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A B S T R A C T   

Concrete can face serious deterioration issues due to different physical, chemical, or biochemical factors. 
Structural integrity and durability are significantly impaired by cracks which provide channels for water or gases 
to penetrate concrete matrices, ultimately attacking the steel reinforcements. In this research, we show that a 
urease-positive fungus, Neurospora crassa, can deposit calcium carbonate on mortar through microbiologically- 
induced calcium carbonate precipitation (MICP) forming a dense biomineralized mycelial network resulting in 
a protective coating on Portland cement, fly ash, and ground granulated blast furnace slag based mortar. Rietveld 
refinement of X-ray diffraction data showed that greater amounts of calcium carbonate were precipitated with 
increasing mortar porosity. Water repellence was enhanced after fungal colonization and carbonate bio-
deposition on the surface, and water absorption coefficients improved 17% at least after development of the 
boioprotective coating. Overall, this work demonstrates that fungal biomineralization could act as biocement to 
protect porous mineral-based materials from water infiltration, thus improving their durability.   

1. Introduction 

Concrete, consisting of water, cement, and sand, is a highly used 
building material with approximately 30 bn tonnes of concrete being 
used annually (Monteiro et al., 2017). However, concrete production 
can involve serious environmental risks. Cement, as an essential 
component, demands around 2–3% of energy consumption and con-
tributes ~9% of anthropogenic CO2 emissions globally (Miller et al., 
2016; Castro Alonso et al., 2019). In addition, concrete production is 
responsible for ~9% of global industrial water consumption (Miller 
et al., 2018). Fly ash (FA) or ground granulated blast furnace slag 
(GGBS), that both have cementitious properties, can be mixed with 
cement and water to reduce water demand. The use of such waste ma-
terials could therefore significantly reduce the carbon footprint of 
concrete. 

The stability and service life of concrete, as a primary constituent of 
the built environment, is challenged due to cracking. Fractures in con-
crete can arise through different physical, chemical, and biological 
factors, such as overload stress, freeze-thaw cycles, physico-chemical 
weathering and bioweathering (Siegmund, 2004; Shang and Song, 
2006; Fomina et al., 2007). The function, performance, and stability of 

concrete can be significantly impaired through the effects of such fac-
tors. The propagation of cracks undermines the load-bearing capacity, 
and widening gaps can lead to structural failure. Water, harmful po-
tential solutes and gases can enter and diffuse through cracks, neutralize 
alkalinity, and subsequently attack the passivation layer of any steel 
reinforcements (Brenna et al., 2013). Once the passivation layer is 
deteriorated, water and oxygen further propagate corrosion. 

Several methods of concrete maintenance and repair have been 
applied although the processes are generally labour intensive and 
expensive. The average cost for crack repair has been reported to be 
about double the construction cost, and 50% of annual construction 
budgets may be allocated for refurbishment of existing structures 
(Cailleux and Pollet, 2009). Therefore, preventative strategies, such as a 
protective coating, may mitigate such problems. Organic surface treat-
ments have been explored extensively, including acrylic, polyurethane, 
and epoxy resins, silanes and siloxanes, and sodium silicates, but these 
can have limited service lives (Pan et al., 2017). UV irradiation results in 
chemical deterioration of epoxy coatings (Wang et al., 2020) while the 
solvents used can produce a high amount of volatile organic compounds 
(VOCs) which can have adverse environmental effects (Chi et al., 2020). 
It is now accepted that additional environmentally-friendly and durable 
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approaches for concrete protection are necessary. Inorganic coatings are 
more stable and show better resistance to ageing (Pan et al., 2017) and 
biogenic approaches appear to offer several distinct benefits (Gadd and 
Dyer, 2017). 

Microbially-induced carbonate precipitation (MICP) is a mechanism 
where formation of calcium carbonate is induced through microbial 
activity, and this has been applied as a process for self-healing concrete 
(Jin et al., 2018; Castro Alonso et al., 2019; Hu et al., 2021). Several 
different metabolic pathways, including urea hydrolysis, amino acid 
ammonification, sulfate reduction, and cyanobacterial photosynthesis, 
can participate in such activity (Castanier et al., 1999; Couradeau et al., 
2012). Of these, ureolytic activity appears the most applicable process 
relevant to concrete (Park et al., 2014; Xu et al., 2018). Supplied urea is 
hydrolyzed into ammonium and carbonate though the action of the 
urease enzyme which is widely found in bacteria and fungi (Benzerara 
et al., 2011; Bindschedler et al., 2016; Görgen et al., 2021; Kumari et al., 
2016). The alkalinity of the surrounding environment increases and 
calcium is precipitated as calcium carbonate (Li et al., 2014, 2015; 
Bindschedler et al., 2016; Görgen et al., 2021). The process can be 
simplified as: 

CO(NH2)2 + 2H2O→urease 2NH+
4 + CO2−

3 (1)  

Ca2+ +CO2−
3 → CaCO3 (2) 

The strategies of MICP applied to concrete can be divided into two 
areas: self-healing concrete and surface coatings. Bioconcrete is pre-
pared with the inclusion of compatible microorganisms and nutrients in 
the concrete matrix to fill the cracks (Song et al., 2021). Self healing is 
the process by which the microorganisms within the matrix, mainly 
bacteria, produce precipitates to heal the gaps and improve structural 
performance (Achal et al., 2013; Lee and Park, 2018; Mondal and Ghosh, 
2021; Tang and Xu, 2021). However, it is difficult for most bacteria to 
survive in such a harsh environment of high alkalinity since the pH 
values inside concrete are usually around pH 11–13 (Yonezawa et al., 

1988; Tang and Xu., 2021). It has been reported that bacterial spores 
would only be viable for up to 2 months after they were added to the 
concrete matrix (Jonkers, 2011), and therefore not suitable for the long 
term. To increase the lifespan, encapsulation of bacterial spores and 
nutrients using a variety of materials such as hydrogel, glass capillaries, 
melamine-based microcapsules, has been attempted (Cabeza et al., 
2007; Wang et al., 2014a, b; Vijay et al., 2017; Zhang et al., 2021a). 
However, it is challenging to achieve multiple repairs using such ma-
terials throughout the service life as structures are subject to repetitive 
damage cycles (Souradeep and Kua, 2016). In addition, the crack widths 
that can be repaired are limited, with the widest cracks repaired being 
~1 mm across (Wang et al., 2014a). Furthermore, the mechanical 
strength of concrete is reduced on addition of healing agents (Wang 
et al., 2014b; Erşan et al., 2015). To solve this problem, surface coatings 
could therefore be a promising approach to extend concrete durability 
(Almusallam et al., 2003; Gadd and Dyer, 2017). Compared with 
remedial treatments, coatings can be viewed as a preventative measure 
used before the appearance of any fissures and would work as a barrier 
to protect against liquids and gases (Gadd and Dyer, 2017). 

Fungi are suitable candidates for preparation of surface coatings for 
concrete. It is known that many fungi have considerable abilities for 
calcite formation via MICP (Li et al., 2015, 2016; Bindschedler et al., 
2016; Wong et al., 2020). For example, a Pestialopsis sp. and Myrothecium 
gramineum, isolated from calcareous soil, revealed a high capacity for 
calcium carbonate formation, via urea hydrolysis, where strontium 
could also be incorporated or co-precipitated together with Ca (Li et al., 
2015). The filamentous growth mode of fungi can also provide an 
abundance of nucleation sites for biomineral formation (Jin et al., 
2018), and many fungi can grow in extreme environments such as 
concrete, limestone, mortar, marble, and granite, scavenging nutrients 
from the atmosphere, rainwater or animal and insect excreta (Dyer, 
2017; Fomina et al., 2007; Gadd and Dyer, 2017). However, studies on 
fungal protective coatings are limited. The yeast Candida ethanolica is 
capable of calcite precipitation and this was applied as a concrete sur-
face coating resulting in improvement of compressive strength and 
reduction of water permeability. The feasibility and potential of fila-
mentous fungi has also been demonstrated (Menon et al., 2019). 
Aspergillus nidulans, Trichoderma reesei and Fusarium oxysporum were all 
able to grow on concrete, and among them, Aspergillus nidulans was able 
to precipitate calcite (Luo et al., 2018; Menon et al., 2019; Zhang et al., 
2021b). For Neurospora crassa, more than 90% of supplied calcium (50 
mM as CaCl2) was transformed into calcite through ureolysis (Tian et al., 
2009; Li et al., 2014). 

Despite the research mentioned above, much further information is 
needed regarding the applicability of fungal biomineralization to 
improve the endurance of concrete. This research therefore focuses on 
the protective effects of MICP induced by a urease-positive fungus on a 
mortar surface via biomineral precipitation in order to further under-
stand fungal biomineralization behaviour on concrete, and the perfor-
mance of the protective biomineralized coating. 

2. Materials and methods 

2.1. Organism and media 

A urease-positive strain of Neurospora crassa (FGSC 2489, Fungal 
Genetics Stock Centre, Kansas, USA), with previously demonstrated 
calcite biomineralization properties (Li et al., 2014), was routinely 
maintained on malt extract agar (MEA) medium in 90 mm diameter 
Petri dishes at 25 ◦C in the dark A modified liquid AP1 (mAP1) growth 
medium had the following composition: 111 mM D-glucose, 40 mM 
urea, 4 mM KH2PO4⋅3H2O, 0.8 mM MgSO4⋅7H2O, 0.2 mM CaCl2⋅6H2O, 
2 mM NaCl, 9 × 10− 3mM FeCl3⋅6H2O and trace metals 1.4 × 10− 2 mM 
ZnSO4⋅7H2O, 1.8 × 10− 2 mM MnSO4⋅4H2O, 1.6 × 10− 3 mM 
CuSO4⋅5H2O. Urea stock solutions were filtered through sterile 0.2 μm 
pore size cellulose acetate membrane filters (Sartorius, Goettingen, 

Table 1 
Chemical composition of mortar mix in-
gredients including fly ash (FA), sand, ground 
granulated blast furnace slag (GGBS), and 
Portland cement (PC) derived from Rietveld 
refinement.   

% 

FA 

Amorphous 86.3 
Mullite 0.8 
Hematite 0.8 
Magnetite 0.9  

Sand 

Quartz 97.9 
Qusongite 0.7 
Sanidine 1.5  

GGBS 

Amorphous 96.9 
Calcite 1 
Dolomite 0.6 
Gehlenite 1.1 
Sanidine 0.4  

PC 

C3S 65.4 
C2S 19.6 
C4AF 8.8 
Calcite 3.5 
Portlandite 1.7 
Bassanite 0.5  
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Germany). The mineral salt and trace element stock solutions were 
sterilized separately by autoclaving (121 ◦C, 15min) and mixed with 
sterile D-glucose solution in 250 ml Erlenmeyer flasks when cool. The 
calcium carbonate forming medium was modified by aseptic addition of 
CaCl2⋅6H2O to a final concentration of 50 mM. The initial pH of media 
was adjusted to pH 5.5 using 1 M NaOH after autoclaving. 

2.2. Casting of mortar cylinders 

Mortar was chosen instead of concrete in this work to limit excessive 
interference to some analyses due to the presence of coarse aggregates. 
The mortars used here incorporated the same materials and in the same 
proportions as the corresponding concrete. Mortar samples were pre-
pared by mixing standard sand EN 196–1 (Société Nouvelle du Littoral, 
Leucate, France), sterile tap water, and cementitious materials: mainly 
Portland cement (Hanson, Maidenhead, UK). Fly ash or ground granu-
lated blast furnace slag (Hanson, Maidenhead, UK) was added in some 
preparations to reduce the amount of Portland cement used (details can 
be seen in Tables 1 and 2). Portland cement (PC) mortar was prepared by 
mixing 135.1g building sand and 22.5 ml sterile tap water autoclaved at 
121 ◦C for 15 min: the quantity of Portland cement added was varied to 
alter the water/cement (w/c) ratio and hence the porosity (Table 3). Fly 
ash (FA) based mortar, and ground granulated blast furnace slag (GGBS) 
based mortar were cast following the details in Table 3. All materials 
were thoroughly mixed using a glass stirring rod and then transferred 
into 24-well tissue culture plates after gently shaking for 5 min back and 
forth to remove air bubbles. Plates were set for at least 28 days at room 
temperature before releasing the moulded cylinders (length 1.9 cm, 
diameter 1.56 cm). The cylinders were split longitudinally using a putty 
knife and braced with cable ties. All mortar samples were sterilized in an 
oven at 105 ◦C for 48h. All cylinders were then soaked in sterile mAP1 
media containing 50 mM CaCl2 for 24h. 

2.3. Fungal inoculation and biodeposition 

mAP1 media was inoculated using agar discs cut from an actively- 
growing N. crassa colony using a sterile 5 mm diameter cork borer (10 
plugs 100 ml− 1) and incubated for 3 days in a shaking incubator (Infors 
Multitron II, Infors HT, Bottmingen, Switzerland) at 25 ◦C and 125 rpm 
in the dark. Biomass was collected by centrifugation (284×g, 10 min, 4 
◦C). 14 mL mAP1 media containing 50 mM CaCl2 were pipetted into 30 
ml sterile vials (DWK Life Sciences, Stoke-on-Trent, UK). The mortar 
cylinders were immersed in the media to 4/5 of their height before 
biomass to a thickness of 0.5–1 mm was applied to the surface of the 
mortar cylinders. After settling for 5 min, an additional 3 mL calcium 
carbonate-forming medium was transferred into the vials to submerge 
the cylinder prior to incubation at 25 ◦C in the dark. After incubation for 
30 days, the mortar samples were collected and dried at 30 ◦C for 5–6 
days. Control mortar cylinders were incubated in mAP1 media in the 
absence of N. crassa under the same conditions. 

Table 2 
Oxide analysis (%) of mortar mix ingredients including sand, fly ash, ground 
granulated blast furnace slag (GGBS), and Portland cement derived from X-ray 
fluorescence.   

Sand Fly ash GGBS Portland cement 

CaO 0.15 4.66 36.15 60.89 
SiO2 97.33 44.46 34.03 20.05 
Al2O3 0.75 25.83 13.97 4.46 
Fe2O3 0.08 8.21 0.30 2.99 
MgO 0.04 1.98 8.16 2.54 
TiO2 0.03 1.25 0.65 0.21 
MnO 0.00 0.09 0.35 0.09 
P2O5 0.09 0.68 0.01 0.17 
Na2O 0.04 2.38 0.39 0.30 
K2O 0.39 3.88 0.72 0.70 
SO3 0.036 3.439 2.290 3.827 
Cl 0.009 0.028 0.009 0.026  

Table 3 
Proportions of Portland cement (PC), fly ash (FA), ground granulated blast 
furnace slag (GGBS), sand and water used to prepare mortar with different water 
to cement (w/c) ratios.    

w/c 

Category Composition (g) 0.4 0.5 0.6 

PC Sand 135.1 135.1 135.1  
Cement 56.3 45.0 37.5  
Water (mL) 22.5 22.5 22.5 

FA Sand 135.1 135.1 135.1  
Cement 36.6 29.3 24.4  
FA 19.7 15.8 13.1  
Water (mL) 22.5 22.5 22.5 

GGBS Sand 135.1 135.1 135.1  
Cement 19.7 15.7 13.1  
GGBS 36.6 29.3 24.4  
Water (mL) 22.5 22.5 22.5  

Fig. 1. Flowchart of the research approach used in this work.  
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2.4. Urea hydrolysis activity 

N. crassa urea hydrolysis activity, as indicated by release of ammo-
nium, was measured using the Berthelot reaction throughout the entire 
growth period (Rhine et al., 1998). 40 μL culture supernatant was 
collected and filtered through 0.2 μm pore diameter syringe filters at 
regular time intervals after N. crassa was inoculated into mAP1 media. 
The measurement of ammonium nitrogen as a product of urea hydrolysis 
by urease activity was initiated by adding 50 μL 0.19 M trisodium citrate 
(pH = 7.0) to the supernatant and allowed to react for 1 min. Then, 50 μL 
PPS-nitroprusside (containing 0.12 M C12H9NaO and 5 × 10− 5 M Na2Fe 
(CN)5NO⋅2H2O) was added to the mixture, followed by 20 μL buffered 
sodium hypochlorite solution, which contained 0.061M Na3PO4 and 
11.5 mL sodium hypochlorite solution (0.61M, Domestos, Surrey, UK). 
The pH was adjusted to pH 13 using 2 M NaOH and 100 μL Milli-Q water 
was pipetted into the mixtures. The solution was allowed to react for 45 
min, and absorbance was measured at 660 nm using a microplate reader 

(BioTek Instruments Inc., Winooski, VT, USA). A calibration curve of 
ammonium nitrogen was obtained using concentrations ranging from 
0 to 20 mg L− 1. 

Growth of N. crassa was expressed as the dry weight of biomass in the 
media. Fungal biomass was collected by filtration using filter papers 
(Whatman, Maidstone, UK) at suitable time intervals and dried at 105 ◦C 
to constant weight. The pH values of the supernatant were recorded 
using an Orion 3 STAR Benchtop pH meter (Thermos Fisher Scientific, 
Waltham, MA, USA). 

2.5. Biomineral formation on treated surfaces 

Fungal treated and control specimens were observed using a JEOL 
JSM 7400F field emission scanning electron microscope (SEM, JEOL 
Ltd., Tokyo, Japan) with energy dispersive X-ray analysis (EDXA, Oxford 
Instruments Inc, Abingdon, Oxfordshire, UK). X-ray diffraction (XRD) 
derived from a Hiltonbrooks X-ray diffractometer (HiltonBrooks Ltd., 

Fig. 2. (a) Growth and pH changes and (b) ammonium nitrogen indicated by ammonium release in mAP1 media by N. crassa incubated at 125 rpm and 25 ◦C in the 
dark. The control refers to the accumulation of ammonium nitrogen in the same conditions in the absence of N. crassa. At least 3 measurements were made. Standard 
deviation (S.D.) is represented by error bars which are not shown when smaller than the symbols. 

Fig. 3. Component analysis of mortar from N. crassa treated surfaces derived from XRD. (a) Portland cement, (b) fly ash, and (c) granulated blast furnace slag based 
mortar. N. crassa was incubated with mortar samples in mAP1 media with the addition of 50 mM CaCl2 at 25 ◦C in the dark for 30 days. 3–5 mm samples were taken 
from mortar surfaces after N. crassa colonization. Typical patterns are shown from several similar examinations. 

Table 4 
Content of crystalline compounds formed on the surfaces of mortar mixed with Portland cement (PC), fly ash (FA), and granulated blast furnace slag (GGBS) derived 
from Rietveld refinement based on XRD patterns. N. crassa was incubated with mortar samples in mAP1 media containing 50 mM CaCl2 at 25 ◦C in the dark for 90 days. 
CaCO3 shown in the Table represents the sum (%) of calcite and vaterite. The content of vaterite is shown in the brackets.   

PC (%) FA (%) GGBS (%) 

w/c 0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6 

CaCO3 (vaterite) 6.6 (0.8) 5.0 (0.4) 9.2 (0.6) 6.9 (0.5) 8.3 (0.8) 7.6 (0.7) 4.5 (1.3) 5.6 (1.3) 7.6 (0.7) 
SiO2 88.9 90.6 87.9 83.7 90.2 90.7 93 92.9 90.8 
K(AlSi3O8) – 2.1 – 5.3 – – – – – 
Ca(OH)2 0.7 – 0.1 – – – 0.1 – – 
CaC2O4⋅2H2O 1.0 0.5 1.4 0.6 0.8 0.4 0.8 0.6 0.4 
Ca6Al2(SO4)3(OH)12⋅26H2O 2.5 1.1 1.0 2.3 0.2 1.1 0.8 0.4 1.1 
Ca2Al(OH)6(Cl, OH) ⋅ 2H2O 0.2 0.1 0.3 0.4 0.2 – 0.5 0.4 – 
Monocarbonate, hemicarbonate 0.2 0.7 0.1 0.8 0.4 0.2 0.4 0.2 0.2  

J. Zhao et al.                                                                                                                                                                                                                                     
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Crewe, UK) with a monochromatic CuKα source and curved graphite, 
single-crystal chronometer (30 mA, 40 kV). Samples were recorded over 
the range 3-60◦ 2Ө at a scan rate of 1◦ min− 1 in 0.1-degree increments. 
Rietveld refinement was achieved by fitting the integrated diffraction 
pattern with calculated profiles and background to determine the rela-
tive composition ratio of crystalline compounds (Asmi et al., 2018). 

2.6. Thermogravimetric analysis (TGA) 

TGA of specimens was achieved using a NETZSCH STA 409 PC TG/ 
DTG/DTA analyser fitted with a SiC furnace (NETZSCH Group, Selb, 
Germany). During analysis, ~500 mg ground mortar powder (a mixture 
from 3 replicates) was exposed to temperatures ranging from 30 to 995 
◦C at a rate of 10 K min− 1 in an inert N2 atmosphere. A profile of mass 
loss as a function of temperature was obtained. Derivative thermal 
gravimetric (DTG) analysis was achieved by using the first derivative of 
the TG curve, which shows the rate of residue weight changes with 
heating (Karak, 2012; Zhang et al., 2014). 

2.7. Water contact angles and water infiltration test 

Water contact angles on the surface after N. crassa colonization in 
mAP1 media containing 50 mM CaCl2 for 30 days were measured at 
room temperature using a G-1 goniometer (Kernco, Texas, USA). Un-
treated mortar was used as a control. Water infiltration tests on dry 
mortar blocks were carried out using Karsten’s tubes which are exten-
sively used to evaluate water absorption by porous materials and to 

assess the effectiveness of preservative coatings (Hendrickx, 2013). 
Three specimens of each sample type after fungal colonization were 
measured to determine water absorptivity and therefore healing ability. 
Due to the discrepancies between handmade cracks, the absorptivity 
curves were recorded both before and after fungal treatment. 5.5 mL 
Milli-Q water was injected into the tube with a contact area of 50.24 
mm2 (d = 8 mm). The elapsed time of the liquid level drawdown every 
0.5 mL was recorded by a timer (from 5.5 to 0.5 mL). The results are 
shown as a water absorption coefficient (w) determined by: 

w=
va
̅̅
t

√ (3)  

where va is the water absorption volume of the contact area (ml cm− 2) 
and t is the time (s) (Snethlage, 2005; Mol and Viles, 2012; Winkler, 
2013). 

2.8. Statistical analysis 

Statistical analyses for the results of this work were carried out with 
Origin 2021 and the SPSS 27 containing paired samples t-test, At least 
three replicate determinations were made in all the experiments unless 
stated otherwise. The flowchart in Fig. 1 depicts the research approach 
used in this work. 

3. Results 

3.1. Ammonium release by urease activity in N. crassa 

N. crassa was initially characterized by ammonium accumulation, 
growth and pH changes during urea hydrolysis to understand its ca-
pacity to form calcium carbonate. Growth of N. crassa was measured in 
mAP1 media containing urea as the sole nitrogen source. The initial 
medium pH was pH 5.5, but as growth proceeded, the pH increased to ~ 
pH 8.7. The total biomass of N. crassa in 100 ml mAP1 media increased 
from 39.6 to 644.6 mg dry wt. after 6 days incubation, and declined after 
this time, probably due to autolysis (Fig. 2a). During growth, the con-
centration of ammonium nitrogen in mAP1 media showed a significant 
increase (Fig. 2b), giving rise to a high carbonate concentration over the 
same time. Analysis of the urea degradation capacity, derived from 
polynomial fitting, showed a logarithmic accumulation of ammonium-N 
before reaching a plateau near the end of the incubation period. The 
maximum value of ammonium nitrogen in the media was estimated to 
be 771.96 mg L− 1 at 21 days. 

3.2. Biominerals formed on treated mortar surfaces 

After cultivation with N. crassa in the dark, a 3–5 mm in height 
section from the top of the mortar sample was removed by hammer and 
chisel, ground in a mortar and pestle and analysed by XRD (Fig. 3). 
Prominent XRD patterns for CaCO3 were found in all types of mortar, 
despite some obscuring due to the presence of SiO2 from the mortar 
ingredients. 

Rietveld refinement was applied to further characterize the crystal-
line materials identified in the XRD patterns. Mineral identification and 
quantification on mortar surfaces after fungal colonization are sum-
marised in Table S1 and Table 4. The main crystalline component was to 
silica (SiO2), from the sand, in all three mortar types. In addition, cal-
cium hydroxide (Ca(OH)2), ettringite [Ca6Al2(SO4)3(OH)12⋅26H2O], 
Friedel’s salt [Ca2Al(OH)6(Cl,OH)⋅2H2O], and monocarbonate were 
hydration products (Winter, 2012). The most abundant mineral, apart 
from silica, in all sample types was calcium carbonate (CaCO3) after 
N. crassa treatment for both 30 and 90 days(Table S1, Table 4). For the 
90 days treatment, both calcite and vaterite were detected, and its 
content varied in different w/c ratio samples. For Portland cement 
mortar, the quantity of CaCO3 in the specimen with a ratio of w/c = 0.6 

Fig. 4. Thermogravimetric analysis of mortar samples after N. crassa coloni-
zation at 25 ◦C in the dark for 90 days. (a) Portland cement w/c = 0.6; (b) fly 
ash w/c = 0.5; (c) granulated blast furnace slag w/c = 0.6 based mortar. TG 
curves (solid line) represent overall thermogravimetric decomposition mass loss 
%, and DTG profiles (dashed line) indicate relative intensities for thermal 
decomposition. All controls are shown in black, while N. crassa treated samples 
are shown in red. Typical curves are shown from one of several measurements. 
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was 9.2%, the highest among all the three sample types. A higher 
porosity may therefore contribute to the higher accumulation of CaCO3. 
Another crystalline phase, calcium oxalate dihydrate (CaC2O4⋅2H2O) 
was also detected, accounting for 1.4% on PC with a w/c of 0.6. For 
cement paste mixed with fly ash, the highest contents of CaCO3 and 
CaC2O4⋅2H2O were obtained from a w/c ratio of 0.5. Rietveld quanti-
tative results of the GGBS based mortar samples confirmed that the 
CaCO3 content was higher with an increasing w/c ratio, while the ox-
alate was slightly more abundant at w/c = 0.4 (Table 4). 

3.3. Thermogravimetric analysis (TGA) 

The percentage weight loss percentage and derivative of the weight 
loss with increasing temperature as shown in Fig. 4. The mass change as 
a result of H2O release through dehydration or dehydroxylation was 
observed up to 550 ◦C, with another obvious weight loss detected be-
tween 700 and 800 ◦C, mainly due to decomposition of CaCO3 (Durd-
ziński, 2016). Differences in mass loss between the fungal-treated 
samples and control mortar cylinders were observed for all three kinds 
of mortar used. For Portland cement mortar paste, with a water to 
cement ratio = 0.6, the mass loss was 1.7% higher than the corre-
sponding controls without fungal treatment, which was the most sig-
nificant change for all the mortar types, following by FA based mortar 
(w/c = 0.5) with a weight loss of 0.47% and GGBS mortar (w/c = 0.6) 
with a mass loss of 0.28% (data not shown). The DTG curves more 
clearly displayed the ranges of decomposition of the different phases, 
and exhibited three prominent peaks. Peaks located at ~155 ◦C were 

attributed to hemicarbonate and monocarbonate. Peaks centred at 
400–450 ◦C were linked with portlandite such as Ca(OH)2 or Mg(OH)2 
(Durdziński, 2016). Peaks observed at ~700–800 ◦C corresponded to 
CaCO3, with the release of CO2. These results confirmed that during 
fungal colonization, CaCO3 was deposited on the mortar samples. The 
TGA results were roughly consistent with Rietveld refinement, indi-
cating the presence of calcium carbonate on mortar surfaces after fungal 
colonization. It was noted that the abundances of CaCO3 showed some 
discrepancy from other studies, which may be attributable to 
non-identical temperature ranges of CaCO3 decomposition. For 
example, for mass losses above 550 ◦C owing to the release of CO2 from 
CaCO3, 650–750 and 500–800 ◦C were also typical temperature ranges 
used (Van Tittelboom et al., 2010; Vasanth et al., 2011; Wang et al., 
2012). 

3.4. Surface observation via electron and light microscopy 

After incubation with N. crassa on the surface of PC, FA, or GGBS 
based mortar in mAP1 media amended with 50 mM CaCl2 for 30 days, 
changes in surface morphology were observed using SEM (Figs. 5–7). 
The cylinders with different water/cement ratios from 0.4 to 0.6 were 
also examined to assess the influence of porosity on biomineral forma-
tion. The treatment of mortar cylinders with N. crassa resulted in crys-
talline deposits on surfaces compared with the corresponding controls. 
Extensive mycelium on the surfaces indicated vigorous growth of 
N. crassa despite the adverse conditions. The majority of the deposits 
had a flaky morphology and were associated with the hyphae on the 

Fig. 5. Morphological changes (a–j) and elemental 
composition (k) of Portland cement based mortar 
with and without N. crassa treatment for 30 days at 
25 ◦C in the dark derived from SEM and EDXA. 
Samples were collected from mAP1 media contain-
ing 50 mM CaCl2. (a–c) w/c = 0.4 (d–f) w/c = 0.5 
(g–i) w/c = 0.6 (j) w/c = 0.5 control. Scale bars: a, 
b, d, e, g = 100 μm, c, f, h, i, j = 20 μm. (k) 
elemental analysis of biominerals formed on the 
surface (w/c = 0.4). Typical images and spectrum 
have been chosen from at least three examinations.   
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surface of mortar with a w/c ratio of 0.4 (Fig. 5c). Crystals with an 
octahedral shape spread out to the exterior (w/c = 0.5) which were ~30 
μm in length (Fig. 5f). Larger aggregates of plate-like crystals were 
observed on the specimen with w/c = 0.6 (Fig. 5i). The elemental 
composition of biominerals formed in the presence of N. crassa was 
characterized by EDXA, also showing the presence of C and O. A clear 
signal corresponding to Ca was evident in the energy spectra (Fig. 5k). 
Minerals formed on mortar combined with fly ash showed well-defined 
crystalline forms (Fig. 6). Globular aggregates (~30 μm in diameter) 
attached to fungal hyphae were observed (w/c = 0.4, Fig. 6c). Stacked 
flakes with a length of 150–200 μm accumulated in a dense arrangement 
on the surface (Fig. 6d). Biominerals of rosette-shape were also observed 
(Fig. 6e). According to EDXA, Ca, C, and O were the major elements 
detected (Fig. 6j). The surface characteristics of mortar incorporated 
with GGBS showed that a large number of rod-shaped aggregates formed 
in the presence of N. crassa (Fig. 7b) and these were intertwined with the 
hyphae. Amorphous minerals were also found on the surface (w/c = 0.6, 
Fig. 7e), together with ~30 μm hexagonal pyramids. Several holes with 
a diameter of ~1 μm on the pyramids may indicate that the fungal hy-
phae served to provide nucleation sites in the early stages of mineral 
formation. In addition to Ca, O, and C, a small amount of P was also 
detected in the spectra (Fig. 7j). 

Mortar surfaces colonized by N. crassa in the presence of urea and 
CaCl2 were also examined by stereo microscopy after removing the 
remaining media and drying (Fig. 8). The majority of the area was 
covered by fungal hyphae (Fig. 8a). It was observed that fissures were 
narrowed or healed entirely due to fungal activity after the fungal 

biomass was removed (Fig. 8b–f). 

3.5. Water contact angles and water infiltration tests 

The water contact angles on each specimen were measured twice in 
duplicate samples. In the control, the drop of water was immediately 
absorbed into the mortar, effectively giving water contact angle of 0◦. 
The water contact angle of N. crassa treated mortar was measured as 
92.5 ± 0.7◦ (mean ± S.D.), a significant increase compared to the 
control. 

After 30 days static incubation at 25 ◦C, mortar cylinders were dried 
at 30 ◦C, and the Karsten’s tube technique was applied to evaluate water 
infiltration performance. Karsten tubes are calibrated tubes and were 
held in place on the mortar surfaces using plasticine. 5.5 mL Milli-Q 
water was pipetted into each Karsten’s tube (internal diameter 8 mm). 
The time interval for every 0.5 mL decrease in the fluid level was 
recorded by the chronograph, and the water absorption coefficient re-
sults are shown as w-values in Table 5. It was found that before N. crassa 
colonization of the surfaces, the wb values (water absorption coefficient 
before N. crassa treatment) among the different mortar types exhibited 
some disparities. The water infiltration rates were reduced ~17–85% 
after fungal activity. For example, for GGBS (w/c = 0.6) shown in Fig. 9, 
the wb values ranged from 0.23 to 1.95 ml (cm2 s)− 1, as a result of 
variable manual cracks. The wa values (water absorption coefficient 
after N. crassa treatment) were around 20–25% of the corresponding wb 
values after fungal colonization, which demonstrated that more time 
was required for the same amount of water to infiltrate to the cylinders 

Fig. 6. Morphological changes (a–i) and elemental 
composition(j) of fly ash based mortar inoculated 
with and without N. crassa for 30 days at 25 ◦C in 
the dark derived from SEM and EDXA. Samples 
were collected from mAP1 media containing 50 mM 
CaCl2. (a–c) w/c = 0.4 (d–e) w/c = 0.5 (f) w/c =
0.6 (g, h) w/c = 0.5 negative control (i) abiotic 
control w/c = 0.4. Scale bars: a, d, f, g = 100 μm, b, 
c, e, i = 20 μm, h = 10 μm. (j) elemental analysis of 
biominerals formed on the surface (w/c = 0.4). 
Typical images and spectrum have been chosen 
from at least three examinations.   
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Fig. 7. Morphological changes (a–i) and elemental 
composition (j) of granulated blast furnace slag 
based mortar inoculated with and without N. crassa 
for 30 days at 25 ◦C in the dark derive from SEM 
and EDXA. Samples were collected from mAP1 
media containing 50 mM CaCl2. (a–c) w/c = 0.4 
(d–f) w/c = 0.6 (g–h) abiotic control w/c = 0.5 (i) 
negative control w/c = 0.5. Scale bars: a, d, g, i =
100 μm, = 20 μm, b, c, e, f, h = 10 μm. (j) elemental 
analysis of biominerals formed on the surface (w/c 
= 0.4). Typical images and spectrum have been 
chosen from at least three examinations.   

Fig. 8. Healing performance on mortar surfaces after N. crassa inoculated in mAP1 media containing 50 mM CaCl2 for 30 days derived from stereo microscopy. (a) 
biomineralized layer on ground granulated blast furnace slag (GGBS) based mortar (w/c = 0.4); (b–f) Fungal healed cracks on GGBS mortar (w/c = 0.4) after removal 
of biomineralized crusts using tweezers. Typical images have been chosen from at least three examinations. 
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due to the presence of the biomineralized barrier formed by N. crassa. 
Paired sample t-tests were used to determine whether fungal treatment 
of mortar samples was effective against water penetration. Biological 
crusts formed by N.crassa did incur a protective effect from water ingress 
(paired t-test, P < 0.05, n = 27). From a healing perspective, these re-
sults also showed that mortar surfaces were less permeable when the 
biomineralized crusts were removed. The wa1 values (first 0.5 mL water 
infiltration) were 30–50% of the corresponding wa2 values (second 0.5 
mL water infiltration), which could be attributed to the hydrophobicity 
of the coatings formed by N. crassa. 

4. Discussion 

The durability of mortar and concrete are closely related to the 
ingress of harmful substances into the structure. Usually, the presence of 
cracks provides channels for liquids or gases and subsequent corrosion of 
steel reinforcements embedded in the concrete, which is the most 
widespread manifestation of concrete deterioration (Brenna et al., 
2013). Cracks also can have a dramatic impact on the integrity of the 
structure (Achal et al., 2013). Thus, a critical step to enhance concrete 

durability lies in surface permeation properties. This research has 
focused on the utilization of a fungus to form biomineralized carbonate 
layers by secretion of urease, an enzyme that catalyses the hydrolysis of 
urea (Lloyd and Sheaffe, 1973; Krajewska, 2009; Li et al., 2014). Ure-
olytic activity has received particular focus since it plays a crucial role in 
carbonate precipitation (Stocks-Fischer et al., 1999; Castro Alonso et al., 
2019; Görgen et al., 2021). In order to examine the feasibility of 
N. crassa to form protective coatings on mortar, the kinetics of urea 
decomposition using ammonium release were examined. It was found 
that the ammonium-nitrogen concentration stayed constant in the 
absence of N. crassa. Urea is rather stable in the aqueous phase and 
owing to its resonance energy of ~30–40 kcal mol− 1 (Krajewska, 2009). 
The release of carbonate alkalinity, which refers to the total carbonate 
and hydroxyl species, due to urea decomposition by urease contributes 
to oversaturation with carbonate phases, and their subsequent precipi-
tation with metal cations, such as Ca2+ (Görgen et al., 2021). Strong 
carbonatogenesis ability was exhibited by N.crassa and an increase of 
ammonium in the media was detected. It has been reported that urea 
hydrolysis is the rate-limiting step in ureolysis-induced CaCO3 precipi-
tation (Mitchell and Ferris, 2005; Yin et al., 2021). Urease can exist 
intracellularly and extracellularly (Lloyd and Sheaffe, 1973) and the 
efficiency of urea transmembrane transport may also be an important 
factor in carbonatogenesis (Bachmeier et al., 2002; Görgen et al., 2021). 
Moreover, ureolysis activity is influenced by the external environment, 
such as pH, urea concentration, and temperature (Lloyd and Sheaffe, 
1973; Stocks-Fischer et al., 1999; Görgen et al., 2021). Omoregie et al. 
(2017) showed that the optimal temperature for urease activity was 
25–30 ◦C, with urease activity being hindered significantly at low 
temperatures (Sun et al., 2019). 

Treatment of mortar samples with N. crassa and an added source of 
Ca and urea resulted in the formation of carbonate precipitates on sur-
faces. SEM analysis of biodeposition after N. crassa colonization revealed 
variations in the morphologies of the carbonate crusts which crossed 
external surfaces. A variety of CaCO3 morphologies were recorded from 
the different mortar types which may result from the addition of fly ash 
or ground granulated blast furnace slag, altering chemical composition 
and pH buffering capacity. It has been reported that the presence of 
different anions can result in various crystalline forms. For example, 
rhombohedral crystals were brought about by chloride, while acetate 
led to granular grains (De Muynck et al., 2008a, b). A relationship also 
exists between sulfate and vaterite structures (Fernández-Díaz et al., 
2010). Moreover, a number of studies suggested that extracellular 
polymeric substances (EPS) influence CaCO3 morphology and poly-
morphism (Kawaguchi and Decho, 2002; Ercole et al., 2007; Tourney 
and Ngwenya, 2009). 

Different polymorphic phases of CaCO3 are likely to show discrete 
wetting behaviours. Wetting refers to the degree of wetting when a solid 
and liquid interact (Yuan and Lee, 2013). Undoubtedly, wetting 
behaviour will decrease with more surface deposited CaCO3 (Orkoula 
et al., 1999). Some work has revealed that metal cations, e.g. Mg2+

, can 

Table 5 
The effects of N. crassa colonization on the water absorption coefficient shown as 
w-values derived from Karsten’s tube analysis. wb and wa represent w values 
before and after fungal treatment of the surface. Microcosms were incubated at 
25 ◦C in the dark for 30 days.  

Category w/c  Wb ml (cm2 s)− 1 Wa ml (cm2 s)− 1 

PC 0.4 1 0.54 0.14 
2 0.68 0.26 
3 0.31 0.14 

0.5 1 1.09 0.35 
2 0.78 0.12 
3 1.59 0.52 

0.6 1 0.98 0.24 
2 0.31 0.22 
3 0.18 0.12 

FA 0.4 1 1.03 0.21 
2 1.88 0.96 
3 1.31 0.38 

0.5 1 0.94 0.43 
2 0.77 0.36 
3 0.45 0.22 

0.6 1 0.29 0.19 
2 0.82 0.68 
3 0.26 0.19 

GGBS 0.4 1 0.25 0.04 
2 1.73 0.84 
3 0.36 0.28 

0.5 1 0.84 0.48 
2 0.54 0.31 
3 1.73 0.47 

0.6 1 1.95 0.36 
2 0.23 0.04 
3 0.92 0.25  

Fig. 9. Water infiltration on Portland cement-based mortar (w/c = 0.6) before and after fungal colonization in mAP1 media for 30 days in the dark derived from 
Karsten’s tube measurements. Typical results from 3 individual samples of Portland cement-based mortar (w/c = 0.6) are shown. 
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accelerate polymorphism transformation from vaterite to calcite (Chen 
et al., 2006). Some components from the culture media or concrete in-
gredients, may participate in such processes. It is likely that smoother 
surfaces have better wettability than rougher surfaces (De Muynck et al., 
2008a). The adsorption of cations on CaCO3 surfaces usually increases 
surface roughness, thereby increasing wetting performance (Chen et al., 
2006). It has also been suggested that surface modifiers on CaCO3 sur-
faces can affect the wetting properties, such as fatty acids (Gomari and 
Hamouda, 2006; Song et al., 2014) suggesting that metabolite secretion 
can also be involved (Wu et al., 2006). 

Treatment of mortar surfaces with N. crassa in carbonate precipita-
tion media resulted in biomineralized coatings which were character-
ized using XRD, Rietveld refinement, and TGA. All mortar samples in the 
presence or absence of N. crassa showed mass losses at 700–800 ◦C, 
which indicated CaCO3 formation after the mortar was exposed to car-
bonate formation media. Natural carbonation of concrete is derived 
from dissolution of CO2 in the pore solution which then reacts with 
portlandite or calcium silicate hydrate (C–S–H) (Talukdar et al., 2012; 
Cui et al., 2015). In comparison, biodeposition, triggered by the external 
calcium and carbonate resulting from urea hydrolysis, is a faster process 
(De Muynck et al., 2008b). It is worth noting that calcium carbonate 
mainly locates on external surfaces, as the large capillary pores can be 
0.05–10 μm, and the largest voids are around 1 mm (Poole and Sims, 
2016). The hyphal diameter of N. crassa is ~4 μm (Steele and Trinci, 
1975), which implies that the fungus has the potential to penetrate into 
the capillary pores. At higher w/c ratios, an increasing amount of CaCO3 
was expected to form on/in mortar matrices which was confirmed by 
Rietveld refinement. 

From the inspections by stereo microscopy and results of the water 
infiltration tests, the deposited coatings showed good protection from 
water ingress. Based on a theoretical simulation, the water infiltration 
rated was reported to be reduced to ~17% after concrete was covered 
with fungal biomass (Zhang et al., 2021b). The fungal biodeposition 
treatment seemed to work through two mechanisms, i.e. the physical 
barrier of the mycelial layers and clogging of the pores by the produced 
biominerals. Mycelium and the induced minerals all display hydro-
phobic characteristics (De Muynck et al., 2008b). Hydrophobic surfaces 
have been applied to repel water from concrete pavements (Ram-
achandran et al., 2015; Al-Kheetan et al., 2020). Fungal water repellence 
also provides benefits to soil chemistry (DeBano, 1981; Doerr et al., 
2000; Hallett, 2008). Zhang et al. (2021b) proposed that mycelium with 
hydrophobic properties can act as a water-repellent barrier and fill 
surface cracks reducing water infiltration into the concrete. However, 
heavy rain has an effective head of pressure around 200 mm and we 
found that the mycelial matrix was easily disrupted by water treatment. 
Therefore, it seems that the biomineralized coating was the most 
important barrier to protect the concrete from water invasion. 

There are some concerns relating to MICP through urea hydrolysis 
because of the resulting ammonium ions that may contribute to 
ammonia emissions to the environment (Yu et al., 2019, 2020; Zhang 
et al., 2021b). However, the ammonia sink is closely related to other 
metabolic pathways in the environment. Ammonium, acting as a ni-
trogen source, is readily assimulated by fungi (Smith et al., 1985; Hobbie 
and Högberg, 2012). Moreover, fungal, and other microbial, nitrifica-
tion can metabolize ammonium into nitrite or nitrate (Prakasam and 
Loehr, 1972; Peng and Zhu, 2006; Ahn et al., 2011; Paul, 2014). 
Ammonium ions can also be adsorbed by cation exchange sites associ-
ated with minerals or organic matter (Paul, 2014). To eliminate vola-
tilization losses during urea hydrolysis, neutral salts, such as ammonium 
sulfate, have been applied (Vlek and Stumpe, 1978). Although some 
volatilization of ammonia appears inevitable, it seems that this could be 
reduced or eliminated through appropriate treatment conditions. 

This research has explored the feasibility of using a filamentous 
fungus, Neurospora crassa, as a biological agent to consolidate mortar 
surfaces. From the results observed, N. crassa showed good performance 
in colonization and biodeposition on different mortar. However, further 

research is needed to explore such a technique on a larger scale and 
determine the optimal conditions for biomineralization in the field, such 
as the influence of pH, urea and calcium concentration, temperature and 
environmental weathering. The long-term performance of biocoatings in 
field experiments is also necessary to be investigated as well as economic 
considerations. 

5. Conclusions 

This work explored the feasibility of using a urease-positive fila-
mentous fungus, Neurospora crassa, to produce a biomineralized pro-
tective coating on porous building materials such as mortar and cement. 
N. crassa was able to grow and colonize the mortar surfaces with urea 
hydrolysis resulting in precipitation of calcium carbonate. The dense 
hydrophobic mycelial network provided a physical barrier to water 
infiltration, while the calcium carbonate minerals acted as a biocement 
to clog pores and cracks. This work therefore demonstrates that a pro-
tective coating based on a fungal biomineralization process could be an 
effective biotreatment for porous mineral-based building materials, thus 
improving their durability. 
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