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ABSTRACT 

Microorganisms were considered as the disease-causing agents a long time ago. However, 
this fear transformed into their acceptance due to their biological, physiological, and eco-
logical understanding which resulted in the modification of Germ Theory. Currently, mu-
tualistic and parasitic role of microbes is well-understood which paved the path for their 
biotechnological use. Additionally, microbial bio-coatings are outstanding bio-sensors for 
environmental monitoring, food analysis, heavy metal detection, and bioelectronics. The 
use of bacteria in self-healing concrete repair is advantageous due to their potential for low-
cost binding, providing strength, stiffness, durability, and reduction in steel reinforcements. 
The surface membrane of bacteria is negatively charged which binds with metallic ions in 
basic medium that is a key factor in carbonate precipitation on their surfaces to repair 
cracks. On the other hand, calcite precipitation also influences the life span and stability of 
concrete. Recently, microorganisms assisted remediation, geo-polymerizations, and carbon 
capture. Furthermore, heavy metal detections were reported which may revolutionize mi-
crobial utilization in building climate resilient infrastructure. The current review spot-
lighted the applications of microorganisms in concretes, soil engineering, bio-coatings, 
bio-remediation, carbon capturing, and monitoring soil properties. In the end, recent devel-
opments and future directions were meticulously-vetted. The study concluded that the ap-
plication of microbes in building climate-resilient infrastructure is reliable to decrease car-
bon emissions, enhancing self-repair concrete systems and developing sustainable green 
systems. Exploitation of natural phenomenon occurring in microorganisms not only aids 
in more climate resilient systems but also contributes positively for a green environment.  

Keywords: bio-concretes, bioremediation, climate resilience, microbial construction, mi-
croorganisms 

Highlights 

• Microbe-based infrastructures impart durability, sustainability, and strength under cli-
matic stress. 
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• Microbe-assisted building materials offer self-healing in concretes and repair cracks 
in oil wells by carbonate precipitation. 

• Microbes aid in carbon capture, green construction materials, and mitigate corro-
sion/erosion.  

GRAPHICAL ABSTRACT 

 
1. INTRODUCTION 

Long ago, it was believed that micro-
organisms are the only disease and infec-
tion-causing agents. This belief led towards 
significant advancements in the develop-
ment of aseptic, hygienic techniques, and 
infection control protocols [1-3]. Result-
antly, Germ Theory was proposed in 1860s 
which influenced food sector, shaped pub-
lic policies, and improved the basic health 
practices. However, taxonomical, ecologi-
cal, physiological, and genetic understand-
ing of microorganisms has refined the strict 

idea about microbes ascribed in Germ The-
ory. In 1900s, the successful development 
of microbial cultures reflected the commen-
sal associations of microbes without harm-
ing the host [4]. Further studies on protozo-
ans, vibrio, and squid reflected that micro-
organisms may also develop mutualistic re-
lationship with other organisms [5-7]. 
There are numerous research reports which 
emphasized the essential and beneficial ex-
istence of microbe-host relationships. For 
instance, in urban population, the lack of 
microbial associations resulted in the 
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higher level of inflammatory and respira-
tory disorders, such as asthma and allergies 
[8].  

Consequently, the only idea of patho-
genicity belonging to the microorganisms 
was redefined and amended by replacing all 
microbes as “disease causative agents” to 
the “pathogenic microorganisms” only. The 
idea of beneficial microbes gave rise to the 
Old Friends Hypothesis due to the develop-
ment of stronger immune systems in child-
hood and symbiotic associations among 
communities 9. This ideological change re-
garding microbes brought a revolution in 
healthcare to develop vaccines and drugs in 
order to strengthen the immune system by 
the use of stable and functional microbes. 
In health sector, microbes were exploited in 
the prevention and treatment, specifically 
in the probiotics and microbial transplants 
not only to stabilize gut micro-biota but 
also for immune regulation against resistant 
and recurrent infections [10-12]. 

Microorganisms are found everywhere 
in the environment, habitat, buildings, soils, 
roads, vehicles, water, space stations, and 
even in ultra clean rooms which eventually 
develops overall environmental biome 
[13,14]. Numerous studies reflected the 
usefulness of microbes in biomedical sec-
tor. However, the role of microbes in build-
ing environment-resilient infrastructure is 
rarely reported to the best of our 
knowledge. Therefore, the current study 
overviewed the exploration of microbes in 
bio-based construction materials, microbial 
concretes, bio-coatings, bio-mediated soil 
stabilization, carbon capture, bioremedia-
tion, biosensors, and microbial geo-
polymerization.  

2. BUILDING CLIMATE-RESILIENT 
INFRASTRUCTURE THROUGH MI-
CROORGANISMS 

From fear to recognition, microbial 
world took almost a century. Microbial ap-
plications in building climate-resilient ma-
terials are briefly stated in this section. 

2.1. Microbiological Concrete Repair 
System 

The word “concrete” is derived from 
Latin word “concretus” which refers to the 
heterogeneously-compounded material 
comprised of cement, water, coarse, and 
fine aggregates. It is used by Romans in 
building roofs and walls. Ordinary concrete 
is made up of afore-mentioned constituents, 
while the steel reinforcement to the mixture 
of cement, coarse, fine aggregates in water 
is termed as ‘reinforced concrete’ [15]. It is 
a cheaper, durable, and recyclable material 
but it suffers from cracks due to chemical 
attacks, design defects, poor quality materi-
als, corrosion, and extreme loads. The 
strength of concrete is largely compromised 
by the corrosion of steel due to aggressive 
chemical attacks which decreases the bond 
between concrete materials and steel. Bil-
lions of dollars are spent every year in order 
to maintain and repair bridges and build-
ings in the world. For instance, the United 
Kingdom (UK) spends half of construction 
budget of worth 80 billion pounds for reha-
bilitation and repair of buildings and 
bridges [16]. In Table 1, applications of mi-
crobes in building climate-resilient con-
struction materials are briefly vetted. 

Table 1.  Most Common Microbes Exploited in Climate-resilient Infrastructures 

Microbes Advantages Applications Reference 

Bacillus cereus Highly-adaptive in extreme 
conditions Crack healing [17] 
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Microbes Advantages Applications Reference 

Sporosarcina pasteurii Higher growth rates at ex-
treme temperature and pH. Stronger concretes [18] 

Bacillus subtilis Works well even at pH 9. Continuous CaCO3 pre-
cipitation [19] 

Bacillus acetophenoni Resistant to weather condi-
tions 

Improve compressive 
strengths of mortar and 

cement 
[20] 

P. aeruginosa 
Increases compressive 

strength and CaCO3 precip-
itation 

Repair cracks up to 500 
μm [21] 

B. sphaericus Reduces water absorption Fills cracks in 120 days [22] 

2.1.1. Microbe-based Self-healing 
Concrete. Several synthetic materials, such 
as epoxies are utilized for the recovery of 
concrete cracks. However, these materials 
display disadvantages related to their toxic 
nature and difference in thermal expansion. 
Consequently, bacteria-based self-healing 
is induced in the concretes as 

environmentally-friendlier substitute. In 
fact, calcium carbonate precipitation im-
parted by the bacteria seals the cracks and 
also reduces the repair cost. Additionally, 
microorganisms are also applied in con-
crete mixtures to improve self-healing effi-
cacy [23]. Fig. 1 reflected the useful role of 
microorganisms in self-healing concretes. 

 
Figure 1. Graphical Illustration of Self-healing Concrete by the Use of Bacteria (Self-con-
structed) 

 2.1.2. Advantages vs. Disadvantages 
of Bio-concrete. The exploration of bacte-
ria in concrete has many advantages. First 
of all, these can be exploited to fill the 

cracks and offer the incorporation of appro-
priate sand in order to enhance strength and 
stiffness. Secondly, bacteria act as biologi-
cal binder and also impart durability and 
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strength. Thirdly, their use also leads to-
wards the reduction in steel reinforcement 
along with the production of compatible 
materials which provide strength and stabil-
ity. In contrast, the first drawback of bacte-
rial or microbial use in concrete is that it 
costs almost double relative to the ordinary 
concretes. However, this cost is compen-
sated later on due to lower maintenance and 
repair [24]. Secondly, insertion of bacterial 
capsules decreases the compression 
strength inside concrete. Third disad-
vantage is the nutrient management of bac-
teria depending upon their requirements 
and atmosphere. Lastly, there is no standard 
protocol in bacterial mixing in the concrete 
which additionally necessitates microbial 
protection at higher pH. 

2.1.3. Bacterial Viability in Con-
crete. The surface of bacteria plays a criti-
cal role in calcium precipitation owing to 
the existence of anionic groups at their sur-
faces. Hence, cationic metal ions could be 
attracted at bacterial membrane [25]. Re-
sultantly, carbonate precipitates on their ex-
terior surfaces due to continuous stratifica-
tion which also enables their use in remedy 
of stones and cracks [26]. 

2.2. Applications of Bacteria in Con-
struction 

In last two decades, the bacterial capa-
bility of producing CaCO3 has been ex-
ploited in a variety of commercial, con-
struction, and engineering applications, 
such as in oil recovery units, soil-upgrada-
tion, stone-protection, bio-cements, and 
restoration of building materials. Brief 
overview of such kind of applications is 
discussed in this section. 

2.2.1. Oil Wells. Crude oil is the fun-
damental energy source which influences 
modern economy of the world. Biotechnol-
ogy is employed in oil extraction from oil 
wells, plugging fractures, and to prevent 

water production during oil recovery. 
Through using traditional recovery meth-
ods, only 25-25% of the oil is extracted, 
while 65% of the oil is left in reservoir [27]. 
Therefore, attempts were made to improve 
the efficiency of oil extraction by employ-
ing thermal or chemical flooding methods. 
Both methods are costly, toxic, and produce 
unwanted residual products which are diffi-
cult to remove from the oil. Biotechnology 
provides relatively cheaper and environ-
mentally-compatible solutions to the afore-
said problem by decreasing the interfacial 
tensions between oil-rock and oil-water 
[28]. For instance, Bacilus pasteurii were 
used to plug very high permeability area, 
lessening water flooding and enhancement 
in oil yield from oil wells [23]. Another re-
search group led by Zhong et al. also re-
ported microbial mineralization for repair 
of fractures in the oil wells [29]. 

2.2.2. Soil Improvements. Friction, 
stiffness, permeability, and cohesion are 
significant mechanical properties of the soil 
in engineering constructions of materials 
for roads, slopes, dams, and railways. In 
this regard, soil stability is quite vital which 
can be improved by chemical grouting 
technique. Nevertheless, it is rather costly. 
Consequently, bio-grouting and bio-ce-
mentation are favored which are cost-effec-
tive and eco-friendly approaches. For the 
first time, the CaCO3 precipitation was re-
ported by Boquet et al. in 1973 [30]. Like-
wise, Achal and co-workers investigated 
the CaCO3 formed in sand samples 
plugged by Bacilus pasteurii, and mutant 
Bacilus pasteurii were 24% and 33%, re-
spectively [31]. Microbe-based CaCO3 
precipitation and bio-mineralization sub-
stantially improved the strength (up to 6.1 
MPa), stiffness, volumetric response, shear 
strength, and permeability of the sandy 
soils [32].  
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2.2.3. Stone Protection. Weather is 
the primary factor which causes damage to 
the buildings, monumental, and ornamental 
stones due to the carbonate loss. First of all, 
microbial biotechnology was applied in 
1993 on Thouars Saint Medard Church 
tower at the area of 50 m2 in order to pro-
vide protection against weather. After one 
year, the outcomes reflected the presence of 
significant quantity of organic carbonates 
over the surface of the tower that protected 
the surface from deterioration. It was also 
stated that microbial/biological treatment 
for carbonate deposition did not affect the 
aesthetic appearance of the stones used in 
building Santa Maria Church, Italy [33]. 

2.2.4. Biological Mortar. Microor-
ganisms are important in the development 
of biological mortar which, in turn, is used 
to fill cracks in stones and concretes. Bio-
logical mortar is composed of three ingre-
dients, that is, bacteria/microorganism, cal-
cium salt, and limestone powder. These in-
gredients are optimized to acquire biologi-
cal mortar and its optimum dosage that can 
resist surface tension in micro-cracks. Re-
ferring to the literature, the best and opti-
mum concentration of the bio-based mortar 

is bacterial paste, nutrition media, lime-
stone powder (size 40-60 𝜇𝜇m) with 25%, 
25%, and 50% proportion. This mortar was 
applied on Amiens Cathedral sculptures 
and Church Portal of Argenton-Château in 
France as test case. After two years, the re-
sults were encouraging in the specified 
treated area [34]. 

2.2.5. Concrete. Besides the applica-
tion of microbes in the petrochemical, ge-
otechnical engineering, and building mate-
rials, microorganisms have also been used 
as potential binder-based materials in self-
healing bio-concretes. This not only im-
proves strength but also recovers cracks in 
the concrete and building materials. Fig. 2 
describes the primary components of bio-
concrete.  

2.3. Bio-sensor and Monitoring 

Techniques involving the sensors and 
sensing tools have become an essential part 
of our daily routine. The most appealing 
area is the use of microbes as sensing equip-
ment [35]. Microbial biosensors are tools to 
analyze and monitor the environment and 
climate changes mainly by using microbes, 
such as bacteria, fungi, and algae [36]. 

 
Figure 2. Primary Ingredients in a Bacterial Concrete (Self-constructed) 
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Currently, the ability of biosensors is 
substantially enhanced by using genet-
ically-modified organisms for their remark-
able role. These biosensors are low in price, 

reliable, and eco-friendly which makes 
them accessible [37]. In Fig. 3, the benefits 
and limitations of the microbial bio-sensors 
are represented. 

 
Figure 3. Advantages and Limitations of Microbe-based Biosensors (Self-constructed) 

2.3.1. Types of Microbial bio-sen-
sors. Cell free biosensors, non-specific 
whole cell biosensors, and specific whole 
cell biosensors detect pollutants from envi-
ronment and work on sensing, transduction, 
and signaling principle. The cell free bio-
sensors utilize the DNA, protein, and ap-
tamer (a synthetic single stranded DNA or 
protein) as sensing prerequisites [38]. Ap-
tamer increases the selectivity of target 
chemicals for definite pollutants’ recogni-
tion based on selective bonding, such as in 
nano-materials. On the other hand, non-
specific whole cell biosensors are built 
mainly by stress reactive genetic regula-
tion, such as heat shock and DNA damage 
responses. The specific whole cell biosen-
sors depend upon the metabolism and de-
toxification genes in microbes [39]. 

2.3.2. Microorganism-based Envi-
ronmental Bio-sensors. Huang et al. 
worked on the Sustainable Development 
Goals (SDGs) initiated by United Nations 
(UN) associated with biosensors to monitor 

the environment. Their study revealed that 
the cell free biosensors are rapid and defi-
nite in terms of acting against environmen-
tal pollutants specifically for heavy metals. 
While the non-specific whole cell biosensor 
delivers bioavailability and toxicity which 
cannot be scrutinized by cell free biosen-
sors and informed about the consequences 
regarding the impact of environmental pol-
lutants on climate [40]. The specific whole 
cell biosensor grants fine information on 
target pollutants. Another study conducted 
by Md. Mafiqul Islam illustrated the identi-
fication of water pollutants by using micro-
organisms. They concluded that Clostrid-
ium perfringes act as a biosensor to identify 
the water pollutants [41]. In addition, the 
Algae, E-coli and fungi can also be ex-
plored for bio-sensing applications. The 
major shortcomings in microbial bio-sen-
sors were stability, convenience, and re-
newability of biosensors. To overcome 
these hurdles, researchers and scientists are 
working on the nano-material electrode in 
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cell free biosensors and whole cell biosen-
sors [42]. 

2.4. Microbial Enhanced Geo-polymeri-
zation 

Geo-polymers are defined by their du-
rability, heat endurance, and chemical in-
ertness. In the same stream, the introduc-
tion of microbes increases the above-men-
tioned attributes and takes part in building 
climate-resilient infrastructure. Geo-poly-
mers are group of inorganic substances in 
the shape of geo-polymeric paste, geo-pol-
ymer concrete, and mortar for the develop-
ment of industrial infrastructure. This phe-
nomenon is referred to as ‘geo-polymeriza-
tion’. Microbial geo-polymerization in-
cludes bio-mineralization, bio-cementa-
tion, and microbial activity.  

Likewise, the study reported by Griño 
et al. [43] examined the auto-healing in 
geo-polymer mortar treated at normal tem-
perature utilizing poly(propylene) fiber and 
bacterial co-cultures of Bacillus subtilius 
and Bacillus megaterium. A well-estab-
lished design was used which resulted in 
eight run complete factorial design with 
four levels in the initial part with variable 
propylene content from 0-0.75%. The sec-
ond stage experiments were conducted with 
and without bacterial concentration. The 
materials used by Grino et al. were fly ash 
with low calcium content, an alkaline acti-
vator, such as sodium silica solution, flakes 
of sodium and potassium, and sodium sili-
cate solution to increase geo-polymeriza-
tion along with bacterial culture and 
poly(propylene) fibers [43]. 

The geo-polymeric sample and bacte-
rial culture were applied as ultra-pulse ve-
locity tests. The microstructure of geo-pol-
ymeric paste was observed by X-ray fluo-
rescence test. After 28 days, B. subtilis 
showed growth at pH 8, while no growth 
was observed in B. megaterium. This 

indicated that the bacterial strains undergo 
log growth phase within geo-polymer but 
tolerate high pH and temperature condi-
tions. Grino et al. [43] concluded that a geo-
polymer mortar comprises poly(propylene) 
and bacteria can be used as repair mortar. 
The bacteria increase the strength-regain 
value of the geo-polymeric mortar. 
Poly(propylene) along with bacteria re-
duces the damage degree and increases the 
healing percentage of geo-polymeric mor-
tar. Moreover, the combination of geo-pol-
ymer and poly(propylene) fiber depicted 
the ability to work as a structural repair ma-
terial in aggressive environment. The con-
cern of how diverse bacteria influence nat-
ural fibers as reinforcements under a range 
of healing conditions in the cementitious 
medium is also a study of significance. 

2.5. Microbe-assisted Bio-coatings 

Bio-coating is referred to as a permea-
ble polymeric film which sticks to the mi-
croorganisms and retains them on the sur-
face for their bio-catalytic action in differ-
ent sensors and bioreactors [44-46]. For in-
stance, E. coli is used with different kinds 
of nanoparticles, polymeric colloids, and 
carbohydrates to fabricate cohesive film. 
The confocal laser scanning microscope 
and scanning electron microscopes were 
used to observe the bacterial presence in the 
prepared bio-coatings. The fabricated mi-
crobe-assisted bio-coating was independent 
of freeze-drying arrangements of hal-
loysite, latex polymers, and bacteria [47]. 

2.6. Bio-mediated Soil Improvement 

A bio-mediated soil improvement sys-
tem is a network of chemical reactions 
within soil that are regulated and controlled 
by biological activity, and whose by-prod-
ucts change the soils engineering charac-
teristics [48]. 
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2.6.1. Underlying Web of Chemical 
Reactions. A network of chemical reac-
tions takes place in the soil for improve-
ment in the texture, stiffness, and mechani-
cal characteristics of the soil which are the 
backbone of these systems [49]. Incorpora-
tion of microbes and their produced by-
products are categorized into three kinds, 
namely gas generation, organic precipita-
tion, and inorganic precipitation by-prod-
ucts which upgrade soil properties. In addi-
tion, these microbial reactions produce in-
stant and larger amounts of the by-products 
in order to improve soil properties rapidly 
[48]. 

2.6.2. Monitoring the Processes. The 
monitoring and detection of different geo-
technical, chemical, and biological com-
pounds in real soil samples without altering 
soil properties is imperative. Therefore, the 
assessment of microbial by-products’ im-
parted changes in soil can be examined by 
the use of microorganisms. For this pur-
pose, shear wave velocity, resistivity, and 
compression wave velocity evaluations 
were carried out  to ascertain the microbial 
monitoring without affecting the soil pro-
cesses and soil characteristics [50]. 

2.6.3. Engineering Soil Properties. 
The engineering and examination of soil 
properties may differ significantly amongst 
various bio-mediated treatment techniques. 
Permeability, stiffness, compressibility, 
shear strength, and volumetric behaviors 
are the main characteristics that could alter 
by at least ten times. Variations in their 
properties offer multiple applications. In 
every instance, analytical analysis and/or 
review of previously studied non-biomedi-
ated treatment methods can be used to rea-
sonably estimate the potential extent to 
which a particular bio-mediated treatment 
method may enhance the soil properties. 
For instance, studies looking at the use of 
gypsum, cement, CIPS (Calcite In-Situ 

Precipitation), and epoxy to improve soils 
may find a comparable increase in the shear 
strength of sands from bio-mediated calcite 
precipitation [51]. 

2.7. Microbial Carbon Capture 

Anthropogenic activities, such as burn-
ing fossil fuels and industrial production re-
lease carbon dioxide (CO2) into the atmos-
phere. Fears of catastrophic climate change 
and global warming have therefore in-
creased. Conventional CO2 capture tech-
nologies are generally hazardous, ineffec-
tual, and contribute to secondary pollution 
in the environment [52]. Conversely, bio-
logical systems offer a promising avenue 
for CO2 conversion due to their considera-
ble versatility and application selectivity. 
Furthermore, a variety of microorganisms 
may convert CO2 into high-value com-
pounds by using it as their only supply of 
carbon as shown in Fig. 4. Certain mi-
crobes, such as cyanobacteria and algae can 
photosynthesize, capturing CO2 and con-
verting it into biomass [53]. Other mi-
crobes, such as methanotrophs, can also 
consume methane which is another potent 
greenhouse gas [54]. 

The recent progress in genetic modifi-
cations in bacteria for more CO2 capture 
led to the development of modified Esche-
richia coli, cyanobacteria, and Ralstonia 
eutropha. These bacteria have been engi-
neered to more efficiently absorb CO2 and 
convert it into valuable products, such as 
biofuels, bio-plastics, and chemicals. Ad-
vances in synthetic biology and metabolic 
engineering have allowed for precise con-
trol over bacterial metabolic pathways, sig-
nificantly improving their CO2 sequestra-
tion capabilities [55]. This section high-
lights specific strategies, including the in-
troduction of new CO2-fixation pathways 
and optimization of native ones. It also ad-
dresses challenges, such as the complexity 
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of bacterial metabolism, scalability, eco-
nomic feasibility, and suggests future re-
search directions to further develop robust 

and efficient bacterial systems for industrial 
applications [56]. 

 
Figure 4. Schematics of a Microbial Cell Capturing Carbon [57]. Open Access Article 
licensed under a Creative Commons Attribution-Non-Commercial 3.0 Unported License). 

Some bacteria can induce the for-
mation of minerals. This process is called 
‘bio-mineralization’. For instance, Bacillus 
pasteurii can convert calcium ions and CO2 
into calcium carbonate which is a stable 
mineral that can be used in construction 
materials, such as concrete. The biomass 
produced by carbon-capturing microbes 
can be processed into bio-based materials 
that can replace traditional carbon-inten-
sive building materials. This reduces the 
carbon footprint of construction. 

Microbial activity can improve soil 
structure and stability, making landscapes 
more resilient to extreme weather events. 
Enhanced soil carbon storage also contrib-
utes to the long-term carbon sequestration. 
Integrating microbial carbon capture sys-
tems into green roofs and walls may en-
hance urban infrastructure’s resilience. 
These systems not only sequester carbon 
but also provide insulation, reduce urban 
heat island effects, and manage storm wa-
ter. Microbial carbon capture can be com-
bined with renewable energy sources. For 

instance, algae farms can be co-located 
with solar or wind farms using the excess 
CO2 from renewable energy production to 
enhance biomass growth. Utilizing cap-
tured carbon in new products creates a cir-
cular economy. For instance, captured CO2 
can be converted into bio-plastics or bio-
fuels, reducing reliance on fossil fuels. 

2.8. Microbe-assisted Bioremediation  

Bioremediation is broadly defined as 
any process in which a living or dead bio-
logical system (typically bacteria, microal-
gae, fungi in myco-remediation and plants 
in phytoremediation) is used to remove en-
vironmental pollutants from air, water, soil, 
flue gasses, industrial effluents, and other 
sources in natural or artificial settings. The 
natural ability of organisms to absorb, col-
lect, and degrade prevalent and new con-
taminants has led to the use of biological 
resources in the treatment of contaminated 
environments. Fig. 5 shows the schematics 
of bacterial-assisted bioremediation. In 
comparison to the traditional 
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physicochemical treatment approaches, bi-
oremediation may have advantages. This is 
because it is sustainable, environmentally-
benign, inexpensive, and scalable. It in-
volves using microorganisms, plants or en-
zymes to clean up the contaminated soil, 
groundwater, and air, improving infrastruc-
ture durability and environmental sustaina-
bility [58]. Bioremediation can break down 
harmful chemicals, heavy metals, and pe-
troleum products that may damage 

infrastructure. In addition, bio-remediation 
also enhances soil stability, strength, and 
water-holding capacity, reducing erosion 
and landslide risks. Bioremediation can be 
used to detect potential infrastructure fail-
ures and monitor environmental conditions. 
Bioremediation can restore ecosystem bal-
ance, improve air and water quality, and 
support biodiversity. In general, in-situ and 
ex-situ bioremediation techniques are 
widely reported in the literature.  

 
Figure 5. Bioremediation Assisted by Bacterial Interactions with Plants. Adopted with 
permission from Sharma [59]. Copyrights 2021, Elsevier. 

2.8.1. In-situ Bioremediation Tech-
niques.  

2.8.1.1.   Bio-sparging and bio-slurp-
ing. Bio-sparging is an in-situ remediation 
technology used to treat contaminated 
groundwater and soil by injecting air or ox-
ygen into the sub-surface. This process en-
hances the natural biodegradation of or-
ganic contaminants by stimulating aerobic 
microbial activity. The injected air in-
creases the oxygen concentration in the 
groundwater and soil, thereby promoting 
the growth of aerobic bacteria that may de-
grade pollutants, such as hydrocarbons 
(e.g., petroleum products), solvents, and 
other organic compounds. On the other 
hand, bio-slurping is a remediation 

technique used to clean up sites contami-
nated with hydrocarbons, such as oil and 
petroleum products. It combines elements 
of bioventing and vacuum-enhanced free-
product recovery to simultaneously remove 
liquid-phase hydrocarbons (free product) 
and enhance the biodegradation of hydro-
carbons in the unsaturated zone of the soil.  

2.8.1.2.   Bio-attenuation and Bio-
stimulation. Bio-attenuation is also known 
as natural attenuation or intrinsic bioreme-
diation. It is the process by which natural 
microbial communities degrade and reduce 
the concentration and toxicity of environ-
mental contaminants without human inter-
vention. This method relies on naturally-
occurring physical, chemical, and 
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biological processes to break down pollu-
tants in soil and groundwater over time. 
Similarly, stimulating indigenous microor-
ganisms to perform bio-remediation is 
known as bio-stimulation. Building cli-
mate-resilient infrastructure through bio-
stimulators involves natural substances to 
stimulate the growth and activity of indige-
nous microorganisms. This enhances the 
natural degradation process of pollutants 
and improves infrastructure durability. By 
integrating bioremediation into infrastruc-
ture development, more sustainable, resili-
ent, and environmentally-friendly infra-
structure can be created that may withstand 
the impacts of climate change. 

2.8.2. Ex-situ Bio-remediation.  

2.8.2.1.   Bio-piles and Windrows. 
Bio-piles is also known as bio-cells or bio-
heaps. It is an ex-situ remediation technol-
ogy used to treat contaminated soils. This 
method involves excavating the contami-
nated soil and piling it into engineered 
heaps, where microbial activity is enhanced 
to break down pollutants, primarily organic 
contaminants, such as petroleum hydrocar-
bons. Whereas, windrows are the elongated 
piles of organic wastes arranged for com-
posting purposes. This method is widely 
used for the aerobic decomposition of or-
ganic matter, such as agricultural waste, 
yard clippings, food scraps, and manure. 
The windrow composting technique facili-
tates the breakdown of organic materials 
into nutrient-rich compost that can be used 
to improve soil quality. 

2.8.2.2.   Land Farming and Bio-aug-
mentation. Land farming is a soil remedia-
tion technique that involves the controlled 
application and incorporation of contami-
nated soil or sludge into the upper soil lay-
ers of a designated land treatment area. This 
method relies on natural biological pro-
cesses to degrade organic contaminants, 

primarily hydrocarbons, through microbial 
activity. It is often used to treat petroleum-
contaminated soils, refinery waste, and or-
ganic waste materials. Adding microorgan-
isms is a good strategy to boost bio-remedi-
ation. Bio-augmentation is a bioremedia-
tion technique that involves adding micro-
organisms to the environment in order to in-
crease the natural degradation process of 
pollutants. Building climate-resilient infra-
structure through bio-augmentation in-
volves using microorganisms to improve 
the durability and sustainability of infra-
structure, making it more resistant to cli-
mate-related stresses [60].  

2.9. Recent Developments 

Microorganism-assisted architecture is 
an evolving research area which provides 
sustainable solutions regarding building 
materials, environment management, and 
energy systems. This section explains some 
of the recent developments. An example in-
cludes the syntheses of bio-concretes using 
new bacterial strains that not only healed 
the cracks but also survived under extreme 
environments [61]. Recently, microbial 
fuel cells are reported to produce electricity 
from waste by using bacteria. There are nu-
merous studies to help optimize the effi-
ciency of microbial fuel cells for waste 
treatment plants in order to produce energy 
[62]. Progress in genetic engineering ena-
bles the researchers to generate new mi-
crobes having the ability to degrade com-
plex toxins, hydrocarbons, and complex 
pollutants [63]. Bio-cements and bio-bricks 
are prepared which are more resistant and 
quicker to make [64]. Moreover, agricul-
ture waste is used to create bio-bricks [65]. 
NASA proposed the use of microbial Lith-
ificaton technique to replace the cement in 
Martian soil that is critical in building infra-
structure where resources are limited, for 
instance on Mars [66]. Research is being 
conducted to produce protective layers on 
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metal surfaces in order to protect their sur-
faces from corrosion by deposition of bio-
films [67].  

3. CONCLUSION 

Despite several advantageous of microor-
ganisms in bio-concretes, there is still a 
need to optimize the standard protocol and 
decrease its cost in order to explore it at 
massive scale. Another drawback of the al-
gal, bacterial, and fungal-based biosensors 
is their poor stability which should be over-
come by the introduction of some nano-ma-
terials. Leveraging microorganisms for 
CO2 utilization and bioremediation offers 
promising avenues for building climate-re-
silient infrastructure. By engineering bacte-
ria to capture and convert CO2 into valua-
ble products, such as bio-fuels and bio-plas-
tics, greenhouse gas emissions can be re-
duced while creating sustainable materials 
for construction. Additionally, using micro-
organisms for bioremediation may help 
manage heavy metals and other contami-
nants in the environment, ensuring that our 
infrastructure remains safe and environ-
mentally-friendly. Continued research and 
development in these areas is essential to 
realize the full potential of microorganisms 
in building resilient and sustainable infra-
structure for the future. 

3.1. Challenges and Future Directions 

Although use of microbes in building 
materials and concrete systems is benefi-
cial, climatic vulnerability, higher initial 
price, policies/regulation problems, public 
acceptance, biological safety fears, long-
term durability, environmental influence, 
and large scale practicality are some chal-
lenges in mass utilization of microbes in 
building climate-resilient materials [68].  

The development of stress tolerant, du-
rable, and high-performance microbes for 
self-healing bio-concretes and bio-

mineralization could be a promising future 
research. In the same way, the integration 
of microbes with sensors to design smart bi-
osensors for real monitoring of erosion, 
cracks, degradation, and corrosion studies 
are imperative by devising predictive mod-
els [69, 70]. Bacterial calcite precipitation 
at commercial scale for synthesis of bio-ce-
ment, soil engineering, bio-films, and bio-
bricks is another way to bring microbial in-
frastructure to further elevation. However, 
it requires setting global standards, safety 
protocols, and field trials to gauge long-
term performance, stability, and durability 
of microbe-based climate resistant materi-
als. For this purpose, academia, industry, 
public, and government partnership is very 
important. 
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	2.5. Microbe-assisted Bio-coatings
	A bio-mediated soil improvement system is a network of chemical reactions within soil that are regulated and controlled by biological activity, and whose by-products change the soil's engineering characteristics [48].


