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Abstract: Zinc oxide nanoparticles (ZnONPs) are the top candidate in the field of biological appli-
cations because of their high surface area and excellent catalytic activities. In the present study, the
cyanobacteria-mediated biosynthesis of zinc oxide NPs using Nostoc sp. extract as a stabilizing, chelat-
ing, and reducing agent is reported. ZnONPs were biologically synthesized using an eco-friendly
and simple technique with a minimal reaction time and calcination temperature. Various methods,
including X-ray diffraction (XRD), ultraviolet spectroscopy (UV), Fourier transform infrared (FTIR),
scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX) were used to
characterize the biosynthesized zinc oxide NPs. XRD analysis depicted the crystalline form of zinc
oxide NPs, and the Scherrer equation determined a mean crystalline size of ~28.21 nm. The SEM
results reveal the spherical shape of the biosynthesized nanoparticles. Various functional groups
were involved in the capping and stabilization of the zinc oxide NPs, which were confirmed by
FTIR analysis. The zinc oxide NPs showed strong UV-vis absorption at 340 nm. Multiple in vitro
biological applications showed significant therapeutic potential for zinc oxide NPs. Potential antimi-
crobial assays were reported for zinc oxide NPs via the disc-diffusion method and food poisoning
method, respectively. All other activities mentioned below are described with the concentration and
IC50 values. Biocompatibility with human erythrocytes and macrophages (IC50: 433 pg/mL, IC50
> 323 ug/mL) and cytotoxic properties using brine shrimps (IC50: 11.15 pug/mL) and Leishmania
tropics (Amastigotes IC50: 43.14 ug mL~! and Promastigotes IC50: 14.02 pg mL~!) were determined.
Enzyme inhibition assays (protein kinase and alpha amylase) were performed and showed strong
potential. Free radical scavenging tests showed strong antioxidant capacities. These results indicate
that zinc oxide NPs synthesized by Nostoc sp. have strong biological applications and are promising
candidates for clinical development.

Keywords: Nostoc sp.; zinc oxide NPs; characterization; biological applications; green synthesis

1. Introduction

Nanotechnology has grown significantly due to its usage in biotechnology, chemistry,
and pharmacology [1,2]. As a result of this research, particular innovations in drug delivery,
gene transport, nanomedicine, biosensing, and other aspects of nanoscience have been
developed [3,4]. One of the unique characteristics of nanotechnology that makes nano-sized
particles exciting is their high surface-to-volume ratio [5]. Atoms present on the surface
are more active than those present on the inner side of nanoparticles. This property of
nanoparticles makes them more reactive than bulk materials [6]. Nanoparticles can be
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synthesized by chemical, physical, or biological methods. Different chemical and physical
methods, including laser ablation, hydrothermal, sol-gel synthesis, lithography, and others,
require special equipment and skilled people. Additionally, they affect human health
negatively. In contrast, the biological methods used for the synthesis of nanoparticles
are inexpensive, nontoxic, and biodegradable [7-10]. The utilization of natural resources,
including leaves, roots, and flower extracts, as well as microorganisms such as bacteria,
fungus, and algae, etc., are eco-friendly methods of NPs synthesis that use fewer toxic
compounds [11-13]. Recently, more importance has been given to the biosynthesis of metal
oxide nanoparticles, including gold, copper, zinc, silver, and nickel nanoparticles [14-16].

There are various chemical, biological, and physical methods for synthesizing zinc
oxide NPs. According to the literature, the chemical methods used to synthesize zinc oxide
nanoparticles include wet chemical, electro-deposition, chemical micro-emulsion, spray
pyrolysis, [17], microwave-assisted combustion, and chemical and direct precipitation.
Physical methods include high vacuum usage in processes such as thermal evaporation,
pulsed laser deposition, and molecular beam epitaxy [18]. Among these, the biological
methods are eco-friendly and cost-effective for the fabrication of zinc oxide nanoparti-
cles [19]. In “green synthesis”, plant extracts, fungi, bacteria, and microorganisms are used
to synthesize zinc oxide nanoparticles (ZnONPs) [20].

Among all other microorganisms, cyanobacteria are of particular interest in the biosyn-
thesis of nanoparticles because they are a potential source of novel compounds, with
great biotechnological value [21,22]. Compared to crop plants, cyanobacterial culture and
biomass production systems require significantly less time to grow and have maximum
biomass capacity [23]. Pd, Ag, Au, and Pt nanoparticles have been synthesized using
cyanobacteria either extracellularly or intracellularly [24]. EA03 and Arthrospira platensis
have also been used to synthesize ZnONPs [21,25].

The primary benefit is the possibility for biosynthesized nanoparticles to be used in
biomedical applications or directly in living systems. This is because these nanoparticles
have a lower degree of toxicity than those made via physicochemical processes. Pillai et al.
reported the antibacterial and antifungal activities of zinc oxide nanoparticles synthesized
from aqueous extract of plants [26]. The genus Nostoc is a rich source of a variety of
secondary metabolites, including vitamins, phycobiliproteins, antioxidants, enzymes, and
phenolic compounds, which are often used as anticancer, anti-HIV, antimalarial, antifungal,
or antibacterial [27] medicines [28]. Nostoc cell extract can be used as a metal oxide coating
and reducing agent for the NP synthesis of NPs, as it is a rich source of compounds such as
amino, hydroxyl, and carboxyl groups [29].

The main objectives of this study were to use Nostoc sp. biomass for the biosynthesis
of zinc oxide nanoparticles to ensure environmentally friendly formation, reduce toxic
precursors and by-products, and determine if they are safe and effective in treating emerg-
ing diseases. The present study investigated the synthesis of safe and secure metal oxide
NPs. The potential of Nostoc sp. extract in the production of highly crystalline, pure zinc
oxide NPs were evaluated, along with their structural, thermal, and optical properties.
Zinc oxide NPs were also evaluated for their antifungal, antibacterial, and cytotoxicity
properties in brine shrimps and Leishmania tropica, their biocompatibility with human RBC
(red blood cells) and macrophages, their enzyme inhibition potential by protein kinase
(PK) and x-amylase (AA), and their antioxidant capacities. The results provide detailed
information about biosynthesis and, the suitability of zinc oxide NPs for biological activities
is discussed.

2. Results and Discussion
2.1. Physical and Chemical Characterization of Green-Synthesized Zinc Oxide Nanoparticles
2.1.1. UV-Vis Spectrum

In this study, the cyanobacterial extract of Nostoc sp. was utilized to biosynthesize

zinc oxide NPs, which act as stabilizing and reducing agents. Progress in the development
of zinc oxide NPs was carried out through different characterization techniques. The
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formation of biosynthesized zinc oxide NPs was confirmed by a color change after the
addition of zinc acetate to the cyanobacterial extract at 60 °C. The color change from
dark green to turbid white was due to surface plasmon resonance [30]. To monitor the
stability of zinc oxide NPs, 1 mg mL~! solutions of zinc oxide NPs were prepared and
sonicated for 40 min. After 48 h, the turbid colloidal solution was left to stabilize, and
the surface plasmon resonance was detected at various time periods. The solution was
scanned over the specified wavelength scale of 200-800 nm. The UV spectra revealed an
absorption peak at 340 nm, indicating the stability of the colloidal solution at 48 h. After 60
h, there was a reduction in the absorption peak, indicating that the NPs had settled down.
Figure 1A,B represents the UV-vis spectrum of the biosynthesized Nostoc-mediated zinc
oxide nanoparticles.
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Figure 1. UV-vis spectra analysis of biosynthesized zinc oxide NPs. (A) UV-vis spectra, and (B) sta-
bility of green-synthesized zinc oxide NPs.

2.1.2. FTIR Spectroscopy

The chemical structures and functional groups of the biosynthesized zinc oxide
nanoparticles using Nostoc sp. were determined by FTIR spectroscopy (Figure 2). The
results of the FTIR spectroscopy show seven intense peaks at 3535 cm~!, 3020 cm™!,
1600 cm~1, 1157 em™1, 1025 cm™1, 449 em~1, and 684 cm™1. The broad absorption peaks at
3535 cm ™! indicate the presence of O-H hydrogen bands [31]. It is possible that intra-and
inter-molecular hydrogen bonding formation contributed to the width of this peak [32].
While the band at 1600 cm~! was associated with the C=0 stretching of proteins (Jabs
2005) or residual acetate, the low-intensity peak at 3000 cm~! was associated with the
CH, stretching of asymmetric and symmetric carbohydrates or lipids [33]. The vibrational
bending at wavenumber 3020 cm~! was caused by the absorption waves of the CH, or
CHj; of proteins [32]. The observed band at a wavelength of 1025 cm ™! can be attributed
to the C-O-C ether of polysaccharides, and the band at a wavelength of 1175 cm~! corre-
sponds to the C-N stretch of amino acids [34]. The absorption band at 449 cm~! proves
that Zn-O was formed successfully. In agreement with our data, the FTIR spectroscopy
results of the biosynthesized zinc oxide nanoparticles show that zinc oxide absorption
bands at wavelengths of 485 cm ! [35] and 442 cm ! [36] were observed in the range 400 to
500 cm ! [37], or at wavelengths of 782 cm 1 [38], 450 cm™, and 600 cm ™! [39]. The results
of the FTIR spectroscopy show that the extract of Nostoc sp. contains organic substances
that act as stabilizing, capping, and reducing agents for the biosynthesis of zinc oxide
nanoparticles. According to Azizi et al. [40], the interaction between zinc molecules in salt
precursors and oxygen-containing functional groups in Sargassum muticum cell extract led
to the biosynthesis of zinc oxide NPs.
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Figure 2. FTIR spectra of green-synthesized ZnONPs.
2.1.3. SEM and EDX

The shape and morphology of biogenic zinc oxide nanoparticles were determined
by SEM imagery. The shape of the zinc oxide NPs was spherical or agglomerated, and
the SEM images are shown in Figure 3A. The EDX spectrum confirms the quantitative
elemental structure of the biosynthesized zinc oxide NPs, as shown in Figure 3B. The data
analysis determined that the biosynthesized zinc oxide NPs were composed of Zn, Na, Al,
O, and C, with weight percentages of 58.6, 21.3,13.4, 4.5, 15.3, 4.5, and 3.2%, respectively.
The EDX spectrum shows that zinc oxide was successfully produced using the metabolites
present in the Nostoc sp. filtrate. In addition, the EDX spectrum confirms that Zn and
O accounted for the majority of the components of the nanostructure. The involvement
of capping agents, such as amino acids, sugar, proteins, and polysaccharides, which are
considered the principal constituents of algal extract according to their X-ray emission
spectra, can be the source of additional peaks, such as C, Na, and Al, and all of these are in
line with previously reported results [41]. According to a recent study, Zn and O account
for the majority of zinc oxide NPs biosynthesized by the cyanobacterium Nostoc sp. [21]. In
addition, Zn and O have been identified as the primary building blocks of zinc oxide NPs
biosynthesized by Spirulina platensis [42].
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Figure 3. SEM and EDX images of green-synthesized zinc oxide NPs. (A) SEM image; (B) EDX spectrum.



Catalysts 2023, 13, 549

50f17

2.1.4. XRD Pattern

The XRD pattern of biosynthesized zinc oxide nanoparticles is shown in Figure 4. In
the XRD pattern, the broad peaks, with a clear broadening line, show the formation of the
nanoscale zinc oxide particles. At 31.38, 34.03, 35.86, 47.18, 56.33, 62.48, 67.66, and 68.93,
the zinc oxide NPs corresponded to the (100), (002), (101), (102), (110), (103), (112), and (201)
crystallographic planes, respectively. Remarkably, the XRD pattern of the biosynthesized
nanoparticles resembles the hexagonal wurtzite structure of zinc oxide [43]. The pattern
obtained matches the JCPDS card no. 00-033-0664. Furthermore, for the high-intensity peak
in the (101) plane of the diffractogram, the Debye-Scherrer equation was used to calculate
the crystalline size of the zinc oxide nanoparticles of ~28.21 nm each [44]. As a result, it
was observed in the XRD pattern of the zinc oxide NPs that the natural resources used to
synthesize the NPs may have had a greater impact on the size of the zinc oxide NPs than
on their crystal structure [30,45].

(A) (B)
300 4 Il L rl A A 1 A L 4 10
. [ card code:00-033-0664 |
250 L
4 - I J A A A A A
2004 R
3 g |4
©
= 160 s 2 A A
2 1004 N A
£ ] n
= 504 X |
0.
20 30 40 50 60 70 80 ’ NN
2 6 degree S SOy &
&
Miller indexation v
Figure 4. XRD pattern for biosynthesized zinc oxide NPs. (A) XRD pattern of Nostoc sp.-mediated
zinc oxide; (B) size calculation using Debye—Scherrer equation.
Herein, we provide an overview of various reports of biological means of ZnONPs
synthesis and discuss few of the landmark reports of the same. For the complete list of
reports, please refer to Table 1.
Table 1. Comparative study of physical characterization of ZnONPs.
. . Surface Crystal
Source Method Chemical Size Shape Morphology Nature Reference
Sargassum Green Zinc acetate .
wikicum synthesis dehydrate 42 nm Hexagonal Agglomerated  Crystalline [46]
Cladophora Green L . . .
Glomerata synthesis Zinc nitrate 30 nm Spherical Dispersed Crystalline [47]
Muyristica Green Zinc acetate Semispherical .
Fragrans synthesis dihydrate 41.23 nm shape Agglomerated  Crystalline [48]
Corriandrum Chemical Zinc acetate Flower .
Sativum method dihydrate 81 nm shape Agglomerated  Crystalline [49]
Green Zinc acetate .
Nostoc sp. synthesis dihydrate ~28.21 nm Hexagonal = Agglomerated  Crystalline = Current work
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2.2. Biopotentials of Biogenic Nostoc sp. Mediated Zinc Oxide Nanoparticles
2.2.1. Analysis of Cytotoxic Assays

The most common method to determine the biological potency of a naturally occurring
chemical is the brine shrimp lethality assay (BLSA) [50]. The cytotoxicity of the zinc oxide
NPs was validated in a dose-dependent manner, and their IC50 value was determined as
11.15 ug mL~!. The percentage mortality and dose-dependent behavior of the zinc oxide
NPs are shown in Figure 5A. Our results from the brine shrimp mortality experiment are
consistent with those of a zinc oxide NP assay that was previously reported [51].
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Figure 5. Analysis of cytotoxic activities. The data in these two figures represent the mean of three
replications. (A) Cytotoxic capacity against brine shrimps; (B) antileishmanial activities of zinc oxide

nanoparticles.

The antileishmanial drug antimonial is an effective drug for treating Leishmaniasis but
has lost some of its therapeutic potential, as Leishmania tropical parasites have developed
resistance to this. However, scholars are trying to look for an alternative strategy. Therefore,
extensive research is required to create unique and potentially useful nanobiomaterials.
Several nanomaterials have been reported to have anti-L. tropica activity [52]. However,
biosynthesized zinc oxide nanoparticles have rarely been evaluated for their cytotoxic
potential. In the present investigation, zinc oxide NPs have been used to treat L. tropica
parasites at various concentrations from 1 to 200 pg.

Figure 5A shows the dose-dependent behavior of the antileishmanial potential of the
ZnONPs. The ZnONPs showed promising activity against promastigotes and amastigotes
of L. tropica (IC50: 14.02 pg/mL and 43.14 ug/mL, respectively). The current experiment
results for the ZnONPs are comparable with those of a previous study [53].

2.2.2. Analysis of Antioxidant Assays

The antioxidant properties of the zinc oxide nanoparticles mediated by Nostoc sp.
are depicted in Figure 6. The antioxidant capacities were evaluated in a concentration
range of 1 to 200 pg/mL. To determine the presence of radical scavengers (antioxidant
species) adsorbed on zinc (antioxidant species) adsorbed on the surfaces of the zinc oxide
NPs, the free radical scavenging activity measured by 2, 2-diphenyl-1-picrylhydrazyl
(DMSO) was utilized. Our DPPH results are comparable to those of a previously described
study in which zinc oxide NPs were used. Their DPPH free radical scavenging activity
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tests indicated a percentage free radical scavenging activity potential of 58.81% [30]. The
maximum score for the total antioxidant capacity (TAC) of zinc oxide NPs in terms of
ascorbic acid (AA) equivalent/mg was recorded as 51.43% at 200 ug mL~!. The TAC
activity is primarily used to determine the scavenging ability of tested chemicals toward
reactive oxygen species. Our findings agreed with already published data [54]. In general,
the antioxidant potential shows the availability of radical scavengers in the zinc oxide NPs,
further promoting their stabilization [55].
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Figure 6. Antioxidant activities (DPPH, TRP, and TAC) of biosynthesized zinc oxide NPs. The data in
this figure depict the mean of three replicates.

To further investigate the antioxidant species coated on the surface of biosynthesized
NPs, a total reducing power (TRP) assay was designed. This assay was carried out to study
the reductones, which play a significant role in antioxidant activity by adding hydrogen
atoms and causing damage to the free radical chain [56]. The zinc oxide NPs made by
biosynthesis displayed potential antioxidant action. With a decrease in the zinc oxide
NP concentrations, the TRP also decreased. At maximum concentrations of 200 ng/mL,
the highest TRP (49%) was noted. At 200 pug/mL, the zinc oxide nanoparticles revealed
significant DPPH radical scavenging activity (58.81%). The information in Figure 6 leads to
the conclusion that Nostoc cyanobacterial extracts can be used as a substrate for a variety
of antioxidant compounds to reduce and stabilize zinc oxide NPs. For our zinc oxide
NPs mediated by Nostoc sp., the antioxidant results are consistent with other findings in
which zinc oxide NPs were used [51]. The differences and discrepancies compared to other
studies may have been caused by several significant factors, such as the conditions of the
experiment, the method used to create the nanoparticles, the cyanobacterial strain utilized,
the strain component used, and the size of the nanoparticles, among others [30].

2.2.3. Biocompatibility Potential Assays

Human macrophages and RBCs were used to test the biocompatibility and toxico-
logical effects of the zinc oxide NPs. Less than 2% of biological material is not hemolytic,
while biological substances with a hemolytic activity greater than 5% are classified as
hemolytic [57]. When a particular NP is hemolytic, it breaks down RBCs and releases
hemoglobin as a by-product. Red blood cells (RBCs) were used in a hemolysis experiment
to check the biosafety of the zinc oxide NPs. The zinc oxide NPs were used in different
concentrations ranging from 200 to 1 ug/mL. Accordingly, the biosynthesized zinc oxide
NPs were non-hemolytic at lower doses (2 ng/mL), slightly hemolytic at concentrations
between 5 and 50 pg/mL, and hemolytic at concentrations above 50 pg/mL. These findings
are consistent with previous observations of zinc oxide NPs [51]. The IC50 value of the
zinc oxide NPs for human RBCs was determined as 433 pg/mL. The results of the current
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study confirm that the biosynthesized zinc oxide NPs were non-hemolytic and considered
biocompatible at low concentrations.

Human macrophages (HMs) were also used to confirm the biocompatibility assay.
For this study, HMs were seeded in a 96-well plate and cultivated in an RPMI medium
for 24 h for cell attachment. In addition, the cells were exposed to zinc oxide NPs at
different concentrations (200 to 1 g mL~!). A dose-dependent response to the zinc oxide
NPs was observed in the macrophages. The results show that the macrophages were
inhibited by 35% of the zinc oxide NPs at concentrations of 200 ug mL~1, which indicates
the biosafety behavior of the biosynthesized zinc oxide NPs. Typically, macrophages have
established inhibitors against reactive oxygen species (ROS) generated from an external
source. According to researchers, lower production of reactive oxygen species is non-toxic
to both macrophages and red blood cells unless the concentration rises above a certain limit,
which is considered toxic to RBCs and macrophages [58]. The IC50 value was calculated to
be >323 ug mL~!. Figure 7B shows the results of the zinc oxide NP biocompatibility tests.
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Figure 7. Biocompatibility potential assay of biosynthesized zinc oxide NPs. The data in all figures
represent the mean (average) of three replicates. (A) Biocompatibility with human RBCs; (B) biocom-
patibility with human macrophages.

2.2.4. Analysis of Enzyme Inhibition Assays

The Nostoc-mediated zinc oxide NPs were evaluated for their protein kinase (PK)
inhibition potential. Figure 8A shows the significant PK inhibitory capacity of the zinc
oxide NPs at different doses between 37.5 and 1200 pg/mL. Our results show a moderate
potential for the inhibition of PK. Furthermore, the zone of inhibition (ZOI) of 20.5 mm and
the IC50 value of 400 pg/mL were determined. The ZOlIs for the test sample were lower
than those for surfactin (positive control). The results show that the cells were still viable at
a relatively low concentration. The inhibition of protein kinase enzymes is thought to be a
common target for the analysis of the anticancer potential of chemical substances. Tumor
progression is caused by PK deregulation [59]. Our results indicate that zinc oxide NPs
can inhibit the PK enzyme, suggesting that they should be investigated for the possibility
of utilizing protein kinase inhibition to treat cancer. Our findings are consistent with
previously published data [30].

In addition, the ability of the Nostoc-mediated zinc oxide NPs to inhibit x-amylase
(AA) was evaluated. AA enzymes were subjected to various doses of the zinc oxide NPs
(1200 to 18.75 ng/mL) to achieve this purpose. At a concentration of 1200 ug mL~!, the zinc
oxide NPs induced an increased percentage of inhibition (57.71%) (Figure 8B). On the other
hand, the percentage of inhibition decreased as the zinc oxide NP concentrations decreased.
The synthesized ZnONPs generally showed moderate enzyme inhibition potential, and
our findings are similar to previously published data [54].
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Figure 8. Enzyme inhibition potential of biosynthesized zinc oxide nanoparticles. The data in all
figures represent the mean of three replicates. (A) Protein kinase inhibition; (B) c-amylase inhibition.

2.2.5. Antimicrobial Assays

Microbial inhibition has increased dramatically worldwide. Biogenic zinc oxide NPs
were synthesized and used to combat multidrug-resistant superbugs. Zinc oxide NPs
show remarkable fungicidal and bactericidal effects against multidrug-resistant infections.
Various bacterial strains (BS), including Staphylococcus aureus, Escherichia coli, Klebsiella
pneumoniae, and coagulase-negative Staphylococcus were used, and significant antibacterial
activity results were obtained against the bacterial strains tested. It was observed that
most BS were sensitive to the zinc oxide NPs. The minimum inhibitory concentration
(MIC) values were recorded for different BS, including 50 pg/mL. Furthermore, it was
investigated that Staphylococcus aureus was the least susceptible and E. coli was the most
susceptible bacterial strain, with a minimum inhibition concentration (MIC) value of
50 ng mL~ L. Figure 9A,B illustrates the antibacterial potential of the zinc oxide NPs. No
single concentrations of the zinc oxide NPs showed more potential than those of the positive
control of kanamycin.
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Figure 9. Antimicrobial assays. (A,B) Antibacterial assay of zinc oxide nanoparticles; (C,D) antifungal

assay of zinc oxide nanoparticles.
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The Nostoc-mediated zinc oxide NPs showed dose-dependent antimicrobial effects,
and our findings are similar to previous studies on zinc oxide NPs using medicinal
plants [60]. The bioactive compounds adsorbed onto the surface could be responsible
for the significant antibacterial properties of zinc oxide NPs. In addition, research has
shown that bactericidal and fungicidal effects can result from zinc oxide NP-produced ROS
or microbial cell membrane perforations. Furthermore, these NPs can effectively penetrate
microbial cell membranes through tiny holes, where they can disrupt the mineral balance
and allow the leakage of intracellular proteins and enzymes, which will ultimately lead
to cell growth suppression and cell death [61]. The antibacterial activity of zinc oxide
nanoparticles has been the subject of extensive investigation, but little is known about their
antifungal potential.

This study also evaluated the antifungal potential of the zinc oxide NPs against two
different fungal strains; Alternaria alternata and Botrytis cinerea. The antifungal activity
of the zinc oxide nanoparticles was investigated by treating fungal strains with various
doses of zinc oxide NPs (50 to 200 ug/mL). The antifungal activity of the zinc oxide NPs is
represented in Figure 9C,D. To determine the inhibitory potentials of the zinc oxide NPs,
Amp-B served as a positive control. The results show a dose-dependent behavior. The least
susceptible strain was Botrytis cinerea, while Alternaria alternata was the most susceptible
strain [62].

3. Materials and Methods
3.1. Cyanobacterial Isolation Strain

All chemicals and solvents were obtained from Sigma-Aldrich. A water sample was
collected from Gujar khan, District Rawalpindi, Pakistan. An isolated strain of Nostoc
sp. was cultured and purified using blue-green algae medium (BG11) and incubated in a
growth chamber at 25 °C with a 8/16 h photoperiod of dark/ light using cool white light
with 3000 Lux. The colony emerged and was confirmed for purity; then it was preserved
for further investigation. The morphological features, including shape, color, length, and
width, were demonstrated using a light microscope. Taxonomic microscopy was achieved
by following the methods of [63].

3.2. Cyanobacteria-Mediated Green Synthesis of Zinc Oxide NPs
3.2.1. Biomass Preparation

To generate biomass, Nostoc sp. was cultured in BG11 medium.

3.2.2. Green Synthesis of Zinc Oxide Nanoparticles

The logarithmic phase biomass of cyanobacteria was utilized for the green synthesis
of zinc oxide NPs. The biomass of the cyanobacteria was harvested using a centrifuge. The
cyanobacterial extract was prepared by adding 15 g of Nostoc sp. powder to 250 mL of
distilled water. The zinc oxide NPs were synthesized as follows: 3 g of Zn(CH3COQ),-2H,0
was dissolved in 250 mL of distilled water; thereafter 98 mL of biomass filtrate was added.
The mixture was then continuously stirred at 500 rpm for 2 h. To obtain NPs from zinc
oxide in powder form, the resulting white precipitate was collected and dried in an oven
for 4 h at 450 °C [64]. This powder was then used for further experiments. The study
scheme of the biosynthesis, characterization, and biological activities of zinc oxide NPs is
shown in Figure 10.
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Figure 10. Study scheme showing the biosynthesis, characterization, and biological activities of zinc
oxide NPs.

3.3. Characterization Techniques of Green-Synthesized Zinc Oxide NPs
3.3.1. UV-Vis Spectroscopy

The biosynthesis of the zinc oxide nanoparticles was investigated by changes in
the colors of mixed solutions. The green synthesis of the zinc oxide nanoparticles in a
colloidal solution was also examined by ultraviolet-visible spectroscopy (JENWAY 6305
Spectrophotometer, 230 V/50 Hz, Staffordshire, UK), as they revealed an intense absorption
peak due to surface plasmon resonance. The changes in the color of the cyanobacterial
extract/salt mixture were measured by spectrophotometry at wavelengths of 200-800 nm.

3.3.2. FTIR Analysis

Functional groups in the green-synthesized zinc oxide NPs were analyzed by FTIR
spectra (JASCO FT-IR 4100 spectrometer, Hachioji, Tokyo, Japan). Potassium bromide (KBr)
was combined with 0.2 pg of powdered zinc oxide NPs before loading them under high
pressure onto a disk. FTIR spectra with 4.0 per centimeter, at wavelengths from 4000 cm ™!
to 500 cm !, were used for functional group characterization.

3.3.3. XRD Analysis

The XRD spectrum (XRD, X'Pert Pro Philips, Dandong, China) was used to confirm
the crystalline nature of the zinc oxide NPs with the following operating system: CuKx
radiation—the 20 angle ranged from 0° to 90°, A = 1.540 A. Additionally, the current was
set to 30 mA, and the voltage was 40 Kv. The following Debye—-Scherrer Equation (1) was
used to calculate the average crystalline size of the NPs:

D =0.9\/BCos0d 1)

where D is the average nanoparticle size, 0.9 is Scherrer’s constant, A is the X-ray wave-
length, {3 is the full-width half-maximum, and 6 is Bragg’s angle.

3.3.4. SEM and EDX

To determine the surface properties and elemental composition of the green-synthesized
zinc oxide NPs, SEM (JEOL JSM-6360LA, Tokyo, Japan) and EDX (EDX, Tokyo, Japan) were
used [65].



Catalysts 2023, 13, 549

12 of 17

3.4. Biological Applications of Nostoc-Mediated Green Synthesis of Zinc Oxide Nanoparticles
3.4.1. Brine Shrimp (BS) Cytotoxic Activity

The cytotoxic activity using brine shrimps was used to evaluate the cytotoxicity
of biosynthesized zinc oxide nanoparticles [66]. Artemia salina eggs were incubated in
seawater (3.8 g L™!) for about 2448 h at 30 °C under light conditions. Using Pasteur
pipettes, 10 mature phototrophic nauplii were collected and placed in glass vials with zinc
oxide NPs. Various concentrations (200 to 1 ug/mL) of zinc oxide NPs were used. The
negative control consisted of vials of mature nauplii, vincristine sulfate, and seawater, and
the positive control included mature nauplii flasks, seawater, and DMSO. The number
of dead shrimps in each vial was counted after a 24-h incubation period. The graph pad
program was used to calculate the IC50 values.

sample
control

Percentage Inhibition = [{1 — 1 x 100 (2)

3.4.2. Anti-Leishmanial Potential

In a subsequent evaluation of the cytotoxic potential of the zinc oxide NPs, Leishmania
tropica (both amastigote and promastigote cultures) was used [67]. Using a Leishmania
parasite culture, 10% FBS was added to MI99 medium. Zinc oxide NPs were administered
to the Leishmania parasite at different concentrations from 1 to 200 g mL~! to evaluate
their anti-Leishmania efficacy. The positive control of the experiment was amphotericin-B,
and the negative control was DMSO. After that, the Leishmanial parasites were treated in
96-well plates with different concentrations of zinc oxide NPs and incubated in a carbon
dioxide (5%) incubator at 24 °C for 72 h. The absorbance at a wavelength of 540 nm was
measured, and IC50 values were calculated. Using the GraphPad program, the mean lethal
concentration (IC50) and percentage inhibition were calculated using Equation (3):

_ Absorbance of sample
Absorbance of control

Percentage Inhibition = [{1 }] x 100 3

3.4.3. Antioxidant Assays

The spectrophotometric technique was utilized to assess the antioxidant capacity of
zinc oxide nanoparticles. The working solution was prepared by adding 25 mL of methanol
to 2.4 mg of free radicals (2.4 mg DPPH). Prior to assay, the antioxidant capacities of the
zinc oxide NPs (1-200 ng/mL) at different concentrations were evaluated. For a negative
control, DMSO was used, and ascorbic acid was used for a positive control. A sample of
zinc oxide NPs (20 puL) and 180 pL of reagent solution were combined to make the 200 pL
reaction mixtures [30]. The reaction mixture was kept in complete darkness for 2 h, and the
absorbance of samples was measured at a wavelength of 517 nm. The ability of the zinc
oxide NPs to eliminate free radicals was determined using Equation (4):

ABs. sample

ABs. control }] 100 @)

Percentage DPPH Scavanging = [{1 —
Using the previously published phosphomolybdenum method, the total antioxidant
capacity (TAC) was used to study the antioxidant capacity of the zinc oxide NPs [68]. The
absorbance was measured at a wavelength of 695 nm, and the results are presented as the
ug equivalents of ascorbic acid per milligram of test materials. DMSO served as a negative
control, and AA (ascorbic acid) served as a positive control. Furthermore, the total reducing
power (TRP) of the biosynthesized zinc oxide NPs was investigated using the potassium
ferriccyanide method [69]. AA was used as a positive control and DMSO was used as a
negative control. The absorbance of the mixed solutions was measured at a wavelength of
630 nm. The number of AA equivalents in milligrams (AAE/mg) was used to calculate the
reducing power.
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3.4.4. Biocompatibility with Human RBC

Using previously published techniques, the biocompatibility of the synthesized zinc
oxide NPs was validated using human red blood cells [70]. First, 1 mL of fresh human RBCs
were obtained and placed in an ethylene diamine tetraacetic acid (EDTA) falcon to avoid
blood clotting during the hemolytic assay. The human blood cells were centrifuged for ten
minutes at 12,000 rpm. The suspension of the red blood cells was prepared by mixing 200 pL
of RBCs in 9.8 mL of phosphate-buffered saline (pH 7.2). Different concentrations (200 to
1 ug/mL) of zinc oxide NPs were mixed into 100 pL of the RBC suspension before being
incubated at 35 °C for 1 h. Furthermore, the supernatant was separated by centrifugation
at 12,000 rpm. The supernatant was then transferred to a 96-well plate. The hemoglobin
release was investigated at 540 nm. In this experiment, for a negative control, DMSO was
used, and for a positive control, Triton-X-100 was used. The results are expressed as the
percentage hemolysis produced by various zinc oxide nanoparticle concentrations, and
they were calculated using Equation (5):

Sample absorbance — Neg. control absorbance
Pos. control absorbance — Neg. control absorbance

Percentage hemolysis = | ] X100 (5)

3.4.5. Biocompatibility with Human Macrophages (HMs)

The biocompatible nature of the biosynthesized zinc oxide NPs was also investigated
using a previously described method [71]. The macrophages were cultured in Roswell Park
Memorial Institute (RPMI) medium with 10% fetal bovine serum (FBS), 25 mM herpes,
and antibiotics (pen-strep). Additionally, to promote cell adhesion, the macrophages
were grown in 96-well plates and seeded with 5% CO, for 24 h. The macrophages were
exposed to different biosynthesized zinc oxide NP concentrations (200 to 1 ug/mL) for 24 h.
Equation (6) was used to determine the percentage inhibition:

Absorbance of sample

~ Absorbance of control }] > 100 ©)

Percentage Inhibition = [{1

3.4.6. a-Amylase (AA) Inhibition Potential

Using a previously established technique, the potency of AA inhibition of the biosyn-
thesized zinc oxide nanoparticles was evaluated [53]. To prepare the reaction mixture
for the activity, 25 uL of AA, 10 pL of zinc oxide NPs, 15 uL of FBS, and 40 pL of starch
solutions were combined. Then, 20 mL of iodine solutions and 90 mL of hydrochloric acid
were mixed into the reaction solution containing all the compounds, and it was incubated
at 50 °C for 30 min. In this experiment, ascorbose was taken as a positive control, and for
a negative control, distilled water was used. The percentage inhibition was determined
using Equation (7).

Sample absorbance — Neg. control absorbance

1 7
Pos. control absorbance — Neg.control absorbance %100 @)

Percentage inhibition = |

3.4.7. Protein Kinase Inhibitory Potential

A previously established method was used to investigate the potency of the zinc oxide
nanoparticles to prevent protein kinase (PK) using the Streptomyces 85E strain [72]. In a
sterile environment, the protein kinase inhibitory activity was performed. The SP4 minimal
medium was used to generate Streptomyces lawns. In Petri dishes, the PK inhibitory
potential of 10 pL of zinc oxide NPs placed on filter discs was evaluated. Surfactin was
taken as a positive control, and for a negative control, DMSO was used. To achieve its
growth, the Streptomyces 85E strain was cultured for 72 h at 30 °C. After 24 h, clear and
bare zones surrounded the discs, showing that spore growth was restricted and mycelia
were attached. Finally, the zone of inhibition (ZOI) was measured using Equation (8):
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Sample absorbance — Neg. control absorbance
Pos. control absorbance — Neg. control absorbance

Percentage inhibition = | ] x 100 (8)

3.4.8. Antifungal Assays of ZnONPs

The antifungal activity of the ZnONPs was determined via the food poisoning
method [73]. On PDA media, preserved cultures of fungi were cultivated for 72 h at
26.1 °C. Zinc oxide nanoparticles at various dose ranges (50-200 pg mL~!) were mixed
with the PDA medium for this investigation. A cork borer was used to insert a 4mm fungal
inoculum disc into the center of the PDA plates. PDA without any nanoparticles was used
as a positive control.

3.4.9. Antibacterial Assays of ZnONPs

An antibacterial assay of the zinc oxide nanoparticles was performed using a disc-
diffusion technique [30]. The bacterial strains (BS) were subcultured in nutrient broth
media and then incubated for twenty-four hours at 37 °C. To evaluate the antibacterial
activity of the zinc oxide nanoparticles, an overnight culture of BS was plated on a prepared
agar medium and left to dry for five minutes. The filter discs that were loaded with zinc
oxide NPs at various concentrations (50-200 ug mL~!) were then dried and left on the
plate surface. The plate was incubated for 24 h at 37 °C while being checked for the zone of
inhibition (ZOI). DMSO (5%) served as a negative control, and kanamycin-A served as a
positive control.

4. Conclusions

In conclusion, our research has shown that a phytochemical-rich, toxin-free cyanobac-
terial Nostoc sp. extract can be used to rapidly and sustainably synthesize zinc oxide
nanoparticles. The interactions of different elements in the cyanobacterial extract can lead
to the biosynthesis of zinc oxide nanoparticles. The physical and chemical properties of
biosynthesized zinc oxide nanoparticles were successfully investigated. The absorption
band at a wavelength of 340 nm seen in the UV-vis spectroscopy confirms that zinc (Zn)
metal ions were reduced to zinc oxide nanoparticles. The synthesized zinc oxide nanopar-
ticles were about ~28 nm in size and spherical in shape. It is significant that this study
also emphasized the numerous biological activities of zinc oxide NPs, showing that they
have excellent antioxidant, biocompatible, and enzyme-inhibiting properties. Our findings
show that the potency of zinc oxide nanoparticles indicate dose-dependent behavior. The
results of the current study show that biosynthesized zinc oxide nanoparticles can be
utilized as potential bio-safe candidates in a range of biological activities. To determine
their nano-pharmacological importance in different bioactivities, more in vivo, in vitro,
and mechanistic research in various animal models is needed in the future.
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