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Abstract

Soil degradation and contamination pose a critical threat to global agricultural sustainability, necessitating innova-
tive remediation strategies. Biochar-immobilized microbes (BIMs), which synergistically integrate physicochemical
advantages of biochar with microbial metabolic functions, represent a transformative approach to enhance soil
health and crop productivity. This review provides a data-driven analysis, with evidence from 92 published articles

to summarize advancements in BIM development from 85 pot experiments and 11 field applications, and to elucidate
the underlying mechanisms. Biochar serves as a stable microbial habitat, enhancing colonization through adsorption,
entrapment, covalent bonding, and crosslinking. Key factors such as biochar porosity, microbial surface character-
istics, and environmental conditions critically influence microbe immobilization efficiency and functional longevity.
The compiled data indicate that BIMs can ameliorate soil properties (e.g., elevating pH by 0.5-1.5 units, increas-

ing cation exchange capacity by 12.25-39.05%), and enhance soil enzyme activities (e.g., urease, dehydrogenase).
These improvements contribute to effective remediation of contaminated soils, with reported efficiencies up to 95%
for heavy metals and 90% for organic pollutants. Furthermore, field applications demonstrate that BIMs can enhance
crop yields by up to 45%, primarily through improved nutrient availability and stress resilience. However, scalability
challenges persist, as field trials show variable microbial survival under climatic stresses. The transition from predomi-
nantly lab-scale research to fewer documented field validations highlights the need for more long-term, on-farm
studies. By systematically bridging lab innovations to farmland practicality, BIMs align with the UN Sustainable Devel-
opment Goals, offering a promising pathway for soil restoration and sustainable agriculture. Future research must pri-
oritize long-term field validations, lifecycle assessments, and farmer-centric optimization to unlock their full potential.

Highlights

BIMs synergize the advantages of biochar and microbial metabolic functions for soil remediation and agricultural
enhancement.

Immobilization strategies (adsorption, entrapment, covalent bonding, and crosslinking) optimize microbial sur-
vival and activity.

Field trials reveal that BIMs boost crop yields up to 53% via improved root development, nutrient cycling,
and pathogen suppression.
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s N
This review establishes a data-intensive paradigm, moving beyond narrative synthesis to deliver a quantitative

and visual knowledge landscape of the field.

Keywords Biochar immobilized microbes (BIMs), Soil remediation, Biochar, Sustainable agriculture, Plant growth-
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1 Introduction health through multifaceted mechanisms (Chu et al
Biochar has garnered increasing attention as a sustaina-  2024; Tao et al. 2025). The primary functions of biochar
ble solution for soil remediation and agriculture enhance-  include improving soil structure, increasing water reten-
ment over recent decades (Lehmann et al. 2009; Li et al.  tion, supplying soil nutrients, remediating pollutants, and
2024a). This carbon-rich material is commonly produced  providing a habitat for beneficial microorganisms (Fig. 1)
through the pyrolysis of biomass and can improve soil ~ (Bolan et al. 2014; Yang et al. 2025). The porous structure
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Fig. 1 Beneficial roles of biochar and functional microbes in the soil matrix

of biochar enhances soil aeration, water retention, and
drainage (Wu et al. 2025). This prevents compaction and
waterlogging, while fostering a healthy environment for
root growth and microbial activity. Additionally, the high
surface area of biochar provides habitats for beneficial
microorganisms, promoting a thriving microbial com-
munity in the soil matrix (Jorge et al. 2021). Biochar can
also trap essential soil nutrients (nitrogen, phosphorus,
and potassium) (Wang et al. 2021) and stabilize their
bioavailable forms to plants. Furthermore, owing to its
alkaline nature, biochar neutralizes acidic soils to create
a balanced pH environment for diverse plant species with
high nutrient availability (Ren et al. 2022a). Moreover,
biochar can function as a soil remediating agent to bind
to various heavy metals and pollutants, and to reduce
their bioavailability (Huang et al. 2025; Xiong et al. 2025).
As a stable carbon source, biochar sequesters carbon in
the soil (Pathak et al. 2024), contributing to carbon diox-
ide reduction and combating climate change (Zhang et al.
2024). By improving soil structure, water retention, and
microbial activity, biochar creates an optimal environ-
ment for plant roots (Wu et al. 2024), leading to healthier
plants, higher crop yields, and more resilient soils. These

combined physical, chemical, and biological benefits of
biochar enhance soil remediation (Bi et al. 2025; Ma et al.
2025), improve nutrient cycling, and increase crop yields
(Li et al. 2025), thus positioning biochar as a critical tool
for sustainable agriculture (Li et al. 2024b).

In parallel, the application of functional bacteria and
other microbes for soil remediation and agricultural
enhancement has also been widely investigated. Micro-
bial techniques have been employed to restore soil health
and fertility, particularly in degraded or contaminated
soils. Microbes can also improve soil properties through
key mechanisms, including nutrient cycling, organic
matter decomposition, and solubilization of essential
minerals (such as phosphorus) (Luo et al. 2025; Zeng
et al. 2025). Specific microbes, such as plant growth-pro-
moting rhizobacteria (PGPR or PGPB), have been used to
enhance plant growth (Ren et al. 2022a). Typical objec-
tives of using PGPB include improving the release of
essential nutrients, producing phytohormones, and sup-
pressing plant pathogens. Additionally, certain bacteria
can improve biofilm formation in the rhizosphere, which
not only enhances stress tolerance of plants but also
improves nutrient availability in soil (Bai et al. 2024b).
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Fig. 2 BIMs case search flowchart (2018-2025)

The integration of microbial inoculants into agricultural
practices has been shown to improve crop yields and
resilience against environmental stresses. For example,
Luo et al. demonstrated that inoculating tomato plants
with phosphorus-solubilizing bacteria (PSB) resulted
in a 24.7% increase in yield (Luo et al. 2025). Similarly,
Sharma et al. reported that sugarcane yield could be
enhanced by 23.20% through the application of microbial
inoculants (Sharma et al. 2023). Additionally, Peng et al.
found that microbial inoculation significantly boosted
cucumber yield by improving soil aggregate stability
(Peng et al. 2025). Despite their efficacy, microbial sur-
vival and functionality in field conditions remain limited,
highlighting the need for carriers/supports to optimize
their application in farmland.

2 Search strategy, data collection and visualization
Our objective is to address whether, how, and to what
extent BIMs generate synergistic benefits for sustain-
able soil remediation and agricultural enhancement. Ini-
tially, we searched both Scopus and ISI Web of Science
Core Collection for related articles, limiting the topics
to “biochar,” “bacteria/microbes, and “soil”. After careful
screening (Fig. 2), we finally selected 92 published arti-
cles closely related to our theme (85 and 11 articles on
pot tests and field trials, respectively).
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The original data from articles were obtained from
their tables or supporting information files. Online soft-
ware (Getdata Graph Digitizer: https://getdata-graph-
digitizer.com/) was used to extract data from Plots. The
distribution of data was plotted as box and/or violin plots
using Origin 2021. Data were plotted across control (CK),
biochar (B), microbe (M), and BIM groups. To give fair
comparisons within the same case, we calculated the
within-study data and plotted the results as B/CK, M/CK,
and BIM/CKs. In a typical chart, hollow black rectangles
denote the mean of the data cluster. The horizontal line
within the box denotes the median. The upper and lower
edges of the box correspond to the upper and lower
quartiles, respectively. The lines extending from the box
indicate the minimum and maximum values (excluding
outliers). The symbol n represents the number of cases.
The p-value (based on the ¢-test) was calculated by Ori-
gin 2021 to determine statistical significance between the
data groups.

Some other scheme figures were created using the
Generic Diagramming Platform (GDP) (Jiang et al. 2025),
a dedicated scientific diagramming tool. No Al-generated
figures were used in this work.

3 Synthesis of BIMs

3.1 Biochar synthesis

The biochar used in most of the studies was synthe-
sized by typical pyrolysis methods. Raw materials (e.g.,
straw, rice husk, or corn straw, with straw being domi-
nantly used in 52 of 92 reviewed cases) were collected
and washed with deionized water to remove impurities.
Biomass was then air- or oven-dried (usually at 80 °C)
and ground into powder (particle size: 0.15-0.25 mm).
The biomass powder was pyrolyzed in a muffle/tube fur-
nace at 400 °C-700 °C (usually with N,) (Wu et al. 2024).
Heating rates and residence times were controlled to
optimize porosity, surface area, and chemical functional-
ity of produced biochar. After pyrolysis, the biochar was
cooled, rinsed, dried, and then sieved to ensure homo-
geneity. Generally, biochar produced at higher pyrolysis
temperatures (>500 °C) exhibited enhanced surface area
and aromaticity, which are critical for pollutant adsorp-
tion (Wang et al. 2021). These physicochemical proper-
ties can also directly influence the efficacy of biochar as
microbial carriers.

3.2 Functional microorganism cultivation

The microorganisms capable of degrading/immobilizing
pollutants are primarily obtained through enrichment and
cultivation from the contaminated soil environment (Yin
et al. 2023). In enrichment culture, continuously increas-
ing the pollutant concentrations could select for micro-
bial communities tolerant to and/or capable of degrading
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pollutants (Li et al. 2023). Dominant strains with high
degradation activity were then isolated by sequentially
transferring the culture to fresh basal salt medium con-
taining pollutants as the sole carbon or nitrogen source
(Wahla et al. 2020). As the pollutants were degraded,
the domesticated culture was transferred multiple times
in the enrichment experiments (Li et al. 2023). The final
enriched culture was then diluted continuously (Sun et al.
2020) and purified through streak-plating on agar supple-
mented with target pollutants (Wu et al. 2022).

3.3 Microbe immobilization mechanisms and protocols
Immobilization of functional microbes onto biochar
to produce BIMs can be categorized into four primary
mechanisms (Fig. 3): adsorption, entrapment, covalent
bonding, and crosslinking. Adsorption and entrapment
are typical physical methods, while covalent bonding and
crosslinking are mainly chemical.

a) Adsorption (surface adsorption, pore adsorption, or
pore filling) is a physical immobilization technique
that relies on physical attractive forces to attach

Mi .
Icroorganisms BIMs

Biochar

Physical
immobilization
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microbial cells to the biochar surface (Fig. 3a). Weak
attractive forces are mainly van der Waals forces
and hydrogen bonds, while some relatively strong
forces (mainly electrostatic attraction) also exist.
This method is characterized by its simplicity, high
microbe loading, cost-effectiveness, and minimal
damage to microorganisms.

The physical adsorption strategy is very straightfor-
ward and relies on the direct interactions between micro-
organisms and biochar to adsorb and bind together (Ma
et al. 2021). This method predominated in our reviewed
studies (54 out of 92 cases). A typical process is as fol-
lows (Fig. 3a): first, introduce the target bacterial solu-
tion (usually 1-3% wt.%) to the medium and incubate for
24-48 h to an optical density (OD600) of 1.0 (Tu et al.
2020). After cultivation, mix the resulting cell suspension
with biochar in a certain proportion (W/V) for 24 h. Sub-
sequently, BIMs are obtained by centrifugation and then
washed three times with sterile physiological saline solu-
tion (usually 0.8—1%) to remove free cells (Zhang et al.

Alginate

Chemical
immobilization

Bonding reagent

Fig. 3 Typical mechanisms for immobilization of microbes to biochar: a adsorption/pore filling, b entrapment, ¢ covalent bonding, and d

crosslinking
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2019). However, physically adsorbed microbe cells could
be prone to leakage (Wu et al. 2021).

b) Entrapment (embedding) refers to the process of
physically enclosing microbial cells within the bio-
char matrix/pores. This method effectively prevents
the loss of microbes into the surrounding environ-
ment, thereby improving their activity.

In this method, additives are needed to achieve entrap-
ment or embedding. Sodium alginate (SA) is a com-
monly used agent and was applied in 17 out of 92 cases
we reviewed. SA is a low-cost and natural polymer gel
carrier with high mass transfer ability (Jiang et al. 2022;
Qu et al. 2025). The addition of SA can prevent microbes
from seeping out of the biochar carrier, while small-mol-
ecule substrates and products from the external envi-
ronment can freely enter or exit the carrier. In a typical
process (Fig. 3b), after incubating biochar and microor-
ganism suspension, the SA solution is added (resulting
in 2—4 wt%) to improve the immobilization. The mixed
solution is then dropped into a CaCl, solution (2-4%)
and gently stirred to form micro-scale immobilized
spheres (Chen et al. 2012). Then the microspheres are
aged at 4 °C for 6~12 hours (Qi et al. 2021), and then col-
lected and washed with NaCl solution, and finally stored
at 4 'C (Ren et al. 2022b). Alternatives to SA as embed-
ding agents include agar, kappa-carrageenan, polyacryla-
mide, and cellulose (Hajieghrari et al. 2020).

¢) Covalent bonding involves the formation of strong
chemical bonds between reactive groups on micro-
bial cells and functional groups on the biochar sur-
face (e.g., sulfhydryl, amino, or hydroxyl groups).
This method enhances the stability of the immobi-
lized microorganisms, allowing for a more robust
and selective attachment.

In this method, chemical covalent binders are used
to enhance the covalent bonding (Nguyen Thi Hai et al.
2022). The formed bond is very strong and can improve
the overall stability of BIMs (Hashem et al. 2016). Com-
monly used binders include ethylenediamine (EDA), pol-
yethyleneimine (PEI), and glutaraldehyde (GA). Among
them, EDA and PEI are commonly used for enzyme
immobilization. GA can be used to build aldehyde groups
on the biochar surface to form stable binding with micro-
bial groups. In a typical process (Fig. 3c), biochar pow-
der is introduced to GA solutions (0.3—-5% v/v) and gently
mixed overnight. Then, the modified biochar is rinsed
three times with sterile salt solution to remove excess
GA. To verify the successful binding, Fourier transform
infrared spectroscopy (FTIR) can be used to characterize
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the changes in surface functional groups of composite
carrier materials (Li et al. 2022).

d) Crosslinking is a chemical immobilization method
that utilizes bonding reagents to create a network
to improve connections between microbial cells and
biochar. Common crosslinkers include GA, epoxy
compounds, PEI, and so on (Zhang et al. 2021). These
crosslinking agents can form stable chemical bonds
on the surface of microbial cells and biochar through
chemical reactions, thereby improving the stability of
microorganisms. This technique is characterized by
low reversibility and high stability, which minimizes
the leaching of microbial cells.

The common crosslinking method is to mix micro-
organisms with biochar, add a crosslinking agent solu-
tion, stir evenly, and then react at a certain temperature
(Fig. 3d). After the crosslinking reaction is complete, the
excess crosslinking agent needs to be removed by wash-
ing with water or buffer to avoid possible toxic effects on
microorganisms.

A systematic comparison of four immobilization
mechanisms is summarized in a radar chart (Fig. 4)
to evaluate their relative strengths across five dimen-
sions: binding force, retention of activity, stability,
cost-effectiveness, and ease of preparation. Notably,
multiple immobilization mechanisms could coexist in a
single technique. For instance, physical adsorption per
van der Waals forces also occurs in entrapment, cova-
lent bonding, or crosslinking. Covalent bonding could
also contribute greatly to the crosslinking networks.
For binding force and stability, covalent binding and
cross-linking exhibit superior performance. Both tech-
niques help form robust connections between biochar
and microorganisms via chemical bonds or crosslinking
agents, enhancing the mechanical stability and resist-
ance to environmental perturbations of BIMs. Entrap-
ment demonstrates moderate binding force but good
stability, attributed to the protective role of biochar.
In contrast, adsorption shows weaker binding strength
and stability, owing to physical interactions such as
electrostatic forces or van der Waals forces. These
weaker interactions may lead to microbial detachment
or deactivation under fluctuating environmental con-
ditions. However, in terms of ease of preparation and
cost-effectiveness, covalent binding and crosslinking
exhibit high complexity and costs due to the require-
ment for additional chemical reagents and intricate
operational procedures. Adsorption is the simplest and
most cost-effective method. Entrapment and crosslink-
ing have moderate preparation complexity, but entrap-
ment has relatively low costs. For activity retention,



Li et al. Biochar (2026) 8:107

Binding force

Ease of preparation

Cost-effectiveness

Fig. 4 Comparison of four immobilization techniques

adsorption performs best in retaining microbial activ-
ity, as it relies solely on physical interactions that mini-
mally perturb the physiological functionality of the
microorganisms. In contrast, covalent binding and
crosslinking, which involve chemical reactions, may
negatively impact microbial activity due to potential
structural or functional modifications. The selection
of an immobilization technique should be guided by
the specific requirements of the application, balancing
binding force, stability, difficulty of preparation, cost of
immobilization, and activity retention (Fig. 5).

The radar chart is intended to illustrate perfor-
mance trends by converting descriptive features into

4

A

number of plate colonies x dilution ratio
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liquid OD in the culture medium is denoted as OD,.
The OD of supernatant after microbe immobilization
is denoted as OD; to quantify the free microbes. Thus,
immobilization efficiency can be obtained as follows:

ODy — OD;
OD

x 100
(1)

The second method is plate colony counting (Lu et al.
2020). Typically, after appropriately diluting, the sample
solution is added to the plate, and after cultivation, vis-
ible colonies can be formed. The bacterial count in the
sample can be calculated based on its dilution ratio and
sampling inoculation amount:

Immobilization efficiency (%) =
0

(2)

Obtained biomass (CFU/g) =

mass of biochar

semi-quantitative scores, rather than to provide precise
quantitative results (Zhang et al. 2021; Saravanan et al.
2023). The detailed scoring and conversion process is
provided in Fig. S1.

3.4 Immobilization efficiency and determining factors

Determination of immobilization efficiency. Generally,
there are three ways to quantify the amount of functional
microbes fixed on biochar. The first method is to measure
the optical density (OD) value at a designed wavelength
(Jesionowski et al. 2014). Specifically, the initial bacterial

The third method is to examine the expression level of
target genes in biochar through real-time quantitative
PCR (Xiong et al. 2017). By adding fluorescent probes
or dyes to the PCR system, the mass of target microor-
ganisms is assumed to be linearly related to the signal of
dyed genes, and then the copy number of the target gene
in unknown samples can be quantitatively analyzed. By
performing quantitative PCR reaction on immobilized
samples, the cyclic threshold can be obtained, and then
the copy number of the target gene in the immobilized
samples can be calculated.
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Fig. 5 Typical protocols for immobilizing microbes on biochar: a adsorption, b entrapment, ¢ covalent bonding, and d crosslinking

To effectively fix or immobilize functional microbes
onto biochar, several influencing factors and strate-
gies must be considered. Biochar serves as an excellent
microbe carrier due to its unique physicochemical prop-
erties, such as its porous structure, high specific surface
area, and surface functional groups (Shyam et al. 2025a),
which facilitate microbial attachment and growth. The
selection and inoculation of microbial strains are also
critical, typically involving robust Bacillus spp. and meta-
bolically versatile Pseudomonas spp., among others. To
ensure controllability of the immobilization process and
reproducibility of the biochar-microorganism composite
performance, it is essential to standardize key synthesis
parameters. These mainly include: the particle size of
the biochar carrier (generally in the range of 0.15-2 mm,
with 1-2 mm preferred for polycyclic aromatic hydro-
carbon remediation and 0.15-0.85 mm for heavy metal
remediation), feedstock and pyrolysis temperature (rec-
ommended at 400-500 °C); microbial inoculation con-
ditions, such as cell suspension concentration (often

referenced as ODg,, ~ 1.0 or a viable count ~ 108 CFU/
mL) and the carrier-to-suspension loading ratio (com-
monly 1:10-1:20, w/v); as well as the immobilization
incubation time (generally 24 h for microbial immobiliza-
tion). The selection and inoculation of microbial strains is
also critical. Additionally, environmental conditions can
greatly influence microbial immobilization. The key fac-
tors are:

Biochar properties: Key properties of biochar, includ-
ing porosity, surface area, pH, and surface functional
groups, critically influence the immobilization efficiency
of microbes. Generally, biochar with a well-developed
porous structure and high specific surface area (SSA)
enhances microorganism immobilization and survival
For example, in a study by Zhong et al. on formalde-
hyde removal using reed biochar (PAB) immobilized
with Microbacterium esteraromaticum NH-001L, scan-
ning electron microscopy (SEM) and Fourier-transform
infrared spectroscopy (FTIR) were employed to elucidate
the micro-interfacial mechanisms (Zhong et al. 2025)
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Fig. 6 FTIR spectra and SEM characterization of biochar composites: a FTIR spectra of biochar pyrolyzed at 650 °C; b SEM images of PAB

with NH-001L microbial strain (Zhong et al. 2025)

(Fig. 6). FTIR analysis indicated that oxygen-containing
functional groups (-C=0, —COO, and —C-0O) on the
biochar surface served as key sites promoting both for-
maldehyde adsorption and microbial degradation. SEM
imaging visually confirmed the successful colonization of
NH-001L on the porous and layered surfaces of the bio-
char. Furthermore, it was observed that the unique cor-
rugated morphology of PAB provided physical protection
for the microorganisms, reducing their direct contact
with the pollutant and thereby significantly enhancing
the synergistic removal efficiency of the system, achiev-
ing a rate of 84.31%. The SSA of biochar highly depends
on its production conditions, notably pyrolysis tempera-
ture. Alkaline biochar (pH>9) enhances the adsorption
of positively charged microbial cells. Oxygen-containing
groups on biochar (e.g., —COOH) could also facilitate
hydrogen bonding with microbial exopolysaccharides (Li
et al. 2024b).

Microbial characteristics. The surface properties of
microbial cells are key intrinsic factors determining their
successful colonization on biochar carriers. Among these,
surface hydrophobicity directly influences van der Waals
interactions between microbes and the typically hydro-
phobic biochar surface; stronger hydrophobicity gener-
ally facilitates initial physical adsorption. Simultaneously,
the net surface charge carried by microorganisms at spe-
cific environmental pH levels engages in electrostatic
interactions with the surface charges of biochar, which
is rich in oxygen-containing functional groups (such as
carboxyl and phenolic hydroxyl groups). These attrac-
tive or repulsive forces serve as important regulators of
initial attachment. Furthermore, many microorganisms

600
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actively secrete extracellular polymeric substances (EPS)
during growth. EPS is a hydrophilic biopolymer network
composed of polysaccharides, proteins, nucleic acids,
and other components. EPS not only neutralizes cell
surface charges and reduces electrostatic repulsion, but
its inherent adhesive properties also function as a “bio-
logical glue” This significantly enhances the attachment
strength and stability of microbial colonies as a cohesive
unit within biochar pores or on its surface, while pro-
viding a protective microenvironment for the microbial
community. This EPS-mediated adhesion enhancement
mechanism has been supported by relevant studies (Liu
et al. 2017). Consequently, through the combined effects
of these surface properties, microorganisms actively reg-
ulate their interface interactions with the biochar carrier,
thereby influencing the construction efficiency and ulti-
mate stability of BIMs.

Environmental conditions. Environmental condi-
tions such as soil pH, moisture, temperature, and pollut-
ant type critically regulate the synergy between biochar
and microbes in soil remediation and crop growth (Liu
et al. 2017). Most microbes thrive in a neutral pH range
(6.0-8.0). The alkaline nature of biochar neutralizes
acidic soils to reduce heavy metal toxicity and protect
microbial enzymatic activity. Porous structure of bio-
char retains water in arid soils and improves aeration in
waterlogged environments, sustaining microbial hydra-
tion and aerobic degradation. Temperature significantly
affects the bioremediation process by influencing micro-
bial activity. For pollutants like heavy metals and organ-
ics, biochar immobilizes contaminants via adsorption,
enabling microbes to degrade them (e.g., Mycobacterium
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mineralizing PAHs), with plant roots further enhancing
nutrient release and microbial recruitment through exu-
dates (Xiong et al. 2017).

4 Performance of BIMs for soil remediation

and agriculture enhancement
BIMs represent a transformative approach in soil
remediation and sustainable agriculture, merging
the adsorptive benefits of biochar with the meta-
bolic capabilities of microorganisms to mitigate soil
contamination and enhance agricultural productiv-
ity. However, there is still a lack of a systematic study
bridging lab-scale innovations to farmland practicality.
In this section, we summarize the significant findings
from lab-scale pot experiments to farmland studies to
evaluate the performance of BIMs and the underlying
mechanisms.

BIMs are typically applied to soil as solid amendments
at predetermined weight-to-weight ratios (w/w%).
The cases we reviewed show that the BIM application
ranged from 1 to 10% w/w. In pot experiments, where
soil volume is limited and environmental conditions are
controlled, researchers often employ higher application
doses to verify the theoretical remediation potential
of BIMs (Liu et al. 2025). In contrast, field-scale trials
place greater emphasis on the economic feasibility and
long-term ecological safety of the technology. Hence,
the application doses are generally more conservative
(Zhang et al. 2023; Zou et al. 2024). The global median
market price for biochar ranges from 1 to 2710 USD
per ton, with 400 USD as the median value (Campion
et al. 2023), depending on its feedstocks and synthe-
sis method. While microbial inoculant costs are also
variable, scaled production using waste substrates
can render them economically feasible (e.g., produc-
tion costs for agents like cellulase or citric acid can fall
below 1-2 USD per kilogram) (Patel and Amaresan
2022). Consequently, dose optimization is not only an
agronomic but also an economic imperative. The lack
of field-based “dose—effect” data often leads to ineffi-
cient and high-dose applications. Future research must
therefore develop integrated “dose—effect—cost” models
to identify the minimum effective dose that aligns eco-
nomic viability with desired remediation or agronomic
outcomes.

For the remediation of moderately to heavily contami-
nated soils by heavy metals and/or organic pollutants, a
relatively high application dose of BIMs (e.g., 2—-5% w/w)
is typically required. This dosage range is designed to
provide sufficient adsorption sites for the contaminants
and to offer the necessary support for the introduced
functional microorganisms to establish colonization. In
contrast, for supplementary applications to improve soil
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fertility and plant growth, a lower BIM application rate
(e.g., 1-3% w/w) is often adequate. This reduced dosage
can effectively improve soil microbial activity and nutri-
ent cycling functions, while offering greater advantages
in terms of economic feasibility.

BIMs are applied as solid soil amendments, typically
recommended to be uniformly incorporated into the
tillage layer (usually 0-20 cm depth) using conventional
farming machinery such as rotary tillers, either before
sowing or during the early crop growth stages (Tu et al.
2020). Application can be conducted as a single event or
in multiple rounds, depending on experimental design or
agricultural practice. In some cases, BIMs are co-applied
with compost or fertilizers (Azeem et al. 2021). After
application, certain BIM samples are often manually
extracted from the soil via methods such as collection,
sedimentation, or filtration for further analysis.

It is noteworthy that critical field operational details—
such as incorporation depth (surface application vs. thor-
ough mixing in the tillage layer), timing relative to crop
growth stages, single versus split applications, and com-
patibility with common agricultural machinery—remain
insufficiently standardized in the existing literature.
This lack of detailed and consistent reporting limits the
extrapolation of findings from controlled experiments to
real-world agricultural scenarios. Future research aimed
at standardization should focus on determining optimal
incorporation depths, application timings, and the need
for split applications across different soil textures and

crop types.

4.1 Aging of BIMs
Following the application of BIMs, biochar undergoes
fragmentation, dissolution, and oxidation due to environ-
mental factors like temperature variations and microbial
activities. These changes alter the physicochemical prop-
erties of biochar and can affect its immobilization effi-
ciency of functional microbes. Concurrently, functional
microbes in BIMs could also interact with both biochar
and the soil environment along with the aging process.
Aging of biochar in BIMs. Biochar undergoes struc-
tural and chemical transformations in soil over time.
Prolonged soil exposure leads to more mineral and soil
particles coating on the biochar surface, altering its
porosity and wettability. The initial high surface area
and porosity of biochar typically diminish over time due
to physical alterations and biological processes, such as
the accumulation of soil organic matter within its pores
(Jiang et al. 2022). Generally, aged biochar becomes more
hydrophilic due to oxidation and adsorption of polar
organic compounds. Aging increases oxygen-containing
functional groups (e.g., carboxyl, hydroxyl) on biochar
surfaces through abiotic oxidation. After a certain time of
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aging, biochar might not function well as a microbial car-
rier (Chen et al. 2012).

Changes of microbes in BIMs. Both the population
and community structure of microbes in BIMs will adapt
to biochar aging. Aging of biochar alters soil pH, nutrient
availability, and carbon content, favoring specific micro-
bial taxa. Microbes colonize in biochar pores and form
biofilms, which could protect them from environmen-
tal stressors. However, the existing local microbes could
compete with the added functional microbes for both
nutrients and biochar sites. In addition, possible agricul-
tural practices, wet-dry and freeze-thaw cycles, are all
unknown challenges for functional microbes in BIMs.
Future research should prioritize more field-scale studies
to provide more understanding of BIMs in real farmland.

4.2 Effects of BIMs on soil properties

BIM application significantly enhances soil physico-
chemical and biological properties, improving soil health
and plant growth (Fig. 7). Documented positive effects
include elevated enzyme activities (urease, dehydroge-
nase, and phosphatase) and improved aeration/water
retention capacity. The overall soil pH increased in most
of the cases we reviewed (insect in Fig. 7, as 76.3% of the
points appear above the y=x line). Some other important
biochemical parameters, such as CFU/mL, SOM, total

Increase

Changes in soil parameters
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N/P, and CEC, all increased after BIM application, while
soil EC dropped.

Soil pH and buffering capacity. BIMs are particularly
effective in neutralizing acid soils because the carbonates
and silicates in the biochar ash release alkaline ions (e.g.,
Ca?*, Mg?") to neutralize H". In the cases we reviewed,
the soil pH increases by 1-2 units (Fig. 7) after applica-
tion of BIMs. In addition, the activity of acid-producing
bacteria (e.g., nitrifying bacteria) is suppressed (Ma et al.
2021). At the same time, the activity of alkali-producing
bacteria (e.g., some actinomycetes) is increased (Azeem
et al. 2021). In neutral soils, changes in pH are slight, but
the inherent buffering capacity of biochar and microbes
can stabilize the soil and prevent acidification. In the
cases we reviewed, application of 10 tons/ha of BIMs
(rice husk biochar; pH 9.2) to neutral paddy soil (ini-
tial pH 7.1) slightly increased soil pH to 7.4 after 3 years
(Wang et al. 2021).

Cation exchange capacity (CEC) and nutrient reten-
tion. Soil CEC can be significantly increased by 23.4—
118% after adding BIMs (Fig. 7). The high value of CEC
of biochar can also help stabilize essential nutrients,
such as nitrogen, phosphorus, and potassium (Shyam
et al. 2025b). Biochar itself contains a certain amount
of organic matter, nitrogen, phosphorus, and potas-
sium, which can be used as a slow-release fertilizer
source to provide a continuous supply of nutrients to
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Fig. 7 Effects of BIMs on soil properties (Specific enzyme activity is indicated; the circle represents the sample case. The horizontal line

within the box denotes the median.)
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microorganisms and plants. For example, straw biochar
released soluble organic carbon (DOC) during decom-
position, which promoted a 37.7% increase in the soil
carbon pool management index and enhanced micro-
bial utilization of persistent organic matter (Chen et al.
2012). In a study utilizing a BIM (biochar loaded with
Bacillus aryabhattai), Huang et al. observed an associ-
ated increase in soil CEC from 8.77 to 24.42 cmol kg_l,
underscoring the soil-amendment potential of biochar-
based composites (Huang et al. 2024). The negatively
charged functional groups on biochar (such as carboxyl
and hydroxyl) can effectively attract cations. Organic
acids and other substances produced by microorgan-
isms can further increase the negative surface charge of
BIMs. Microbial metabolism promotes nutrient cycling,
enzyme secretion, and contaminant transformation.
Concurrently, BIMs reduce nutrient leaching via adsorp-
tion of NH,*, NO,™, and PO,*" on biochar, while micro-
bial mineralization converts insoluble nutrients into
plant-available forms. For example, BIMs (biochar com-
posites with immobilized Bacillus lysimachiae) effectively
degraded petroleum hydrocarbons while significantly
increasing reactive soil phosphorus and potassium levels
(Chen et al. 2012).

Water retention capacity and soil structure. Bio-
char, with its inherent high porosity and large specific
surface area, effectively adsorbs moisture and expands
capillary pores in soil, thereby directly enhancing soil
water-holding capacity. Simultaneously, extracellular pol-
ysaccharides secreted by microorganisms immobilized
on biochar act as natural biocementing agents, promot-
ing soil particle aggregation and optimizing soil aggregate
structure (Sher et al. 2020). This structural improvement
not only enhances soil stability and permeability but also
indirectly yet significantly boosts water retention by cre-
ating more stable pore spaces. These microbial-mediated
soil structure improvements are supported by relevant
research. Thus, within the BIM system, biochar’s physical
water retention and microbial biochemical soil modifica-
tion complement each other, jointly enhancing the soil’s
water-holding capacity.

Enzyme activity and microbial diversity. Many soil
enzymes (e.g., dehydrogenase, urease, and phosphatase)
are enhanced by BIMs since the biochar surface can stabi-
lize enzyme molecules and improve enzymatic reactions.
In addition, the organic carbon absorbed on biochar can
act as a carbon source for microorganisms and stimulate
their secretion of enzymes (Ren et al. 2022b). For exam-
ple, increased urease activity may be associated with
microbial demand for nitrogen conversion. The alkalinity
of biochar neutralizes acidic soils and optimizes the neu-
tral environment for enzyme function. Microbial diver-
sity index increases as discussed in Sect. 3.3. Biochar
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pores provide differentiated microhabitats for various
microorganisms and support the coexistence of diverse
flora. Carbon, nitrogen, and phosphorus in biochar can
provide substrates for nutritive microorganisms. Mean-
while, biochar inhibits excessive competition from indig-
enous microorganisms and promotes the colonization of
functional microbes (e.g., phosphorus-solubilizing bacte-
ria) (Yu et al. 2025). In addition, biochar-mediated elec-
tron transfer processes (e.g., redox reactions) (Wu et al.
2022) can activate soil enzymes (e.g., dehydrogenases,
peroxidases) and accelerate the transformation of con-
taminants (Zhang et al. 2019).

4.3 Effects of BIMs on soil microbial community structure
Adding BIMs into soil could be considered a microbial
invasion into the native soil microbial communities.
Use of biochar could significantly enhance the survival
of functional microorganisms in soil environments and
promote plant growth (Kamyab et al. 2025; Mei et al.
2022). In polluted soil, microorganisms in BIMs migrate
into biochar pores for protection or encapsulate them-
selves within biochar particles to maintain their popula-
tion against toxic substances. BIMs can also buffer soil
pH and positively influence the soil microbial commu-
nity. For instance, Bacillus thuringiensis HC-2 can secrete
NH* to increase soil pH (Li et al. 2019). For acidic soils,
an increase in pH can reduce the solubility and mobility
of heavy metals, thereby mitigating their toxic effects on
soil microorganisms (Wang et al. 2024). Thereby, BIMs
could potentially increase the diversity of the soil micro-
bial community and stimulate the beneficial microbial
species.

To quantify the effects of BIMs on soil microbial com-
munities, we compared the alpha diversity indices of soil
microbial communities (Chaol, Shannon, and Simp-
son index) across control (CK), biochar (B), microbe
(M), and BIM group (Fig. 8a—c). Biochar (Group B) or
microbes (Group M) alone did not increase the diver-
sity significantly. Yet the combination of biochar and
microbes (Group BIM) markedly increased alpha diver-
sity in the Chaol index (from 990.29 to 1900.22), Shan-
non index (from 4.31 to 5.62), and Simpson index (from
0.84 to 0.89). To demonstrate the increased extent, rela-
tive ratios of B/CK, M/CK, and BIM/CK (data extracted
from each case) were plotted (Fig. 8d). Again, the intro-
duction of biochar (B/CK) or microbes (M/CK) only
induced a negligible increase in diversity in the Chaol
index, Shannon index, and Simpson index. However,
BIMs (BIM/CK) drove significant microbe diversity
increases, with the Shannon index rising by 30.85%
on average. Specifically, corn straw biochar inocu-
lated with Klebsiella jilinsis 2N3 significantly enhanced
the a-diversity of soil microbial communities, with
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increases of 19.59%, 24.05%, and 41.07% in the Chaol,
Shannon, and Simpson indices, respectively (Zhai et al.
2023). Sun et al. demonstrated that biochar-immobi-
lized Alcaligenes faecalis WZ-2 enhanced tebuconazole
degradation and promoted soil microbial community
restoration (Sun et al. 2020). While microbe amend-
ment alone only partially recovered richness (Chaol
only dropped by 17.1% compared to uncontaminated
soil), biochar alone and BIMs restored both diversity
and richness. BIM treatment performed best, restoring
the Shannon and Chaol indices to 98.6% and 93.1% of
CK levels, respectively, indicating a synergistic recov-
ery effect. To better visualize the collected experimental
data, field trial results were highlighted in red (Fig. 8d).
Interestingly, pot experiments exhibited a broader dis-
tribution, whereas field trial data clustered predomi-
nantly around 1.0. It is noteworthy that BIMs in pot
experiments significantly enhanced all three diversity

indices; however, this positive effect was weaker under
field conditions. For field tests, Zou et al. observed that
biochar or microbes alone increased the bacterial com-
munity Chaol index by 10.13% and 6.86%, respectively,
but BIMs resulted in a lower enhancement (4.35%)
(Zou et al. 2024). This discrepancy may be attributed
to the well-controlled environmental conditions in pot
experiments, such as those found in greenhouses or
laboratory settings. Pot experiments exhibited a broader
distribution, whereas field trial data clustered pre-
dominantly around 1.0. Field trials are subject to mul-
tiple uncontrolled factors, including rainfall, extreme
weather events, and pest infestations, all of which may
destabilize microbial community structures. Despite
these challenges, the scarcity of existing field studies
underscores the need for more comprehensive investi-
gations to elucidate the impacts of BIM on soil micro-
bial diversity. Future research should prioritize the
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design of systematic field practices that account for the
complex interplay of environmental variables.

Research has shown that the BIMs can provide an
optimal micro-ecological environment for the prolif-
eration of beneficial bacteria in the soil. This favorable
environment enables beneficial microbes to reproduce
rapidly and establish a dominant presence within the
community. For example, Wang et al. found that pig
manure biochar loaded with Bacillus subtilis promoted
the growth and reproduction of native microorganisms
(Wang et al. 2017). Biochar is inherently rich in essen-
tial nutrients (Wu et al. 2021); thus, BIMs could not
only support microbial growth but also enhance their
metabolic activities (Bolan et al. 2023). Furthermore,
the presence of biochar affords protection to microor-
ganisms, thereby promoting their growth and repro-
duction (Liu et al. 2023).

4.4 Performance of BIMs for soil remediation
BIMs can effectively remediate diverse soil pollutants,
categorized as organic and inorganic contaminants. In
the cases we reviewed, typical organic pollutants include
polycyclic aromatic hydrocarbons (PAHs), organochlo-
rine pesticides, and other organic pollutants, which are
primarily remediated through adsorption-enriched bio-
degradation facilitated by BIMs. For the inorganic pol-
lutants, BIMs mainly immobilize heavy metals, including
lead (Pb), chromium (Cr), cadmium (Cd), nickel (Ni),
arsenic (As), and copper (Cu) (Saravanan et al. 2023).
Comparative analysis of soil remediation efficiency
across treatment groups (Fig. 9a) consistently demon-
strated the order: BIMs>B>M>CK. For inorganic pol-
lutants (left part in Fig. 9a), the control group (CK)
exhibited a natural immobilization with an average
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removal efficiency of 14.3%. Similarly, natural decay of
organic pollutants was found (right part in Fig. 9a). For
inorganic pollutants, introduction of biochar alone (B)
and microbe alone (M) can greatly increase the removal
efficiency to 26.2% and 42.4%, respectively. How-
ever, the BIM group was able to further increase the
removal rate to 94.7%. In the case we studied, the high-
est removal rate of 95% was achieved with the BCXZM
complex (Bacillus XZM immobilized on rice husk bio-
char) (Irshad et al. 2021). A similar trend can be found
for organic pollutants, and up to 97.64% degradation
was found (right part in Fig. 9a). For example, Eman H
et al. found that biochar and bacterial community com-
plexes derived from sunflower seed husk and rice straw
were able to further increase the removal rate to 97.64%
(El-Gamal et al. 2023). Again, to highlight the relative
increase of removal efficiency of target pollutants by add-
ing biochar, microbes, or BIMs, the normalized relative
ratio of removal efficiency was also plotted (Fig. 9b). The
BIM group demonstrated the highest pollutant relative
removal ratio (82.6% for inorganic and 94.7% for organic
pollutants), while biochar alone (B) was not as effective
at immobilizing heavy metals Pb(II) as it was at remov-
ing organic pollutants phenol (ElI-Gamal et al. 2023). The
superior performance of BIMs compared to M or B alone
suggests that biochar not only serves as an effective sorb-
ent but also enhances microbial survival, thereby estab-
lishing synergistic mechanisms for sustainable pollutant
removal. In the pepper study (Zhang et al. 2023), treat-
ments were CK (no amendments), TF (chemical fertilizer
only), TFP (PGPR only, as M), TPB (biochar only, as B),
TFPB1 (PGPR+biochar, as BIM), and TFPB2 (double-
dosed BIM). Significant outcomes (p <0.05) showed that
BIM treatments (both TFPB1 and TFPB2) yielded the
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highest fresh and dry pepper yields compared to CK,
B, and M treatments, with TFPB2 being superior. Fruit
quality parameters (e.g., reducing sugar, and vitamin C)
were significantly enhanced in BIM treatments, and NPK
accumulation, fertilizer use efficiency, and net income
were also significantly higher in BIM groups than in
the single-amendment treatments. Scaling effects from
laboratory (pot tests, n=39) to field practices (n=5)
were evaluated (Fig. 10). Despite disparities in sample
size, environmental exposure, and soil heterogeneity
between field and pot experiments, a consistent trend
was observed across treatment groups for the removal
efficiency of both inorganic (Fig. 10a and b) and organic
(Fig. 10c and d) pollutants: BIM>M>B>CK. (Both
median and mean values followed the same trend) This
trend suggests that BIMs exhibit synergistic remediation
efficiency stably across environmental scales. It is worth
noting that the efficiency of the field BIMs (70.2% for
inorganic contaminants; 80.1% for organic contaminants)
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was moderately lower compared to the pot trials (93.2%
for inorganic; 94.7% for organic) (Li et al. 2024c), likely
due to climatic variability and competition from indig-
enous microorganisms. Nevertheless, treatment with B
only demonstrated a limited efficiency (<30%), confirm-
ing that adsorptive immobilization alone was insufficient
for complete pollutant removal. Microbial treatment
(M) exhibited moderate efficiency. A study on cadmium
immobilization by rice straw biochar and Bacillus cereus
RC-1 revealed that only the microbial group demon-
strated cadmium immobilization of 38.82%. In contrast,
the biochar group exhibited a lower immobilization
efficiency (11.77%) (Mei et al. 2022). To quantify plant
growth enhancement by BIMs, we extracted the experi-
mental data of root length, root dry weight, and crop pro-
duction to evaluate in various treatment groups (Fig. 11).
The application of BIMs in soil significantly enhanced
root (p<0.05), compared to CK, B, and M, with BIMs
showing the highest yield in both seasons. Soil properties
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(e.g., organic matter and available potassium) and ben-
eficial microbial abundance (e.g., Bacillus, Pseudomonas)
were also significantly improved in BIM treatments.

The synergy in BIMs addresses fundamental limita-
tions: biochar alone can adsorb contaminants, but it lacks
microbial degradation capacity. As a result, the adsorbed
pollutants could be released/desorbed back to the soil
matrix, resulting in limited and unstable remediation.
Microorganisms are susceptible to environmental stress-
ors (e.g., pH changes, nutrient deficiencies), leading to
possible low survival rates and inhibited activity, espe-
cially in contaminated sites. Combining biochar with
microbial degradation in BIMs can create an “adsorption-
degradation-regeneration” cycle to significantly improve
remediation efficiency and long-term stability. For
instance, BIMs outperformed biochar or microbial treat-
ments in petroleum hydrocarbon remediation by 32-51%
(Bekchanova et al. 2024). In heavy metal-contaminated
soils, the BIM group synergistically reduced heavy metal
bioavailability through microbial metabolism and bio-
char immobilization (Shan et al. 2025). The great effi-
ciency enhancement by BIMs is mainly attributed to: (1)
pollutant adsorption and microbial enrichment within
the porous matrix of biochar, creating localized high-
concentration zones for metal immobilization/organic
complexation; and (2) biochar-mediated stabilization of
soil pH and moisture, buffering environmental fluctua-
tions that inhibit microbial activity.

4.5 Performance of BIMs for plant growth enhancement
To quantify plant growth enhancement by BIMs, we
extracted the experimental data of root length, root dry

weight, and crop production across various treatment
groups (Fig. 11). The application of BIMs in soil signifi-
cantly enhanced root length, dry root weight, and even
crop production, compared to the use of B or M alone
(Fig. 11). The addition of B showed a slight increase of
11.23% and 11.89% in root length and dry root, respec-
tively. The introduction of functional M significantly
increased root length and dry root by 17.51% and 13.48%,
respectively. BIMs further increased root length and dry
root by 32.10% and 40.05%, respectively. Noureen et al.
found that drought stress significantly inhibited wheat
morphogenesis, resulting in reductions of root length
and shoot length by 21% and 10%, respectively (Nou-
reen et al. 2024). All individual amendment measures
demonstrated positive mitigative effects: the applica-
tion of biochar alone increased root length and shoot
length by 17-30% and 30-42%, respectively, relative to
the drought-stressed control. Inoculation with efficient
PGPR strains alone, such as Bacillus subtilis DTS-21,
exhibited even stronger biostimulatory potential, pro-
moting increases in root length and plant height by 32.1%
and 46.4%, respectively. Notably, the combined treatment
of PGPR consortia and biochar revealed a significant syn-
ergistic effect, enhancing root length and shoot length
by 70% and 82%, respectively, compared to the drought
control—markedly outperforming any individual treat-
ment. For crop yield, B and M showed limited increase,
with average gains of 19.88% and 9.97% on a per-hectare
basis. However, treatment of BIMs demonstrated the
most significant effect, achieving a 29.76% yield increase.
For example, Zhang et al. demonstrated that soil amend-
ment with BIMs (grain-derived biochar with Bacillus
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amyloliquefaciens and Paenibacillus polymyxa) signifi-
cantly enhanced chili pepper yield by 66.86% compared
to the control group (Zhang et al. 2023).

Early plant growth critically determines crop yield, as
stressors during this phase can cause irreversible dam-
age (Carril et al. 2025; Wen et al. 2022). Roots play a
central role in nutrient uptake, and their health directly
correlates with overall plant vitality (Jafri et al. 2018).
Roots can directly interact with added biochar, microbes,
or BIMs. Notably, thirty days after application of BIMs
(cotton straw biochar immobilized with PSB), the root
length of tomato increased by 375%, and root dry weight
increased by 80% (Bai et al. 2024a). PSB is a widely used
biofertilizer that converts insoluble phosphorus into
plant-available forms. Biochar enhances the colonization
of PSB in the plant root zone and boosts the acid pro-
duction capacity of PBS (Chen et al. 2023a). Addition-
ally, functional groups on the biochar surface can help
improve phosphorus solubility (Tallur et al. 2015). These
synergistic interactions significantly enhance phospho-
rus dissolution efficiency and increase the abundance of
available phosphorus in the soil (Qu et al. 2024).

BIMs offer a suite of benefits for plant growth by
improving the soil CEC to enhance nutrient retention
and provide a more favorable growth environment for
crops. Immobilized microorganisms in BIMs exhibit
higher stability, prolonged efficacy, and improved resist-
ance to adverse environmental stressors (Tallur et al.
2015). For example, the application of BIMs in Cd-con-
taminated soil significantly enhanced the growth per-
formance of ryegrass, particularly with improved shoot
elongation and root system development (Liu et al. 2025).

In addition to promoting nutrient availability, certain
microorganisms can produce beneficial compounds such
as amino acids, amines, and plant growth-promoting
hormones (e.g., polyamines, indole acetic acid, or indole-
3-acetic acid) that further support plant growth (Wang
et al. 2022). Indole-3-acetic acid (IAA), a primary natu-
ral auxin, plays a crucial role in regulating plant growth
and development. It enhances the absorption efficiency
of mineral elements by optimizing root system struc-
ture, including improving root hair density and lat-
eral root formation. In addition, IAA boosts pathogen
defense by inducing systemic resistance. For instance,
Arthrobacter creatinolyticus can secrete both IAA (up to
68.9 mg mL™!) and ammonium nitrogen, concurrently
promoting plant growth and nitrogen nutrition (Prum
et al. 2018). Amino acids and amine compounds (like
glutamine and putrescine) can act as nitrogen reserves,
alleviating nitrogen limitation stress. Some microorgan-
isms also secrete siderophores to increase iron bioavail-
ability, synergistically enhancing IAA-mediated growth
promotion and plant health (Egamberdieva et al. 2019).
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BIM application in soil also enhances pathogen control
and disease suppression for crops. Biochar inhibits path-
ogen proliferation by modulating soil pH, stabilizing soil
nutrients, and exerting inherent antimicrobial effects. For
example, Russi et al. applied BIMs (grape bagasse bio-
char combined with Bacillus velezensis S26) to inhibit
grape diseases (Russi et al. 2024). Similarly, Chen et al.
found that BIMs (biochar combined with Bacillus sub-
tilis SL-44) could reduce the incidence of fusarium wilt
in radish by 59.88% (Chen et al. 2023b). Jia et al. found
that BIMs (biochar-loaded Bacillus subtilis Tbp55)
achieved 79.60% efficacy against tobacco disease (Jia et al.
2022). Similarly, Rasool et al. found that BIMs (biochar
combined with Bacillus subtilis) significantly enhanced
the disease resistance of tomatoes. Biochar can absorb
nutrients and increase soil pH to inhibit certain patho-
gen growth (Rasool et al. 2021). Moreover, biochar,
along with the fixed microorganisms, exhibits antibacte-
rial effects for some bacteria, thereby reducing the inci-
dence of soil-borne diseases (Jaiswal et al. 2020). PGPB
are common inoculants that can fix nitrogen, solubilize
phosphorus and potassium, and produce antibiotics.
PGPB can greatly help to decrease pathogen popula-
tions and improve overall soil health (Kong et al. 2022).
Through antagonistic interactions, either by secreting
bioactive compounds (e.g., by producing organic acids,
gibberellins, cytokinins, etc.) or inducing plant resistance
(Liu et al. 2022), PGPB play a vital role in enhancing soil
quality and crop resilience.

The application of BIMs in soil enhances the photosyn-
thetic efficiency of plants. Bai et al. observed that under
phosphorus deficiency conditions, the total chlorophyll
content in tomatoes increased significantly by 63% com-
pared to the control group after 30 days of BIM treat-
ment (Bai et al. 2024a). In contaminated soil, BIMs not
only effectively mitigate soil fertility loss but also regulate
nutrient cycling to support chlorophyll synthesis. Con-
currently, microorganisms immobilized on BIMs protect
plants from stress through mechanisms such as cellular
adhesion and signal transduction (Shi et al. 2023), further
promoting chlorophyll accumulation. Additionally, BIM
application modulates the functionality of photosystem
II (PSII), including electron transport and energy dissi-
pation (Woo et al. 2025). These findings highlight multi-
faceted roles of BIMs in optimizing plant photosynthetic
performance under abiotic stress.

Regarding monitoring strategies, future research
should establish a real-time dynamic monitoring data-
base centered on the abundance of microbial functional
genes (e.g., the nitrogen-fixing gene nifH, the denitrifi-
cation gene nosZ), integrated with soil physicochemical
properties and contaminant residues. This will enable
precise assessment of the field colonization and activity
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of functional microorganisms. Secondly, for microbial
protection, the porous structure of biochar should be
fully utilized to provide physical refuge for microorgan-
isms. Furthermore, advanced delivery technologies such
as microencapsulation and sodium alginate/chitosan
embedding should be further developed to enhance
microbial resistance to stressors like drought and UV
radiation, thereby ensuring their viability in the field.
Additionally, it is essential to establish a proactive risk
assessment and management framework to systemati-
cally evaluate potential ecological risks, such as microbial
escape and horizontal gene transfer. Dose—response rela-
tionships and application guidelines should be formu-
lated based on long-term field data to prevent potential
adverse effects, such as nutrient imbalance or negative
ecological impacts resulting from prolonged application.
Therefore, conducting more long-term and systematic
field monitoring studies and integrating the tripartite
technical safeguard system of "monitoring—protection—
assessment" are crucial for reducing uncertainties in the
application of BIM technology and achieving its scalable
and sustainable implementation.

To address these translational challenges and bridge
the lab-to-field gap, future research on BIMs should
prioritize the establishment of an integrated "monitor-
ing—protection—assessment” framework to advance
the field applicability and ecological safety of this
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technology. Monitoring strategies must incorporate
real-time, dynamic tracking of functional microbial
genes coupled with soil physicochemical and contami-
nant data to accurately evaluate microbial colonization
and metabolic activity. Concurrently, biochar proper-
ties should be optimized through surface modification,
porosity engineering, and composite design to enhance
microbial habitat quality and stress resilience. Micro-
encapsulation and biofilm-based delivery systems can
further improve microbial survival under environmen-
tal stressors. A proactive risk-assessment protocol is
also essential to address potential ecological concerns,
such as microbial dispersal and horizontal gene trans-
fer, with guidelines informed by long-term field studies.
Additionally, the integration of synthetic biology—for
instance, CRISPR-engineered microbial strains—with
tailored biocarriers could lead to advanced remediation
systems with enhanced functionality. Ultimately, the
sustainable implementation of BIM technology should
align with broader environmental and agricultural sus-
tainability goals, supported by life-cycle assessments,
stakeholder engagement, and science-informed policy
frameworks.

In summary, the integration of BIMs in soil has mul-
tiple beneficial effects: promoting early plant growth
and improving root health to enhance disease resistance
and nutrient acquisition (Fig. 12). Through these various

The benefits of BIMs
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functions, a significant increase in crop yield is expected.
Beyond yield, BIMs can also improve crop/fruit quality,
as evidenced by elevated free amino acids and vitamin
C in pepper fruits (Zhang et al. 2023). Researchers con-
cluded that BIMs improved fruit quality mainly by boost-
ing the nutrient transformation by beneficial rhizosphere
microorganisms, increasing plant photosynthetic rate,
and promoting photosynthate transformation (Luo et al.
2025).

5 Conclusions and perspectives

In this review, we systematically summarize the mecha-
nisms and outcomes associated with BIMs, elucidating
their roles in soil remediation and sustainable agricul-
ture. Key conclusions and perspectives are as follows:

1) Synergistic efficacy of BIMs: The integration of bio-
char and functional microbes creates a synergistic
system, enhancing pollutant adsorption and micro-
bial degradation while improving soil health.
Enhanced pollutant remediation: BIMs significantly
outperform standalone biochar or microbial treat-
ments by 32-51% in immobilizing heavy metals and
degrading organics, attributed to adsorption-metab-
olism coupling. (Both median and mean values fol-
lowed the same trend)
3) Soil and crop benefits: BIMs elevate soil enzyme
activities (urease, dehydrogenase), nutrient retention,
and microbial diversity. By enhancing root devel-
opment and stress resistance, BIMs increased root
length (by 32.10%) and root dry weight (by 40.05%),
as well as crop yield (up to 53%).
Field scalability challenges: Despite high efficiency
in lab/pot trials, field applications face variability in
microbial survival and efficacy due to environmental
stressors. Unfortunately, only 11 out of 92 reviewed
studies involved field tests. These data gaps and field
trial scarcity greatly limited the scaling-up of this
technology.

5) Dose and cost optimization: Current research lacks
comprehensive dose—effect relationships for BIMs
in farmland, with most studies relying on empirically
determined dosages from lab-scale experiments.
Cost—benefit analyses remain scarce, yet both factors
are critical for farmers and policy decisions.

6) Further modifications on both biochar and microbes:

Future research should focus on optimizing the sur-

face characteristics of biochar to improve its micro-

bial immobilization capacity. Moreover, genetically
engineered microorganisms show promise for target
pollutant remediation.

Alignment with sustainability goals: BIMs offer a

scalable solution for soil degradation and food secu-
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rity, aligning with the UN Sustainable Development
Goals. Successful implementation requires farmer-
centric strategies, lifecycle assessments, and policy
support.
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