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ABSTRACT
Introduction. This review systematizes the key mechanisms of fungal-induced biomineralization for the self-healing and strength-
ening of mineral materials – calcium carbonate (CaCO3) precipitation through urea hydrolysis and mycelial metabolic activity (FICP), 
as well as calcium oxalate (CaC2O4) formation via oxalic acid secretion (FIOP). Materials and methods. The review is based on an 
analysis of peer-reviewed scientific studies (Scopus, Web of Science), and more than 80% of them were published within the last 
five years (2022–2026). The analysis focused on qualitative and quantitative indicators of fungal impact on treated materials’ proper-
ties – mineral composition and yield, strength gains, and reduced water absorption, confirmed by nano‑ and microscopy methods. 
Results and discussion. A relationship between fungal species and strains, biomineralization mechanisms, medium compositions, 
and material strengthening effects has been identified in the study. It has been established that Trichoderma reesei, Penicillium 
chrysogenum, Aspergillus niger, and Neurospora crassa effectively induce carbonate biomineralization, enhancing self‑healing and 
durability in concrete and soil matrices. Pleurotus ostreatus is considered a model organism capable of precipitating both calcium 
oxalates and carbonates, and forming bio‑reinforcement that enables cyclic self‑healing and strengthening of mineral material 
structures. However, implementing these biotechnologies requires developing application protocols and standards, as well as 
validation under real operating conditions. Conclusion. The present review provides a scientific base for further experimental de-
velopments and confirms the potential of fungal cultures for the self‑healing and stabilization of mineral materials in construction, 
geotechnical engineering, and related fields.
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precipitation (MICP, FICP), nanoscale, calcium oxalate, self-healing materials

SOURCES OF FUNDING FOR THE SCIENTIFIC WORK THAT RESULTED IN THE PUBLICATION: The research was funded by the 
National Research Moscow State University of Civil Engineering.

FOR CITATION: 
Budnikova A.A., Topchiy D.V. From nano- to macro-scale: a review of fungal-induced biomineralization mechanisms for self-healing 
and strengthening of materials. Nanotechnologies in Construction. 2026; 18(4):507–520. https://doi.org/10.15828/2075-8545-2026-
18-4-507-520. – EDN: RVMPIK.

From nano- to macro-scale: a review of fungal-induced 
biomineralization mechanisms for self-healing 

and strengthening of materials

© Budnikova A.A., Topchiy D.V., 2026

CC BY 4.0

Anna A. Budnikova1, 2* , Dmitry V. Topchiy1 
1 National Research Moscow State University of Civil Engineering, 129337, Yaroslavskoye Shosse, 26, Moscow, 
Russian Federation 
2 LLC Mycokarst, 127273, Berezovaya Alley, 17-2, 278, Moscow, Russian Federation

* Corresponding author: e-mail: anna.budnikova92@gmail.com

http://nanobuild.ru/ru_RU/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-7168-3174
https://orcid.org/0000-0002-3697-9201


http://nanobuild.ru	 info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2026; 18 (4): 
507–520

ISSN 2075-8545 (online) 

508

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

От нано- до макроуровня: обзор механизмов 
биоминерализации с участием грибов 

для самовосстановления и упрочнения материалов

Анна Александровна Будникова1, 2* , Дмитрий Владимирович Топчий1 
1 Национальный исследовательский Московский государственный строительный университет, 129337, Москва,  
Ярославское шоссе, 26, Российская Федерация 
2 ООО «Микокарст», 127273, Москва, ул. аллея Березовая, 17-2, 278, Российская Федерация

* Автор, ответственный за переписку: e-mail: anna.budnikova92@gmail.com

AННОТАЦИЯ
Введение. В обзоре систематизированы ключевые механизмы биоминерализации, реализуемые грибной культурой, для 
самовосстановления и упрочнения минеральных материалов – образование карбоната кальция (CaCO3) через гидролиз 
мочевины и метаболическую активность мицелия (FICP), а также оксалата кальция (CaC2O4) посредством секреции щавеле-
вой кислоты (FIOP). Методы и материалы. Обзор основан на анализе рецензируемых научных публикаций (Scopus, Web of 
Science), из которых более 80% работ опубликованы за последние 5 лет (2022–2026 гг.). Внимание уделялось качественным 
и количественным показателям влияния грибов на характеристики укрепляемых материалов — составу и объему формиру-
ющихся минералов, приросту прочности и снижению водопоглощения, что подтверждалось методами нано- и микроскопии. 
Результаты и обсуждение. В ходе исследования выявлена взаимосвязь между видами и штаммами грибов, реализуемыми 
механизмами биоминерализации, составами питательных сред и эффектами упрочнения минеральных материалов. Установ-
лено, что Trichoderma reesei, Penicillium chrysogenum, Aspergillus niger и Neurospora crassa эффективно индуцируют карбонатную 
биоминерализацию, обеспечивая самовосстановление и повышение устойчивости бетонных конструкций и грунтовых 
матриц. Pleurotus ostreatus рассматривается как «модельный» организм: он способен осаждать оксалаты и карбонаты каль-
ция, а также формировать «биоармирование», что приводит к циклическому самовосстановлению и упрочнению структуры 
минеральных материалов. Однако для реализации описанных биотехнологий необходимы разработка методик и стандартов 
их применения, а также апробация в реальных условиях эксплуатации. Заключение. Настоящий обзор представляет научную 
основу для дальнейшего развития экспериментальных данных и подтверждает перспективы применения грибной культуры 
для самовосстановления и стабилизации минеральных материалов в строительной, геотехнической и смежных отраслях.

КЛЮЧЕВЫЕ СЛОВА: биоминерализация, биоцементация, грибы, инженерные живые материалы (ELM), микробно-индуци-
рованное осаждение карбоната кальция (MICP, FICP), наноуровень, оксалат кальция; самовосстанавливающиеся материалы

ИСТОЧНИКИ ФИНАНСИРОВАНИЯ НАУЧНОЙ РАБОТЫ, РЕЗУЛЬТАТОМ КОТОРОЙ СТАЛА ПУБЛИКАЦИЯ: Данная работа 
выполняется в рамках реализации Программы развития федерального государственного бюджетного образовательного 
учреждения высшего образования «Национальный исследовательский Московский государственный строительный уни-
верситет» на 2025–2036 годы.
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INTRODUCTION

Mineral materials underpinning the natural landscapes 
and urban built heritage suffer throughout their lifespan 
to physical, chemical, and biological weathering. Weak 
karst terrains (dolomite, limestone) are particularly haz-
ardous due to their low water resistance and susceptibility 
to unpredictable collapses. These processes are intensified 
by human activity and climate change, underscoring the 
need for strategies to improve infrastructure durability and 
resilience, including heritage preservation [1–2].

In construction and materials science, there is an in-
creasing focus on biotechnologies using bacteria and fungi 
capable of repairing structures through their metabolic 
activities, similar to wound healing in living systems [3–
4]. In this context, the key process is biomineralization, 
whereby microorganisms precipitate calcium compounds, 
modifying the materials’ composition, morphology, and 
structure [5–6]. 

Geomicrobiology and bioengineering research indi-
cate the feasibility of fungal-mediated biomineralization 
under natural conditions. Fungi interact with rocks and 
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and humidity fluctuations, exhibiting calcium carbonate 
(CaCO3) precipitation within short timeframes (the first 
precipitates observed after 12 hours) [12]. Moreover, fun-
gal mycelium promotes intensive calcite crystal formation 
and distributes these crystals throughout the pores and 
cracks of structural elements as a result of its extended 
filamentous network and its numerous nucleation sites 
[12–17]. In addition, a high degree of compatibility has 
been observed between fungal metabolic products and the 
mineral-based materials matrix [17].

Beyond MICP–FICP, there is growing interest in 
creating living and high-strength biocomposites in which 
the mycelium serves both as a mineral-formation agent 
and a natural reinforcement [18–20]. Pleurotus ostrea-
tus, an edible fungus, is of particular interest because it 
forms a flexible bioframework binding loose particles into 
a coherent structure, thereby enhancing the mechanical 
properties of mineral matrices [20–22]. It also promotes 
calcium oxalate deposition (CaOx, or CaC2O4) (FIOP), 
contributing to densification, surface hydrophobicity, and 
increased resistance to water erosion. These composites 
are environmentally friendly: biodegradable, recyclable, 
and associated with a lower carbon footprint. Depending 
on the processing method, fungal materials may exhibit 
a range of mechanical and technical characteristics, ex-
panding their applications from packaging and thermal 
insulation to structural elements [20–23]. 

Despite the potential described above, the impact of 
strains and environmental conditions on mineral precipi-
tation efficiency remains relatively underexplored [4, 9, 
24, 25]. In existing studies, either a general mineralization 
mechanism is described without specifying fungal strains 
and medium composition; conversely, there is informa-
tion about specifics of particular species but without na-
noscale detailing of mineral formation and its evaluation 
(technology concept). This hinders optimization and 
scale-up of laboratory results.

This article aims to systematize the fungal-induced 
biomineralization mechanisms, identifying the specifics 
of calcium carbonate (FICP) and oxalate (FIOP) pre-
cipitation in relation to microorganism strains, nutrient 
medium composition, and the materials-strengthening ef-
fects. The findings will provide a basis for further research, 
refinement of fungal application methods for self-healing 
and stabilization of mineral materials (Fig. 1).

METHODS AND MATERIALS

The present review employs theoretical research 
methods — specifically, an analysis of peer reviewed 
publications indexed in Scopus and Web of Science. It is 
important to note that more than 80% of the works were 
published in the last five years (2022–2026), of which 
approximately 60% appeared in the last three years 
(2024–2026), underscoring the subject’s relevance and 

soil composites, promoting mineral formation across 
a wide range of conditions. Depending on substrate 
composition and metabolic activity, this phenomenon 
has a significant role in geochemical and biological cy-
cles, altering the properties of soil and building struc-
tures [6–7].

The key biomineralization mechanism is microbially 
induced calcium carbonate precipitation (MICP), in-
cluding bacterial- (BICP) and fungal-mediated processes 
(FICP) [8]. The effectiveness depends on the microorgan-
ism species, medium nutrients, calcium sources, inor-
ganic carbon levels, acid-base balance (pH), nucleation 
sites (centers of crystal formation), as well as external 
factors like temperature, humidity, and weathering in-
tensity [6–9]. 

In self-healing construction materials research, bac-
teria-mediated approaches (BICP) using Bacillus pseu-
dofirmus, Bacillus cohnii, and Sporosarcina pasteurii are 
often encapsulated in biodegradable polymer capsules and 
mixed into cementitious matrices [10–11]. Upon crack 
formation (exposure to air and moisture), these micro-
organisms activate to precipitate calcite, enabling autono-
mous healing. However, bacterial methods demonstrate 
reductions in concrete compressive strength (up to 50%), 
since the pores in its matrix (0.5–1.5 μm) are smaller than 
the capsules (2–4 μм), which often leads to the develop-
ment of voids in the material structure following capsule 
rupture [12]. Researchers also report limited microbial 
viability in alkaline environments (up to 2 months), high 
costs of nutrient medium components (primarily calcium 
lactate), and constraints on the width of healing cracks 
(up to 1 mm) [12–13]. 

Defining the nanoscale processes described above 
parameters is enabled for scientists by X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM) 
methods. XRD allows to determine the crystalline and 
molecular structure of the deposited minerals (for ex-
ample, distinguishing calcite from aragonite) and the 
sizes of the precipitates, while SEM visualizes crystal 
morphologies and the distribution of crystals within 
the material. Meanwhile, Swedish studies show that 
combining SEM with energy-dispersive X-ray spec-
troscopy (EDX) and scanning-transmission X-ray mi-
croscopy (STXM) expands these methods’ capabilities, 
enabling mineral distributions mapping and the fungal 
hyphae structure at the nanoscale (spatial resolution 
up to 30 nm) [14].

In this context, fungal biomineralization induced by 
the fungi Trichoderma reesei, Penicillium chrysogenum, 
Aspergillus niger, and Neurospora crassa (FICP) via ure-
ase-mediated hydrolysis and mycelial metabolism is re-
garded as a promising direction for advancing self-healing 
concrete technologies and soil biocementation [7–17]. 
These microorganisms remain viable in highly alkaline 
environments (pH 11–12) under extreme temperature 
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Fig. 1. The diagram of microbially induced calcium carbonate precipitation (MICP), including carbonate (FICP) and 
oxalate (FIOP) biomineralization mechanisms mediated by fungi for self-healing and strengthening of mineral 
materials
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importance. The article also examines the findings of 
pioneering studies in the FICP field published over the 
past decade, which provides a solid basis and context for 
data comparison. 

At the initial stage, approximately 100 works were re-
viewed to examine the fungal applications in the fabrica-
tion of high-strength biocomposites, self-healing systems, 
and engineered living materials (ELMs). Among them, 
more than 40 significant studies on self-healing and bio-
cementation of mineral materials and soil foundations 
were identified.

The selection criteria included described biomineral-
ization mechanisms, data on fungal species and strains, 
growth medium compositions, as well as quantitative and 
qualitative effects on the materials’ functional properties: 
mineral precipitate composition and volume, strength 
gains, decreased water uptake, resistance to alkaline en-
vironments and moisture, and crack-healing capability. 
The special attention was paid to nano-structural analysis 
results and confirmation of the mentioned effects us-
ing nano- and microscopy methods (primarily SEM and 
XRD).

Acting as the keynote, the interrelation of the criteria 
underpins the review structure and determines the sys-
tematization logic. Furthermore, the author relied on 
their own scientific experience and experimental data 
obtained from work with the Trichoderma and Pleurotus 
ostreatus fungal strains. This enabled the preparation of 
a credible analytical synthesis that reflects current trends 
in the development of FICP and FIOP and ensures the 
integration of literature data with the author’s research 
findings.

1. Carbonate biomineralization induced by fungi 
(FICP)

1.1. Calcium carbonate biomineralization based on urea 
hydrolysis (Penicillium chrysogenum, Neurospora crassa, 
Aspergillus niger)

The most studied biomineralization mechanism un-
derlying microbially induced calcium carbonate precipi-

tation (MICP–FICP) is urea hydrolysis (CO(NH2)2), 
which produces ammonium (NH4

+) and carbonate 
(CO3²–) ions [6, 8, 14, 17, 26]. In alkaline environments, 
these ions react with calcium (Ca²+), leading to the for-
mation of calcium carbonate (CaCO3), which precipitates 
within the pores and cracks of building materials and soil 
matrices [17] (Fig. 2). 

Among fungal species capable of urease-mediated 
biomineralization, Penicillium chrysogenum, Neurospora 
crassa, and Aspergillus niger have been the most exten-
sively studied and discussed. They exhibit activity in 
mineral formation within cement slurry and confirm the 
reproducibility of results across diverse soil substrates 
[4, 8]. Swedish researchers conducted an experiment by 
sectioning the crystals precipitated by the fungi into thin 
plates with thicknesses of 75–200 nm. Scanning trans-
mission X-ray microscopy (STXM) revealed that cal-
cite, the most thermodynamically stable polymorph of 
CaCO3, formed on the hyphae of all tested microorgan-
isms. In small amounts, nanocrystals of aragonite and 
calcium chloride (CaCl2) were also detected, formed on 
extracellular polymeric substances (EPS) [14].

Chinese researchers demonstrated that the Penicil-
lium chrysogenum CS1 strain promotes an increase in the 
compressive strength of river sand by 1.8 MPa during 
biomineralization, associated with CaCO3 formation and 
binding of the material’s particles [8, 17]. Meanwhile, 
replacing 20% of natural sand with waste-treated sand 
and Aspergillus niger contributed to an increase in com-
pressive strength from 23 to 33 MPa and a reduction in 
water absorption from 0.9% to 0.5%. The authors attribute 
this effect to the fungal spores fixation in the pores of the 
cement-sand matrix and justify the prospects for applying 
this species in brick production [17, 27].

In an alternative study, the potential of Penicillium 
chrysogenum to precipitate calcium carbonate for bio-
cementation of the surface layer of sandy soil and to re-
duce dust generation in arid (desert) regions is considered. 
In one experiment, the authors varied the concentrations 
of calcium chloride (CaCl2) and urea (CO(NH2)2); in 
another, the inoculation methods for a fungal-based sus-
pension were tested. The highest strength increases (over 

Fig. 2. Calcium carbonate biomineralization mechanism via urea hydrolysis and fungal urease activity: CaCO3 
formation and river sand samples biocementation
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Fig. 3. Soil samples under biomineralization: calcium carbonate precipitation and mineral formation on fungal 
hyphae: 1 – control samples (without nutrient medium); 2 – experimental samples with urea; 3 – experimental 
samples incubated in malt medium. Images obtained by scanning electron microscopy (SEM) at magnifications of 
1k× and 5k×. Scale bars: 45 μm (top row), 20 μm (bottom row) [30]

2.7 MPa) and carbonate contents were achieved within 
24 hours when treating sand with solutions at 1.5 M CaCl2 
and 1.0 M CO(NH2)2. Scanning electron microscopy 
(SEM) confirmed calcite as the main mineral and en-
hanced soil particle adhesion at the nanoscale, indicating 
the possibility of forming durable soil foundations with 
the use of FICP [28].

Meanwhile, Portuguese researchers using Penicillium 
chrysogenum MUM 9743 and Neurospora crassa MUM 
9208 to treat sand samples achieved a maximum compres-
sive strength of 66.5 kPa. This may be due to differences 
in medium compositions and sand fractions, incubation 
conditions, and moisture levels [8]. 

Russian researchers point to the effectiveness of soil 
biocementation by the crossing of fungi and bacteria. 
Adding 2% paper waste (lignocellulosic substrate based 
on recycled paper) to soil, along with ureolytic Bacillus 
licheniformis DSMZ 8782 and the yeast-like fungus Scy-
talidium candidum 3C, created favorable conditions for 
calcium carbonate precipitation (CaCO3) and increased 
the compressive strength from 61 kPa to 161.1 kPa. By 
the contrast, introducing biomass based only on fungi 
without cellulose and bacteria strengthened to 236.6 kPa, 
illustrating the fungi’s potential for autonomous bioce-
mentation [29].

American researchers also studied the synergistic 
interaction between the widespread microscopic Neu-
rospora crassa fungal mycelium and the Sporosarcina 

pasteurii bacterium, developing an engineered living 
material (ELM) with self-healing and adaptation to 
harsh environmental conditions. In this system, the 
mycelium acts as a bioframework, and the bacteria cre-
ate mineral deposits that reinforce the structure and 
contribute elasticity with moderate strength. The study 
demonstrated that Neurospora crassa hyphae can un-
dergo self-mineralization without bacteria. However, the 
efficiency depends on the nutrient medium: the combi-
nation of urea and calcium drives the precipitation of 
calcium carbonate, along with reductions in dissolved 
components and improved strength, particularly under 
nitrogen deficiency. At the same time, the biominer-
alization process accelerated significantly when using 
Sporosarcina pasteurii, which within 24 hours almost 
completely hydrolyzed urea and calcium, demonstrating 
the potential of synergistic fungal–bacterial biosystems 
in creating self-healing construction materials as well as 
in soil strengthening and stabilization [29–30] (Fig. 3).

As a result, calcium carbonate biomineralization based 
on urea hydrolysis by Penicillium chrysogenum, Neurospora 
crassa, and Aspergillus niger demonstrates that fungi are 
effective agents for calcite formation. In addition to Ca2+ 
and urea, the provision of mineral nutrient sources and 
the inoculation process can provide substantial increases 
in the compressive strength of cement- and sand-based 
materials, accompanied by reductions in water absorption 
and improved soil stabilization. 
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1.2. Calcium carbonate biomineralization based on fungal 
metabolic activity (Trichoderma reesei, Candida ethanolica, 
Aspergillus nidulans)

Some species of fungi are capable of calcium car-
bonate (CaCO3) biomineralization without urease in-
volvement: the mycelium deposits calcium ions (Ca²+) 
during metabolism, consuming carbon dioxide (CO2), 
which leads to the formation of carbonate ions and the 
deposition of minerals along the hyphal surfaces [31] 
(Fig. 4).

Studies by American scientists evaluate that Tricho-
derma reesei has a high potential for crack healing in con-
crete, as this species can adapt to harsh environmental 
conditions such as low humidity, extreme temperatures, 
ultraviolet radiation, and high alkalinity [12–13, 32]. 
In their experiments, the researchers compared the ef-
fectiveness of Trichoderma reesei, Aspergillus nidulans, 
Cadophora interclivum, Umbeliopsis dimorpha, Acidome-
lania panicicola, and Pseudophialophora magnispora in 
CaCO3 formation in potato-dextrose agar-based media. 
Despite leaching of calcium hydroxide Ca(OH)2 from the 
cementitious composition and a sharp pH rise from 6.5 to 
13.0, Trichoderma reesei demonstrated sustainable growth 
on and off the concrete surface, while other fungi showed 
no activity [12]. X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) showed that the crystals 
precipitated on the fungal hyphae consist of calcite. The 
first carbonate formations were detected after 12 hours, 
and their widespread distribution was observed by day 21. 
Concurrently, it was established that concrete compressive 
strength increases with spore content of 5×106 cells/mm3, 
but deviations from this baseline reduce the effect [12]. 
In other studies, it was shown that a ratio of 8.42 g of 
Trichoderma reesei spores per 1 liter of potato-dextrose 
agar-based suspension provides maximum concrete com-
pressive strength of 18.99 MPa after 28 days, indicating 
the need to adhere to strict dosing ranges of fungal culture 
in compositions [33]. 

Russian researchers have developed methods for heal-
ing and strengthening stone structures and karst limestone 
soils using a substrate based on natural components and 

Trichoderma fungal spores. This approach maintains mi-
croorganism viability within cracks, promoting calcium 
carbonate precipitation during metabolism for self-heal-
ing of material with similar composition. As a result, stone 
structures can double in strength, reaching up to 40 MPa 
within 28 days without human or technological inter-
vention [34–35]. The technology ensures self-healing of 
mineral materials and prevents unpredictable destruction 
and collapses of soils, demonstrating the practical and 
ecological potential of FICP in infrastructure reinforce-
ment [20, 31, 35].

Malaysian scientists, in turn, showed that the Candida 
ethanolica yeast-like fungus, under a specific nutrient me-
dium composition and Ca2+ concentration, promotes an 
increase in concrete compressive strength by 6.27% rela-
tive to control samples, reaching 32.2 MPa after 28 days. 
The precipitated CaCO3 also reduces concrete water ab-
sorption and enhances its resistance to environmental 
impacts [6, 17, 36].

Filamentous fungus Aspergillus nidulans, although 
capable of hydrolyzing urea, demonstrates the ability for 
biomineralization in an alkaline concrete environment 
even without urease. For these purposes, mutant strains 
(for example, MAD1445) are utilized: they are able to 
grow on concrete slabs surfaces under high pH, and pre-
cipitate CaCO3 when calcium is added to the medium 
[17, 37].

As a result, calcium carbonate biomineralization based 
on fungal metabolic activity requires not only calcium 
sources but also nutrients (including trace elements), fa-
cilitating autonomous precipitation of CaCO3 in alkaline 
environments and supporting the development of sustain-
able infrastructure [38–39].

2. Oxalate biomineralization induced by fungi 
(FIOP)

2.1. Oxalate biomineralization via secretion of oxalic acid 
(Aspergillus niger, Penicillium spp., Abortiporus biennis)

Oxalate biomineralization is a distinct mineral for-
mation mechanism carried out by fungal culture. In neu-

Fig. 4. Сalcium carbonate biomineralization mechanism via fungal metabolic activity and conversion of carbon 
dioxide: CaCO3 formation and self-healing of concrete
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2.2. Oxalate biomineralization and mycelial bioreinforce-
ment (Pleurotus ostreatus)

Research by Russian scientists indicates that Pleurotus 
ostreatus – based biotechnologies represent a promising 
approach to strengthening mineral materials prone to de-
cay. This mycelium exhibits metabolic and physical flex-
ibility, allowing it to adapt to extreme conditions, modify 
substrate properties depending on the processing method 
(increasing material strength by 2–6 times), and form 
self-healing, elastic, and environmentally friendly bio-
composites [20]. Experiments demonstrate that Pleurotus 
ostreatus mycelium is capable of forming both oxalate and 
calcium carbonate; acting as a material natural reinforce-
ment, providing cyclic healing and strengthening of soil 
foundations over 90 days (1 cycle – 28 days) [20] (Fig. 6). 

Studies by Chinese researchers confirm that Pleuro-
tus ostreatus induces oxalate biomineralization, substan-
tially improving the physical and mechanical properties 
of sandy soils. Experiments demonstrate that the my-
celium binds surface particles, preventing water erosion 
even under intense mechanical mixing (120–170 rpm). 
The increase of the contact angle to 116.42° also indicates 
surface hydrophobization, thereby increasing the mate-
rial’s resistance to hydrodynamic loads [8, 44]. 

Microscopic analysis of mineral precipitates indi-
cated they consist mainly of calcite, as well as calcium 
oxalate monohydrate (CaC2O4·H2O) and dihydrate 
(CaC2O4·2H2O) [8]. Micro- and nano-scale studies con-

tral and alkaline environments, oxalic acid (H2C2O4), 
secreted by fungi, interacts with calcium ions (Ca²+) to 
produce calcium oxalate (CaC2O4 or CaOx) — a poorly 
soluble salt that precipitates on hyphal surfaces. This 
oxalate can undergo biotic (for example, bacterial ac-
tivity) and abiotic transformations, releasing carbonate 
ions and resulting in calcium carbonate (CaCO3). In this 
process, CaOx acts as an intermediate step in calcium 
carbonate biomineralization [8, 24, 42]. Moreover, stud-
ies by British researchers have proven that oxalic acid 
secreted by fungi can further interact with the CaCO3 
formed, releasing carbonate ions and inducing its cyclic 
precipitation [8, 43] (Fig. 5).

Polish and Russian researchers established that Asper-
gillus niger and Penicillium spp. realize oxalate biominer-
alization when calcium is present in the substrate. More-
over, the process rate and intensity increase when acidic 
constituents are added to the medium to neutralize the 
pH [24, 42]. It was also noted that Abortiporus biennis is 
capable of simultaneously forming oxalates and binding 
heavy metals, which facilitates their immobilization and 
demonstrates the fungus’s tolerance to polluted environ-
ments [4, 24].

Thus, oxalate biomineralization creates prerequi-
sites for the subsequent formation of calcium carbon-
ates (CaCO3). Moreover, it represents an autonomous 
mechanism — a significant biogeochemical process that 
ensures the cyclic self-healing and immobilization of toxic 
elements in natural and artificial environments.

Fig. 5. Oxalate biomineralization mechanism via fungal oxalic acid secretion: CaC2O4 formation and soil foundations 
stabilization

Fig. 6. Oxalate–carbonate biomineralization mechanism with Pleurotus ostreatus: CaCO3 and CaC2O4 formation, 
mycelial bioreinforcement and strengthening of soil foundations
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firmed the sequential biomineralization nature: fungal 
metabolic activity is linked to the oxalic acid secretion, 
which leads to a local pH drop and the oxalates precipita-
tion on fungal hyphae. In the subsequent stages, oxidative 
processes or a rise in pH may convert oxalates into cal-
cium carbonate, enabling cyclic remineralization of pores 
and cracks in materials and soil matrices [8, 44] (Fig. 7). 

As a result, Pleurotus ostreatus induces the calcium 
oxalate (CaOx) and carbonate (CaCO3) precipitation, 
forming a bioframework that leads to structural self-heal-
ing and strengthening of mineral materials. It is regarded 
as a model organism, demonstrating the capabilities of 
fungal culture in biomineralization and bioreinforcement 
[20, 22, 31, 35, 44].

RESULTS AND DISCUSSION

The present review demonstrates that fungal-induced 
biomineralization represents an independent and promis-
ing area in the development of engineered living materi-
als —durable, environmentally friendly, and self-healing. 
Fungi not only facilitate calcium carbonate (CaCO3) and 
oxalate (CaOx) precipitation but also act as biological 
reinforcements through their hyphal structure. This has 
a positive effect on the materials strength, porosity, and 
water resistance, as confirmed by experimental data from 
nano- to macro- scales.

A comparative analysis of calcium carbonate biomin-
eralization based on urea hydrolysis and fungal metabolic 
activity evaluates that both processes efficiency depends 
on the fungal species and strains, key nutrient medium 
components (urea, cellulose, etc.), and the calcium sourc-
es (Ca²+ or calcium salts like as CaCl2). Experimental 
results indicate high efficacy of certain fungi in strength-
ening mineral-based materials over 28 days: Trichoderma 
reesei (increase in concrete and karst soil strength up to 
40 MPa), Aspergillus niger (strength gain in cement-sand 
mixes from 23 to 33 MPa with reduced water absorption 

from 0.9 to 0.5%), Candida ethanolica (strength increase 
by 6.27% to 32.2 MPa), as well as Penicillium chrysogenum 
and Neurospora crassa (soil strength increases by 1.8 to 
2.7 MPa). Additional studies demonstrate that A. niger, 
P. chrysogenum, and A. biennis are capable not only of 
mineral precipitation but also of heavy metal immobi-
lization.

Pleurotus ostreatus, in turn, promotes calcium oxalate 
(CaOx) precipitation with transformation into calcium 
carbonate (CaCO3), acting as a natural bioframework of 
materials; this leads to cyclic and structural self-healing 
and strengthening of mineral matrices. This genus can be 
considered a model organism due to the broad potential 
in biomineralization and biological reinforcement, open-
ing prospects for further research and development of 
methods to utilize Pleurotus ostreatus for strengthening a 
wide range of mineral materials.

However, there are significant discrepancies between 
results, which may be due to differences in strains and 
experimental conditions. Additionally, mechanisms of 
encapsulation and long-term viability of fungi within ce-
mentitious matrices, their resilience to cyclic moisture 
and temperature fluctuations, as well as the reproduc-
ibility of self-healing effects under real-world conditions, 
are still insufficiently studied.

Despite the fact that the direction of mineral deposi-
tion and concrete restoration using fungal culture (FICP) 
has been under investigation for about 10 years (since 
2016–2019), significant progress has already been made. 
Important tasks for future research include standardized 
selection of the most stable and effective fungal strains for 
specific materials, development of encapsulation methods 
that preserve viability without reducing the material’s 
baseline strength, and advancement of synergistic MICP–
FICP systems through fungal–bacterial co-cultures.

Therefore, it is necessary to develop standards and 
application protocols for fungi-based self-healing and 
reinforcement, as well as unified criteria for evaluating 

Fig. 7. Image of a sandy layer biocemented with Pleurotus ostreatus, obtained by scanning electron microscopy, 
demonstrated the mycelial framework and precipitated minerals (SEM) [8]
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Table 1. Fungal-induced biomineralization mechanisms: the relationship between species and strains, 
biomineralization mechanisms, media compositions, and the output properties (effects) of treated materials

Fungal species and 
strains

Biomineralization 
mechanism Nutrient medium Strengthened material and 

effects
Level of study and practi-

cal potential

Penicillium chrysoge-
num (CS1, MUM 9743)

– Carbonate biominer-
alization based on urea 
hydrolysis;
– Oxalate biomineraliza-
tion based on oxalic acid 
secretion

Urea, calcium sources / 
Ca²+ salts (CaCl₂, etc.)

Sandy soils: increase in 
compressive strength by 
1.8–2.7 MPa, CaCO₃ forma-
tion between particles

Biocementation effect on 
sandy soil surfaces was 
demonstrated

Neurospora crassa 
(MUM 9208)

– Carbonate biominer-
alization based on urea 
hydrolysis

Urea, calcium sources / 
Ca²+ salts (CaCl₂, etc.), nu-
trient base for engineered 
living materials (ELM)

Sandy soils: increase in 
strength by 66.5 kPa, in 
ELM – CaCO₃ and bio-rein-
forcement formation

Promising component for 
ELM, creating bioreinforce-
ment and mineral distribu-
tion in matrices

Aspergillus niger – Carbonate biominer-
alization based on urea 
hydrolysis;
– Oxalate biomineraliza-
tion based on oxalic acid 
secretion

Urea, calcium sources / 
Ca²+ salts (CaCl₂, etc.)

Cement-sand mixes with 
molding sand and waste ma-
terials: increase in strength 
from 23 to 33 MPa; reduction 
in water absorption from 
0.9% to 0.5%

Promising component for 
modified cement-sand 
composites, further studies 
are needed on repro-
ducibility and biosafety 
(pathogenicity)

Abortiporus biennis – Oxalate biomineraliza-
tion based on oxalic acid 
secretion

Calcium sources (Ca²+), 
microelements

Soils composites: immobili-
zation of heavy metals

Promising component for 
bioremediation due to re-
sistance to toxic conditions

Scytalidium candidum 
(3C) 

– Carbonate biominer-
alization based on urea 
hydrolysis

Urea, CaCl₂, Bacillus 
licheniformis DSMZ 8782 
(optional), recycled waste 
paper (lignocellulose)

Sandy and other soils: 
increase in strength up to 
161.1 kPa with bacteria, up 
to 236.6 kPa with fungal 
substrates

Promising component 
for soil stabilization and 
ground improvement, 
biosafety assessment is 
required (pathogenicity of 
candidum)

Trichoderma reesei – Carbonate biomineral-
ization based on fungal 
metabolic activity

Potato dextrose agar 
(PDA/PDB), calcium 
sources / salts (CaCl₂, 
calcium lactate), mineral 
components

Concrete: CaCO₃ forma-
tion in cracks, effective-
ness in alkaline environ-
ments, strength gain up to 
18.99 MPa. Rock and karst 
soils: strength doubled to 
40 MPa in 28 days

One of the most studied 
fungi, promising for self-
healing concrete and soil 
stabilization

Candida ethanolica – Carbonate biomineral-
ization based on fungal 
metabolic activity

Nutrient medium, calcium 
sources / Ca²+ salts (CaCl₂, 
etc.)

Concrete surface: strength 
increased by 6.27% to 
32.2 MPa, CaCO₃ layer forma-
tion

Promising component for 
surface strengthening of 
concrete, biosafety assess-
ment is needed (pathoge-
nicity of candida)

Aspergillus nidulans 
(MAD1445)

– Carbonate biomineral-
ization based on fungal 
metabolic activity

Potato dextrose agar 
(PDA/PDB), calcium 
sources / salts (CaCl₂, 
calcium lactate)

Concrete slabs: maintains 
viability at pH 13, CaCO₃ 
precipitation

Promising mutant model 
for improving mechanisms 
and methods

Pleurotus ostreatus 
(М5)

– Oxalate biomineraliza-
tion based on fungal 
metabolic activity
– Carbonate biomineral-
ization based on fungal 
metabolic activity
– Mycelial bioreinforce-
ment (bioframework)

Natural components, cal-
cium sources / Ca²+ salts 

Sandy and calcareous karst 
soils: formation of CaOx and 
CaCO₃, surface hydrophobi-
zation, cyclic self-restoration, 
and strengthening for 
90 days

Promising component and 
model organism demon-
strating fungal capabili-
ties in biomineralization 
and bio-reinforcement, 
high potential for soil 
stabilization and forming 
high-strength, eco-friendly 
biocomposites

biomineralization effectiveness to enable scaling from 
laboratory studies to engineering macro-scale systems.

This work presents the relationships between fungal 
species and strains, the biomineralization mechanisms 
realized, the nutrient media compositions, and the ef-
fects on strengthening mineral materials. The review 
provides a comprehensive overview of the current tech-

nological potential of living fungal cultures for biomin-
eralization, identifies limitations scaling limitations, and 
lays a scientific foundation for further experimental data 
development, confirming the prospects applying fun-
gal cultures for self-healing and stabilization of mineral 
materials in construction, geotechnical, and related in-
dustries (Table 1).

http://nanobuild.ru/ru_RU/


http://nanobuild.ru	 info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2026; 18 (4): 
507–520

ISSN 2075-8545 (online) 

517

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

REFERENCES

1. Sirt C.E., Bilecen K., Akoglu K.G.; Sahin G.N. Potential of biological mortar for micro-crack remediation of 
calcareous stones in historical monuments. Turkish Academy of Sciences Journal of Cultural Inventory. 2021;24:223–235. 
https://doi.org/10.22520/tubaked2021.24.012 

2. Pereda A.F., Saez-Perez M.P. Deterioration patterns in preferred building orientations: Case study in Granada, 
Spain. Results in Engineering. 2026;29:1–12. https://doi.org/10.1016/j.rineng.2026.109299 

3. Jose S.A., Arvisu E., Menezes P.L. Self-Healing Materials: Mechanisms, Properties, and Applications. Processes. 
2026;14(9):1436:1–27. https://doi.org/10.3390/pr14091436 

4. Sazanova (nee Barinova) K.V., Frank-Kamenetskaya O.V., Vlasov D.Yu., Zelenskaya M.S., Vlasov A.D., Rusa-
kov A.V., Petrova M.A. Carbonate and Oxalate Crystallization by Interaction of Calcite Marble with Bacillus subtilis and 
Bacillus subtilis–Aspergillus niger Association. Crystals. 2020;10(9):756:1–16. https://doi.org/10.3390/cryst10090756 

5. Jin C., Huang Y., Naraghi M., Wu C. Nanomaterial: a neglected bioink ingredient for 3D printing of biomin-
eralization-enabled structural composites. Frontiers in Mechanical Engineering. 2025;11:1655463:1–8. https://doi.
org/10.3389/fmech.2025.1655463 

6. Zhao J., Csetenyi L., Gadd G.M. Fungal-induced CaCO3 and SrCO3 precipitation: a potential strategy for bio-
protection of concrete. Science of The Total Environment. 2022;816:1–13. https://doi.org/10.1016/j.scitotenv.2021.151501 

7. Gadd G.M. Fungal biomineralization. Current Biology. 2021;31(24):1557–1563. https://doi.org/10.1016/j.
cub.2021.10.041 

8. Jiang L., Cheng M., Hu S., Wang W., Zhang Y., Liu Y. Fungal-Induced Calcium Carbonate Precipitation in 
Civil Engineering: Mechanisms and Innovative Applications for Soil Stabilization, Self-Healing Concrete, and Heavy 
Metal Immobilization. Journal of Materials in Civil Engineering. 2025;38(3):03125002:1–14. https://doi.org/10.1061/
JMCEE7.MTENG-21637 

9. Rokaya N., Carr E.C., Tiwari S., Wilson R.A., Jin C. Design of Co-culturing system of diazotrophic cyanobacteria 
and filamentous fungi for potential application in self-healing concrete. Materials Today Communications. 2025;44: 
112093. https://doi.org/10.1016/j.mtcomm.2025.112093

10. Yan Z., Nakashima K., Takano C., Kawasaki S. Strategies for cost-optimized biocement production: a com-
prehensive review. World Journal of Microbiology and Biotechnology. 2025;41(67):1–15. https://doi.org/10.1007/
s11274-025-04281-2 

11. Wong P.Y., Mal J., Sandak A., Luo L., Jian J., Pradhan N. Advances in microbial self-healing concrete: A criti-
cal review of mechanisms, developments, and future directions. Science of The Total Environment. 2024;947:1–16. 
https://doi.org/10.1016/j.scitotenv.2024.174553 

CONCLUSION

Fungal-induced biomineralization represents a prom-
ising direction in the development of engineering liv-
ing materials as well as technologies for self-healing and 
strengthening mineral-based composites. This review 
systematizes two key mechanisms: calcium carbonate 
(CaCO3) formation via urea hydrolysis and fungal meta-
bolic activity (FICP), and calcium oxalate (CaC2O4) pre-
cipitation through oxalic acid secretion (FIOP).

The study identified relationships between fungi spe-
cies and strains, biomineralization mechanisms, nutrients 
media compositions, and effects on the strengthening of 
mineral materials. It has been shown that Trichoderma 
reesei, Penicillium chrysogenum, Aspergillus niger, and 
Neurospora crassa effectively induce calcium carbonate 
formation, increasing the strength and water resistance 
of concrete and soil materials. Pleurotus ostreatus demon-

strates the ability to precipitate both calcium oxalate and 
carbonate, as well as to create bioreinforcement, enabling 
cyclic self-healing and strengthening of mineral matrices.

Experimental data at nano- and macro-scales confirm 
the positive impact of fungi on enhancing the materials’ 
operational properties, supporting the potential applica-
tion of these cultures in construction, geotechnical, and 
related industries. Nonetheless, there is a need for stan-
dardization of fungi application methods for self-healing 
and reinforcement, development of encapsulation systems 
within existing matrices, establishing evaluation criteria 
for biomineralization efficiency, and testing system stabil-
ity under real service conditions.

In this regard, the present article provides a scientific 
basis for further research and confirms the high poten-
tial of fungal cultures in consolidating and self-healing 
mineral materials for construction, geotechnical, and 
related fields.

http://nanobuild.ru/ru_RU/
https://doi.org/10.22520/tubaked2021.24.012
https://doi.org/10.1016/j.rineng.2026.109299
https://doi.org/10.3390/pr14091436
https://doi.org/10.3390/cryst10090756
https://doi.org/10.3389/fmech.2025.1655463
https://doi.org/10.3389/fmech.2025.1655463
https://doi.org/10.1016/j.scitotenv.2021.151501
https://doi.org/10.1016/j.cub.2021.10.041
https://doi.org/10.1016/j.cub.2021.10.041
https://doi.org/10.1061/JMCEE7.MTENG-21637
https://doi.org/10.1061/JMCEE7.MTENG-21637
https://doi.org/10.1007/s11274-025-04281-2
https://doi.org/10.1007/s11274-025-04281-2
https://doi.org/10.1016/j.scitotenv.2024.174553


http://nanobuild.ru	 info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2026; 18 (4): 
507–520

ISSN 2075-8545 (online) 

518

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

12. Jin C., Yu R., Shui Z. Fungi: A Neglected Candidate for the Application of Self-Healing Concrete. Frontiers 
in Built Environment. 2018;4(62):1–8. https://doi.org/10.3389/fbuil.2018.00062 

13. Van Wylick A., Vandersanden S., Jonckheere K., Rahier H., De Laet L., Peeters E. Screening fungal strains 
isolated from a limestone cave on their ability to grow and precipitate CaCO3 in an environment relevant to concrete. 
microPublication Biology. 2023;10.17912:1–9. https://doi.org/10.17912/micropub.biology.000764 

14. Tuyishime J.R.M., Hammer E.C. Pla-Ferriol M., Thanell K., Alwmark C., van Velzen S., Floudas D., Platakyte 
R., Obst M., Zou H. Nanoscale Characterization of Fungal-Induced CaCO3 Precipitation: Implications for Self-Healing 
Concrete. ACS Applied Materials & Interfaces. 2025;17(26):37648-37656. https://doi.org/10.1021/acsami.5c07137 

15. Van Wylick A., Monclaro A.V., Elsacker E., Vandelook S., Rahier H., De Laet L., Cannella D., Peeters E. 
A review on the potential of filamentous fungi for microbial self-healing of concrete. Fungal Biology and Biotechnology. 
2021;8(16):1–12. https://doi.org/10.1186/s40694-021-00122-7 

16. Van Wylick A., Brouwers E., Rahier H., Laet L., Peeters E. Encapsulation of Trichoderma reesei and Neuros-
pora crassa in calcium alginate capsules for fungi-mediated self-healing concrete: An explorative study on the protocol, 
survival of the organisms and CaCO3 biomineralization. Developments in the Built Environment. 2024;18:1–10. https://
doi.org/10.1016/j.dibe.2024.100445  

17. Iqbal D.M., Wong L.S., Kong S.Y. Bio-Cementation in Construction Materials: A Review. Materials. 
2021;14(9):2175:1–21. https://doi.org/10.3390/ma14092175 

18. Javadian A., Le Ferrand H., Hebel D.E., Saeidi N. Application of Mycelium-Bound Composite Materials in 
Construction Industry: A Short Review. SOJ Materials Science & Engineering. 2020;7(2):1–9. https://doi.org/10.15226/
sojmse.2020.00162 

19. Alemu D., Tafesse M., Deressa Y.G. Production of Mycoblock from the Mycelium of the Fungus Pleurotus os-
treatus for Use as Sustainable Construction Materials. Advances in Materials Science and Engineering. 2022(2022):1–12. 
https://doi.org/10.1155/2022/2876643 

20. Budnikova A.A., Topchiy D.V. Toward protection of urban stone structures from decay using pleurotus ostreatus: 
mycokarst self-healing material. Construction Materials and Products. 2026;9(2):4:1–15. https://doi.org/10.58224/2618-
7183-2026-9-2-4 

21. Soh E., Teoh J.H., Leong B., Xing T., Le Ferrand H. 3D printing of mycelium engineered living materials using 
a waste-based ink and non-sterile conditions. Materials & Design. 2023;236:112481:1–11. https://doi.org/10.1016/j.
matdes.2023.112481 

22. Nakazawa T., Kawauchi M., Otsuka Y., Han J., Koshi D., Schiphof K., Ramirez L., Pisabarro A.G, Honda Y. 
Pleurotus ostreatus as a model mushroom in genetics, cell biology, and material sciences. Applied Microbiology and 
Biotechnology. 2024;108(1):217. https://doi.org/10.1016/10.1007/s00253-024-13034-4 

23. Alemu D., Tafesse M., Mondal A.K. Mycelium-Based Composite: The Future Sustainable Biomaterial. Inter-
national Journal of Biomaterials. 2022;401528:1–12. https://doi.org/10.1155/2022/8401528 

24. Grąz M. Role of oxalic acid in fungal and bacterial metabolism and its biotechnological potential. World Journal 
of Microbiology and Biotechnology. 2024;40:178. https://doi.org/10.1007/s11274-024-03973-5 

25. Van Wylick A., Rahier H., Laet L., Peeters E. Conditions for CaCO3 Biomineralization by Trichoderma Reesei 
with the Perspective of Developing Fungi-Mediated Self-Healing Concrete. Global challenges. 2024;1(8):1–8. https://
doi.org/10.1002/gch2.202300160  

26. Devgon I., Sachan R.S.K., Rajput K., Kumar M., Al-Tawaha A.R.M.S., Karnwal A., Malik T. Exploring 
fungal potential for microbial-induced calcite precipitation (MICP) in bio-cement production. Frontiers in Materials: 
Biomaterials and Bio-Inspired Materials. 2024;11:1–11. https://doi.org/10.3389/fmats.2024.1396081 

27. Fang, C.; Kumari, D.; Zhu, X.; Achal, V. Role of fungal-mediated mineralization in biocementation of sand 
and its improved compressive strength. International Biodeterioration & Biodegradation. 2018;133:216–220. https://
doi.org/10.1016/j.ibiod.2018.07.013 

28. Tuckett T., Adegoke A., Salifu E. Optimizing Fungal Growth Duration and Concentrations of Cementation Solu-
tions for Fugitive Dust Mitigation via FICP. Geotechnical Frontiers. 2025. https://doi.org/10.1061/9780784485996.042 

29. From Waste to Strength: Applying Wastepaper, Fungi and Bacteria for Soil Stabilization. Golovkina D.A., Zhu-
rishkina E.V. 1,2, Saitova A.T., Bezruchko M.V., Lapina I.M., Kulminskaya A.A. Applied Sciences. 2024;14:11678:1–14. 
https://doi.org/10.3390/app142411678 

30. Viles E., Heyneman E., Lin S., Montague V., Darabi A., Cox L.M., Phillips A., Gerlach R., Espinosa-Ortiz E.J., 
Heveran C. Mycelium as a scaffold for biomineralized engineered living materials. Cell Reports Physical Science. 
2025;6(4):102517. https://doi.org/10.1016/j.xcrp.2025.102517 

http://nanobuild.ru/ru_RU/
https://doi.org/10.3389/fbuil.2018.00062
https://doi.org/10.17912/micropub.biology.000764
https://doi.org/10.1021/acsami.5c07137
https://doi.org/10.1186/s40694-021-00122-7
https://doi.org/10.1016/j.dibe.2024.100445
https://doi.org/10.1016/j.dibe.2024.100445
https://doi.org/10.3390/ma14092175
https://doi.org/10.15226/sojmse.2020.00162
https://doi.org/10.15226/sojmse.2020.00162
https://doi.org/10.1155/2022/2876643
https://doi.org/10.58224/2618-7183-2026-9-2-4
https://doi.org/10.58224/2618-7183-2026-9-2-4
https://doi.org/10.1016/j.matdes.2023.112481
https://doi.org/10.1016/j.matdes.2023.112481
https://doi.org/10.1016/10.1007/s00253-024-13034-4
https://doi.org/10.1155/2022/8401528
https://doi.org/10.1007/s11274-024-03973-5
https://doi.org/10.1002/gch2.202300160
https://doi.org/10.1002/gch2.202300160
https://doi.org/10.3389/fmats.2024.1396081
https://doi.org/10.1016/j.ibiod.2018.07.013
https://doi.org/10.1016/j.ibiod.2018.07.013
https://doi.org/10.1061/9780784485996.042
https://doi.org/10.3390/app142411678
https://doi.org/10.1016/j.xcrp.2025.102517


http://nanobuild.ru	 info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2026; 18 (4): 
507–520

ISSN 2075-8545 (online) 

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

519

ADDITIONAL INFORMATION

The authors declare that generative artificial intelligence technologies and technologies based on artificial intelligence were not 
used in the preparation of the article.

INFORMATION ABOUT THE AUTHORS

Anna A. Budnikova – Laboratory Researcher, National Research Moscow State University of Civil Engineering, 129337, 
Yaroslavskoye Shosse, 26, Moscow, Russian Federation; General Director, Mycokarst, 127273, Berezovaya Alley, 17-2, 278, Moscow, 
Russian Federation, anna.budnikova92@gmail.com, BudnikovaAA@mgsu.ru, https://orcid.org/0000-0002-7168-3174

31. Budnikova A.A. Myсokarst interdisciplinary biotechnology: effects of introducing in construction field and 
prospects. EurasiaScience: Collection of articles from the LXXIII international scientific and practical conference, Moscow, 
December 30–31, 2025. Moscow: LLC “Aktualnost.RF”. 2025;56–57. EDN: EXBYQG. 

32. Luo J., Chen X., Crump J., Zhou H., Davies D.G., Zhou G., Zhang N., Jin C. Interactions of fungi with con-
crete: Significant importance for bio-based self-healing concrete. Construction and Building Materials. 2018;164:275–285. 
https://doi.org/10.1016/j.conbuildmat.2017.12.233 

33. Chiadighikaobi P.C., Hematibahar M., Kharun M., Stashevskaya N.A., Camara K. Predicting mechanical 
properties of self-healing concrete with Trichoderma Reesei Fungus using machine learning. Civil & Environmental 
Engineering. 2024;11(1):1–17. https://doi.org/10.1080/23311916.2024.2307193 

34. Patent No. 2820439 C1, Russian Federation, IPC C04B 41/62. Method for restoration and repair of articles and 
structures made of concrete and natural stone: Application No. 2023121462, filed August 16, 2023, published August 
16, 2023 / Budnikova A. A.; applicant: LLC “Mycokarst”. EDN: AJNFEF.

35. Budnikova A.A. Healing stone objects with fungal spores: Mycokarst green technology. Advances in Science and 
Technology: Collection of articles from the LXXIII international scientific and practical conference, Moscow, December 15, 
2025. Moscow: LLC “Aktualnost.RF”. 2025;170–172. EDN: CTZQKM

36. Wong L.S., Oweida A.F.M., Kong S.Y., Iqbal D.M., Regunathan P. The surface coating mechanism of pol-
luted concrete by Candida ethanolica induced calcium carbonate mineralization. Construction and Building Materials. 
2020;257:119482. https://doi.org/10.1016/j.conbuildmat.2020.119482 

37. Menon R.R., Luo J., Chen X., Zhou H., Liu Z., Zhou G., Zhang N., Jin C. Screening of Fungi for Potential 
Application of Self-Healing Concrete. Scientific Reports. 2019;1(9):1–12. https://doi.org/10.1038/s41598-019-39156-8 

38. Farid A.S., Yousef S.T.M., Abd-El Hafez GH.M., Elsayed K.N.M., El-Khateb A.A.E., Abdelaziz M.M. Effect 
of novel gram-positive bacteria and fungi on the durability, corrosion resistance performance, and self-healing abil-
ity of concrete over various curing conditions. Journal of Sustainable Cement-Based Materials. 2024;13(7):995-1014. 
https://doi.org/10.1080/21650373.2024.2338555  

39. Aliah N.M.D., Mohd I.J., Abdullah F.A., Saddam A.S. The Effect of Fungus on Concrete as Self-Healing 
Agent: A Systematic Review. Recent Trends in Civil Engineering and Built Environment. 2022;3(1):1607–1613. https://
doi.org/10.30880/rtcebe.2022.03.01.179 

40. Wylick V.A., Monclaro A.V., Elsacker E., Vandelook S., Rahier H., De Laet L., Cannella D., Peeters E. A re-
view on the potential of filamentous fungi for microbial self-healing of concrete. Fungal Biology and Biotechnology. 
2021;8(16):1–12. https://doi.org/10.1186/s40694-021-00122-7 

41. Klikova K., Holecek P., Hangocova J., Konakova D., Nezнаerka V., Stiborova H. Fungal biomineralization 
potential for stabilization of waste powders. Journal of Environmental Chemical Engineering. 2025;13(6). https://doi.
org/10.1016/j.jece.2025.119335 

42. Frank-Kamenetskaya O., Zelenskaya M., Izatulina A., Gurzhiy V., Rusakov A., Vlasov D. Oxalate formation by 
Aspergillus niger on minerals of manganese ores Available to Purchase. American Mineralogist. 2022;107(1):100–109. 
https://doi.org/10.2138/am-2021-7651 

43. Burford E.P., Hillier S., Gadd G.M. Biomineralization of Fungal Hyphae with Calcite (CaCO3) and Calcium 
Oxalate Mono- and Dihydrate in Carboniferous Limestone Microcosms. Geomicrobiology Journal. 2006;23(8):599–611. 
https://doi.org/10.1080/01490450600964375 

44. Zhang X., X. Fan C. Wang, X. Yu. A novel method to improve the soil erosion resistance with fungi. Acta 
Geotech. 2023.18(5):2827–2845. https://doi.org/10.1007/s11440-022-01673-8

http://nanobuild.ru/ru_RU/
https://doi.org/10.1016/j.conbuildmat.2017.12.233
https://doi.org/10.1080/23311916.2024.2307193
https://doi.org/10.1016/j.conbuildmat.2020.119482
https://doi.org/10.1038/s41598-019-39156-8
https://doi.org/10.1080/21650373.2024.2338555
https://doi.org/10.30880/rtcebe.2022.03.01.179
https://doi.org/10.30880/rtcebe.2022.03.01.179
https://doi.org/10.1186/s40694-021-00122-7
https://doi.org/10.1016/j.jece.2025.119335
https://doi.org/10.1016/j.jece.2025.119335
https://doi.org/10.2138/am-2021-7651
https://doi.org/10.1080/01490450600964375
https://doi.org/10.1007/s11440-022-01673-8


http://nanobuild.ru	 info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2026; 18 (4): 
507–520

ISSN 2075-8545 (online) 

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

520

Dmitry V. Topchiy – Dr. Sci. (Eng.), Professor, Head of the Structural Testing Department, National Research Moscow State 
University of Civil Engineering, 129337, Yaroslavskoye Shosse, 26, Moscow, Russian Federation, TopchiyDV@mgsu.ru,  
https://orcid.org/0000-0002-3697-9201

CONTRIBUTION OF THE AUTHORS

Anna A. Budnikova – conceptualization; methodology development; literature search and analysis; data synthesis; manuscript 
drafting; preparation of figures and tables; text editing; conclusion. 

Dmitry V. Topchiy – scientific supervision.

The authors declare no conflicts of interests.
The article was submitted 06.07.2026; approved after reviewing 13.08.2026; accepted for publication 18.08.2026.

http://nanobuild.ru/ru_RU/



