtain the FTIR spectrum in order
to characterize the functional bonds present in the synthesized nanoparticles. Attenuated
total reflectance FTIR was used and pure pellets were considered. 0.5 mg of the sample
was taken for the analysis and those samples which are not in a fine powder form should
be ground well in order to avoid scattering losses while taking FTIR reading.

3.2.6. Photocatalytic Activity

To investigate the photocatalytic activity of ZnO nanoparticles, an aqueous solution
of the dye-ethyl Blue was considered as the model pollutant. Methyl blue (0.03 mg/mL,
0.06 mg/mL) and ZnO (0.1 mg/mL, 0.2 mg/mL) nanoparticles at varying concentrations
were taken to evaluate the percentage degradation of the pollutant. To attain adsorption
equilibrium, the sample was magnetically stirred before exposing it to radiation. The
mixtures were then irradiated under the influence of UV light to assess the activity at
regular time intervals (4, 8, 12, 16, 20, 24, 28, 32, 36 and 40 min) between 400 nm–800 nm
wavelength band. The percentage of degradation of dye was evaluated using the equation:

%Degradation =

(
(C0 − Ct)

C0

)
× 100, (3)

C0 is the initial concentration of dye (mg/mL) and Ct is the concentration of dye
(mg/mL) at time t (min). The rate constant k was also computed where k = to understand
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the kinetics of the photocatalytic degradation. The wavelength of the UV lamp is in
the range 90–1100 nm, frequency is 50–60 Hz and power consumption was between
100–240 volts AC.

3.2.7. Anti-Inflammatory Activity of ZnO Nanoparticles

The anti-inflammatory activity was analyzed by COX assay using the method of
Walker & Gierse, (2010) [98]. RAW 264.7 cells were grown to 60% confluency, followed
by activation with 1 µL lipopolysaccharide (LPS) (1 µg/mL). LPS stimulated RAW cells
were exposed to different concentrations (25 µg/mL, 50 µg/mL and 100 µg/mL) of Zn
nanoparticles and standard drug Acetylsalicylic acid. The exposed cells were incubated
for 24 h, lysated by centrifugation and supernatant taken for the experiment. 100 µL
of cell supernatant was incubated in Tris-HCl buffer (pH 8), glutathione 5 mM/L, and
haemoglobin 5 mM/L for 1 min at 25 ◦C. The reaction was initiated by adding 200 mM/L
arachidonic acid and terminated after 20 min of incubation at 37 ◦C, by adding 200 µL
of the solution containing 10% trichloroacetic acid in 1 N hydrochloric acid. After the
centrifugal separation and the addition of 200 µL of a 1% thiobarbiturate, the tubes were
boiled for 20 min. The tubes were cooled and centrifuged for 3 min. The optical density
measured at 632 nm was used to determine COX inhibition. All the experiments were done
in triplicate to concede the results.

Percentage inhibition of the enzyme was calculated as,

% inhibition = ((Absorbance of control − Absorbance of test)/(Absorbance of control)) × 100 (4)

3.2.8. Antimicrobial Activity of ZnO Nanoparticles

The antimicrobial activity of green synthesized ZnO nanoparticles from the extract of
Acacia caesia (L.) Willd. was tested using the agar well diffusion method [99]. The human
pathogenic microorganisms used in this study included two bacterial strains (Escherichia
coli ATCC 25922 and Staphylococcus aureus ATCC 25923) and two fungal strains (Aspergillus
niger ATCC 16404 and Candida albicans ATCC 10231). Petriplates containing 20 mL Muller
Hinton Agar Medium were seeded with bacterial strains (growth of culture adjusted
according to McFarland Standard, 0.5%). Potato Dextrose agar plates were prepared and
overnight grown species of fungi were swabbed. Wells of approximately 10 mm was bored
using a well cutter and different concentrations of ZnO nanoparticles such as 250 µg/mL,
500 µg/mL and 1000 µg/mL was added. The plates were then incubated at 37 ◦C for
24 h for bacteria and at 28 ◦C for 48 h for fungi. The antimicrobial activity was assayed
by measuring the diameter of the inhibition zone formed around the well (NCCLS, 1993).
Streptomycin (antibiotic) and Clotrimazole (antimycotic) were used as a positive control.

4. Conclusions

Zinc oxide nanoparticles were successfully fabricated using the green synthesis fa-
cilitated method using the bark extract of Acacia caesia (L.) Willd.. The study reports a
non-toxic, inexpensive and environmentally friendly method of nanoparticle synthesis.
The presence of nanoparticles was confirmed by SEM analysis and UVspectrum revealed
the compound as Zinc oxide whose composition was provided by EDX spectrum. XRD
spectrum identified the size and shape of the nanoparticle. The size of the nanoparticle
crystals showed a distribution in the range 31.1 ± 5.4 nm. The functional group present in
the synthesized nanoparticles was examined through FTIR spectroscopy. Photocatalytic
activity showed a dye degradation of 92.2% within 40 min, which makes it a potential
candidate for water treatment. Furthermore, the produced nanoparticles were used for the
antibacterial, antifungal and inflammatory studies. Agar well diffusion method was used
to evaluate the antimicrobial activity of the ZnO nanoparticles against human pathogenic
bacteria Escherichia coli and Staphylococcus aureus. It showed significant antibacterial activity
at all concentrations. The antifungal activity against Aspergillus niger and Candida albicans
showed fungicidal property at high concentration of the ZnO nanoparticles. The anti-
inflammatory activity was analyzed by COX assay using RAW 264.7 cells, which showed
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high potential to reducing inflammation. These studies showed that ZnO nanoparticles
might be a promising option for microbicide and antiinflammatory agent.
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