
(p-issn: 2089-8630)       Journal Science and Technology Tadulako      (e-issn: 2962 5696) 

Jurnal Sains dan Teknologi Tadulako 

 

Vol 12 No.1, April 2026  1 
 

Received October 09, 2025, Revised April 15, 2026, Accepted for publication April 20, 2026 
Copyright 2026 Published by Tadulako Journal of Science and Technology, ISSN 2089-8630 

DOI: https://doi.org/10.22487/jstt.v12i1.992 

DEVELOPMENT OF ENCAPSULATION TECHNOLOGY TO 

ENHANCE THE PERFORMANCE OF MICROBIAL SELF-HEALING 

CONCRETE 
 

Dewi A. SETIAWATI1, Andi A. ADAM2, I Nengah SUWASTIKA3 
1Doctoral Program in Civil Engineering, Faculty of Engineering, Tadulako University 

2Department of Civil Engineering, Faculty of Engineering, Tadulako University. 

 3Department of Biology, Faculty of Mathematics and Natural Sciences, Tadulako University.Jl. 

Soekarno-Hatta Km. 9 Palu, Sulawesi Tengah. 

Email: dewiayusetiawati.umpalu@gmail.com 

 

Abstract  

Microbial self-healing concrete offers an innovative solution to address the problem of cracks in 

modern infrastructure, but its field application is hindered by the viability of bacteria within the harsh 

concrete matrix. This systematic literature review aims to explore the development of encapsulation 

technology as a strategy to enhance the performance of microbial self-healing concrete. The 

methodology includes a comprehensive search of major academic databases using a combination of 

specific keywords, and article selection based on strict inclusion and exclusion criteria. Analysis 

found that a diverse range of encapsulation technologies have been adopted, including the use of 

sodium silicate-coated Recycled Coarse Aggregate (RCA), fly ash, cement shell microencapsulation, 

biopolymer encapsulation, pH-sensitive hydrogels, and modified manufactured aggregates. These 

technologies significantly enhance bacterial viability and the effectiveness of the self-healing 

process, resulting in more efficient crack closure and improved mechanical properties and durability 

of the concrete. Nevertheless, significant challenges still include the long-term viability of bacteria, 

limitations in the scale of field application, and the high cost of encapsulation production. This 

research concludes that the development of essential encapsulation technology is crucial in 

advancing microbial self-healing concrete applications toward more durable and environmentally 

friendly construction solutions. 

Keywords: Self-healing concrete, Microbes, Encapsulation, Bacterial viability, Calcium carbonate 

precipitation, Systematic review. 

 

1. Introduction 

Concrete, as the most widely used construction material, is highly susceptible to cracking, which 

can reduce structural integrity, accelerate deterioration, and increase maintenance costs (Sidhu et.al., 

2023, Wong et.al, 2024; Amer et.al, 2020). In addition, cracks facilitate the ingress of aggressive 

agents, leading to the corrosion of steel reinforcement (J. Xu, Tang, Wang, et.al, 2020; Ling & Qian, 

2017). To address these challenges, self-healing concrete, which possesses the ability to 

autonomously repair cracks, has emerged as a promising and innovative solution (Sidhu et.al, 2023; 

Su et.al, 2021). 

This systematic review aims to provide a comprehensive assessment of the development of 

encapsulation technologies in the field of microbial self-healing concrete. Specifically, the study 

seeks to identify the various types of encapsulation technologies, evaluate their effects on microbial 

viability and the self-healing performance of concrete, including crack-closing efficiency and 

strength recovery, and examine existing challenges as well as future research directions. It is 
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anticipated that this review will offer valuable insights and practical guidance for future studies and 

real-world applications in the field of sustainable construction materials. 

2. Literature Review 

This literature review identifies various innovations in microorganism encapsulation 

technologies for self-healing concrete, which are designed to protect biological agents within the 

harsh concrete environment and activate them when cracks occur. Overall, these studies demonstrate 

significant efforts to develop intelligent and sustainable encapsulation solutions to enhance the self-

healing capacity of concrete. In general, the selection of encapsulation technology largely depends 

on the type of bacteria used, the desired conditions within the concrete environment, and the release 

efficiency of the self-healing agents. The primary objective is to ensure optimal protection and timely 

activation of the microorganisms, enabling them to effectively perform their healing function within 

the concrete matrix over an extended service life. 

Encapsulation technology plays a crucial role in overcoming the limitations of microbial viability in 

the harsh concrete environment, thereby significantly improving the effectiveness of self-healing. Its 

main impact can be seen in the enhanced survival and activity of bacteria, which have been shown 

to perform better than direct mixing methods, as reported by (Zheng et.al, 2020) and (Dinarvand & 

Rashno, 2022). 

3. Methodology 

This study employed the Systematic Literature Review (SLR) method to examine encapsulation 

technologies for microbial self-healing concrete, with a particular focus on the sustainability and 

performance of the system. The review was conducted in accordance with the PRISMA 2020 

guidelines, as illustrated in Figure 1, to provide a comprehensive overview of the application of this 

technology in the context of sustainable development. 

 

Figure 1. PRISMA Flow Diagram 
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The literature review was conducted using the Systematic Literature Review (SLR) approach through 

a structured process, beginning with article searches in selected databases, followed by data screening 

and eligibility assessment of the studies. Each identified record was screened based on clearly defined 

criteria to ensure that only relevant studies were included. Accordingly, every stage of the process 

was documented in detail, from identification to the final inclusion of studies in the review. 

The SLR approach minimizes bias in the selection of reviewed literature, as each study is assessed 

objectively using predefined criteria. As a result, it provides a comprehensive literature review that 

is methodologically rigorous and scientifically reliable.  

4. Hasil dan Pembahasan 

4.1 PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis)   
The process began with the identification of relevant studies through searches in the Scopus 

database, using highly specific keywords such as “microbial self-healing concrete,” “bacterial AND 

self-healing concrete,” and “encapsulation self-healing concrete.” This search yielded 197 articles 

published between 2015 and 2025. An initial screening process was then conducted by removing 

duplicate records and articles that did not meet the inclusion criteria, including those excluded by 

automation tools (n = 65), as well as articles without abstracts for further assessment (n = 11). 

Subsequently, 116 screened articles were subjected to further evaluation through abstract assessment 

and additional screening procedures. Of these 116 articles, 68 reports could not be accessed or 

retrieved from relevant sources, while 8 additional articles were identified through other sources and 

included in the evaluation process. These reports were then further assessed based on topic relevance 

and methodological quality, with particular emphasis on encapsulation technologies supporting 

microbial self-healing concrete. Following the screening process, a total of 44 studies were included 

in the final review, comprising journal articles published between 2015 and 2025. 

 

Figure 2. Classification Graph Based on Year of Publication 

The classification graph in Figure 2 illustrates the distribution of publications by year of 

publication. The year 2021 was identified as the most productive year, with a total contribution of 18 
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publications. Overall, this distribution indicates an increasing trend in research activity and scientific 

publications in the related field, particularly over the last five years. 

 

Figure 3. Bar Chart Based on Journal Classification 

The first bar chart in Figure 3 presents the distribution of publications based on journal classification. 

The majority of articles were published in the journal Construction and Building Materials, indicating 

that the primary research focus lies in building materials and construction. This was followed by 

several other journals, reflecting the interdisciplinary nature of the field, particularly the integration 

of civil engineering and biotechnology. This distribution suggests that publications are not confined 

to a single discipline, but rather involve multiple scientific domains. The diversity of journals also 

reflects the broad range of research topics pursued by scholars in this area. 

Further analysis, as shown in Figure 4, indicates that the majority of studies were conducted in 

countries such as China, India, and Belgium, as reflected in the geographical distribution of the 

studies. These reports were subsequently analyzed to categorize findings based on encapsulation 

techniques, concrete performance, and sustainability in real-world applications. Through this 

analysis, the SLR provides a clear overview of the application of encapsulation technology in 

microbial self-healing concrete, highlighting its potential to enhance sustainability in the construction 

industry, particularly through the development of more durable and environmentally friendly 

materials. 



Dewi A. SETIAWATI, Andi A. ADAM, I Nengah SUWASTIKA 

Vol 12 No.1, April 2026  5 
 

Received October 09, 2025, Revised April 15, 2026, Accepted for publication April 20, 2026  

Copyright 2026 Published by Tadulako Journal of Science and Technology, ISSN 2089-8630 

 

Figure 4. Bar Chart by Journal Classification 

3.2 Application of Encapsulation Technology and Various Encapsulation Media for 

Microorganisms in Concrete 

In the development of microbial-based self-healing concrete, encapsulation technology plays a 

crucial role in protecting bacteria from the harsh conditions of concrete, such as high alkalinity and 

limited nutrient availability, while also controlling the release of healing agents (Wong et.al, 2024; 

Kim et.al, 2021; Lee & Park, 2018). 

Based on the findings presented in Table 1, which classifies encapsulation applications, various 

strategies have been developed to incorporate healing agents into concrete, primarily bacteria. The 

main categories demonstrate a diversification of methods, ranging from waste-inspired materials to 

synthetic compounds. This diversity reflects multidisciplinary efforts to address the challenges of 

bacterial viability and the controlled release of healing agents in self-healing concrete. 
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Table 1. Classification of Encapsulation Applications 

Application Category Encapsulation Media Author(s) (Year) 

Recycled Aggregate / 

Porous Aggregate-
Based 

LWA, RCA/RFA, FAA, Silica gel, 

Diatomaceous earth, Ca-alginate beads, 

Expanded clay/perlite, Ceramsite, Recycled 
brick, Biochar 

(Vedrtnam et.al, 2025b); (Zanjad et.al, 2024); (J. 
Xu et.al, 2024); (Mohan Rao Pannem et.al, 2024); 

(Kim et.al, 2021); (Wong et.al, 2024);(Huang 

et.al, 2022); (Ivaškė et.al, 2023); (J. Zhu et.al, 

2022); (Liu et.al, 2021); (Huang et.al, 2022); (J. 
Xu et.al, 2018); (Dinarvand & Rashno, 2022); (J. 

Xu, Tang, & Wang, 2020);(Lee & Park, 2018); 

(Alghamri et.al, 2016) 

Polymer / Hydrogel 
Microencapsulation 

PU microcapsules, Alginate beads, Hydrogel 

kitosan, Mikrokapsul melamine, Kapsul 
kaca, PMMA capsules, SAP, 

Resin/epoxy/healing agents 

(Vedrtnam et.al, 2025b); (Zanjad et.al, 2024); 

(Kim et.al, 2021); (Pungrasmi et.al, 2019); (Dai 

et.al, 2022); (Hanna, 2022);(Huang et.al, 2022); 
(X. Zhu et.al, 2021); (Dinarvand & Rashno, 

2022); (Mauludin et.al, 2020); (Nielsen et.al, 

2020); (Debnath & Sen, 2024); (Lee & Park, 

2018); (Mauludin et.al, 2018) 

Cement / Mineral-

Based 

Cement-shell, Metakaolin, Limestone 
powder, Fly ash, Slag, Sulfo-aluminate 

cement, Mortar metakaolin, Na₂SiO₃ 

coatings, Partikel karet berlapis semen 

(Vedrtnam et.al, 2025b); (J. Xu et.al, 2024); (Kim 
et.al, 2021); (Wong et.al, 2024); (Sidhu et.al, 

2023); (Liu et.al, 2021); (Qian, Zhang, et.al, 

2021); (H. Xu et.al, 2019) 

Without Encapsulation 

(Direct Method) and 

Micropores 

Bubuk spora Bacillus, Pencampuran 

langsung, In-situ encapsulation, Urea + 

Ca(NO₃)₂, Spora + Ca-laktat, Substrat 
organik 

(Mohammed et.al, 2024);(Qian, Zhang, et.al, 

2021); (Amer Algaifi et.al, 2020); (X. Zhang & 

Qian, 2020); (J. Xu, Tang, & Wang, 2020); 

(Chithambar Ganesh et.al, 2019); (Ling & Qian, 

2017); (Da Silva et.al, 2015) 

Others 
Mikrovoid alami, CERUP (spora kering + 
garam) 

(Feng et.al, 2021); (Da Silva et.al, 2015) 

 

Table 2. Classification Based on Capsule Size 

Size Category Capsule/Carrier Size Author(s) (Year) 

Micro 

100–500 µm; 100–300 µm; 220 nm; 

200–300 µm; 50–100 µm; 65–120 

µm; 0.5 mm; 1–10 µm; 600–800 µm; 
20–40 µm; 5–200 µm; <500 µm 

(Wong et.al, 2024); (Dai et.al, 2022); (Hanna, 2022); (Luhar et.al, 

2022); (Huang et.al, 2022); (Feng et.al, 2021); (Su et.al, 2021); 

(Dinarvand & Rashno, 2022); (Nielsen et.al, 2020);(Pungrasmi 
et.al, 2019);(Lee & Park, 2018); (J. L. Zhang et.al, 2016); (Erşan 

et.al, 2015);(Da Silva et.al, 2015) 

Macro 

0.075–5 mm; 10–20 mm; 1–2 mm; 

0.2–2 mm; 0.5–2 mm; 2–5 mm; 2.36–

4.75 mm; 3.2–4.0 mm; 2–3 mm; 1.7–

7.2 mm; 0.2–0.4 mm & 1–3 mm; Ø 3 

mm p 50 mm; Ø luar 11.4 mm p 50 

mm; 4–8 mm 

(J. Xu et.al, 2024);(Mohan Rao Pannem et.al, 2024); (Kim et.al, 
2021); (Wong et.al, 2024); (Debnath & Sen, 2024);(Zanjad et.al, 

2024); (J. Zhu et.al, 2022); (Liu et.al, 2021); (Huang et.al, 2022); 

(Liu et.al, 2021); (Qian, Zhang, et.al, 2021);(X. Zhu et.al, 2021); 

(Dinarvand & Rashno, 2022); (Erşan et.al, 2015); (Mauludin 
et.al, 2020); Xu et.al (2020); (X. Zhang & Qian, 2020); (H. Xu 

et.al, 2019); (Mauludin et.al, 2018); (Gilabert, Van Tittelboom, 

Van Stappen, et.al, 2017); (Qureshi et.al, 2016); (Alghamri et.al, 

2016) 

Unspecified / 

Very Small 

No Specific Size; Powdered Spores; 

Without Synthetic Capsules 

(Vedrtnam et.al, 2025b); (Zanjad et.al, 2024); (Kim et.al, 
2021);(Mohammed et.al, 2024); (Sidhu et.al, 2023);(X. Zhu et.al, 

2021); (Qian, Zhang, et.al, 2021); (Qian, Zheng, et.al, 2021); 

(Amer Algaifi et.al, 2020); (Chithambar Ganesh et.al, 2019); 

(Ling & Qian, 2017); (Da Silva et.al, 2015) 
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Based on the capsule size classification presented in Table 2, encapsulation methods in self-healing 

concrete vary widely in dimension, reflecting efforts to adapt to the specific requirements and 

conditions of concrete systems. Micro-sized capsules, generally ranging from 100–500 µm to the 

nanometer scale of approximately 220 nm, are frequently reported in studies involving polymer 

microcapsules, silica gel, or diatomaceous earth (Wong et.al, 2024; Dai et.al, 2022; Luhar et.al, 

2022). 

The chart in Figure 5 illustrates the distribution of bacterial use in self-healing concrete research 

based on the compiled data. Bacillus subtilis and Sporosarcina pasteurii were the most dominant 

species, each accounting for 21% of the total studies. These findings confirm that ureolytic bacteria 

remain the primary focus of research, although non-bacterial alternatives have also received attention 

in the development of self-healing concrete technologies. 

 

 

 

Figure 5. Distribution of Bacterial Use in Self-Healing Concrete 

3.3 Effect of Encapsulation Technology on Microbial Viability and the Self-Healing 

Performance of Concrete 

In Table 3, the category “Biological (MICP) – Encapsulation” highlights the use of various 

materials as carriers, ranging from zeolite, hydrogel, ceramsite, and lightweight aggregates (LWA) 

to microcapsules, all of which have been shown to protect microorganisms from the harsh concrete 

environment. These findings demonstrate that encapsulation consistently improves microbial 

viability. The success of encapsulation not only preserves microbial viability but also significantly 

enhances the effectiveness of crack repair in concrete. 

In contrast, the table clearly distinguishes its effectiveness from the direct mixing approach, in which 

microorganisms are incorporated directly into the concrete matrix. The category “Biological (MICP) 

– Direct Mixing” indicates a rapid decline in microbial viability and limited crack-healing 
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performance, as reported by Tesfaye A. Mohammed et.al (2024) and Kaur et.al (2022), who used 

Bacillus subtilis without protective carriers. Even when using spray-dried spores or nutrient 

solutions, as reported in the studies by (X. Zhang & Qian, 2022) and (Amer Algaifi et.al, 2020), the 

healing effect remained limited to small cracks of up to 0.5 mm or 0.3 mm. 

 

Table 3. Comparison of Encapsulation Technologies Based on Approach, Material Type, and 

Crack-Healing Performance 

Classificat

ion 
Approach 

Study (Author(s) 

& Year) 

Type of 

Microorganis

m 

Type of 

Material 

Viability 

Efficiency 

Crack-Healing 

Effectiveness 

Biological 

(MICP) – 

Encapsula

tion 

Zeolite, hydrogel, 

ceramsite, LWA, 

microcapsules 

(Javeed et.al, 

2024) 

B. subtilis, B. 

aerius, B. 

odysseyi, S. 

pasteurii 

Conventio

nal 

Concrete + 

Carrier 

(Zeolite, 

Hydrogel, 

LWA) 

Carrier 

Enhances 

Viability 

Cracks ≤1 mm 

healed, compressive 

strength increased 

 
Fly Ash Aggregates 

(FAA) 

(Mohan Rao 

Pannem et.al, 

2024) 

B. subtilis 

OPC 

Concrete + 

Fly Ash 

Aggregate 

Porous FAA 

Stores 

Bacteria 

Healing ≤0.25 mm, 

compressive 

strength increased 

 RCA + sodium silicate (J. Xu et.al, 2024) S. pasteurii 

RCA + 

Sodium 

Silicate 

Coating 

Nutrients 

and Spores 

Protected 

~90% Healing of 

0.3–0.4 mm cracks 

 

Hydrogel, LWA, 

polymer coating, 

diatomaceous silica 

(Vedrtnam et.al, 

2025b);  (J. Xu, 

Tang, Wang, et.al, 

2020); (Duan 

et.al, 2023) 

B. sphaericus, 

S. pasteurii 

Concrete + 

Natural 

Fibers 

Fibers 

Enhance 

Bacterial 

Retention 

75% Effectiveness 

for Cracks <0.6 mm 

 

Cement Microcapsules 

with Self-Oxygen 

Supply 

(Ahmad et.al, 

2024) 
B. subtilis 

Cement 

Microcaps

ules with 

Oxygen 

Supply 

High 

viability; 

spores 

protected 

from high 

pH and 

controlled 

O₂ release 

In the BPN group 

(B6 + nutrients + 

CaO₂), complete 

healing (≈100%) 

was achieved, 

whereas the other 

groups showed only 

partial healing (20–

60%). 

 
Microencapsulation in 

Sodium Alginate 

(Ivaškė et.al, 

2023); 

(Pungrasmi et.al, 

2019) 

B. subtilis, B. 

sphaericus 

Alginate 

beads 

Good 

Viability 

Healing of Cracks 

<0.5 mm 

 
Bacterial Spores in 

Metakaolin 
(Sidhu et.al, 2023) 

B. 

paramycoides 

(spora) 

Metakaoli

n + Corn 

Steep 

Liquor 

(CSL) 

Stable for 

180 Days 

Complete Healing in 

28–50 Days 

 
EPS (Extracellular 

Polymeric Substances) 

(Debnath & Sen, 

2024) 

Paenibacillus 

alkaliterrae 

EPS dari 

Cellulomo

nas 

flavigena, 

CaO₂ 

Only 0.2% 

Spore 

Leakage 

High CaCO₃ 

Content, Improved 

Crack Resistance 

 
LWA with PU, Silicate, 

or MgO Coating 
(Kim et.al, 2021) Bacillus sp. 

PU-, 

Silicate-, 

Adequate 

Viability 
Healing ≤0.3 mm 
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or MgO-

Coated 

LWA 

 

Protective Media: 

Diatomaceous Earth, 

GAC 

(Erşan et.al, 2015) B. subtilis 

Diatomace

ous Earth, 

GAC 

Good 

Viability 
Healing ≤0.4 mm 

Biological 

(MICP) – 

Direct 

Mixing 

Direct Culture/Spores 

without Encapsulation 

(Mohammed et.al, 

2024); (Feng et.al, 

2021);(Amer 

Algaifi et.al, 

2020);(Chithamba

r Ganesh et.al, 

2019);(Ling & 

Qian, 2017)  

B. subtilis 

Conventio

nal 

Concrete 

Viability 

Rapidly 

Declined 

Minor Healing, Low 

Effectiveness 

 
Spray-Dried Spores 

Directly Mixed 

(X. Zhang & 

Qian, 2022); 

(Qian, Zheng, 

et.al, 2021); 

S. pasteurii 
OPC 

Concrete 

Moderate 

Stability 
Healing ≤0.5 mm 

 
Urea + Ca(NO₃)₂ 

Solution Mixed In 

(Amer Algaifi 

et.al, 2020) 
B. subtilis 

Urea–

Ca(NO₃)₂ 

Solution 

Urea–

Ca(NO₃)₂ 

Solution 

Healing ≤0.3 mm 

 

Calcium Lactate 

Solution Added to 

Mixing Water 

(Vijay & Murmu, 

2019) 
B. subtilis 

Concrete + 

Calcium 

Lactate 

Moderate 

Viability 

Healing of Small 

Cracks 

 
Mixed Spores (Non-

Axenic) Powder 

(Da Silva et.al, 

2015) 

Campuran 

Bacillus spp. 

Mixed 

Spore 

Powder 

Low Healing ≤0.25 mm 

Biological 

(MICP) – 

Nutrient-

Focused 

Nutrient-Rich Liquid 

Media (Lactate, Nitrate, 

Ca²⁺) 

(J. L. Zhang et.al, 

2016) 
B. subtilis 

Concrete + 

Nutrients 

(Lactate/N

itrate/Ca²⁺) 

Viability 

Increased 
Healing ≤0.4 mm 

 

SAP (Superabsorbent 

Polymer) with Growth 

Medium 

(Nielsen et.al, 

2020) 
B. subtilis 

SAP 

Rehydrate

d with 

Nutrients 

SAP 

Maintains 

Moisture 

Healing ≤0.3 mm 

Chemical 

(Non-

Biological

) 

Poliuretan, sodium 

silicate, 

MgO/CaO/bentonite 

(Gilabert, Van 

Tittelboom, 

Tsangouri, et.al, 

2017); (Alghamri 

et.al, 2016); 

(Qureshi et.al, 

2016) 

– 

Glass 

Capsules, 

LWA, 

Reactive 

Minerals 

– 
Healing ≤0.5 mm 

(Non-Biological) 

Computati

onal / 

Simulatio

n 

XFEM, DFT, ML, 

Numerical Simulation 

(Hanna, 2022); (J. 

Zhu et.al, 2022); 

(Mauludin et.al, 

2020); (Huang 

et.al, 2022); 

(Mauludin et.al, 

2018) 

– – – 
Simulation Only, 

Not Experimental 

Review Literature review 

(Zanjad et.al, 

2024); (Wong 

et.al, 2024); 

(Luhar et.al, 

2022); (Dinarvand 

& Rashno, 2022) 

– – – 

Method Evaluation, 

Without 

Experimental Data 
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3.4 Current Limitations of Encapsulation Technology in Enhancing the Performance of Microbial 

Self-Healing Concrete 

 

There are several significant limitations that need to be addressed from technical, economic, and 

environmental perspectives. From a technical standpoint, the primary challenge lies in ensuring the 

long-term survival of bacteria as well as the stability of the encapsulation materials themselves within 

the highly aggressive concrete environment (Wong et.al, 2024; Lee & Park, 2018). Concrete exhibits 

very high alkalinity, particularly Alkali-Activated Slag (AAS), where the pH may exceed 12, in 

addition to limited oxygen availability and extreme mechanical stresses during mixing and 

compaction (Lee & Park, 2018; Zanjad et.al, 2024; Mohan Rao Pannem et.al, 2024). 

The uniform distribution of capsules within the concrete matrix also remains a technical challenge. 

If capsules are not homogeneously dispersed, crack-healing efficiency may be compromised because 

not all damaged zones can be reached by the healing agents (Mauludin et.al, 2020; Hanna, 2022). 

Another limitation concerns the size of cracks that can be effectively healed. Most studies report high 

effectiveness for microcracks (less than 0.5 mm), whereas the healing of larger cracks remains 

challenging (Wong et.al, 2024; Mohan Rao Pannem et.al, 2024; J. Xu et.al, 2024). Healing efficiency 

also varies depending on bacterial species, dosage, carrier type, and environmental conditions such 

as temperature and ion concentration (Javeed et.al, 2024; J. Xu, Tang, Wang, et.al, 2020). A study 

by (Amer Algaifi et.al, 2020) further revealed that bacterial healing performance decreases with 

increasing pH and insufficient oxygen availability. 

From an economic perspective, one of the major constraints is the high cost associated with the 

production and implementation of encapsulation materials (Wong et.al, 2024). The use of materials 

such as biopolymers (Kim et.al, 2021) or pH-sensitive hydrogels (X. Zhu et.al, 2021), as well as 

techniques such as freeze-drying (Pungrasmi et.al, 2019), often requires substantially higher costs 

than conventional materials or methods. Although (Da Silva et.al, 2015) developed a more efficient 

and low-cost method for producing non-axenic ureolytic spores (CERUP) to reduce bacterial 

production costs, the initial capital investment for industrial-scale implementation remains high. 

From an environmental perspective, some encapsulation materials, such as synthetic polymers or 

glass capsules as reported by (Qureshi et.al, 2016), may not be fully biodegradable, and their 

production processes may generate additional environmental burdens (Gilabert, Van Tittelboom, 

Tsangouri, et.al, 2017; Qureshi et.al, 2016). Although the use of industrial waste materials such as 

fly ash and recycled concrete aggregate (RCA) offers significant sustainability benefits (Mohan Rao 

Pannem et.al, 2024; J. Xu et.al, 2024), their large-scale application still requires further investigation 

regarding cumulative environmental impacts and long-term supply sustainability (Mohan Rao 

Pannem et.al, 2024). 
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3.5 Future Prospects and Research Directions of Encapsulation Technology in Microbial   

Self-Healing Concrete 

Future research directions for encapsulation technology in microbial self-healing concrete are 

focused on four major areas aimed at improving optimization, efficiency, and scalability. First, the 

development of more resilient microorganisms, together with cost-effective and environmentally 

friendly encapsulation strategies, is crucial, as emphasized by (Lee & Park, 2018), including the 

exploration of affordable production methods such as freeze-drying (Pungrasmi et.al, 2019). 

Second, the validation and optimization of large-scale field applications are essential, particularly by 

replicating the successful outcomes of case studies such as those reported by (X. Zhang & Qian, 

2020), as well as integrating smart sensors for real-time monitoring (Qian, Zhang, et.al, 2021). 

Third, the integration of sustainable alternative materials such as recycled concrete aggregate (RCA) 

(X. Zhang & Qian, 2022; J. Zhu et.al, 2022), fly ash (Mohan Rao Pannem et.al, 2024), and corn steep 

liquor (Sidhu et.al, 2023; Wong et.al, 2024) is expected to reduce both costs and environmental 

impacts, including the development of low-carbon concrete formulations (Medeiros & Di Sarno, 

2022). 

Finally, multi-parameter approaches and the application of machine learning techniques (Javeed 

et.al, 2024; Huang et.al, 2022) will be key to optimizing material design and predicting performance, 

thereby advancing this technology as an effective and sustainable solution for future infrastructure 

systems. 

4. Conclusion 

Encapsulation technology plays a crucial role in enhancing the performance of microbial self-

healing concrete, particularly in maintaining bacterial viability within harsh concrete environments. 

Various encapsulation methods, such as porous aggregates, polymer-based microencapsulation, and 

cement-based materials, have proven effective in protecting microorganisms and improving crack-

healing efficiency. Compared to direct mixing methods, encapsulation significantly results in higher 

crack-healing performance and improved mechanical properties of concrete. Microorganisms such 

as Bacillus subtilis and Sporosarcina pasteurii are the most commonly used due to their ability to 

precipitate calcium carbonate. However, several challenges remain, including long-term bacterial 

survival, uniform distribution of capsules, and limitations in healing larger cracks. From an economic 

perspective, the relatively high production cost of encapsulation materials hinders large-scale 

implementation. Additionally, some synthetic encapsulation materials raise environmental concerns 

due to their lack of biodegradability and potential ecological impact. Therefore, future research 

should focus on developing more efficient, cost-effective, and environmentally friendly 

encapsulation strategies, as well as integrating intelligent technologies to support broader and more 

sustainable applications. 
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