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Abstract 

Background The development of an environment‑friendly nanomaterial with promising antimicrobial and antioxi‑
dant properties is highly desirable. The decolorization potentiality of toxic dyes using nanoparticles is a progressively 
serious worldwide issue.

Methods The successful biosynthesis of zinc nanoparticles based on phosphates (ZnP‑nps) was performed using 
the extracellular secretions of Aspergillus fumigatus. The antibacterial activity of the biosynthetic ZnP‑nps was investi‑
gated against Gram‑negative bacteria and Gram‑positive bacteria using the agar diffusion assay method. The antioxi‑
dant property for the biosynthetic nanomaterial was evaluated by DPPH and  H2O2 radical scavenging assay.

Results Remarkable antibacterial and antiradical scavenging activities of ZnP‑nps were observed in a dose‑
dependent manner. The minimum inhibitory concentration (MIC) for Staphylococcus aureus, Pseudomonas aeruginosa, 
and Escherichia coli was 25 µg/ml, however, the MIC for Bacillus subtilis was 12.5 µg/ml. The maximum adsorptive 
performance of nanomaterial was respectively achieved at initial dye concentration of 200 mg/L and 150 mg/L 
using methylene blue (MB) and methyl orange (MO), where sorbent dosages were 0.5 g for MB and 0.75 g for MB; pH 
was 8.0 for MB and 4.0 for MO; temperature was 30 °C; contact time was 120 min. The experimental data was better 
obeyed with Langmuir’s isotherm and pseudo‑second‑order kinetic model  (R2 > 0.999). The maximum adsorption 
capacity  (qmax) of MB and MO dyes on nanomaterial were 178.25 mg/g and 50.10 mg/g, respectively. The regenerated 
nanomaterial, respectively, persist > 90% and 60% for MB and MO after 6 successive cycles. The adsorption capacity 
of the prepared zinc phosphate nanosheets crystal toward MB and MO, in the present study, was comparable/supe‑
rior with other previously engineered adsorbents.

Conclusions Based on the above results, the biosynthesized ZnP‑nanosheets are promising nanomaterial for their 
application in sustainable dye decolorization processes and they can be employed in controlling different pathogenic 
bacteria with a potential application as antiradical scavenging agent. Up to our knowledge, this is probably the first 
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study conducted on the green synthesis of ZnP‑nanosheets by filamentous fungus and its significant in sustainable 
dye decolorization.

Keywords Aspergillus fumigatus, Biosynthesis, Ecofriendly, Nanosheets, Antibacterial, Antioxidant, Water pollution, 
Adsorption, Decolorization, Textile dye

Introduction
Nanomaterials have evidenced widespread significance in 
various fields including environmental protection, chem-
istry, agriculture, sensors, catalysts, food-packing, textile, 
electronics and biomedical [1–5]. Top-down and bottom-
up techniques are often employed in the nanoparticle’s 
synthesis, exhibiting several demerits such as polluting, 
inefficient and time consuming [6–11]. The development 
of trustworthy, and eco-friendly routes for manufactur-
ing various types of nanomaterials has been growing with 
a remarkable importance in recent years [11–17]. To cir-
cumvent the limitation of traditional approaches used in 
nanomaterial synthesis, the green synthetic technologies 
with minor environmental influence are quite a modern 
approach [9, 10, 12, 14, 15, 18–20]. The green synthetic 
processes for nanomaterials production, which is mainly 
based on bioactive agents like plants, bacteria, fungi, and 
actinomycetes are of promising environmental impact. 
This technique has several advantages including sim-
plicity, less time-consuming, non-toxicity of the formed 
by-products, cost-effectiveness, good stability of the pro-
duced nanoparticles, environment friendly as the risk 
of contamination is lower, and easily scaled up for large 
scale production [5, 14, 17, 21–24]. Amongst the devel-
oped nanomaterial, layered nanomaterials have received 
great attractiveness due to their high flexibility and 
diversity, wide applicability, exchangeable, interlayer and 
intercalation reaction potential, their regulating poten-
tials, and binding capacities. The remarkable delamina-
tion capabilities of these layered nanomaterials are highly 
desirable for new, different and vast applications [1, 5].

Zinc-based micro/nanoparticles are deemed as a mul-
tifunctional material with vast promising applications. 
They are fabricated using various preparation methods, 
and exhibited various morphological features includ-
ing sheet-like, hexagonal, rods, globular and three-
dimensional flower like structures [1–3, 20]. They have 
attracted the scientific community since they have unique 
physicochemical characters and a reasonable price. Com-
pared with the developed nanoscale materials, zinc-based 
nanoparticles are the most broadly employed nanomate-
rial for drug delivery, dental applications, cancer therapy, 
wound healing, and antimicrobial agents [14, 15, 20, 25]. 
Amongst these zinc-based micro/nanostructures, zinc 
nanoparticles-based phosphates have received significant 
attraction and was examined for combating multidrug 

resistance (MDR) in pathogenic bacteria, anticancer, and 
antioxidant activities [2, 3, 20]. However, the biomedi-
cal efficiency of zinc nanoparticles-based phosphates as 
antibacterial, antioxidant, and cytotoxicity activities are 
slightly investigated. The high dose of zinc has antimicro-
bial effects, and hence may act as an alternative source to 
old-style antibiotics. This may reduce the extent of anti-
biotic resistance characters among different microbial 
pathogens [2, 5, 20, 26].

Water pollution resulting from the discharge of toxic 
dyes into the natural water environment has become a 
serious issue for developing and underdeveloped eco-
nomics. Management of water contamination caused 
by textile dyes is one of the most problematic issues in 
the new century [4, 5]. Synthetic/toxic dyes can emerge 
from several industries including leather, textile, cos-
metic, printing, plastics, and pharmaceuticals. It is esti-
mated that 8–20% of the total dyestuffs are released into 
the water environment through their synthesis and textile 
industry [27, 28]. The discharge of these toxic dyes into 
water bodies is unacceptable and may lead to serious 
harmful effects on environment, health, and aquatic life 
[4, 5, 29]. Unquestionably, the decolorization and detoxi-
fication of these synthetic dyes prior to their discharge is 
of great interest.

Regarding their complex structure and non-degradable 
nature, the clean-up technique of toxic dyes is difficult 
and requires collaboration of several technologies. The 
decolorization of textile dye effluents has achieved by sev-
eral physical and chemical methods, i.e., ion-exchange, 
flocculation, coagulation, and precipitation [4, 5, 29–31]. 
The above ways are still ineffective, expensive and re-
contaminated the environment by the produced toxic 
substances. Hence, the development of ecofriendly and 
effective methods is quiet an open challenge for removing 
toxic dyes from water [4, 5, 32, 33].

Biological treatment of wastewater, particularly biosorp-
tion, is comparatively better for dyes removal from aque-
ous solutions than other techniques [4, 5, 34, 35]. Most 
studies on toxic dyes treatments are applying various types 
of adsorbents including rice husk [36], fava bean peel [37], 
banana pith [38], zeolites, ZnO/Chitosan [28] and particu-
larly nanomaterial synthesized using microbial byproduct 
[35, 39]. Several techniques are applied for synthesis of 
nanomaterial as promising adsorbents for removing water 
contaminant including sol–gel [40] and co-precipitation 
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[23]. However, these methods have many drawbacks, i.e., 
high temperature, and pressure as well as generation of 
hazardous substances.

Currently, the biological route of novel biosorbent 
synthesis has a great potential to eradicate toxic materi-
als from industrial effluents and water systems [5]. High 
adsorption capacity, slow kinetics, easy desorption, and 
high reusability are required charterers for the sufficient 
adsorption of pollutants as reported by [4, 5, 39]. Most 
of the biosynthetic nanomaterial were utilized in the 
adsorptive elimination of toxic heavy metals [33]. How-
ever, only a few reports have studied the potentiality of 
adsorptive removal of toxic dyes using the biosynthesized 
nanosheets powder.

The novelty of the undercurrent investigation is articu-
lated as a remarkable improvement in sustainable decol-
orization of different textile dyes from aqueous solutions 
in a superior removal capacity with promising antibacte-
rial and antioxidant activities. The purpose of this study 
was achieved by the following objectiives: (i) biosynthe-
size the zinc phosphate nanosheet crystal  [Zn3(PO4)2] 
with lower environmental influence via green synthesis 
approach by harnessing the exo-metabolites of Aspergil-
lus fumigatus for the first time, (ii) evaluate nanoproduct 

for its antibacterial potentiality against Gram-negative 
ad Gram-positive pathogens and their antioxidant activi-
ties toward DPPH and  H2O2 free radicals and (iii) inves-
tigate a sustainable eradication technique for removing 
textile dyes from polluted water using the prepared 
nanomaterial in a high removal rate and a superior 
adsorption capacity without elimination of a secondary 
contamination.

Materials and methods
A schematic diagram presenting the overall process for 
the biosynthesis of zinc phosphate-based nanosheets 
using the exometabolites of A. fumigatus with their eval-
uation as promising antibacterial and, antioxidant nano-
material and as a potential dye decolorization adsorbent 
as illustrated in Fig. 1.

Chemicals
All chemicals in the current study were purchased from 
Sigma-Aldrich (Cairo, Egypt) and are of analytical grade. 
Deionized water was employed for preparing various 
solutions.

Fig. 1 Schematic diagram for the biosynthesis of zinc phosphate‑based nanosheets using the exometabolites of A. fumigatus with their potential 
antibacterial, antioxidant and dye decolorization nanomaterial
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Microorganism
The fungal isolates in the current study were obtained 
from various soil samples collected from Benha, Egypt. 
The fungal isolation process was performed according 
to [5, 19]. Among the tested fungi, the fungal isolate 
EG-RE-ZnP-nps, was selected for the synthesis of zinc 
phosphate-based nanoparticles. The fungus was grown 
on a medium containing % (Glucose 1.0; yeast extracts 
0.06;  (NH4)2SO4; 0.1;  K2HPO4 0.2; 0.1;  MgSO4.7H2O 
0.01;  KH2PO4 0.07; pH 6.5) at 28 ± 1 °C for 5 days with 
shaking at 150 rpm. Fungal beads were removed by fil-
tration, subsequently, the developed filtrate was then 
centrifuged for 10 min at 5,000 × g at 4 °C. The clarified 
supernatant was kept at -20 °C for further work.

Molecular identification of fungal isolate mediated 
ZnP‑nps synthesis
The selected fungal isolate was grown on Czapek’s-Dox 
agar medium at 28 ± 1 °C for 5 days, and the obtained col-
ony was daily examined and identified according to [41, 42] 
to species level. The morphological and microscopical iden-
tity of the EG-ZnP-nps isolate was confirmed based on the 
sequence of 18S-ITS1-5.8S-ITS2-28S region [4, 42]. Briefly, 
fungal genomic DNA, which was extracted from A. fumiga-
tus, was used as template for PCR amplification with ITS-1 
primer (5′– TCC GTA GGT GAA CCT GCG G –3’) and 
ITS–4 primer (5’–TCC TCC GCT TAT TGA TAT GC–3’) 
which was separated on 1% agarose gel [42]. For sequenc-
ing alignment, the obtained nucleotide sequence was sub-
mitted to the GenBank Basic Local Alignment Search 
(BLASTn) Tool (http:// www. ncbi. nlm. nih. gov/ Blast). While 
for, phylogenetic tree and molecular evolutionary analy-
ses, the obtained ITS sequence with the GenBank closely 
related sequences were imported into MEGA-X V 11.0. 
and the phylogenetic tree was then conducted by using 
the Neighbor-Joining method at confidence level of each 
branch of 1000 bootstrap replication [42, 43].

Synthesis of ZnP‑nanosheets
An appropriate concentration of  ZnNO3.6H2O was 
mixed at a ratio of 1:1 with the fungal supernatant for 
the green synthesis of ZnP-nanosheet crystal and the 
mixture was stirred for 2 h. A white gel was produced 
after 5  h, which was aged for 2  days at 30 ± 1  °C. The 
resultant nanoparticles were recovered via centrifuga-
tion for 10 min at 5,000 × g. The nanosheets crystal was 
pooled, washed with distilled water, dried, and stored 
for further utilization in adsorptive experiments [2, 20].

Characterization of ZnP‑nanosheets
X-ray powder diffraction (XRD) pattern was con-
ducted via MiniFelx 300/600 X-ray, USA using CuKα 

(λ = 1.541  Å) radiation operated at 40  kV and 15  mA 
and the scan rate of 2ϴ = 0°-85°. The morphology of 
the biosynthetic nanosheets crystal was examined with 
SEM (JEOL JSM-6510LV, Tokyo, Japan) with 15  kV 
acceleration voltage. The as-prepared samples were 
sprayed with gold under vacuum and low pressure, 
dried and then observed by SEM. The elemental com-
position of nanomaterial was determined via energy 
dispersive X-ray spectrometer (EDX) mounted on SEM. 
TEM analysis was observed using a Philips EM-420 
microscope with 200  kV acceleration voltage. Samples 
were positioned on a carbon-coated grid, vacuum-dried 
and then used for TEM snapshots. In Fourier transform 
infrared (FTIR) spectroscopy, the functional groups 
existing in the dried sample were recorded at resolu-
tion of 4.00  cm−1 under the spectral range from 500 to 
4000  cm−1 [2, 3, 20, 44].

In vitro evaluation of antibacterial activity
The antibacterial activity of the biosynthetic ZnP-based 
nanostructure was investigated against Gram-negative 
bacteria (Escherichia coli and Pseudomonas aeruginosa) 
and Gram-positive bacteria (Bacillus subtilis and Staphylo-
coccus aureus) by the agar diffusion assay method [20, 45] 
with some modification. In brief, for each bacterial sus-
pension 50 µl of overnight bacterial broth were separately 
seeded into Muller-Hinton agar (MHA, 100 ml), shake well, 
and subsequently poured in sterilized dishes underneath 
aseptic conditions. Different concentrations of ZnP-based 
nanomaterial solution (100 µl, 100–6.25 µg/ml) were intro-
duced into 0.7 cm-well in the inoculated MHA plates. These 
loaded plates were incubated for overnight at 37℃ and the 
diameters of the inhibitory zones were measured in mm. 
The inhibitory zones were compared to streptomycin as a 
reference antibiotic under the same conditions.

Structural changes in the morphology of bacterial cell B. 
subtilis
The morphological changes of B. subtilis treated with 
minimum bactericidal (MBC) dose of ZnP-nps synthe-
sized by green approach was observed using scanning 
electron microscope (SEM, JEOL JSM-6510LV micro-
scope, Japan). The bacterial culture subject to 24  h of 
ZnP-nps treatment were collected via centrifugation for 
10 min at 8,000 rpm. The collected pellets were rinsed by 
sterile distilled  H2O. The bacterial preparation was pre-
pared for SEM visualization according to [46] with slight 
modifications. The structural changes of the treated cells 
were compared with the untreated cells (control) which 
are performed using the same conditions.

http://www.ncbi.nlm.nih.gov/Blast
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Evaluation of antioxidant activity
DPPH assay
The antioxidant property for the biosynthetic ZnP-based 
nanomaterial and standard ascorbic acid was monitored 
by using DPPH radical scavenging assay [22, 47]. Differ-
ent concentrations of the investigated sample and ascor-
bic acid (25–250  µg/ml) were mixed in equal volume 
with freshly prepared ethanolic DPPH (0.1  mM). The 
preparations were thoroughly vortex, incubated at ambi-
ent temperature in dark for 30 min under shaking condi-
tions, and then the absorbance was monitored at 517 nm. 
In parallel, ethanolic DPPH without ZnP-nps and ethanol 
alone were respectively used as control and blank prepa-
ration which were performed under the same conditions. 
DPPH scavenging inhibition was calculated from the fol-
lowing formula:

where, BC designate the absorbance of control and BS 
designate the absorbance of sample.

H2O2 radical scavenging assay
For determination of  H2O2 radical scavenging activity for 
the biosynthetic ZnP-based nanomaterial and ascorbic 
acid as reference standard, the scavenging activity was 
assayed according to [48, 49] with slight modification. In 
brief, 0.3 ml phosphate buffer (pH 7.4, 50 mM), 0.6 ml of 
2  mM  H2O2 solution in phosphate buffer (50  mM, pH 
7.4) and different concentrations of the tested nanopow-
der (25–250  µg/ml) in the same buffer were thoroughly 
mixed for 15 min, and subsequently the absorbance was 
monitored at 230 nm. Blank containing phosphate buffer 
without  H2O2 was used. The concentration of  H2O2 scav-
enging was detectable by the equation mentioned for 
DPPH assay.

Catalytic decolorization of MB and MO using ZnP‑nansheet 
crystals
Adsorption experiments
The influence of adsorbent dosage (0.25–1.25  g), pH 
(2.0–10.0), initial dye concentration (10–300  mg/L) 
and contact time (5–240  min) on the cationic and 
anionic dyes removal efficiency using ZnP-based 
nanosheets prepared by the fungal filtrate of A. fumig-
atus was investigated according to [28, 39, 50] with 
some modification. All experiments were conducted 
at 150  rpm. At the end of the experiments, the final 
concentration of MB and MO dyes in the prepara-
tions were estimated using a standard curve of each 
of the individual dye. The removal efficiency (R%) and 
adsorption capacity  (qe) at equilibrium were respec-
tively determined by Eqs. (1) and (2).

Inhibition(%) =
BC − BS

BC
× 100

wherein C0, Cf and Ce represent the initial, final and equi-
librium dye concentration, respectively; M and V are 
sorbent concentration (g) and the adsorbate volume (L), 
respectively.

The adsorption (Langmuir and Freundlich) iso-
therms are harnessed to describe the experimental data 
obtained and were determined using the, Eqs. (3) and 
(4), respectively:

where  qmax represents the maximum biosorption (mg/g); 
b is the sorption equilibrium constant;  KF (mg/g) is the 
sorption equilibrium capacity and n is the sorption 
intensity.

The evaluation of adsorption kinetics was performed 
by employing the pseudo-first and second- order kinetics 
as described by the Eqs. (5) and (6).

where K1 and K2 denote the rate constant of pseudo-first-
order biosorption and pseudo-second-order biosorption 
at equilibrium.

Desorption experiments
In order to assess long term applications of the prepared 
ZnP-based nanosheets, the regeneration of adsorbent 
was investigated in eight consecutive cycles. A desir-
able amount of the sorbent (as 0.5 g for MB and 0.75 g 
for MO) was inserted in 100  ml of the dye solution (as 
100  mg/l) at 30  °C, pH: 8.0 (MB) and pH 4.0 (MO), 
150 rpm, and 120 min). The nanosheets were harvested 
via filtration, washed with deionized water, and the 
concentration of the residual dye in preparations was 
determined. At the end of each adsorption cycle, the 
nanomaterial-loaded dye was treated with 50 ml of 0.1 M 
HCl (stripping solution) at 30 °C, 200 rpm, and 120 min). 
The desorbed nanomaterial was collected, and the dye 
concentration was measured as described earlier. The 

(1)R(%) =
(C0 − Cf )

Cf
× 100

(2)qe =
(C0 − Ce)V

M

(3)q =
qmaxbCf

1+ bCf

(4)q = KF C1/n

(5)ln(qe − qt) = lnqe − K1t

(6)
t

qe
=

1

K2q2e
+

1

qe
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nanosheet crystals were washed at frequent times using 
distilled water to neutrality, dried and subsequently re-
employed in the biosorption-desorption process. The 
desorption efficiency was measured by Eq. (7):

where  Cd and  Cs (mg  g−1) denote the amount of dye des-
orbed and initially adsorbed on the biosorbent.

Statistical analysis
All the experiments were accomplished in triplicate and 
their mean values were displayed with the standard devi-
ation (S.D.).

Results and discussion
Molecular characterization of the fungal isolate mediated 
synthesis of zinc nanoparticles‑based phosphates
The biosynthetic zinc phosphate nanosheet crystals were 
successfully performed by harnessing the biomolecules 
produced in the fungal filtrate of the EG-RE-ZnP-nps iso-
late. To verify the morphological identification, the fungal 
isolate mediated ZnP-nanoparticles synthesis was geneti-
cally identified based on its rRNA-ITS fragment region. 
The PCR amplicon was approximately 556  bp (Fig.  2A, 
uncropped gel in Figure S1). Applying BLAST search, 
reveal that the amplicon was closely related to Aspergil-
lus fumigatus and deposited on GenBank database with 
accession number OQ152057.1. The isolate A. fumiga-
tus EG-RE-ZnP-nps displaying a similarity percentage of 
99% with A. fumigatus isolates with accession numbers 
MK267099.1, MT297629.1 and MT316338.1 with 100% 
query coverage and zero E-value. The phylogenetic tree 
of A. fumigatus and closely related GenBank sequences 
was constructed using the MEGA-X neighbor-joining 
method (Fig. 2B).

Characterization
The XRD analysis of the as-prepared ZnP-nanostruc-
ture is shown in Fig. 3A. The crystalline structure of the 
representative sample using the exo-metabolites of A. 
fumigatus allowed the identification of sample by com-
paring with Powder Diffraction Files (PDF). The diffrac-
tion reflections were consistent with the standard files of 
 Zn3(PO4)2 × 4  H2O (PDF no. 9012092). Peaks of impuri-
ties were not observed, denoting the purely crystalline 
powder. Therefore, the spectra confirmed the successfully 
biosynthesize of zinc nanoparticles based on phosphates. 
The successful biosynthesis of ZnP-nanoparticles has 
been reported by [1, 44, 51].

SEM imaging of the resultant ZnP-nanosheets after 
2 days is shown in Fig. 3B. The samples present a flower-
like zinc phosphate crystal structure with an irregular 

(7)Desorption efficiency(%) =
Cd

Cs

× 100

nanosheets morphology, multi-faceted crystals with a 
high degree of agglomeration Fig.  3B. Agglomeration 
may be due to a narrow-space between nanoparticles and 
a high surface energy of zinc phosphate nanomaterial. 
[44] confirmed the occurrence of a transitional morphol-
ogy in zinc phosphate crystals from flower-like struc-
ture, prism, sheets, and multi-faceted self-assembled 
crystals to microfibers during a minor alteration in the 
pH of the reaction system. Similar results were made by 
[44, 51–53]; during the investigations of zinc phosphate 
nanoparticles.

The biosynthetic nanomaterial was characterized by 
EDX analysis (Fig. 3C). EDX of the nanomaterial revealed 
the presence of strong peaks of Zn, O and P. No other 
elements were found. Therefore, EDX micrograph con-
firmed the purity of the ZnP-nanocrystal which was syn-
thesized by the exometabolites of A. fumigatus.

TEM snapshots of the A. fumigatus synthesized zinc 
phosphate-based nanosheets are shown in Fig. 3D. The 
magnification of  Zn3(PO4)2 × 4  H2O sheet crystals dur-
ing the initial nucleation (Fig.  3D-a) and consequent 
growth of ZnP-nanocrystals using filtrate of A. fumig-
atus is illustrated in Fig. 3D-b,c. During the formation 
mechanism of flower-like zinc phosphate crystal struc-
ture, large number of nearly spherical nanoparticles 
are generated which revealed the formation of primary 
noncrystalline nuclei nanoparticles and showed evenly 
an extent of agglomeration. The zinc phosphate nuclei 
continued to grow and hence generated uniform crys-
tals (first stage). At the second stage, small sheets were 
formed. These sheets are spontaneously self-assem-
bled and eventually constructed into a flower-like zinc 
phosphate crystal (third stage). Our findings agree 
with [20, 44, 53] who evinced that zinc phosphate 
nanoparticles are produced using cationic ammonium 
salts and both nucleation and growth of ZnP-nanopar-
ticle crystals was obtained during the progress of nan-
oparticles synthesis. At initial stage, the average size of 
the biosynthetic zinc phosphate nanoparticles using 
Enterobacter aerogenes was found to be 30–35 nm [51].

FTIR spectrum of the fungal filtrate and the biosyn-
thetic ZnP-nps are presented in Fig.  3E-a,b. The broad 
bands at 3485  cm−1 and 3285  cm−1 have been identified 
as a band of the O–H stretching vibration. Considerable 
bands produced at 2919   cm−1 and 2853   cm−1 were for 
C–H or O–H stretching vibration, respectively. Bands 
produced at 1633  cm−1 (C = C or C = O stretching vibra-
tion), 1641   cm−1 (H–O–H stretching vibration of  H2O 
molecules), 1375   cm−1 and 1255   cm−1 (C–O bending 
vibration) were identified. The corresponding ones pro-
duced at 1100   cm−1, 1015   cm−1, 933   cm−1, 621   cm−1, 
and 566   cm−1 designate the synthesis of zinc phosphate 
nanosheet (Fig.  3E-b inset). The FTIR results revealed 
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the zinc phosphate nanosheet crystals contains crystal 
water. In addition, the spectral studies propose that the 
functional groups (carbonyl and hydroxyl groups) have 
considerable affinity to bind with metal during the aged 
ZnP-nanosheet crystal [54]. Therefore, the FTIR spectra 
affirmed the capping/coating and partaking of biomole-
cules from fungal filtrate on the surface of the zinc phos-
phate nanocrystal via different functional groups.

The formation of ZnP-nanosheets crystal may be 
occurred by ionic-dipolar interaction through the bind 
of zinc ions with negatively charged groups (hydroxyl 
and carbonyl groups) in the fungal filtrate, forming a 
nucleating point for the growing zinc phosphate crystal 

where phosphate radicals were then introduced into the 
mixture. The creation of zinc phosphate nanoparticles 
complex may also be emerged by firstly forming ionic 
bond between phosphate radicals and –OH groups (via 
esterification) in the fungal filtrate and  Zn2+ ions were 
then trapped on  PO4

3−. The produced zinc phosphate 
nuclei were subsequently permitting multistage crys-
tallization of  Zn3(PO4)2 × 4  H2O crystals. It is believed 
that the agglomeration of ZnP-nps may arise from 
steric hindrance and electrostatic effect of the prepared 
nuclei. While condensed particles were obtained by cen-
trifugation [53, 55]. The formation of ZnP-nanosheets 
is controlled in the pH range of 3.0–7.0, whereby the 

Fig. 2 A PCR amplicon of 18S‑ITS1‑5.8S‑ITS2‑28S region of the fungal strain EG‑RE‑ZnP‑nps. B Neighbor‑Joining tree of the A. fumigates EG‑ZnP‑nps 
sequence retrieved from the current work with the NCBI sequences using MEGA‑X 11 software. The symbol ( ) represents the ITS sequence 
of the fungal strain in this work. For each nucleotide site, the bar length designates 0.0010 substitutions
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Fig. 3 A Diffraction pattern, B SEM image, C EDX spectrum of the zinc phosphate‑based nanosheet synthesized by A. fumigatus, D TEM images 
of the prepared sheets sampled through the initial stage (a) and the growth of sheet crystals (b,c), E FTIR of the fungal filtrate (a) and the zinc 
phosphate nanopowder (b) synthesized by using the exo‑metabolites of A. fumigatus 
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 H+ concentration is not fewer than  OH− concentra-
tion [56]. In the hydrolytic reaction where fungal filtrate 
present with various functional groups, the concentra-
tion of  PO4 3− anions will be decreased and the reaction 
will move to the right-hand side of the reaction. Subse-
quently, the phosphate anions will choose to react with 
 Zn2+ ions, forming the zinc phosphate as illustrated by 
the following Eq. 8:

Antibacterial assessment of the biosynthetic 
ZnP‑nanomaterial
The rapid emergence of microbial resistance toward 
conventional antibiotics due to the overuse and misuse 
of different antibiotics has imposed a critical threat to 
human life, hindering the rapid diagnosis and treat-
ment of patients. Hence, uncovering new nanoparticles 
for combating multidrug resistance property in patho-
genic bacteria is extremely required. The antibacterial 
efficiency of the biogenically synthesized ZnP-based 
nanomaterial was evaluated using agar diffusion assay. 
The bacterial growth inhibition was assayed based on 
determining the diameter of inhibition zone, relating to 
the corresponding concentration of ZnP-nps.

The antimicrobial effect of various nanomaterials 
synthesized by green approach is mainly dependent on 

(8)PO43− +NH4 ++Zn2+ +H2
Fungal

−−−−−−−−→
exometabolites

Zn3(PO4).4H2O(s)

their physicochemical properties [20, 57]. The antibac-
terial activity of ZnP-nps synthesized by A. fumigatus 
strain EG-RE-ZPnps against the investigated Gram-
positive and Gram–negative bacterial pathogens was 
found to be in a concentration-dependent manner, as 
demonstrated in Fig. 4. The examined bacterial patho-
gens showed plausible fluctuations in the diameters 
of the inhibitory zones, of which Bacillus subtilis was 

the most susceptible strain. At 100  µg/ml of the bio-
synthetic ZnP-nanosheets, the zone of inhibition was 
found to be 14.1, 12.3, and 11.3 mm for S. aureus, Pseu-
domonas aeruginosa, and Escherichia coli, respectively. 
The minimum inhibitory concentration (MIC) of ZnP-
nps for S. aureus, E. coli, and P. aeruginosa was 25 µg/
ml, however, the MIC for B. subtilis was 12.5  µg/ml. 
Interestingly, S. aureus displayed the lower MIC value, 
compared to other investigated bacterial strains. Simi-
lar findings on the antibacterial activity of ZnP-nano-
material have been reported by [58, 59].

Structural changes in the morphology of B. subtilis cell
In order to investigate the manner of action of ZnP-nps 
fabricated by A. fumigatus on the ultrastructure of bac-
terial pathogens, B. subtilis has been chosen as the most 

Fig. 4 Antibacterial activity of the ZnP‑based nanosheets against the Gram‑positive and Gram‑negative bacteria (a). Results are presented 
as means ± standard deviations
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susceptible strain, as demarcated from MIC assay. The 
bacterial culture was treated at MBC dose of ZnP-nps. 
After incubation at 37  °C for 24  h, the collected bacte-
rial pellets were examined using SEM and compared with 
bacterial broth culture without nanomaterial as nega-
tive control (Fig. 5A). After contact with the nanomate-
rial, the bacterial cells displayed significant alterations 
in cell morphology and harm of cells symmetry. A sig-
nificant wrinkled, degraded, dramatic deformation and 
finally cell death have been observed in the treated cells 
from the SEM images (Fig. 5B), in contrary to the control 
ones which usually show a uniform, regular and contact 
structure. It has been reported that the morphology of 
the bacterial cells displayed different structural changes 
when treated by different nanoparticles as visualized by 
different imaging techniques including scanning electron 
microscope (SEM) [20, 57, 59, 60].

The results showed that Gram-positive bacteria were 
easily inhibited when compared with Gram-negative 
ones. This may be based on the nature of interactions 
between the bacterial cell wall and the biosynthetic 

zinc-based nanomaterial. In addition, the presence of 
poorly penetrable peptidoglycan layer, and the lipopoly-
saccharides, as well as the removal ability for foreign 
materials via a well develop efflux system may also cause 
a less susceptibility of Gram-negative bacteria toward the 
zinc-based nanomaterial [20, 26, 59, 61]. The proposed 
schematic mechanisms of the biosynthetic ZnP-nps were 
diagrammatically illustrated in Fig. 5C.

Although antibacterial efficiency alone or in combina-
tion with conventional antibiotics of various nanoparti-
cles have been affirmed versus different microorganisms, 
still the precise mechanistic foundation of their antimi-
crobial action is slight recognized, yet, several researches 
have been performed to understand their manner of 
action [59, 60, 62]. Practically, the antimicrobial poten-
tial of a specific nanoparticle is mainly dependent on 
their physico-chemical properties, namely colloidal state, 
shape, size, surface charge, and concentration. The inhib-
itory effect of the biosynthetic ZnP-based nanomateri-
als can be realized on multifaceted mechanisms: (1) The 
contact interaction of bacterial cell with the zinc-based 

Fig. 5 A SEM image of overnight B. subtilis cells untreated (A) and treated (B) after incubation 24 h of treatment with ZnP‑based nanomaterial 
synthesized by A. fumigatus. SEM image of control cells displaying smooth and undamaged structures. SEM image of treated cells showing 
disruption and breakdown of the cell and the cell lysis. C Schematic mechanism of the proposed antibacterial mode of action of the biosynthetic 
zinc phosphate‑based nanosheets crystal
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phosphates nanosheets leads to increase in the negative 
charge of bacterial cell surface owing to the presence 
of phosphate ions, (2) An electrostatic communication 
begins between the positively charged nano-Zn and the 
bacterial cell wall, (3) adhere, penetrate of  Zn+ ions inside 
the microbial cell, and the disruption of cell wall, (4) 
aggregation on the external side of plasma membrane, (5) 
discharge of ions into the cell, (6) the production of free 
radicals and reactive oxygen species, (7) the discharge of 
 Zn+ is able to block different vital bacterial enzymes, and 
can damage bacteria’s DNA, and mitochondria, resulting 
the leakage of polysaccharide and protein from the cell. 
Hence, the ZnP- nanosheets crystal exposure to bacterial 
cell induces the bacteriostatic and bactericidal response 
in the investigated microbial pathogens [20, 57–60].

Antioxidant assessment
Antioxidants can protect cells by neutralizing the dan-
gerous free radicals [63]. Herein, the antioxidant activi-
ties of the biosynthesized ZnP-based nanomaterial were 
investigated, and the results were illustrated by Fig.  6. 
The radical scavenging activity was determined by DPPH, 
and hydrogen peroxide assays. Results of DPPH con-
firmed that both the biosynthetic ZnP-nanomaterial and 
ascorbic acid showed antioxidant activity (Fig.  6A). The 
outcome of the anti-DPPH radical activity of the bio-
synthetic ZnP-nanomaterial displayed a concentration-
dependent manner. On contrary, the antiradical activity 
of ascorbic acid as a reference standard exhibited signifi-
cantly higher activity, compared to the tested sample.

The hydrogen peroxide free radical scavenging activity 
of the A. fumigatus synthesized ZnP-based nanostructure 

was investigated, and the obtained result was illustrated 
in Fig.  6B. The antiradical scavenging ability of ZnP-
based nanomaterial toward  H2O2 radical was remark-
ably improved with increasing the concentrations of the 
tested sample. The highest inhibition ability of  H2O2 radi-
cal by ZnP-nanomaterial was almost 73.8% at 250 µg/ml 
of ZnP-nanomaterial which was relatively lower than that 
of ascorbic acid (91.3%). Similar results have been previ-
ously expressed for the antiradical ability of ZnP-nano-
particles [20, 21, 64, 65].

Catalytic decolorization of dyes from aqueous solutions
To investigate the adsorption characters of ZnP-nps, 
batch adsorption experiments were carried out by using 
aqueous solution of methylene blue (MB) and methyl 
orange (MO) dyes. Methylene blue (MB) and methyl 
orang (MO) were selected because of their wide applica-
tions in various industries. These toxic dyes were intro-
duced as pollutant model for measuring adsorption 
capacity of the developed nanopowder. A stock solution 
of both dyes was separately prepared and diluted to the 
desired concentration.

Effects of adsorbent dosage
The influence of initial adsorbent dosage on the sorp-
tion of MB and MO was investigated by mixing different 
amounts (0.25–1.25 g) of the ZnP-nps synthesized by A. 
fumigatus with 100 ml dye solution 100 mg/l. The findings 
indicated that the removal efficiency of MB and MO by 
the biosynthesized nanomaterial was gradually increased 
from 84.53% (0.25 g) to 96.12% (0.5 g) and from 23.67% 
(0.25 g) to 68.95% (0.75 g), respectively by increasing the 
sorbent dosage and later remained almost stable. This 

Fig. 6 DPPH (A), and hydrogen peroxide (B) radicals scavenging activity of the ZnP‑based nanomaterial prepared by harnessing the biomolecules 
of A. fumigatus using ascorbic acid as respective standard
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may be ascribed to the higher active sites available on 
the adsorbent for dyes molecules as the adsorbent dos-
age increased and consequently overlapping of adsorp-
tion sites. This overlapping reduces the effective specific 
surface area available for sorbate molecules [39]. In addi-
tion, the performance of high adsorbent dosage delivers 
extra active adsorption sites which become unsaturated 
after adsorption. Hence, 0.5 g and 0.75 g for MB and MO 
was selected as optimum for further experiments (Fig. 7 
A,B), respectively. Similar findings have been tracked in 
the previous literatures, connected to the removal of dif-
ferent dyes using various nanomaterials [39, 66, 67].

Effects of pHs
The initial solution pH value remarkably influences the 
whole adsorption process through the changes employed 
on the surface charge and the functional groups of the 
adsorbent particle’s active sites and the chemistry of 
the sorbate solution. The experimental results relating 
the influence of solution initial pH on the removal effi-
ciency of MB and MO dyes by the biosynthetic ZnP-
nanosheets was investigated at room temperature in 
the pH range 2–10 are shown in Fig. 8, while the other 
parameters were remained constant. From the results, it 
can deduce that the ZnP-nps sheets adsorption capacity 

Fig. 7 Effect of adsorbent dosage on the removal (%) of MB and MO by zinc phosphate nanosheets synthesized by harnessing the biomolecules 
of A. fumigatus (initial dye concentration: 100 mg/L; solution volume: 100 ml; pH: 8.0 (MB) and pH 4.0 (MO); temperature: 30 °C, agitation speed: 
150 rpm; contact time = 120 min)

Fig. 8 Effect of pH on the removal efficiency of MB (A) and MO (B) using zinc phosphate nanomaterial synthesized by A. fumigatus (initial dye 
concentration: 100 mg/L; solution volume: 100 ml; ZnP‑dosage was 0.5 g (MB)‑0.75 g (MO) temperature: 30 °C, agitation speed: 150 rpm; contact 
time = 120 min)
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for both cationic and anionic dyes is highly pH depend-
ent. It is noticed that the removal efficiency of MB was 
slowly increased by increasing the initial pH of solution 
up to pH 8 and then become constant. The maximum 
removal of MO dye was determined at pH = 4.0 (62.1%). 
While the removal (%) of MO reduced in the pH range 
5–10. The fluctuations in pH lead to a change of adsor-
bent surface which consequently affects the removal effi-
ciency. The zero-point charge  (pHPZC) of nanomaterial 
showed at pH = 6.9; when the pH was more than 6.9, the 
adsorbent surface was negatively charged. On contrary, 
when the pH was less than  pHPZC, the surface of adsor-
bent appeared to be positively charged. At acidic pH, the 
surface of adsorbent is positively charged and the co-
existed protons in the solution would increase, which 
endorsed the adsorption of anionic MO dye. In com-
parison at basic pH, the adsorbent surface is negatively 
charged and thereby generated an electrostatic repulsion 
with the  OH−, adsorbent surface and anionic dye, which 
resulted in an increase in cationic MB dye adsorption. 
For further study, the pH 4.0 for MO and pH 8.0 for MB 
were selected as the optimum pH for cationic and ani-
onic dyes adsorption, respectively. Similar results have 
also been mentioned by other researchers for cationic 
and anionic dyes removal using nanomaterials [67–70].

Effect of initial MB and MO dyes concentration
Sorption of various dyes by the biosynthetic zinc phos-
phate nanomaterial was investigated at various initial 

concentrations (10–300  mg/l) and the results were dis-
played in Fig.  9. Herein, the sorption process was 
enhanced by increasing the initial sorbent concentra-
tion, however, the removal rate reached equilibrium at 
the concentration of 200 mg/l and 150 mg/l for MB and 
MO, respectively. The probable reasons are that the ini-
tial biosorbent concentration provides a transfer driving 
force which contributes to outdo ions transfer struggle 
between the solid and aqueous phases. Meanwhile, the 
collision among the dye molecules and the sorbent was 
enhanced by increasing the initial sorbent concentration, 
which improves the sorption process [30, 71, 72].

Sorption isotherms
Adsorption isotherms are considered as the most unique 
features for the design of adsorption process. The binding 
affinity and adsorption capacity were explored by studying 
the relation between the adsorbate concentration in solu-
tion and the quantity of sorbent required to remove pol-
lutants. In the current study, the two common isotherm 
models of Langmuir and Freundlich were employed to the 
experimental data to characterize the adsorption behavior 
of MB and MO toward the biosynthetic zinc phosphate 
nanomaterial. The Langmuir’s isotherm assumes the 
monolayer adsorption of dye molecules onto the adsorb-
ate whereas Freundlich’s isotherm describes multilayer 
adsorption of the dye molecules [73].

The linear plots of the Langmuir’s and Freundlich’s 
isotherms for MB and MO dyes adsorption by the zinc 

Fig. 9 Effect of initial dye concentration on the MB and MO sorption using zinc phosphate nanosheets synthesized by A. fumigatus exo‑metabolites 
(ZnP‑dosage was 0.5 g (MB) and 0.75 g (MO); agitation speed: 150 rpm)
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phosphate nanomaterial synthesized by A. fumigatus are 
shown in Fig.  10. High correlation coefficient  (R2) was 
calculated for the two isotherms. The results suggest 
that both dyes show almost similar adsorption mecha-
nism and Langmuir’s is more suitable than Freundlich’s 
isotherms for the adsorption of MB and MO dyes. Lang-
muir’s isotherm shows similar allocation of adsorption 
sites on the surface of adsorbate with each site has a sim-
ilar enthalpy and activation energy [50]. The maximum 
values of adsorption capacity  (qmax) for MB and MO 
on nanosheets were 178.25  mg   g−1 and 50.10  mg   g−1, 
respectively (Table  1A). The Langmuir’s model showed 
lower KL for MB and MO, indicating effective biosorp-
tion by nanomaterial. It can also be noticed that 
the high values of KF and 1/n (n > 1), designating a 

great adsorptive capacity and easy adsorption of dye 
molecules.

Kinetics of MB and MO dyes adsorbed onto biosynthesized 
zinc phosphate nanosheets
The variation in sorption capacity of cationic and anionic 
dyes with contact time was scrutinized using MB and MO 
at initial concentration of 100 mg/l. The contact time was 
varied in the range 5–240 min. As shown in Fig. 11, both 
MB and MO displayed similar trends during the variation 
in contact time. Most of the MB and MO are adsorbed 
using the fungal synthesized ZnP-nps in the first 50 min, 
whereas the maximum quantity of MB and MO adsorbed 
in a given time interval  (qe) was detected at 120  min, 
beyond which the  qe attained almost plateau. Therefore, 

Fig. 10 Adsorption isotherms of MB (A, C) and MO (B, D) sorbed by A. fumigatus‑based zinc phosphate nanocomposite: (i) Langmuir and (ii) 
Freundlich
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the contact time in subsequent experiments was kept at 
120 min. Initially, the rapid sorption of dyes may be asso-
ciated to the high affinity of nanomaterial toward MB 
and MO molecules and then become almost constant. 

In practical applications, the rapid sorption provides 
the ability to use smaller reactor volumes [71, 74]. Simi-
lar observations have been stated previously for various 
sorbent systems, in which firstly adsorption was sharply 

Table 1 (A) Langmuir and Freundlich isotherms constants (B) Kinetic parameters for the biosorption of MB and MO onto the zinc 
phosphate nanosheets synthesized by A. fumigatus 

A. Isotherm model Equations Parameters Adsorbed dye

MB MO

Langmuir isotherm 1

qe
 = 1

KLqmax

1

Ce
+

1

qmax
qmax (mg/g) 178.25 50.10

KL (L/mg) 0.01 0.04

R2 0.99 0.99

Freundlich isotherm q =  KF  C1/n KF (mg/g) 2.632 0.877

n 1.37 1.17

R2 0.92 0.94

B. Kinetic model qe (exp.) (mg/g) 33.54 16.02

Pseudo-first-order ln(qe − qt) = lnqe − K1 t qe (calc.) (mg/g) 7.54 3.55

K1  (min−1) 0.116 0.125

R2 0.904 0.617

Pseudo-second-order 1

qe
= 1

KLqmaxCe
×

1

qmax
qe (calc.) (mg/g) 33.61 16.13

K2 (g/mg/min) 0.043 0.087

R2 0.99 0.99

Fig. 11 Effect of contact time on the sorption of MB and MO using zinc phosphate nanopowder synthesized by A. fumigatus (initial dye 
concentration: 100 mg/l; ZnP‑dosage was 0.5 g (MB) and 0.75 g (MO); agitation speed: 150 rpm)
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increased and subsequently reach equilibrium [28, 75, 76]. 
The time of equilibrium is highly reliant on the porosity 
and surface area of the adsorbent [50, 73].

The sorption kinetics were estimated using the 
pseudo-first and second-order kinetic models and 
the results are presented in Fig.  12 and Table  1B. The 
sorption power calculated by pseudo-first order model 
displays poor fitting, regarding the linear regression 
coefficient  (R2) and a significant alteration among calcu-
lated and experimental values have been detected. The 
sorption of individual cationic and anionic dyes were 
observed to effectively be expressed by a pseudo-2nd-
order kinetic model as the extent of fitting  (R2 > 0.999) 
were higher when compared with the pseudo-first-order 
dynamics model, assuming the adsorption of dyes mol-
ecules onto nanomaterial occurred via chemisorption 
and/or ion exchange mechanism [76, 77]. Moreover, the 
experimental  qe value is consistent with the calculated 

value of adsorption capacity. Our results agree with 
those previously described by [39, 73, 76] who men-
tioned that the adsorption of most dyes is best obeyed 
pseudo-2nd-order model.

Reusability
To investigate the effectiveness and sustainability of the 
A. fumigatus– based adsorbate, the reusability of nano-
material was tested in 8 successive adsorption–des-
orption cycles using the stripping agent (0.1  M HCl). 
Initially, the adsorption capacity of ZnP nanosheets 
gradually decreased till  5th cycle while retained 91.06 
and 65.91% of MB and MO initial adsorption activity, 
respectively. This may be due to the activation of adsor-
bent pores by the desorbing agent. However, the destruc-
tive effect of stripping agent clearly appeared during the 
progress of adsorption/desorption cycles as shown in 
Fig. 13. Successful regeneration of various sorbent using 

Fig. 12 A Pseudo‑first‑order kinetics for the sorption of MB (i) and MO (ii) by zinc phosphate nanomaterial synthesized by A. fumigatus 
and B Pseudo‑second‑order kinetics for the sorption of MB (i) and MO (ii) by zinc phosphate nanomaterial synthesized by A. fumigatus 
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acidic solution has been mentioned by other investiga-
tors [31, 78, 79].

Comparison of zinc phosphate nanosheets synthesized 
by A. fumigatus with other sorbents
The adsorption capacity of the ZnP-nanomaterial synthe-
sized using the fungal filtrate of A. fumigatus are related 
to those of other reported adsorbents in term of maxi-
mum adsorption capacity, isotherm, kinetic and reusabil-
ity as shown in Table  2. The adsorption capacity of the 
prepared zinc phosphate nanomaterial toward MB and 
MO, in the present study, was superior over other previ-
ously engineered adsorbents. Hence, the ZnP-nanomate-
rial prepared using A. fumigatus exo-metabolites can be 
considered as an alternative ecofriendly adsorbent with 

sufficient removal activities toward textile anionic and 
cationic dyes.

Conclusions
A. fumigatus can synthesis a non-toxic, cost-effective, 
and eco-friendly zinc phosphate nanosheets crystal as 
confirmed by XRD, EDX, SEM, TEM, and FTIR anal-
yses. The obtained results marked the potential of the 
biosynthetic ZnP-nanomaterial as in vitro antibacterial 
agent against Gram-positive and Gram–negative bacte-
rial pathogens. Further studies are required for testing 
of their potential applications as alternative to conven-
tional antibiotics and in drug development. The anti-
radical scavenging ability of ZnP-based nanomaterial 
was found to be in a concentration dependent manner. 

Fig. 13 Reusability of the zinc phosphate nanosheets crystal in the removal of MB (A) and MO (B) during adsorption/desorption cycles

Table 2 Comparison of adsorption capacity of the biosynthetic ZnP‑nanosheets against various adsorbent

* L Langmuir isotherm, PSO pseudo‑second‑order kinetic,—= not reused

Dye Adsorbent qm (mg/g) Isotherm Kinetic Reuse Reference

A. Cationic dye
MB Zinc phospahate nanosheets 178.25 L PSO  + Current study

Fe2O3/SiO2 nanocomposite 116.09 L PSO  + Chen et al. 2016 [47]

Co3O4/SiO2 nanocomposite 53.87 L PSO  + Abdel Ghafar et al. 2015 [51]

Phosphoric acid based geopolymers 4.2 L PSO  + Khan et al. 2015 [50]

B. Anionic dye
Zinc phospahate nanosheets 50.1 L PSO  + Current study

MO TiO2 nanocomposite 42.85 L PSO  + Ahmad et al. 2017 [52]

Ferric oxide–biochar nano‑composites 20.53 L PSO  + Chaukura et al. 2017 [53]

iron oxide/carbon nanocomposites 32.63 L PSO  + Istratie et al. 2019 [54]
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The sorption capacity of the biosynthetic nanomaterial 
was examined in the presence of anionic and cationic 
textile dyes and exhibited superior adsorptive activ-
ity and can be recycled several times. Therefore, A. 
fumigatus-mediated zinc phosphate nanosheets syn-
thesis could be considered as a sustainable, and new 
efficient adsorbent for removing the toxic textile dyes 
from wastewater with lower environmental impact. 
However, further research is required for the move-
ment of the lab scale study to the real-world, including 
the application of nanosheets in industrial scale for real 
water dye removal/wastewater treatment process and 
for other environmental treatments. The recycling and 
regeneration are ZnP-based nanomaterial is of great 
prominence for its sustainability, however, this part 
desires additional research due to the effectiveness of 
certain regenerated nanosheets are not well restored 
and may produce secondary contamination. To the best 
of our knowledge, there is not any report regarding the 
green synthesis of zinc nanosheets-based phosphates 
by filamentous fungus or its significant capability in the 
dye decolorization.
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