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Abstract: Nano-calcite, or calcium carbonate
nanoparticles, is valued for its stability and versatile
applications, particularly in agriculture, where it
enhances soil quality, regulates pH, improves nutrient
delivery, and promotes sustainable crop yields. In this
research, nano-calcite was synthesized using
Acremonium egyptiacum IRAN 5247C, isolated from
grapevine necrotic wood, under sedimentary
conditions through fungal urease production. Key
factors including urea and calcium concentrations,
pH, incubation time, and temperature were optimized
using a one-factor-at-a-time (OFAT) approach,
resulting in a maximum yield of 595 mg of calcite per
10 ml of solution. Field emission scanning electron
microscopy (FE-SEM) imaging revealed that the
nanocrystals were predominantly spherical, averaging
73.5 £ 8.02 nm in size, with a distribution range of 25
to 125 nm. X-ray diffraction (XRD) and Fourier
transform infrared-Raman (FTIR-Raman)
spectroscopy confirmed a well-defined crystalline
calcite structure characterized by carbonate ions. This
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study reports the first synthesis of nano-calcite using
Acremonium egyptiacum, with precise control over
particle shape and size, an ideal feature for
applications in concrete reinforcement, bio-
cementation, and agriculture.

Keywords: Fungal bio-cementation, Fungal-mediated
nano-calcite, Urease activity.

INTRODUCTION

Microbially induced calcium carbonate precipitation
(MICP) is a process where microorganisms, such as
fungi, promote the formation of calcium carbonate
(CaCOs) through metabolic activities like urea
hydrolysis. This process raises pH by releasing
hydroxide  ions, which  stimulates CaCO;
precipitation. MICP has been widely studied for its
potential in  soil  stabilization and  other
biogeochemical applications (Konstantinou and Wang
2023). Significant attention has been paid to
biological nano-sized calcium carbonate, or nano-
calcite, because of its cost-effectiveness, minimal
toxicity, and environmental benefits. Beyond its
biomedical applications (Zhao et al. 2022), it has been
applied to environmental engineering to remove
pollutants (Boyjoo et al. 2014), agriculture to enhance
crop yields by improving soil quality (Kumara et al.
2019), and construction to strengthen concrete and
cement (Sharma and Ashish 2023). Various methods
can be used to synthesize nano-sized calcium
carbonate, including mechanical methods, emulsions,
precipitation, carbonation, and polymer-mediated
techniques (Fadia et al. 2021). These methods are
energy- and resource-intensive, generating significant
chemical waste and are environmentally massive
worthless processes. Nano-sized calcium carbonate
synthesis using fungi and bacteria is an
environmentally more sustainable and safe approach.
Bio-synthesized CaCO; nanoparticles are noted for
their cost-effectiveness, minimal toxicity, biological
and cytological compatibility, pH sensitivity, gradual
biodegradability, and ecological comity
(Motlhalamme et al. 2023). This approach makes
nano-calcite production more cost-effective and
environmentally friendly by minimizing harsh
chemicals and energy consumption. Numerous
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species from the bacterial genera Lysinibacillus
(Shirakawa et al. 2011), Sporosarcina (Konstantinou
and Biscontin 2022), Virgibacillus (Silva-Castro et al.
2015), Bacillus (Salehi et al. 2022), Pseudomonas
(Guo et al. 2021, Ghorbanzadeh et al. 2021), and
Staphylococcus (Karatas et al. 2008), as well as
various fungal genera including Myrothecium,
Fusarium, Aspergillus, Trichoderma, Pestalotiopsis,
Neurospora,  Chrysosporium, Mortierella, and
Cephalotrichum (Li et al. 2015, Van Wylick et al.
2021), have been found which can biosynthesize
calcium carbonate nanoparticles and microparticles.
These organisms have facilitated the precipitation of
calcium carbonate through complex biochemical
processes involving enzymatic actions and
interactions with the environment. Additionally,
cyanobacteria (e.g. Synechocystis pevalekii) (Sidhu et
al. 2022), and some archaea (Gorgen et al. 2021) also
play significant roles in calcium carbonate
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biosynthesis. Fungi frequently outperform bacteria in
nanoparticle synthesis, owing to their unique ability
to modify chemical environments and produce
specialized enzymes. Their active production of
capping and reducing agents is a notable advantage,
distinguishing fungi as highly efficient nanoparticle
synthesizers. They are also capable of bio-fabricating
large quantities of uniformly sized and shaped
nanoparticles extracellularly, with high enzyme
activity for bio-reduction (Loshchinina et al. 2022).
Thus, employing fungi for nano-calcite synthesis is a
promising and eco-friendly strategy in future studies.
Calcite precipitation efficiency is influenced by
various environmental factors including temperature,
salinity, calcium chloride, and urea. These factors
affect the calcium compound's solubility and the rate
of Dbiochemical reactions. Additionally, calcite
precipitation is affected by pH levels and the presence
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Fig. 1. Urease activity and calcium carbonate precipitation in fungal isolates. a. Urease activity in fungal isolates on
2% urea agar after 48 h at 25°C; b. Conductometric comparison of urease activity, with each milliSiemens per
minute corresponding to the hydrolysis of 11 mM urea per minute; c. Calcium carbonate precipitation in fungal
isolates using a reaction mixture with 1 M urea and calcium chloride at 25°C and pH 6. Statistical differences are

indicated by different lowercase letters (P < 0.05).



REZAEIAN ET AL.: GREEN SYNTHESIS OF NANO-CALCITE CRYSTAL 21

of other ions or organic compounds (Kim et al. 2018,
Wang et al. 2023). Understanding these factors is
crucial for optimizing calcite production and
enhancing its applications in fields such as
environmental remediation and materials science.
Recently we have focused on the potential of fungi
for biosynthesis of nano-sized calcium carbonate
particles. This study evaluates the capacity of
Acremonium egyptiacum IRAN 5247C, isolated from

52

declined grapevine twigs and trunks, to produce nano-
calcite under varying experimental conditions. To the
best of our knowledge, no previous research has
specifically investigated A. egyptiacum for calcite
production. These findings open up promising
opportunities for the potential application of fungal
species in bioremediation, biomaterials development,
and sustainable agriculture.
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Fig. 2. One of the 23 most parsimonious trees generated based on ITS sequence data for Acremonium species.
Maximum parsimony bootstrap values >50% are given at the nodes. The tree was rooted with Waltergamsia
fusidioides CBS 840.68. Scale bar = 20 nucleotide changes. T indicates ex-type strain.

MATERIALS AND METHODS
Fungal isolates

This study investigated calcite biosynthesis using
five fungal strains including IRAN 5247C (= S513),
B422, F213, N621, and S213. These isolates were
obtained from necrotic woody tissues of grapevine
twigs and trunks collected from Kouzaran,
Kermanshah Province, and provided by the Mycology
Laboratory at the Faculty of Agriculture, University
of Kurdistan. The fungal isolates were purified using

single-spore and hyphal tip techniques on potato
dextrose agar (PDA).

Qualitative assessment of urease activity

To assess quality of urease activity of the fungal
strains, 5-mm discs from 14-day-old colonies grown
on PDA were transferred on Christensen's urea agar
(0.1% peptic digest of animal tissue, 0.1% dextrose,
0.5% sodium chloride, 0.12% disodium phosphate,
0.08% monopotassium phosphate, 0.0012% phenol
red, and 1.5% agar) supplemented with 2% urea
sterilized using Millipore membrane filters with 0.22
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pm pores and incubated for 48 h at 25 °C. Urease
activity was detected by urea hydrolysis, resulting in
ammonia production and increased alkalinity
(Omoregie et al. 2019) which leads to a change in the
phenol red indicator from yellow to pink or red. A
negative control was prepared using sterile-
supplemented Christensen's urea agar with no fungal
colony.

Fungal extract preparation and urease activity
quantification

Fungal isolates were cultured in 250 ml Erlenmeyer
flasks containing urea-modified AP1 (Agar Plate 1)
medium consisting of 40 mM wurea, 4 mM
dipotassium hydrogen phosphate (K,HPO,-3H,0), 0.8
mM magnesium sulfate heptahydrate (MgSO,-7H,0),
0.2 mM calcium chloride dihydrate (CaCl,-2H,0), 1.7
mM sodium chloride (NaCl), 0.009 mM ferric
chloride hexahydrate (FeCl;-6H,0), 0.014 mM zinc
sulfate heptahydrate (ZnSO, 7H,0), 0.018 mM
manganese sulfate monohydrate (MnSO4 H,0), and
0.016 mM  copper sulfate  pentahydrate
(CuSO4-5H,0). After 7 days of incubation on the
rotary shaker at 200 rpm and 25°C under dark
conditions, the mycelial biomass was collected
through centrifugation at 4000 x g for 30 min and
passed through a 0.45 pm membrane filter. The
mycelial mass was washed three times with sterile
deionized water and incubated in sterile deionized
water for an additional 7 days before being utilized in
the synthesis of calcium carbonate (Ashengroph and
Rabiei 2023). The urease activity of the fungal strains
was quantitatively measured using the -electrical
conductivity method. One ml of the fungal extract
was added to 9 ml of urea solution 1.1 M prepared in
sterile distilled water. Electrical conductivity changes
were recorded using a conductivity meter at five
intervals over 5-minute. The slope of the resulting
graph was used to determine urease activity, with a
steeper slope indicating higher activity. Urease
activity was expressed in millisiemens per minute
(mS/min), where each mS/min corresponded to the
hydrolysis of 11 mM of urea per min (Harkes et al.
2010).

Assessment and  optimization of calcite
precipitation

Calcite production was assessed by mixing the
fungal extracts with a reactive solution containing
nickel chloride as a urea cofactor, along with urea and
calcium chloride. The mixture was incubated at 25°C
for 24 h, after which the sediment was collected,
washed, dried at 60°C, and weighed to assess calcite
yield (Krajewska 2017, Gandali Mostafa et al. 2024).
Optimization experiments were conducted using
assessment of urea and calcium chloride

concentration, pH, and incubation time effects on
calcite production. These factors were systematically
varied across different experiments, with incubation
periods ranging from 12 to 60 h. Analysis of variance
(ANOVA) and Tukey's test at a 95% confidence level
were employed to determine the optimal conditions
for efficient calcite synthesis.

Fig. 3. Morphology of Acremonium egyptiacum
IRAN 5247C. a. Colony on PDA; b. Colony on OA;
c. Colony on MEA; d. Mycelial ropes; e, f. Phialides;
g. Mycelial coil; h, j. Conidial heads; i. Conidia. Scale
bars: d, e, g, h=20 um; f, i, j = 10 um.

Characterization of fungal isolate IRAN 5247C

Total genomic DNA was extracted from 7-day
colony grown on PDA at 25°C following the
modified method of Raeder and Broda (1985) as
described by Abdollahzadeh et al. (2009). Nuclear
ribosomal internal transcribed spacer (ITS) region,
consisting ITS1-5.8S-ITS2 rDNA, as a universal
DNA barcode for fungi was amplified using the
universal primers ITSS (5'-
TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-
TCCTCCGCTTATTGATATGC-3") (White 1990).
The PCR conditions were: 95°C for 3 min, followed
by 35 cycles of 95°C for 60 s, 52°C for 60 s, 72°C for
90 s, and a final extension of 72°C for 5 min. PCR
products were purified and sequenced by BGI (China)
via BMG (Bio Magic Gene) Co. (Alborz, Iran). The
sequences were extracted using BioEdit Sequence
Alignment Editor v.7.0.9.0 software and deposited in
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GenBank. The generated sequence of ITS region
together with the sequences of type or authentic
strains of congeneric species based on BLAST search
of NCBI was subjected to phylogenetic analysis using
the maximum parsimony (MP) method as described
by Abdollahzadeh et al. (2014). Phylograms were
viewed with FigTree V. 1.4.3
(http://tree.bio.ed.ac.uk/software/figtree) and edited in
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Adobe Ilustrator CS2 v. 12.0.0. For morphological
identification, colony morphology studied on PDA in
90 mm petri plates at 25 °C after 14 days.
Microscopic features were observed and documented
with an Olympus BX51 microscope equipped with an
Olympus DP72 camera.
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<0.05).
Characterization of nano-calcite

The calcite nanocrystals produced by isolate IRAN
5247C were first washed with 96% ethanol and sterile
deionized water, and then freeze-dried. Subsequent
analysis was conducted using field emission scanning
electron microscopy (FESEM, TSCAN, MIRA3)
equipped with Energy-Dispersive X-ray spectroscopy
(EDX) to determine particle structure and size
distribution. Histograms and average particle sizes
were generated using ANIX Emica software. EDX
provided elemental composition data, while Fourier-

transform infrared spectroscopy (FTIR, BRUKER)
was utilized to assess structural properties within 500-
1400 cm™! range. Additionally, X-ray diffraction (XRD,
Philips PW1730) analysis with CuKa radiation was
performed to set out (or describe) the crystal structure
and phase characteristics over an angular range of 5
to 80 degrees.

RESULTS AND DISCUSSION

Screening fungal isolates for urea activity and
calcite precipitation
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In a preliminary test, eighteen fungal isolates were
screened for urea hydrolytic efficiency on
Christensen's urea agar plates. After 48-h incubation,
five isolates (IRAN 5247C = S513, S213, N621,
F213, and B422) demonstrated significant urease
activity, indicated by a distinct bright pink or red
color change (Fig. 1la). Urease activity causes
ammonia production, shifting the pH and altering the
medium's color from yellow to pink. Strain IRAN
5247C exhibits the most significant color change,
indicating the highest urease activity and likely the
highest calcite production. Urease activity was
quantified using a conductometric method with a 1.1
M urea solution. Each fungal extract (1 mL) was
mixed with 9 ml of urea solution at 25 °C for 5 min.
The resulting increase in electrical conductivity was
measured and expressed in milliSiemens per min
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(mS/min) (Fig. 1b). Isolate IRAN 5247C exhibited
the highest urease activity, corroborating the color
change results. Calcite precipitation was assessed by
measuring the amount of calcite produced per 10 ml
of the reaction mixture. Fungal extracts were
combined with a 1 M calcium chloride solution,
revealing significant differences in calcite production
among the examined strains. Isolate IRAN 5247C
produced 309 mg of calcite per 10 mL, significantly
higher than the other isolates with average calcite
production as follows: S213 (264 mg), F213 (196
mg), N621 (101 mg), and B422 (25 mg) (Fig. lc).

Characterization of isolate IRAN 5247C

BLAST search of NCBI with generated ITS
sequence of isolate IRAN 5247C gave the closest
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Fig. 5. Field Emission Scanning Electron Microscopy (FESEM) analysis of calcite nanoparticles synthesized by the
fungal extract of Acremonium egyptiacum IRAN 5247C under optimal experimental conditions.

hit to Acremonium egyptiacum. Phylogenetic
analysis placed isolate IRAN 5247C (PQ358698)
together with type strain (CBS 114785) of A.
egyptiacum in a well-supported clade (Fig. 2).
Colony morphology and microscopic features of

our isolate are shown in Fig. 3. Species of
Acremonium are cosmopolitan and found mainly as
soil-borne saprophytes or as pathogens of plants,
fungi, animals or humans (Pérez[|Cantero and
Guarro 2020, Kim et al. 2021). These fungi are of
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significant importance in agriculture, forestry, food
storage, industry, clinical mycology, and
pharmaceuticals (Hou et al. 2023). Acremonium
species are especially noted for their capacity to
produce a wide range of novel and bioactive
secondary metabolites, with over 350 such
compounds identified to date (Tian et al. 2017).
These metabolites with antimicrobial activity and
enzyme inhibition properties resulted in significant

potential of Acremonium species in medicine,
agriculture, and industry (Qin et al. 2024). In this
study, A. egyptiacum is specifically recognized for
its production of urease, an enzyme critical for the
biogenic formation of calcium carbonate. This
enzymatic activity is particularly valuable for
application in soil stabilization and waste
management.
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Fig. 6. Energy-Dispersive X-ray Spectroscopy (EDX) analysis of calcite nanoparticles synthesized by the
fungal extract of Acremonium egyptiacum IRAN 5247C under optimal experimental conditions.

Process parameters for maximum calcite
precipitation

As deduced from the literature, precise control of
key parameters is essential for optimizing calcite
production, particularly in  biotechnological
applications such as bio-cementation, soil
stabilization, and environmental remediation (Fadia
et al. 2021, Ojha et al. 2021, Erdmann and Strieth
2023). In this study, four primary factors urea and
calcium chloride concentration, pH, and incubation
time were found which affected calcite synthesis
by A. egyptiacum IRAN 5247C (Fig. 4a-d). As
shown in Fig. 4a, calcite production increased with
rising urea concentrations from 0.25 M to 1.25 M,
peaking at 1.25 M (~322 mg/10 ml). A slight
decrease at 1.50 M (~255 mg/10 ml) suggests that
extra high urea concentrations may inhibit calcite
production, likely due to osmotic stress or toxicity
to fungal cells. Urea is essential for providing
carbonate ions necessary for calcite formation.
Statistical —analysis revealed no significant

difference between 1.0 M and 1.25 M, indicating
that 1.0 M urea is effective for maximizing calcite
production. Therefore, 1.0 M was determined as
the optimal concentration, balancing carbonate ion
availability and fungal metabolic activity while
avoiding inhibitory effects at  higher
concentrations. Moreover, calcite production is
significantly influenced by calcium chloride
concentration. As illustrated in Fig. 4b, calcite
production peaked at 1.25 M (~356 mg/10 ml) and
declined at 1.50 M (~260 mg/10 ml). Calcium ions
are crucial for calcite formation, and production
peak at 1.25 M obviously suggests optimal
concentration to maximize production. However,
extra-high calcium chloride concentrations may
cause ionic imbalances or toxicity, leading to
reduced calcite synthesis. Consistent with studies
on Sporosarcina pasteurii, urea concentration was
similarly crucial for calcite precipitation in this
study. However, the optimal calcium chloride
concentration in this study (1.25 M) is higher than
those reported for bacteria, likely reflecting the
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distinct metabolic requirements of fungal strains
compared to bacteria (Rautela and Rawat 2020).
As shown in Fig. 4c, calcite synthesis varies
significantly depending on pH, as the highest yield
was observed at pH 8 (~486 mg/10 ml) and lower
calcite yields at both lower pH (pH 5, 6) and higher
pH (pH 9) levels. The reaction environment pH
significantly impacts the solubility and availability
of carbonate ions, as well as the metabolic activity
of the fungal strain. The peak achieved at pH 8
suggests the optimal pH for calcite precipitation
under tested conditions. At lower pH levels,
carbonate ion availability may be restricted, while
higher pH levels likely reduce calcium solubility,
resulting in less efficient calcite formation. The
optimal pH 8 determined in this study, is
comparable to optimal pH 7 for calcite production
using bacteria (Kim et al. 2018) and probably
indicates that microbial calcite precipitation
generally favors a neutral to slightly alkaline pH
range. The amount of calcite production increased

over time, reaching its maximum (~595 mg/10 ml)
at 48 hours. However, it slightly decreased to
around ~522 mg/10 ml at 60 hours (Fig. 4d). In this
study, the optimal incubation time for calcite
synthesis was determined to be 48 hours, after
which production declined. This differs from
bacterial systems, where calcite precipitation
typically occurs over a span of 3 days (Kim et al.,
2018). The faster peak observed in the fungal
process highlights its potential as a more efficient
bioprocess under the tested conditions. Our
findings indicated that optimizing parameters such
as urea and calcium chloride concentration, pH,
and incubation time are crucial for maximizing
calcite production. To improve the overall
efficiency of the bioprocess, further studies are
necessary to figure out the reasons for yield decline
at higher concentrations and longer incubation
times.
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Fig. 7. a. Fourier-transform infrared spectroscopy (FTIR) analysis; b. Raman spectra of calcite nanoparticles
synthesized by the fungal extract of Acremonium egyptiacum IRAN 5247C under optimal conditions.

Characterization of calcium carbonate

nanocrystals

FESEM analysis revealed that the majority of
nanoparticles exhibited a spherical or near-

spherical morphology, with an average size of 73.5
+ 8.02 nm and a size distribution ranging from 25
to 125 nm (Fig. 5). This narrow size range is
remarkable comparing to the broader size
distributions with less control over uniformity in
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Klebsiella pneumoniae (Render et al. 2016) and S.
pasteurii (Kim et al. 2018). The precise control of
particle size in this study makes it valuable for
applications requiring consistency, such as drug
delivery and bio-cementation. The smooth surface
morphology observed through FESEM further
improves the functional properties of nano-calcite
as suitable features for industrial and
biotechnological applications including stability,
bioactivity, and ability to effectively interact with
other materials. EDX analysis confirmed the
elemental composition of calcium, carbon, and
oxygen, indicating a crystalline calcite structure
(Fig. 6). FTIR analysis (Fig. 7a) confirmed the
formation of calcite by detecting the characteristic
vibrational modes of carbonate ions. Peaks at 1458
cm ', 712 ecm™, and 875 cm™! corresponded to the
symmetric stretching and bending vibrations of the
carbonate group. Additionally, a broad peak at
3436 cm'! indicated the presence of hydroxyl
groups, suggesting water or amino compounds on
the nano-calcite surface. The FTIR results confirm
the successful formation of calcite and provide
insights into the surface chemistry of the nano-
calcite, influencing its interaction with other
materials in industrial applications (Cai et al.
2010). As FTIR complement, Raman spectrum

Intensity (a. u.)

"l

——

(Fig. 7b) revealed distinct structural characteristics
of the synthesized nano-calcite. The prominent
peak at 1085 cm ! is associated with the symmetric
stretching vibrations of the carbonate group
(CO3?"), a hallmark of the calcite structure.
Additionally, a peak at 685 cm™! corresponds to the
bending vibrations of the carbonate group, while
smaller peaks at 245 cm™' and 122 cm™" are related
to the lattice vibrations of calcite, further
confirming the composition and crystalline
structure of the nano-calcite (Donnelly et al. 2017).
The combined FTIR and Raman spectra confirm a
well-defined calcite structure, with carbonate group
(CO3?") which is a key functional factor. The
presence of distinct peaks associated with
carbonate groups strongly validates the successful
synthesis of nano-calcite, characterized by a strong
crystalline structure. XRD analysis (Fig. 8)
identified distinct peaks at 23.02°, 29.38°, 35.94°,
43.13°, 47.09°, 48.49°, and 57.36°, corresponding
to the (012), (104), (110), (202), (016), (018), and
(122) calcite planes. These peaks aligned with
standard reference patterns, confirming the
crystalline nature and high purity of the
synthesized nano-calcite, essential for material
applications (Fadia et al. 2021, Render et al. 2016).
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Fig. 8. X-ray Diffraction (XRD) analysis of calcite nanoparticles synthesized by the fungal extract of
Acremonium egyptiacum IRAN 5247C under optimal conditions.

The high purity, smooth morphology, and precise
particle size control of the nano-calcite produced
by A. egyptiacum IRAN 5247C confirmed its
potential for eco-friendly and sustainable
production, offering a greener alternative to

conventional methods. Our findings show a
promising future for applied mycology to exploit
fungi in  bio-cementation, environmental
remediation and advanced biomaterial
development. The narrow particle size range
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achieved here, which is rarely found in the
literature, significantly highlights the innovation of
our study. Future researches could explore
alternative metabolic pathways, such as organic
acid consumption, to improve particle size and
morphology.

CONCLUSION

In this study, isolate IRAN 5247C a novel ureolytic
fungus obtained from declined grapevine twigs and
trunks, which morphologically and phylogenetically
identified as Acremonium egyptiacum, showed a
significant potential for eco-friendly synthesis of
calcium carbonate (nano-calcite) nanocrystals.
Among eighteen fungal isolates, IRAN 5247C with
the highest urease activity and calcite production is
introduced as a potent candidate for various
biotechnological applications. Optimization of key
parameters urea and calcium chloride concentrations,
pH, and incubation time resulted here in significant
calcite precipitation, often with nanocrystal size from
65.5 to 81.5 nm. Nano-calcite produced by
Acremonium egyptiacum IRAN 5247C exhibits ideal
features such as narrow size distribution, spherical
morphology, and high chemical stability for
applications in concrete reinforcement, crack repair,
bio-cementation, medical fields, and agriculture.
Nano-calcite properties improve soil fertility, nutrient
delivery, sustainable agriculture, and environmental
remediation. Future studies should examine different
metabolic pathways, especially those involving
organic acids, to improve the control over calcium
carbonate nanoparticle size and shape, which could
result in more efficient and eco-friendly production
techniques.
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