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Abstract: Nanotechnology is one of the vital and quickly developing areas and has several uses
in various commercial zones. Among the various types of metal oxide-based nanoparticles, zinc
oxide nanoparticles (ZnO NPs) are frequently used because of their effective properties. The ZnO
nanocomposites are risk-free and biodegradable biopolymers, and they are widely being applied
in the biomedical and therapeutics fields. In the current study, the biochar-zinc oxide (MB-ZnO)
nanocomposites were prepared using a solvent-free ball-milling technique. The prepared MB-ZnO
nanocomposites were characterized through scanning electron microscopy (SEM), energy-dispersive
X-ray (EDX) spectroscopy, X-ray powder diffraction (XRD), and thermogravimetric analysis (TGA),
Fourier-transform infrared spectroscopy (FTIR), and ultraviolet–visible (UV) spectroscopy. The
MB-ZnO particles were measured as 43 nm via the X-ray line broadening technique by applying the
Scherrer equation at the highest peak of 36.36◦. The FTIR spectroscope results confirmed MB-ZnO’s
formation. The band gap energy gap values of the MB-ZnO nanocomposites were calculated as
2.77 eV by using UV–Vis spectra. The MB-ZnO nanocomposites were tested in various in vitro
biological assays, including biocompatibility assays against the macrophages and RBCs and the
enzymes’ inhibition potential assay against the protein kinase, alpha-amylase, cytotoxicity assays of
the leishmanial parasites, anti-inflammatory activity, antifungal activity, and antioxidant activities.
The maximum TAC (30.09%), TRP (36.29%), and DPPH radicals’ scavenging potential (49.19%) were
determined at the maximum dose of 200 µg/mL. Similarly, the maximum activity at the highest
dose for the anti-inflammatory (76%), at 1000 µg/mL, alpha-amylase inhibition potential (45%), at
1000 µg/mL, antileishmanial activity (68%), at 100 µg/mL, and antifungal activity (73 ± 2.1%), at
19 mg/mL, was perceived, respectively. It did not cause any potential harm during the biocompati-
bility and cytotoxic assay and performed better during the anti-inflammatory and antioxidant assay.
MB-ZnO caused moderate enzyme inhibition and was more effective against pathogenic fungus. The
results of the current study indicated that MB-ZnO nanocomposites could be applied as effective
catalysts in various processes. Moreover, this research provides valuable and the latest information
to the readers and researchers working on biopolymers and nanocomposites.
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1. Introduction

Nanotechnology is a vital and quickly developing area in science, containing knowl-
edge from various fields, including materials science, biological science, and other similar
disciplines. The word “nano” means very small, and the distinctive feature of nanoparticles,
including smaller size (1–100 nm), greater surface area, different morphologies, and many
other physicochemical characteristics, make them applicable in the fields of agriculture,
medicine, textiles, and the environment [1,2]. Based on their shapes, nanoparticles (NPs)
are recognized as nanotubes, nanoflowers, nanocrystals, nanowires, etc. [3]. Nanoparticles
have a variety of applications in various commercial zones, including agriculture, food,
drug delivery, and several additional processes [4]. The broad range of nanoparticles’ usage
is due to their inimitable and mesmerizing chemical, magnetic, mechanical, optical, sensing,
and electronic properties [5].

Among various kinds of NPs, metal-based nanoparticles are important because of
their less toxicity to living organisms and the ecosystem [5,6]. Metal oxide NPs also play
a key role in different fields, particularly in bio-nanomedicine and agriculture, and in
controlling numerous infectious diseases [7]. Amongst the metal oxide nanoparticles, ZnO
nanoparticles are frequently used because of their less toxic behavior and various chemical,
physical, and biological properties, along with a high binding energy (60 MeV), high chem-
ical balance, remarkable photostability, and wide bandgap (3.37 ev) [7]. Furthermore, the
Food and Drug Administration (FDA) has declared that ZnO is a non-toxic substance com-
pared to various nanoparticles [8]. The ZnO NPs have great benefits of cheap production,
V-blocking, and a white appearance [9]. ZnO nanoparticles are broadly used in sensors [10],
solar energy cells [11], electrical instruments [12], optical instruments [13], and the elimina-
tion of environmental contaminants [14]. Currently, ZnO NPs are also applied as peripheral
antimicrobial agents in food packages, textile stuff, mouthwash, ointments, and lotions for
microbial growth inhibition [15–17]. Generally, different processes, such as co-precipitation,
thermal decomposition, sol-gel and electrochemical methods, and ultrasonic production,
are used to synthesize NPs [18,19].

Presently, the reputation of bio-polymer functioned ZnO nanocomposites have re-
ceived attention in the fields of biomedical and therapeutics because of their risk-free and
biodegradable nature [20–22]. Amongst these biopolymers, biochar has gained more signif-
icance because of its distinctive properties, such as its biocompatibility, biodegradability,
and antimicrobial potential [23,24]. The synthesized biochar-ZnO composites own the
characteristics of both biochar and ZnO nanoparticles [25,26].

The synthesis of biochar-metal oxide nanocomposites is based on the pretreatment
of feedstock with various solutions of metal salts, such as ZnCl2, PbCl2, CaCl2, FeCl3, and
CuCl2, documented by various researchers [27,28]. Furthermore, metal oxides can easily
and productively load on pristine biochar surfaces through the processes of reduction
and precipitation [29,30]. For the preparation of the nanocomposite, the ball-milling
technique is favored above other processes because of its solvent-free, eco-friendly nature,
high productivity, and low cost [29]. The ball-milling method has been applied to alter
pure biochar, which decreases the size of the particles, increases the surface area, and
enhances the surface functions of the biochar and the creation of the reactive localities on
the biochar surface [31–34]. “This study plans to address the preparation of biochar-Zinc
oxide nanocomposite and its biological assessments in in-vitro conditions. Also, pure
biochar has been amended with the help of ball milling apparatus which can result in
the reduction of particle size, intensification of surface area creation of various functional
groups on biochar surface, and thus helpful in the attachment of zinc oxide on the surface
of biochar. So subsequently the goal of the study is to estimate the combined effect of
both biochar and zinc oxide. Furthermore, the assessment of biochar-zinc oxide provided
good results. Thus this bio-adhesive biochar-zinc oxide is a decent choice for medical
applications with enhanced adhesion and antimicrobial properties”.

In these connotations, our research focuses on an environment-friendly procedure to
prepare MB-ZnO nanocomposites without using any dangerous reagents or chemicals. Un-
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til now, just limited procedures have been documented to prepare MB-ZnO nanocomposites.
Our research delivers valuable and the latest information to the readers and researchers
of biopolymers and nanocomposites. Moreover, the prepared MB-ZnO was characterized
using SEM, EDS, XRD, TGA, FTIR, and UV. This work has focused on the effect of MB-ZnO
nanocomposites on various biological activities, including biocompatibility assays against
macrophages and RBCs, the enzymes’ inhibition potential against alpha-amylase, and
protein kinase, antioxidant activities, antifungal activity, anti-leishmanial parasites, and
anti-inflammatory.

2. Material and Methods
2.1. Plant Material

For the biochar synthesis, maize straw was collected from a native field in Islamabad,
Pakistan, and pieced to 1–1.5 mm. All the chemicals utilized in this study (ZnO, HCl, and
NaOH) were bought commercially. All the chemical solutions used in the experiment were
prepared in distilled water.

2.2. Preparation of the Biochar

Maize biochar was prepared following a documented procedure [29]. Shortly, the
maize straw was amended into pieces, splashed with distilled water, dried in the shade,
meshed, and then sieved. Afterward, the sieved material was loaded into a 10 g crucible
and located in a furnace in the absence of oxygen. The powder was heated for six hours
at 600 ◦C in the absence of oxygen. The attained biochar was sieved through an 80-mesh
sieve and deposited for future use.

2.3. Preparation of the MB-ZnO Nanocomposites

The MB-ZnO was prepared by mingling prepared biochar with zinc oxide in a ball-
milling apparatus. Generally, a mixture of ZnO and MB, having 6 g of each (with a ratio
of 50:50 by mass), was shifted to a 500 mL agate jar, having agate balls of 180 g (6 mm in
diameter) and placed in a ball-milling apparatus. The ratio of the agate balls to materials
(ZnO and MB) was 15:1 (by mass). The mechanical milling was performed for three days in
an ambient environment in a horizontal oscillatory mill.

2.4. Characterization of the Nanocomposites

Surface characteristics of the MB-ZnO were inspected with the help of a scanning
electron microscope (SEM, JEOLJSM 25910). The elemental investigation was done via
energy dispersive X-ray spectroscopy (EDX, UKINCA 200). A spectrophotometer was used
to determine the FT-IR spectra (SPECTRUM, 65). The crystalline nature of the MB-ZnO
was described at 0–80◦ through X-ray diffraction (XRD, Bruker, D8). A Thermo gravimetric
analyzer (METTLER TOLEDO TGA/SDTA 851) was used for the thermal assessment of
the MB-ZnO. The optical properties of the nanocomposites were studied in a range of
200–800 nm by UV–Vis-diffused reflectance spectroscopy. The band gap energies of the
MB-ZnO were determined by the following Equation (1):

(αhυ)2 = K(hυ − Eg) (1)

In the equation, α is the absorption coefficient, hυ is the photon energy (eV), K is the
absorption index, and Eg is the band gap energy.

2.5. Biocompatibility Assays

The biocompatible behavior of the MB-ZnO nanocomposites was studied against
human red bold cells (RBCs) and macrophages. The hemolytic activity was executed to
estimate the biocompatible nature of the MB-ZnO nanocomposites with fresh, extracted
human red bold cells (RBCs), following the previously standard protocol [35]. In the
experiment, 2 mL of healthy blood was taken from a volunteer in an EDTA tube. To
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isolate fresh RBCs, 1 mL of a fresh blood sample was centrifuged for 6 min at 12,000 rpm.
Suspension of the RBCs was obtained by adding 200 µL of RBCs in a 9.8 mL phosphate
buffer saline (pH 7.2). Subsequently, 100 µL of the RBCs’ suspension was treated with the
MB-ZnO nanocomposites and incubated at 40 ◦C for one hour. Then, the centrifugation
of the sample was performed for 15 min at 12,000 rpm. To investigate the hemoglobin
released from the erythrocytes, the supernatant was shifted to a 96-well plate and measured
at 540 nm. A Triton X-100 was used as a positive and a DMSO as a negative control. The
results were documented as the percentage hemolysis and calculated by the following
formula:

(%) Haemolysis = 100 × (Abs − Abnc)/(Abpc − Abnc) (2)

where Abs shows the absorbance of the sample, Abnc shows the negative control, and
Abpc denotes the positive control.

To study the biocompatible nature of the MB-ZnO against the macrophages, MTT
cytotoxicity was performed against freshly collected macrophages [36]. The macrophages
were isolated according to the standard protocol [37]. After isolation, the macrophages
were exposed to various concentrations of MB-ZnO (1.95–250 µg/mL) for two days (24 h).
A pure macrophage culture (without any addition) was used as a positive control. The
percent inhibition was calculated according to the following formula:

% Inhibition = 1 − Sample absorbance × 100/Control absorbance (3)

2.6. Protein Kinase Inhibition Assay (PK)

PK inhibition by the MB-ZnO nanocomposites was performed, following a standard
protocol [38]. For this purpose, the Streptomyces 85E strain was used. The bacterium was
placed in a tryptone soya broth medium at 30 ◦C for 96 h. To prepare a bacterial lawn, the
fresh bacterial spores were spread on sterile plates having an ISP4 medium. The MB-ZnO
nanocomposites (15 µL) were dispersed on filter discs (6 mm) and located on the plates
for the purpose of investigating the protein kinase inhibition potential. The DMSO was
used as a negative and surfactin as a positive control. To investigate the Streptomyces 85E
growth, incubation was accomplished at 30 ◦C for 72 h. After 24 h of incubation, clear and
bald zones were observed around the discs, which confirmed the inhibition of spore and
mycelial growth. After that, the zone of inhibition was measured.

2.7. Alpha-Amylase (AA) Inhibition Assay

The AA inhibition assay of the MB-ZnO nanocomposites was determined, following
standard protocol with little modifications [39]. In the α-amylase inhibition assay, the
reaction mixture consisted of an 85µL phosphate buffer, 80µL of an AA enzyme (0.14 U/mL),
10 µL of MB-ZnO (1 mg/mL DMSO), and a 40 µL starch solution (2 mg/mL in deionized
water) and was incubated in 96 well plates for 35 min at 45 ◦C. To cease the reaction, 20 µL
of HCl (1 M) was added to it. To every well, 20 µL of an iodine reagent (5 mM potassium
iodide and 5 mM iodine in a phosphate buffer) was added. For the preparation of the blank
well, the phosphate buffer and DMSO were added in place of the sample and α-amylase
enzyme solution, respectively. The DMSO was used as a negative control, and acarbose
was taken as a positive control. The absorbance was measured at 540 nm. The activity
was shown as a percentage of the α-amylase inhibition and was determined using the
formula below:

% α-amylase inhibition = (Os − On)/(Ob − On) × 100 (4)

where On is the absorbance of the negative control, Os is the absorbance of the sample, and
Ob is the absorbance of the blank.
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2.8. Antileishmanial Potential of MB-ZnO

The antileishmanial potential of the MB-ZnO was determined against Leishmania
tropica promastigotes, according to the published method [40]. All assay tubes had 3 mL of
a medium with 1 × 105 parasites/mL of L. tropica promastigotes. In an individual tube,
5 mL of each concentration (10 µg/mL, 50 µg/mL, 100 µg/mL, and 150 µg/mL) of the
MB-ZnO nanocomposites was poured and incubated at 28 ◦C. Throughout the experiment,
the DMSO was used as a negative, and amphotericin-B was taken as a positive control.
The parasites were counted by a hemocytometer in both the control and MB-ZnO-treated
samples at different intervals of 24, 48, 72, and 96 h of incubation, and the percentage
inhibition was determined using the following equation:

(%) Inhibition = 100 × Absampl/Abcontrol (5)

In the equation, Absample is the absorbance of the tested sample (MB-ZnO), and
Abcontrol refers to the absorbance of the negative control.

2.9. Anti-Inflammatory Activity

Anti-inflammatory activities of the biochar nanoparticles (BC NPs) and MB-ZnO
nanocomposites were determined using the heat-induced albumin denaturation method [41].
A reaction cocktail of bovine serum albumin (BSA) was prepared in a saline Tris buffer
(PH 6.8). A Stok solution (1 mg/mL) of the tested samples was further diluted in methanol
to acquire the desired concentration. A BSA solution (900 µL) was mixed with 100 µL
of various concentrations of MB-ZnO (1000, 500, 250, 125 and 62.5 µg/mL). Diclofenac
sodium (µg/mL) was used as a standard (Ismail and Mirza, 2015). the initial heating of
the reaction samples was performed for 30 min at 37 ◦C, followed by final heating at 55 ◦C
for 30 min. Samples were cooled down for 10 min at 25 ◦C, and their absorbance was
recorded at 660 nm. The assay was performed thrice, and the denaturation of the protein
was calculated by the following formula:

Protein inhibition = 100 × (Abs. (control) − Abs. (sample)/Abs. (control) (6)

2.10. Antioxidant Assays

Different antioxidant assays, such as the total antioxidant capacity, total reducing power,
and DPPH-free radical scavenging, were executed to examine the antioxidant activities of
the MB-ZnO nanocomposites at various concentrations, ranging from 1–200 mg/mL [42].

2.10.1. Total Antioxidant Capacity Determination (TAC)

To assess the TAC, 100 µL of the MB-ZnO nanocomposites was blended with a reagent,
according to the published procedure [43]. The mixture was cooled down to 25 ◦C, and the
absorbance was measured at 660 nm through a microplate reader. The DMSO was taken as
a negative and ascorbic acid as a positive control.

2.10.2. Total Reducing Power Determination (TRP)

TRP of the prepared MB-ZnO nanocomposites was calculated using the potassium-
ferricyanide method [44]. The DMSO was taken as a negative and ascorbic acid (AA) as a
positive control. At 620 nm, the absorbance of the solutions was calculated, and the TRP of
the synthesized MB-ZnO was determined as AA equivalents per milligrams (AAE/mg).

2.10.3. Free Radical Scavenging Assay (FRSA)

To estimate the FRSA, the DPPH (2, 2-diphenyl-1-picryl hydrazyl) was prepared
in methanol and used as a reagent solution. Concisely, a 180 mL reagent solution was
introduced to 20 mL of the test concentrations and incubated for one hour. Free radical
scavenging (%) was examined at 515 nm [42]. The AA was used as a positive, while
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the DMSO as a negative control. Percent inhibition was determined according to the
following equation:

(%) FRSA = 100 × Ab sample/Abs negative Control (7)

2.11. Antifungal Activity

The antifungal potential of the MB-ZnO was evaluated against Alternaria alternata
(accession no. MH553296). The stored culture of A. alternata was grown on a potato
dextrose agar (PDA) media for 7 days at 26 ± 1 °C. The antifungal activity of the MB-ZnO
nanocomposites was determined following the poisoned food method. A PDA media was
loaded with various concentrations (6 mg/mL, 12 mg/mL, and 19 mg/mL) of the MB-ZnO
nanocomposites. The inoculum disc of A. alternate (4 mm) was placed in the center of the
MB-ZnO-loaded PDA plates by using a cork borer. The PDA, without nanoparticles, served
as a positive control. Inoculated Petri plates were incubated for 7 days at 26 ± 1, and the
growth inhibition was determined according to the following equation:

Growth Inhibition Percentage = 100 × (C − T)/C (8)

where C shows the average growth of mycelia in the control plate (positive), and T shows
the average growth of mycelia in a plate treated with the MB-ZnO nanocomposites.

2.12. Statistical Analysis

The statistical data were analyzed by a one-way ANOVA by the statistical software,
SPSS (SPSSversion16.0). Entire trials were executed in triplicate, and means were analyzed.
Graphical illustrations of various parameters were analyzed with the help of Origin (4.5).

3. Results and Discussion
3.1. SEM and EDX Study

The SEM technique was applied to examine the morphological features of the sample.
The texture of the pristine biochar was observed through SEM analysis (Figure 1A). SEM
images revealed the pristine biochar to be porous and have a rough structure. The porous
structure of the maize biochar is formed by the removal of unstable substances at the time
of pyrolysis. As these substances moved out, pores and cracks started to appear on the
surface of the biochar, and it looked rough. The above-mentioned structural characteristics
of the maize biochar (MB) verified its capability to work as the best support for nano-sized
materials. After ball-milling, white ultrafine particulates (ZnO) appeared in cluster form
along the surface of the biochar (Figure 1B). The SEM analysis showed that the addition of
raw materials not only changed the composition of the products but also displayed a great
effect on their textural properties (Figure 1B).

The elemental composition of the MB-ZnO nanocomposites was determined by EDX
microanalysis [45]. This analysis verified the existence of C, Zn, O, Na, Ca, P, K, and Si
elements on the MB-ZnO nanocomposites, as shown in (Figure 2). SEM and EDS analyses
of the biochar-ZnO nanocomposites verified the existence of ZnO on the surface of the
biochar, which is an important indicator of its successful synthesis [46].
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Figure 2. EDX spectra (A) and elemental analysis of MB-ZnO nanocomposites (B).

3.2. X-ray Powder Diffraction Analysis

XRD computation was accomplished at a scanning rate of 1◦ per minute in 0.013◦ steps,
encompassing a 2-θ angle from 10◦ to 80◦. The XRD spectrum revealed nine main peaks of
the biochar nanocomposites (Figure 3). The XRD pattern of the MB-ZnO nanocomposite
sample displayed a low-intensity diffraction peak at about 67.5◦, indicating low crystallinity.
The XRD pattern revealed different peaks at 31.82, 34.50, 36.33, 47.62, 56.69, 62.95◦, 66.42◦,
67.54◦, and 69.01◦ (Figure 3), conforming to (100), (002), (101), (102), (110), (103), (200),
(112), and (201) planes, individually. These results indicated crystallographic planes of a
hexagonal structure of the MB-ZnO nanocomposites, following JCPDS no. (036–1451). The
normal size of the MB-ZnO particles was measured as 43 nm via the X-ray line broadening
technique by applying the Scherrer equation (Equation 1) at the highest peak of the MB-ZnO
nanocomposite patterns (2θ: 36.36◦). The size was measured according to the following
Equation (1).

DXRD = Kλ/βcosθ (9)
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The findings of the XRD established that the MB-ZnO nanocomposites were nanosized,
and these findings are similar to the previously published results [47].

3.3. FTIR Spectroscopy

FTIR spectroscopy indicated characteristic peaks of various dominant functional
groups (Figure 4). The FTIR spectroscope displayed nine peaks ranging from 500–4000 cm−1.
The peaks detected at 2163 cm−1 and 1124 cm−1 demonstrated a strong stretching of
N=C=N and C-O, respectively. The peak positioned at 1037 cm−1 represented a strong
S=O stretching of alkene, and the peak at 799 cm−1 indicated the C=C bending of alkene.
The presence of a band at 626 cm−1 recognized the stretching of CO3

2− [48]. In the same
way, the peak at 580 cm−1 was attributed to the vibration of ZnO and proved the presence
of ZnO NPs on the surface of the biochar [49]. The presence of a wide peak at 3440 cm−1

revealed the broad and strong stretching of the O-H bond of alkyne [50]. Another strong
peak at 524 cm−1 is attributed to Zn-O stretching [51]. Former studies have also described
the same peaks for the existence of ZnO on the MB-ZnO nanocomposite’s surface [52].

3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed for the determination of thermal charac-
teristics, as well as their ranges, while the removal of the biomass sample occurred [53].
Partial TGA results have been reported in a comprehensive way in our previously pub-
lished article [45]. The TGA results represented the relationship of the mass changes with
temperature (Figure 5). The mass reduction occurred with the increase in temperature, from
the initial temperature (Ti) to the final temperature (Tf), and these mass changes were due
to different thermal processes, including vaporization, reduction, oxidation, desorption,
and absorption [54]. The early weight loss at a low T corresponded to the water evaporation
present in the roughage of the particles [55]. The curve reflects weight loss because of
the water evaporation (50–100 ◦C), hemicelluloses volatilization (150–350 ◦C), cellulose
degradation (300–500 ◦C), lignin decomposition (till 700 ◦C), and later stages, by the slow
decomposition of the residue of pyrolysis. The thermogravimetric analysis of the pristine
biochar (Figure 5A) and MB-ZnO (Figure 5B) revealed that the degradation of the MB-ZnO
nanocomposites started slightly earlier as compared to the pristine biochar, which shows a
slightly lower thermal firmness of the MB-ZnO nanocomposites. Commonly, pure biochar
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is less thermally stable as compared to biochar-nanocomposites, but due to the synthesis of
the biochar at a high temperature (600 ◦C), the thermal behavior of the pure biochar might
have improved. These results demonstrated that pure biochar and MB-ZnO nanocompos-
ites have good thermal stability. At higher temperatures, the weight loss of pure ZnO NPs
has been documented to be very high [56]. Overall, the thermal decomposition curve of the
MB-ZnO nanocomposite sand pure biochar was almost similar to each other.

Molecules 2022, 27, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 3. XRD patterns of MB-ZnO nanocomposites. 

3.3. FTIR Spectroscopy 
FTIR spectroscopy indicated characteristic peaks of various dominant functional 

groups (Figure 4). The FTIR spectroscope displayed nine peaks ranging from 500–4000 
cm−1. The peaks detected at 2163  cm−1 and 1124 cm−1 demonstrated a strong stretching of 
N=C=N and C-O, respectively. The peak positioned at 1037 cm−1 represented a strong S=O 
stretching of alkene, and the peak at 799 cm−1 indicated the C=C bending of alkene. The 
presence of a band at 626 cm−1 recognized the stretching of CO32− [48]. In the same way, 
the peak at 580 cm−1 was attributed to the vibration of ZnO and proved the presence of 
ZnO NPs on the surface of the biochar [49]. The presence of a wide peak at 3440 cm−1 

revealed the broad and strong stretching of the O-H bond of alkyne [50]. Another strong 
peak at 524 cm−1 is attributed to Zn-O stretching [51]. Former studies have also described 
the same peaks for the existence of ZnO on the MB-ZnO nanocomposite’s surface [52]. 

 
Figure 4. FTIR spectrum of MB-ZnO nanocomposites. Figure 4. FTIR spectrum of MB-ZnO nanocomposites.

Molecules 2022, 27, x FOR PEER REVIEW 9 of 20 
 

 

3.4. Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis was performed for the determination of thermal charac-

teristics, as well as their ranges, while the removal of the biomass sample occurred [53]. 
Partial TGA results have been reported in a comprehensive way in our previously pub-
lished article [45]. The TGA results represented the relationship of the mass changes with 
temperature (Figure 5). The mass reduction occurred with the increase in temperature, 
from the initial temperature (Ti) to the final temperature (Tf), and these mass changes were 
due to different thermal processes, including vaporization, reduction, oxidation, desorp-
tion, and absorption [54]. The early weight loss at a low T corresponded to the water evap-
oration present in the roughage of the particles [55]. The curve reflects weight loss because 
of the water evaporation (50–100 °C), hemicelluloses volatilization (150–350 °C), cellulose 
degradation (300–500 °C), lignin decomposition (till 700 °C), and later stages, by the slow 
decomposition of the residue of pyrolysis. The thermogravimetric analysis of the pristine 
biochar (Figure 5A) and MB-ZnO (Figure 5B) revealed that the degradation of the MB-
ZnO nanocomposites started slightly earlier as compared to the pristine biochar, which 
shows a slightly lower thermal firmness of the MB-ZnO nanocomposites. Commonly, 
pure biochar is less thermally stable as compared to biochar-nanocomposites, but due to 
the synthesis of the biochar at a high temperature (600 °C), the thermal behavior of the 
pure biochar might have improved. These results demonstrated that pure biochar and 
MB-ZnO nanocomposites have good thermal stability. At higher temperatures, the weight 
loss of pure ZnO NPs has been documented to be very high [56]. Overall, the thermal 
decomposition curve of the MB-ZnO nanocomposite sand pure biochar was almost simi-
lar to each other. 

 
 

(A) (B) 

Figure 5. TGA of pure biochar (A) and MB-ZnO (B). 

3.5. UV Analysis 
UV–Vis spectrometer gave an informative adsorption spectrum of the pristine bio-

char (Figure 6A) and pure ZnO and MB-ZnO nanocomposites (Figure 6B). Individual 
peaks at 450 nm (biochar), 350 nm (ZnO), and 400 nm (MB-ZnO) determined the band gap 
successfully. 

The band gap energy value was obtained by using UV–Vis spectra. The normal band 
gap values for MB-ZnO nanocomposites (2.77 eV) and ZnO NPs (3.04 eV) have been re-
ported earlier [52]. Recently, we reported a gap within the band values around 1.71 eV of 
this MB-ZnO nanocomposite and discussed it in a comprehensive manner [45]. Several 

Figure 5. TGA of pure biochar (A) and MB-ZnO (B).

3.5. UV Analysis

UV–Vis spectrometer gave an informative adsorption spectrum of the pristine biochar
(Figure 6A) and pure ZnO and MB-ZnO nanocomposites (Figure 6B). Individual peaks at
450 nm (biochar), 350 nm (ZnO), and 400 nm (MB-ZnO) determined the band gap successfully.
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The band gap energy value was obtained by using UV–Vis spectra. The normal
band gap values for MB-ZnO nanocomposites (2.77 eV) and ZnO NPs (3.04 eV) have been
reported earlier [52]. Recently, we reported a gap within the band values around 1.71 eV
of this MB-ZnO nanocomposite and discussed it in a comprehensive manner [45]. Several
studies have reported that the priming of semiconductors, such as ZnO, on the surface of
non-metallic atoms (such as sulfur, carbon, phosphorus, and nitrogen) might increase their
efficiency due to the reduction of the band gap band [57,58]. The detailed procedure of the
band gap reduction has been described in many research articles [59].

3.6. Antioxidant Potential of MB-ZnO Nanocomposites

Antioxidant activities were determined at different concentrations (1.95–200 µg/mL).
MB-ZnO nanocomposites have never been investigated for antioxidant activities previously.
The highest score for the total antioxidant capacity of MB-ZnO nanocomposites, in terms
of AA equivalent/milligrams, was determined as 30.09% at 200 µg/mL. The process
of oxidation is naturally taking place in all living cells, resulting in the generation of
reactive oxygen species (ROS), which can disturb the usual metabolic activities of the cell.
An inadequate number of antioxidants can have terrible consequences, such as enzyme
inactivation, lipid peroxidation, and DNA and protein destruction. Further valuation
of the antioxidant potential of the ball-milled synthesized MB-ZnO was carried out via
studying their TRP assay. This assay was performed to examine the reductones that
perform a vital part in the antioxidant activities by generating H-atoms and creating
harm to free radicals [60]. The TRP of the MB-ZnO was declining with a reduction in the
dose of MB-ZnO. The highest TRP (36.29%) was determined at the highest concentrations
of 200 µg/mL (Figure 7). The major DPPH radicals scavenging potential (49.19%) was
determined for the MB-ZnO nanocomposites at the maximum dose of 200 µg/mL. The
antioxidant potential is due to the existence of various functional groups on the surface
MB-ZnO and the synergistic effect of both MB and Zn. The variations in the antioxidant
activities of MB-ZnO in comparison to the former studies of nanoparticles may be due
to several reasons, such as experimental conditions, the nanoparticle’s nature, the plant
variety, and the size of the nanoparticle. From the results of an antioxidant study, it is
concluded that MB-ZnO shows antioxidant properties, which are beneficial in thwarting
oxidative stress [61].
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3.7. Anti-Inflammatory Activity

The ball-milled synthesized pure biochar nanoparticles (BC NPs) and MB-ZnO nanocom-
posites expressed an analogous anti-inflammatory activity compared to standard diclofenac
sodium (a chemical analgesic). The ball-milled MB-ZnO nanocomposite can work as a
strong anti-inflammatory agent (Figure 8). Both MB-ZnO nanocomposites and BC NPs
help to decrease inflammation in vitro. The growth inhibition on the MB-ZnO nanocom-
posites was determined at a 62.5 µg/mL concentration (45%), 125 µg/mL concentration
(67%), 250 µg/mL concentration (69%), 500 µg/mL concentration (75%), and 1000 µg/mL
concentration (76%). The concentration above 1000 µg/mL displayed a greater than 78%
inhibition. The maximum inhibition percentage obtained by the BC NPs was 11%, 23%,
26%, 64%, and 66% at concentrations of 62.5 µg/mL, 125 µg/mL, 250 µg/mL, 500 µg/mL,
and 1000 µg/mL, respectively. Increasing the concentrations of both the samples was
directly proportional to the growth inhibition. Comparative analysis revealed that the
MB-ZnO nanocomposites were a better anti-inflammatory agent than pure BC NPs, under
similar conditions. Previous studies also confirm our results that the biochar-supported
ZnO is a better anti-inflammatory medicine [61]. These results showed that the MB-ZnO
nanocomposites had enhanced anti-inflammatory properties compared to separate metal
oxide. The better potential of the MB-ZnO may emerge due to the smaller size and surface-
to-volume ratio. Additionally, the combined effect of both MB and ZnO is another factor
that may increase its efficiency.
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3.8. Enzyme Inhibition Potential

At different tested concentrations, the MB-ZnO nanocomposites displayed a significant
inhibition potential against protein kinase (Figure 9A) and alpha-amylase (Figure 9B)
activities. Protein kinase is considered to be a vital enzyme, showing anticancer activities.
Protein kinases phosphorylate serine-threonine and tyrosine amino acid residues maintain
various biological procedures, for example, cell division, cell differentiation, cell elongation,
cell death, etc. The deregulated phosphorylation by protein kinase enzymes at the serine-
threonine and tyrosine residues can result in tumor growth. In this regard, protein kinase
inhibition can be considered a potential cancer therapeutic target [52]. Moreover, chemical
substances having the capability to inhibit protein kinase enzymes is essential. Protein
kinase phosphorylation has been reported to be a key element in the hyphae growth of
Streptomyces, and, hence, it has been frequently used to recognize protein kinase inhibitors.
To examine the protein kinase inhibition potential of the MB-ZnO nanocomposites, a
Streptomyces 85E strain was used. The bald zones were determined in millimeters, and
the largest zone (19 mm) was verified at a l mg/mL (1000 µg/mL) concentration. All the
tested concentrations produced bald zones (up to 250 µg/mL). Further dilutions did not
cause inhibition (Figure 9A). These findings showed that MB-ZnO could be applied as a
signal transductor inhibitor in tumor development. Surfactin was used as a positive control,
which showed higher inhibition of 23 mm at 1000 lg/mL and 7.4 mm at 31.25 lg/mL.
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Besides this, the alpha-amylase (AA) inhibition assay was studied at different dose
ranges (62.5 to 1000 µg/mL) of the MB-ZnO nanocomposites (Figure 9B). Alpha-amylase
plays an important role in the breakdown of polysaccharides into glucose [62]. This inhibit-
ing activity of alpha-amylase can reduce glucose levels, therefore opening a new area of
research to treat diabetes with nano-size materials [63]. In this study, the ball-milled syn-
thesized MB-ZnO nanocomposites displayed great inhibition of alpha-amylase. The maxi-
mum inhibition potential (45%) was examined at the highest concentration (1000 µg/mL).
However, this alpha-amylase inhibition potential gradually fell with the MB-ZnO nanocom-
posites’ reducing concentrations (Figure 9B).
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3.9. Biocompatibility Potential Assay

Commonly, out of several in vitro studies of red blood cells–nanocomposites (RBCs–
nanocomposites), hemolysis is the most used biological assay. It tells about the toxicity,
which is measured through the release of hemoglobin (Hb) from the damaged RBCs in
the supernatant. It is calculated using absorbance data at the wavelength of 530 nm [64].
Even though several in vitro studies exist about the interactions of cells–nanoparticles
(RBCs–NPs), the majority of them had used RBCs with common nanoparticles, not with
nanocomposites. Furthermore, it has been documented that various parameters, such as
the size, shape, and charge of the particles, play important roles in the compatibility of
blood [65]. The results were studied in the range of 200 − l µg/mL, and the hemolytic
nature was observed according to the scale of American society [66]. The potential cyto-
toxicity of the MB-ZnO nanocomposites was assessed against the RBCs (Figure 10). The
results were studied in the dose range of 200 µg/mL to 1 µg/mL. The hemolytic results
showed expressively less cytotoxic behavior of the MB-ZnO to the human RBCs. Maximum
hemolysis (28%) was examined at the maximum concentration (200 µg/mL), whereas no
hemoglobin breakdown was examined at the dose of 5 µg/mL and lower.
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For more exploration of the biocompatible nature of the MB-ZnO, an MTT cytotoxicity
assay was executed against human phagocytes (macrophages). Our findings have revealed
that the MB-ZnO are less-toxic to human macrophages (Figure 10). Our study showed that
MB-ZnO nanocomposites are non-toxic at a lower concentration (2 µg/mL), while they
are a little toxic at a 5–100 µg/mL concentration. At a 200 µg/mL dosage, a 42% death
rate of macrophages was observed. The IC50 value of the MB-ZnO was observed to be
>200 µg/mL for the MB-ZnO nanocomposites against the macrophages and RBCs. Overall,
the MB-ZnO nanocomposites can be accepted as safe and non-toxic at low doses (Figure 10).
The positive control (0.5% Triton X-100) showed 73% hemolysis.
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3.10. Antileishmanial Activity

The efficiency of the MB-ZnO nanocomposites as an antileishmanial agent was ex-
amined for 96 h and described as the percent inhibition (Figure 11). For the purpose of
making determinations, the promastigotes numbers were counted in both the experimental
and control groups at various time intervals (24, 48, 72, and 96 h). After treatment with
various concentrations of the nanocomposites, the number of the parasites was counted in
both the treated and control samples at consistent time intervals ranging from 24–96 h. The
antileishmanial efficiency improved with the increasing dose of the MB-ZnO nanocompos-
ites. The antileishmanial efficiency was observed to be 18% at 25 µg/mL, 25% at 50 µg/mL,
31% at 75 µg/mL, and 35% at 100 µg/mL, in the initial incubation for 24 h. After 48 h of
incubation, the number of cells count was reduced in the samples treated with the MB-ZnO.
The MB-ZnO nanocomposites displayed an antileishmanial efficiency of 34%, 45%, 57%,
and 68% at 25 µg/mL, 50 µg/mL, 75 µg/mL and 100 µg/mL, respectively, after 72 h of in-
cubation. After that, a slight decrease in activity was detected. This declination in efficiency
might be due to the exhaustion of the reactive ions from the MB-ZnO nanocomposites.
Furthermore, biochar-metal oxides have the ability of ROS production, which destroys
pathogens by creating holes in the cell wall and affects the morphological properties of
the membrane, causing the breakdown of the membrane and seepage of the intracellular
components. It is also identified that Leishmania is extremely vulnerable to these ROS, and
the medicine that could produce ROS will be considered an effective antileishmanial agent.
The significant results of our judgments, thus, undoubtedly show that MB-ZnO may be a
promising agent for leishmaniasis treatment.
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3.11. Antifungal Activities

The inhibition effect of the MB-ZnO nanocomposites at different concentrations was
studied on a PDA media (Figure 12). The fungal inhibition effect of the ball-milled prepared
MB-ZnO was observed at different concentrations according to the previously published
protocol [67]. The maximum growth inhibition (73 ± 2.1%) was perceived at a 19 mg/mL
concentration, followed by a 12 mg/mL concentration (60 ± 1.7% GI) and 6 mg/mL concen-
tration (52.77 ± 0.5). A further increase in the concentration of the MB-ZnO nanocomposites
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did not increase growth inhibition, which may be because increases in the concentration
cause the aggregation of the nanomaterial. Nanocomposites have a smaller size but higher
surface-to-volume ratios, making them highly reactive and unstable [68]. The physiochem-
ical attributes, such as size, the Brownian motion, and surface characteristics, may also
have an effect on the aggregation. In the previous few years, scientists have effectively
used ZnO nanocomposites to stop the growth of various fungi, such as Candida albicans,
Fusarium graminearum, and Aspergillus niger [69–71]. Earlier studies showed that the an-
tifungal activities of metal oxide nanocomposites are due to ROS production. The new
antimicrobial activity of metal-oxide NPs comprises the creation of toxic ions to damage
the cells [72]. It has been reported that nano-sized particles that interact strongly with
the surface of microbes display antimicrobial potential [73]. Metal oxide nanocomposites
cause holes in the cell wall and affect the morphological properties of the membrane (the
depolarization of the membrane and its permeability) and result in the breakdown of the
membrane and, thus, easily enter the cell without any resistance, and cause the breakdown
of DNA, RNA, and intracellular proteins [74–77]. This breakdown causes the leakage of
different substances, such as enzymes, proteins, and DNA, resulting in cell death.
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4. Conclusions

In the current study, MB-ZnO nanocomposite was effectively prepared via an eco-
friendly and cost-effective method, which is comprehensively explained above. The physic-
ochemical properties were also confirmed through various spectroscopic and microscopic
techniques. We further examined its efficacy through different in vitro biological activities
described above. The in vitro biological activities confirmed that MB-ZnO is greatly potent.
To the best of our knowledge, this study is the first study in which MB-ZnO nanocomposites
were analyzed in various in vitro biological activities. The unique properties of MB-ZnO
nanocomposites, such as their low toxicity, antiparasitic properties, anti-inflammatory prop-
erties, and biocompatibility assays, categorize them as suitable materials for biomedical
applications. Some additional properties, such as their antifungal potential and reducing
properties, make them suitable for agricultural uses. This study further highlights the need
to give further attention to the utilization of MB-ZnO in upcoming studies.
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degradation of Naproxen and methylene blue: Comparison between ZnO, TiO2 and their mixture. Process Saf. Environ. Prot. 2018,
113, 174–183. [CrossRef]

35. Khalil, A.T.; Ovais, M.; Ullah, I.; Ali, M.; Shinwari, Z.K.; Hassan, D.; Maaza, M. Sageretia thea (Osbeck.) modulated biosynthesis of
NiO nanoparticles and their in vitro pharmacognostic, antioxidant and cytotoxic potential. Artif. Cells Nanomed. Biotechnol. 2018,
46, 838–852. [CrossRef]

36. Ali, A.; Ambreen, S.; Javed, R.; Tabassum, S.; Haq, I.U.; Zia, M. ZnO nanostructure fabrication in different solvents transforms
physio-chemical, biological and photodegradable properties. Mater. Sci. Eng. C 2017, 74, 137–145. [CrossRef]

37. Malagoli, D. A full-length protocol to test hemolytic activity of palytoxin on human erythrocytes. Invertebr. Surviv. J. 2007, 4,
92–94.

38. Fatima, H.; Khan, K.; Zia, M.; Ur-Rehman, T.; Mirza, B.; Haq, I.-U. Extraction optimization of medicinally important metabolites
from Datura innoxia Mill.: An in vitro biological and phytochemical investigation. BMC Complement. Altern. Med. 2015, 15, 376.
[CrossRef]

39. Ebrahiminezhad, A.; Zare-Hoseinabadi, A.; Sarmah, A.K.; Taghizadeh, S.; Ghasemi, Y.; Berenjian, A. Plant-Mediated Synthesis
and Applications of Iron Nanoparticles. Mol. Biotechnol. 2018, 60, 154–168. [CrossRef]

40. Ahmad, A.; Syed, F.; Imran, M.; Khan, A.U.; Tahir, K.; Khan, Z.U.H.; Yuan, Q. Photosynthesis and antileishmanial activity of gold
nanoparticles by Maytenus royleanus. J. Food Biochem. 2016, 40, 420–427. [CrossRef]

41. Sakat, S.; Tupe, P.; Hule, A.; Juvekar, A. Anti-inflammatory potential of flavonoid fraction of Tamarindus indica Linn (seeds). Planta
Med. 2010, 76, SL_20. [CrossRef]

42. Ali, M.; Iqbal, R.; Safdar, M.; Murtaza, S.; Mustafa, M.; Sajjad, M.; Bukhari, S.A.; Huma, T. Antioxidant and antibacterial activities
of Artemisia absinthium and Citrus paradisi extracts repress viability of aggressive liver cancer cell line. Mol. Biol. Rep. 2021, 48,
7703–7710. [CrossRef] [PubMed]

43. Javed, R.; Usman, M.; Tabassum, S.; Zia, M. Effect of capping agents: Structural, optical and biological properties of ZnO
nanoparticles. Appl. Surf. Sci. 2016, 386, 319–326. [CrossRef]

http://doi.org/10.1007/s00604-010-0356-7
http://doi.org/10.1016/j.carbpol.2018.12.066
http://doi.org/10.1002/star.201400226
http://doi.org/10.1016/j.ijbiomac.2017.01.059
http://www.ncbi.nlm.nih.gov/pubmed/28108409
http://doi.org/10.1016/j.jclepro.2020.123850
http://doi.org/10.1002/aoc.5190
http://doi.org/10.1016/j.jaap.2019.03.009
http://doi.org/10.1016/j.scitotenv.2020.141381
http://doi.org/10.1016/j.biortech.2018.05.006
http://doi.org/10.1016/j.biortech.2017.06.049
http://doi.org/10.1016/j.biortech.2020.123613
http://doi.org/10.1016/j.jhazmat.2020.123382
http://doi.org/10.1016/j.cej.2019.02.165
http://doi.org/10.1016/j.chemosphere.2019.125344
http://www.ncbi.nlm.nih.gov/pubmed/31756657
http://doi.org/10.1016/j.powtec.2004.09.014
http://doi.org/10.1016/j.psep.2017.10.007
http://doi.org/10.1080/21691401.2017.1345928
http://doi.org/10.1016/j.msec.2017.01.004
http://doi.org/10.1186/s12906-015-0891-1
http://doi.org/10.1007/s12033-017-0053-4
http://doi.org/10.1111/jfbc.12232
http://doi.org/10.1055/s-0030-1264258
http://doi.org/10.1007/s11033-021-06777-0
http://www.ncbi.nlm.nih.gov/pubmed/34755263
http://doi.org/10.1016/j.apsusc.2016.06.042


Molecules 2022, 27, 5333 19 of 20

44. Baqi, A.; Samiullah; Tareen, R.B.; Mengal, A.; Khan, N.; Behlil, F.; Achakzai, A.K.K.; Anwer, M.; Rehman, A.U.; Faheem, M.
Determination of antioxidants in two medicinally important plants, Haloxylon griffithii and Convolvulus leiocalycinus, of Balochistan.
Pure Appl. Biol. 2018, 7, 296–308. [CrossRef]

45. Kamal, A.; Saleem, M.H.; Alshaya, H.; Okla, M.K.; Chaudhary, H.J.; Munis, M.F.H. Ball-milled synthesis of maize biochar-ZnO
nanocomposite (MB-ZnO) and estimation of its photocatalytic ability against different organic and inorganic pollutants. J. Saudi
Chem. Soc. 2022, 26, 101445. [CrossRef]

46. Yu, F.; Tian, F.; Zou, H.; Ye, Z.; Peng, C.; Huang, J.; Zheng, Y.; Zhang, Y.; Yang, Y.; Wei, X.; et al. ZnO/biochar nanocomposites via
solvent free ball milling for enhanced adsorption and photocatalytic degradation of methylene blue. J. Hazard. Mater. 2021, 415,
125511. [CrossRef] [PubMed]

47. Lourenço, M.A.; Zeng, J.; Jagdale, P.; Castellino, M.; Sacco, A.; Farkhondehfal, M.A.; Pirri, C.F. Biochar/Zinc Oxide Composites as
Effective Catalysts for Electrochemical CO2 Reduction. ACS Sustain. Chem. Eng. 2021, 9, 5445–5453. [CrossRef]

48. Bakr, A.; Sayed, N.; Salama, T.; Ali, I.O.; Gayed, R.; Negm, N. Potential of Mg–Zn–Al layered double hydroxide
(LDH)/montmorillonite nanocomposite in remediation of wastewater containing manganese ions. Res. Chem. Intermed.
2018, 44, 389–405. [CrossRef]

49. Arfin, T.; Rangari, S.N. Graphene oxide–ZnO nanocomposite modified electrode for the detection of phenol. Anal. Methods 2018,
10, 347–358. [CrossRef]

50. Chu, C.-C.; White, K.L.; Liu, P.; Zhang, X.; Sue, H.-J. Electrical conductivity and thermal stability of polypropylene containing
well-dispersed multi-walled carbon nanotubes disentangled with exfoliated nanoplatelets. Carbon 2012, 50, 4711–4721. [CrossRef]

51. Batra, N.; Tomar, M.; Gupta, V. Realization of an efficient cholesterol biosensor using ZnO nanostructured thin film. Analyst 2012,
137, 5854–5859. [CrossRef]

52. Gholami, P.; Dinpazhoh, L.; Khataee, A.; Orooji, Y. Sonocatalytic activity of biochar-supported ZnO nanorods in degradation of
gemifloxacin: Synergy study, effect of parameters and phytotoxicity evaluation. Ultrason. Sonochem. 2019, 55, 44–56. [CrossRef]

53. Pietro, M.; Paola, C. Thermal analysis for the evaluation of the organic matter evolution during municipal solid waste aerobic
composting process. Thermochim. Acta 2004, 413, 209–214. [CrossRef]

54. Law, Z.X. A Comparative Study on the Photocatalytic Degradation of Organic Dye in the Presence of Biochar Composites Using
Various Oxidants. Ph.D. Thesis, Universiti Tunku Abdul Rahman, Kampar, Malaysia, 2020.

55. Teo, E.Y.L.; Muniandy, L.; Ng, E.-P.; Adam, F.; Mohamed, A.R.; Jose, R.; Chong, K.F. High surface area activated carbon from rice
husk as a high performance supercapacitor electrode. Electrochim. Acta 2016, 192, 110–119. [CrossRef]

56. Moharram, A.H.; Mansour, S.A.; Hussein, M.A.; Rashad, M. Direct Precipitation and Characterization of ZnO Nanoparticles. J.
Nanomater. 2014, 2014, 716210. [CrossRef]

57. Ahn, K.-S.; Yan, Y.; Lee, S.-H.; Deutsch, T.; Turner, J.; Tracy, C.E.; Perkins, C.L.; Al-Jassim, M. Photoelectrochemical Properties of
N-Incorporated ZnO Films Deposited by Reactive RF Magnetron Sputtering. J. Electrochem. Soc. 2007, 154, B956–B959. [CrossRef]

58. Zhang, Y.; Chang, T.-R.; Zhou, B.; Cui, Y.-T.; Yan, H.; Liu, Z.; Schmitt, F.; Lee, J.; Moore, R.; Chen, Y.; et al. Direct observation of the
transition from indirect to direct bandgap in atomically thin epitaxial MoSe2. Nat. Nanotechnol. 2014, 9, 111–115. [CrossRef]

59. Ansari, S.A.; Khan, M.M.; Ansari, M.O.; Cho, M.H. Nitrogen-doped titanium dioxide (N-doped TiO2) for visible light photocatal-
ysis. New J. Chem. 2016, 40, 3000–3009. [CrossRef]

60. Ul-Haq, I.; Ullah, N.; Bibi, G.; Kanwal, S.; Ahmad, M.S.; Mirza, B. Antioxidant and Cytotoxic Activities and Phytochemical
Analysis of Euphorbia wallichii Root Extract and its Fractions. Iran. J. Pharm. Res. 2012, 11, 241–249.

61. Tamer, T.M.; Alsehli, M.H.; Omer, A.M.; Afifi, T.H.; Sabet, M.M.; Mahy-Eldin, M.S.; Hassan, M.A. Development of polyvinyl
alcohol/kaolin sponges stimulated by marjoram as hemostatic, antibacterial, and antioxidant dressings for wound healing
promotion. Int. J. Mol. Sci. 2021, 22, 13050. [CrossRef]

62. Shanmugam, R.; Subramaniam, R.; Kathirason, S.G.; Ali, D.; Balusamy, S.R.; Gurusamy, A.; Arunachalam, K.; Sellami, H.
Curcumin-Chitosan Nanocomposite Formulation Containing Pongamia pinnata-Mediated Silver Nanoparticles, Wound Pathogen
Control, and Anti-Inflammatory Potential. BioMed Res. Int. 2021, 2021, 3091587. [CrossRef]

63. Yao, G.; Sebisubi, F.M.; Voo, L.Y.C.; Ho, C.C.; Tan, G.T.; Chang, L.C. Citrinin derivatives from the soil filamentous fungus
Penicillium sp. H9318. J. Braz. Chem. Soc. 2011, 22, 1125–1129. [CrossRef]

64. Oyedemi, S.O.; Oyedemi, B.O.; Ijeh, I.I.; Ohanyerem, P.E.; Coopoosamy, R.M.; Aiyegoro, O.A. Alpha-Amylase Inhibition and
Antioxidative Capacity of Some Antidiabetic Plants Used by the Traditional Healers in Southeastern Nigeria. Sci. World J. 2017,
2017, 3592491. [CrossRef]

65. Dobrovolskaia, M.A.; Clogston, J.; Neun, B.W.; Hall, J.B.; Patri, A.K.; McNeil, S.E. Method for Analysis of Nanoparticle Hemolytic
Properties in Vitro. Nano Lett. 2008, 8, 2180–2187. [CrossRef]

66. Dash, B.C.; Réthoré, G.; Monaghan, M.; Fitzgerald, K.; Gallagher, W.; Pandit, A. The influence of size and charge of chi-
tosan/polyglutamic acid hollow spheres on cellular internalization, viability and blood compatibility. Biomaterials 2010, 31,
8188–8197. [CrossRef]

67. Iqbal, J.; Abbasi, B.A.; Ahmad, R.; Mahmood, T.; Kanwal, S.; Ali, B.; Khalil, A.T.; Shah, A.; Alam, M.M.; Badshah, H. Ursolic acid a
promising candidate in the therapeutics of breast cancer: Current status and future implications. Biomed. Pharmacother. 2018, 108,
752–756. [CrossRef]

68. Yang, B.; Zhang, M.; Wu, M.; Zhang, H.; Song, Q.; Yu, S. Synthesis of biochar-based Cu2O nanoparticles and their antibacterial
activity against Escherichia coli. Inorg. Nano-Met. Chem. 2019, 49, 12–16. [CrossRef]

http://doi.org/10.19045/bspab.2018.70036
http://doi.org/10.1016/j.jscs.2022.101445
http://doi.org/10.1016/j.jhazmat.2021.125511
http://www.ncbi.nlm.nih.gov/pubmed/33740715
http://doi.org/10.1021/acssuschemeng.1c00837
http://doi.org/10.1007/s11164-017-3110-5
http://doi.org/10.1039/C7AY02650A
http://doi.org/10.1016/j.carbon.2012.05.063
http://doi.org/10.1039/c2an35693g
http://doi.org/10.1016/j.ultsonch.2019.03.001
http://doi.org/10.1016/j.tca.2003.09.026
http://doi.org/10.1016/j.electacta.2016.01.140
http://doi.org/10.1155/2014/716210
http://doi.org/10.1149/1.2754074
http://doi.org/10.1038/nnano.2013.277
http://doi.org/10.1039/C5NJ03478G
http://doi.org/10.3390/ijms222313050
http://doi.org/10.1155/2021/3091587
http://doi.org/10.1590/S0103-50532011000600018
http://doi.org/10.1155/2017/3592491
http://doi.org/10.1021/nl0805615
http://doi.org/10.1016/j.biomaterials.2010.07.067
http://doi.org/10.1016/j.biopha.2018.09.096
http://doi.org/10.1080/24701556.2019.1571512


Molecules 2022, 27, 5333 20 of 20

69. Zhang, L.-J.; Yang, M.-Y.; Sun, Z.-H.; Tan, C.-X.; Weng, J.-Q.; Wu, H.-K.; Liu, X.-H. Synthesis and Antifungal Activity of
1,3,4-Thiadiazole Derivatives Containing Pyridine Group. Lett. Drug Des. Discov. 2014, 11, 1107–1111. [CrossRef]

70. Hoseinzadeh, A.; Habibi-Yangjeh, A.; Davari, M. Antifungal activity of magnetically separable Fe3O4/ZnO/AgBr nanocomposites
prepared by a facile microwave-assisted method. Prog. Nat. Sci. Mater. Int. 2016, 26, 334–340. [CrossRef]

71. Omar, K.; Meena, B.I.; Muhammed, S.A. Study on the activity of ZnO-SnO2 nanocomposite against bacteria and fungi. Physicochem.
Probl. Miner. Process. 2016, 52, 754–766.

72. Thaya, R.; Malaikozhundan, B.; Vijayakumar, S.; Sivakamavalli, J.; Jeyasekar, R.; Shanthi, S.; Vaseeharan, B.; Ramasamy, P.;
Sonawane, A. Chitosan coated Ag/ZnO nanocomposite and their antibiofilm, antifungal and cytotoxic effects on murine
macrophages. Microb. Pathog. 2016, 100, 124–132. [CrossRef] [PubMed]

73. Nguyen, V.T.; Vu, V.T.; Nguyen, T.H.; Nguyen, T.A.; Tran, V.K.; Nguyen-Tri, P. Antibacterial activity of TiO2- and ZnO-decorated
with silver nanoparticles. J. Compos. Sci. 2019, 3, 61. [CrossRef]

74. Pereira, L.; Dias, N.; Carvalho, J.; Fernandes, S.; Santos, C.; Lima, N. Synthesis, characterization and antifungal activity of
chemically and fungal-produced silver nanoparticles against Trichophyton rubrum. J. Appl. Microbiol. 2014, 117, 1601–1613.
[CrossRef] [PubMed]

75. Pomastowski, P.; Król-Górniak, A.; Railean-Plugaru, V.; Buszewski, B. Zinc oxide nanocomposites—Extracellular synthesis,
physicochemical characterization and antibacterial potential. Materials 2020, 13, 4347. [CrossRef]

76. Jadhav, S.; Gaikwad, S.; Nimse, M.; Rajbhoj, A. Copper oxide nanoparticles: Synthesis, characterization and their antibacterial
activity. J. Clust. Sci. 2011, 22, 121–129. [CrossRef]

77. Omer, A.; Ziora, Z.; Tamer, T.; Khalifa, R.; Hassan, M.; Mohy-Eldin, M.; Blaskovich, M. Formulation of Quaternized Aminated
Chitosan Nanoparticles for Efficient Encapsulation and Slow Release of Curcumin. Molecules 2021, 26, 449. [CrossRef]

http://doi.org/10.2174/1570180811666140610212731
http://doi.org/10.1016/j.pnsc.2016.06.006
http://doi.org/10.1016/j.micpath.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27622344
http://doi.org/10.3390/jcs3020061
http://doi.org/10.1111/jam.12652
http://www.ncbi.nlm.nih.gov/pubmed/25234047
http://doi.org/10.3390/ma13194347
http://doi.org/10.1007/s10876-011-0349-7
http://doi.org/10.3390/molecules26020449

	Introduction 
	Material and Methods 
	Plant Material 
	Preparation of the Biochar 
	Preparation of the MB-ZnO Nanocomposites 
	Characterization of the Nanocomposites 
	Biocompatibility Assays 
	Protein Kinase Inhibition Assay (PK) 
	Alpha-Amylase (AA) Inhibition Assay 
	Antileishmanial Potential of MB-ZnO 
	Anti-Inflammatory Activity 
	Antioxidant Assays 
	Total Antioxidant Capacity Determination (TAC) 
	Total Reducing Power Determination (TRP) 
	Free Radical Scavenging Assay (FRSA) 

	Antifungal Activity 
	Statistical Analysis 

	Results and Discussion 
	SEM and EDX Study 
	X-ray Powder Diffraction Analysis 
	FTIR Spectroscopy 
	Thermogravimetric Analysis (TGA) 
	UV Analysis 
	Antioxidant Potential of MB-ZnO Nanocomposites 
	Anti-Inflammatory Activity 
	Enzyme Inhibition Potential 
	Biocompatibility Potential Assay 
	Antileishmanial Activity 
	Antifungal Activities 

	Conclusions 
	References

