Downloaded from jra-tabriziau.ir at 22:37 +0330 on Sunday November 15th 2026

é Journal of Research on

ARCHAEOMETRY

A Peer-Reviewed Academic Journal of Archaeological and Conservation Science Studies

sty

Tabriz Islamic Art University

Review Paper

Bibliometric Analysis of the Use of Microorganisms
in the Restoration of Cultural Heritage Substrates

Azam Aliasghari Veshareh 12 ©, Parisa Mohammadi % 3* e

1. Assistant Professor, Department of Microbiology, Faculty of Biological Sciences, Alzahra University, Tehran, Iran
2. Research Center for Applied Microbiology and Microbial Biotechnology, Alzahra University, Tehran, Iran
3. Professor, Department of Microbiology, Faculty of Biological Sciences, Alzahra University, Tehran, Iran

* ~ . .
Correspondence: p.mohammadi@alzahra.ac.ir

Abstract

Cultural heritage materials and objects are constantly vulnerable to physical, chemical, and biological damage.
Preserving these valuable works requires preventive and restorative efforts to protect this precious heritage.
Traditional restoration techniques, primarily dependent on physical and chemical approaches, often is en-
countered limitations like temporary results, potential damage during the restoration process, health hazards
due to toxic substances, and risks to the environment. However, advances in the field of restoration have
paved the way for the use of biological approaches. In these new methods, microorganisms are not only not
considered as a threat to works of art, but are used as effective tools in the restoration process. This study
employed a bibliometric analysis based on data from the Web of Science to investigate the structure, trends,
and research networks in this field. The findings indicate an exponential growth of publications since 2015,
concentrated in leading countries such as Italy, Spain, and China. The keyword analysis revealed three re-
search main clusters, including bioconsolidation, biocleaning, and biopreservation in co-occurrence. This
bibliometric analysis not only provides a comprehensive map of literatures, but also identifies future direc-
tions of researches, and emphasis the need to develop standardized frameworks for applying biotechnological

methods in the conservation of cultural heritage.
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Introduction

Stone cultural heritage undergoes deterioration, due to physi-
cal, chemical, and biological weathering processes, which weaken
its structure over time. To preserve historically valuable monu-
ments, interventions such as cleaning, consolidation, and replace-
ment of damaged sections are essential to return their structures
to their original state. In recent years, biotechnological approachs
have suggested as a promising alternative to traditional conserva-
tion methods. This approach utilizes microorganisms and their
metabolic processes for biocleaning, bioconsolidation and bio-
control. These biological treatments offer advantages such as low
cost, minimal invasiveness, and high precision. This study reviews
the applications and innovations in biorestoration, and utilizes
bibliometric analysis to map research trends, knowledge gaps, and
future direction for applying sustainable biological strategies in

cultural heritage conservation.
Methodology

In this study, based on indexed articles from authoritative da-
tabases such as Scopus and Web of Science, the overview of the
use of microorganisms in the restoration and the conservation of
cultural heritage substrates was done. A systematic search was also
conducted using the Web of Science database with the combined
keywords: (Microorganism OR Bacteria OR fungi) AND (Bio-
consolidation OR Carbonatogenes OR Biocalcification OR bio-
cleaning OR bioconservation OR Biomineralisation) AND (cul-
tural heritage OR Stone OR marble OR paper). The search was
performed in the title, abstract, and keywords of papers. For the
putrpose of collecting the most comprehensive dataset, the time
frame was set from the beginning of the database's indexing until
January 4, 2026. No document type restrictions were applied to
retrieve all relevant research articles, review papers, conference
abstracts, and other related documents. From the initial 108 pa-
pers, irrelevant papers were removed, and the final selection was
made based on thematic relevance and access to empirical data.
For the bibliometric analysis and the creation of scientific maps,
the software VOSviewer (version 1.6.20) and the Bibliometrix
package were used. The bibliographic data were analyzed with
Bibliometrix after extraction and standardization, and then im-
ported into VOSviewer to visualize keyword co-occurrence net-
works. The co-occurrence analysis was performed on keywords
with a minimum frequency of 5, and the conceptual maps were

generated.

Results

The results of the keyword co-occurrence analysis using
VOSviewer, with a minimum frequency of 5, revealed that re-
search on the use of microorganisms in heritage restoration is pri-
marily concentrated mainly in three thematic clusters. The first
cluster, centered on bioconsolidation focuses on using carbonate
producing bacteria to precipitate calcium carbonate and
strengthen stone and marble surfaces. The second cluster, labeled
biocleaning investigates the use of bacteria and fungi to remove
organic and inorganic pollutants from cultural artifacts. The third
cluster, under the title bioconservation focuses particularly on mi-
crobial applications for conserving organic materials like paper.
The generated map shows nodes representing keywords, where
their size denotes frequency, and the links between them indicate
co-occurrence and conceptual link strength. This map reveals a
strong, meaningful connection between keywords such as 'Bio-
cleaning' and 'Cultural Heritage,' as well as 'Carbonatogenes' and
'Stone,' indicating a current research trend toward biocleaning and
mineral consolidation. Simultaneously, despite significant ad-
vancements, a noticeable research gap exists in applying these
methods to non-stone materials like wood, metals, and wall paint-
ings, as well as in long-term studies to evaluate the stability and
safety of biorestoration technologies.

Analysis of annual scientific production data shows that pa-
pers in this field have followed a growing, and accelerating trend
from the 1990s to the present. The number of publications was
limited and scattered in the initial decade (1993 to the early 2000s),
indicating the experimental phase of research. From the mid-
2000s, publications gradually increased with exponential growth
observed after 2015. The highest volume of articles was recorded
in 2021. This growth pattern clearly demonstrates the increasing
attention from researchers and the continuous development of
knowledge and technology in biorestoration over the last two dec-
ades.

The geographical distribution analysis based on the corre-
sponding authors' countries shows that Italy and Spain are the pti-
mary countries, accounting for the largest share of publications.
China and India also show significant contributions, indicating the
expansion of research beyond Europe. While most studies are sin-
gle-country publications (SCP), a notable share of multi-country
publications (MCP) ate in countries like Spain, Italy, and the UK
points to international research networks. Citation analysis further
confirms the leader of Italy and Spain not only in production but
also in scientific impact, with China ranking third. Interestingly,

countries like Belgium and Portugal rank high in citations despite
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a lower article count, suggesting their focus on innovative, foun-

dational studies widely referenced by the international commu-
nity.
Discussion

A primary factor leading to the erosion of stone in historical
buildings is moisture and rainwater penetration. Over decades,
this gradually increases substrate porosity, resulting in the detach-
ment and disintegration of mineral components. The traditional
commercial consolidants often are not very efficient and can
cause harmful side effects, such as reduced structural coherence,
aesthetic alteration, and accelerated deterioration. Therefore, a
promising alternative is the use of bacterial calcium carbonate pre-
cipitation. The biomineralization process occurs widespread in
nature where microorganisms precipitate minerals as part of their
metabolic pathway. This aims to restore the weathered lime ma-
trix of the stone.

Bioconsolidation can occur through passive or active micro-
bial metabolic pathways. The passive pathway involves bacterial
activity that chemically alters the micro-environment, and leading
to the accumulation of carbonate and bicarbonate ions and sub-
sequent their deposition via nitrogen or sulfur cycles. Active path-
way involves direct ionic exchange across cell membranes. The
process can be autotrophic or heterotrophic, and common het-
erotrophic mechanisms including ammonification of amino acids,
nitrate reduction, and urea hydrolysis. A novel approach is using
indigenous microorganisms isolated from the stone itself.

Studies demonstrate that microbially-induced carbonate pre-
cipitation can improve the physical and mechanical properties of
porous stones. For instance, treatment of weathered limestone
with Bacillus subtilis created uniform consolidation up to 30 mm
deep, restored drilling resistance values comparable with fresh
stone (9-15 N), and maintained a low porosity of stone (~6%).
However, this positive effect is not consistently observed on low-
porosity stones like marble. Alternative approaches involve stim-
ulating the stone's native microbial community with nuttient so-
lutions, which can enrich the population with carbonate-produc-
ing genera like Arthrobacter and Bacillus. Their consolidating ef-
ficacy requires further validation.

Recently, in research on the biocleaning of cultural heritage
microorganisms are used as biological agents that play an effective
role in the recovery and conservation of works of art and histori-
cal monuments. In these innovative biological approaches, it was
shown only a few known microorganisms play a destructive role,

and on the contrary, their role in most environmental processes is

beneficial. In this approach, biological reactions that occur natu-
rally in ecosystems are reproduced under controlled conditions
and optimized for the protection of cultural heritage. This method
has significant advantages, such as greater safety, high efficiency,
cost reduction and sustainability in the preservation and restora-
tion of cultural heritage.

The use of enzymes in the conservation of cultural relics be-
gan in the 1970s, and today, hydrolytic enzymes in particular have
replaced chemical methods due to their ability to gently and put-
posefully decompose disturbing organic materials such as adhe-
sives, protein deposits, and fat spots. Despite the advancement of
knowledge and access to pure enzymes, there are still challenges
such as the low stability and limited performance of enzmyes.
Novel research has increased their stability and efficiency by im-
mobilizing enzymes such as alpha amylase on gold nanoparticles.
Also, the use of enzymes such as glucose oxidase to produce hy-
drogen peroxide and remove biofilm from stony surfaces is a suc-

cessful example of the application of enzymes.
Conclusion

The use of microorganisms in the restoration of cultural her-
itage objects represent a novel, targeted, environmentally compat-
ible, and safe approach for human health and the ecosystem. This
method not only offers a sustainable solution, but also has the
potential to become an accepted and effective technique for the
conservation of existing architectural and building heritage. Over-
all, these innovative biological achievements emphasis the unde-
niable significance of microorganisms and their metabolites in the
restoration and preservation of cultural heritage objects and build-
ings. These agents can act not only as safe alternatives to conven-
tional chemicals and methods, but also contribute to environmen-
tal sustainability and enhance the durability of historical artifacts
by emulating natural processes. However, despite quantitative and
qualitative expansion in research, existing gaps particulatly regard-
ing their application on non-stone materials and the long-term
evaluation of their efficacy and stability indicate that this field still

requires further investigation.
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Table 1. Compatison of the main methods of biological restoration of historical monuments based on microorganisms and enzymes
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Figure 1. Co-occurrence network map of keywords in the field of using microorganisms in cultural heritage restoration
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Figure 2. Annual trend of scientific articles published in the field of using microorganisms in the restoration of cultural heritage based on data

extracted from the Web of Science database from 1993 to 2025
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