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Abstract: The main goal of this work was to review the 21st century literature (2000 to 2021) re-
garding the biological colonisation and biodeterioration of glass-based historical building materials,
particularly stained glass and glazed tiles. One of the main objectives of this work was to list and
systematize the glass-colonising microorganisms identified on stained glass and glazed tiles. Bio-
diversity data indicate that fungi and bacteria are the main colonisers of stained-glass windows.
Glazed tiles are mainly colonised by microalgae and cyanobacteria. Several studies have identified
microorganisms on stained glass, but fewer studies have been published concerning glazed tiles.
The analysis of colonised samples is a vital mechanism to understand biodeterioration, particularly
for identifying the colonising organisms and deterioration patterns on real samples. However, the
complexity of the analysis of materials with high biodiversity makes it very hard to determine which
microorganism is responsible for the biodeteriogenic action. The authors compared deterioration
patterns described in case studies with laboratory-based colonisation experiments, showing that
many deterioration patterns and corrosion products are similar. A working group should develop
guidelines or standards for laboratory experiments on fungi, bacteria, cyanobacteria, and algae on
stained glass and glazed tiles.

Keywords: stained glass; glazed tiles; biodiversity; biodeterioration; cultural heritage;
laboratory experiments

1. Introduction

Glass-based building materials have a long tradition in the construction and orna-
mentation of buildings. They have been applied in two forms: glass coatings applied over
ceramics, or plate glass. The unique properties of glass, namely its transparency and wide
variety of colours, have allowed it to become a vehicle for visual arts, contributing to the
complex ornamentation of buildings and thus their valuable cultural heritage [1–5].

Glass is produced by fusing a mixture of raw materials—vitrifiers, fluxes, or network
modifiers and stabilisers—each with different functions, to obtain a solid amorphous in-
organic material [6]. In silicate glasses, which are the focus of the present work, silica
(dioxide of silicon, SiO2) is the main vitrifier (or network former) building up the glass
network. Fluxes (or network modifiers) are added to the composition to lower the melt-
ing temperature of silica. To increase its durability, stabilisers are added to replace the
highly mobile alkaline ions (network modifiers) in the glass network. To achieve specific
properties, minor elements can be added, such as colorants, bleaches, and opacifiers. In
ancient glass production, sand and quartz were the main sources of silica [7]. The other
compounds varied through time and location. Therefore, ancient glasses were produced
with a wide variety of chemical compositions [7], which influence their durability.
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Stained glass, mosaics, and glazed tiles are an integral part of the structure of a historic
building, and were designed to be a part of the architectural ensemble. The removal
of these architectural elements from the original location signifies a considerable value
loss; consequently, their preservation on site is of the utmost importance [5]. However,
their preservation on-site raises concerns regarding their conservation, since glasses are
particularly sensitive to environmental degradation, and are also very vulnerable to biode-
terioration [8–10]. Microbial colonisation is a major problem of these building materials
due to the damaging consequences of biodeterioration [10,11]. For decades, research
has focused on the characterisation of biological communities based on the taxonomic
identification of colonising organisms [12]. The interactions between the substrate and
organisms to unveil deterioration processes and, more recently, the influence of environ-
mental conditions on biological colonisation and biodeterioration are now being analysed
due to advances in genomic and analytical techniques. In general, studies focus on the rela-
tionship between three main factors—organisms, the material, and the environment [13].
Therefore, the research on biodeterioration has been based on the analysis of the colonised
substrate of artworks [14,15], on laboratory experiments [16,17], or combining laboratory
experiments with case studies [18]. This work aimed to review the 21st century litera-
ture regarding glass-based historical building materials, particularly stained glass and
glazed tiles. Although glass has been used in mosaics tesserae, and some studies have
mentioned biodeterioration, no consistent literature was found [2,19]. Therefore, this
type of application was not considered in the present work due to the lack of data. The
21st century literature was analysed and discussed, focusing on the biodiversity and the
biodeterioration mechanisms, and comparing case studies and laboratory experiments.

Another goal of this work was to perform a critical review based on the 21st century lit-
erature regarding stained glass and glazed tiles, that can be used to assess cultural heritage
biodiversity and biodeterioration. This knowledge is crucial to understand biodeterioration
mechanisms, and is also very important for planning laboratorial experiments. The analysis
of colonised samples is a vital mechanism to understand biodeterioration, particularly
for identifying the colonising organisms and deterioration patterns on real samples. In
this work, the objective was to analyse the materials and complexity of colonised sam-
ples in order to determine which microorganism was responsible for the biodeteriogenic
action. The authors compared the deterioration patterns described in case studies with
laboratory-based colonisation experiments, showing that many deterioration patterns and
corrosion products are similar. A working group should develop guidelines or standards
for laboratory-based experiments on fungi, bacteria, cyanobacteria, and algae on stained
glass and glazed tiles.

2. Materials and Methods

The peer-reviewed literature concerning stained glass and glazed tiles included in
the category of cultural heritage, dating from the 21st century (since 2000 to 2021), was
dispersed and sometimes difficult to access. Two databases, WoS and Scopus, were con-
sulted for this review, using the specific terms “stained glass” or “glazed tiles”, which
were combined with the keywords “biodeterioration”, “bioreceptivity”, “microorganisms”,
“microbial”, “fungi”, “algae” and “bacteria”. All three authors undertook distinct data
searches. From the total number of obtained results, the final results were manually se-
lected. The total amount of biodiversity data collected from the gathered literature can
be seen in the supplementary word document (Tables S1–S3). These data were organized
in graphs and tables to allow a better understanding of the subject. The data allowed the
study of biological colonisation in cultural heritage buildings, and should provide a basis
for future laboratory experiments.
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3. Results
3.1. Type of Silicate Glasses

Research on the biodeterioration of glass-based historical building materials has
focused on several different glass types (Table 1). The classification of silicate glasses
depends on the raw materials used for their production, and their final composition [4,7,20].
For this work, we based the classification of glass on the main flux: K-rich (main flux is K),
mixed alkali (main fluxes are Na + K), Na-rich (main flux is Na), and Pb-rich (main flux is
Pb). Glass types may have additional classifications within subgroups of the categories
mentioned above [4,20]. Studies on stained glass were the most diverse regarding the type
of glass. Three distinct compositional groups of silicate glasses were investigated: K-rich,
mixed-alkali, and Na-rich (Table 1).

Table 1. Type of silicate glass used in the glass-based building materials described in the 21th
century literature.

Type of
Silicate Glass Vitrifier Flux Stabilizer

Type of
Building
Material

Nr. of
Studies References

K-rich SiO2 K2O CaO Stained glass 5 [18,21–23]
Mixed-alkali SiO2 Na2O + K2O CaO Stained glass 1 [18]

Na-rich SiO2 Na2O CaO Stained glass 3 [24,25]
Pb-rich SiO2 PbO Al2O3/CaO Glazed tiles 6 [26–31]

3.2. Provenance

The provenance of cultural heritage stain glass and glazed tiles can be seen in Figure 1.

Figure 1. Provenance of the stained glass and glazed tiles with biological colonization from the 21st
century literature.

Stained glass studies were made in more locations than glazed tiles. Moreover, most
of the stained glass works of art were from Germany, while the glazed tiles are mostly
Portuguese. The reason could be the restoration of several cathedrals and churches in
Germany, during the 21st century. These glass windows date from the 12th to 20th century,
but the majority belong to the 15th century. The provenance is not necessarily related to
the place where these works of art were applied. For example, some studies investigated
German tiles located in Brazil, and some Portuguese tiles were also studied in Brazil.
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3.3. Biodiversity

The strategy of many microorganisms for settling and developing in hostile envi-
ronments, such as stained glasses and glazed tiles, is through the production of biofilms
(i.e., cells embedded in a matrix of extracellular polymeric substances (EPSs)) that can act
as a protective layer [32]. The biofilm can limit solute diffusion and restrict the movement
of water and nutrients into or out of its embedded microorganisms [10]. Biofilm con-
stituents include EPSs, water, organic acids, lipids, enzymes, DNA, and organophosphates.
Biofilms also have dust, pollen, spores, oil, and coal-fired carbonaceous particles from the
atmosphere adhered to them or incorporated as part of the biofilm [33–35].

3.3.1. Fungi

The various fungi that have been identified on stained glass and glazed tiles in the
literature of the 21st century can be seen in Table S1 and Figure 2. A total of 86 fungal
specimens have been identified on stained glass and glazed tiles. The majority belong to
the Ascomycota division, and a few to the Basidiomycete (Table S1). On stained glass,
24 different genera were identified: Alternaria, Aspergillus, Aureobasidium, Capnobotryella,
Chaetomium, Cladosporium, Coniosporum, Didymella, Engyodontium, Fusarium, Geomyces, Hor-
taea, Kirschsteiniothelia, Leptosphaeria, Myrothecium, Penicillium, Penidiella, Phoma, Rhodotorula,
Sistotrema, Stanjemonium, Trichoderma, Ustilago, and Verticillium. The most diverse genera on
stained glass were Aspergillus [21,36,37], Cladosporium [18,23], and Penicillium [18] (Figure 2).

Figure 2. Relative % of fungal genera reported from the 21st literature regarding stained glass and
glazed tiles. The category “other” refers to a compilation of several genera that occurs less than 3.4%
and “U. fungus” are unidentified fungi. (A) Stained glass. (B) Glazed tiles.

A total of 26 fungal specimens were identified on glazed tiles, which is a much lower
number than the fungal biodiversity reported for stained glass (Table S1). These fungi
belong to 19 different genera, with the most diverse identified genera on glazed tiles being
Devriesia, followed by Aspergillus, Capnobotryella, Capnodiales, and Penicilium (Figure 2).
Four Devriesia species, namely Devriesia imbrexigena, Devriesia modesta, Deveriesia neode-
vriesiaceae, and Devriesia xanthorrheae, were identified on majolica glazed tiles belonging to
outdoor wall coverings of two Portuguese monuments [28,38]. In fact, a novel species of
this genera, Devriesia imbrexigena, was isolated and described for the first time after being collected
from the majolica glazed tiles of the Pena National Palace (Sintra, Portugal) [38] (Table S1).

Figure 3 presents a SEM image of different fungi inoculated over the glass. The
glass was partially clean allowing us to see hyphae fingerprints and hyphae over the
glass surface.
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Figure 3. SEM micrography with fungi hyphae on top of glass and hyphae fingerprints (image taken
from Ref. [39] with permission of the author).

A small number of fungal genera were simultaneously identified on both types of sub-
strate: Aspergillus, Aureobasidium, Capnobotryella, Fusarium, Penicillum, and Phoma (Table S1).
Among the most diverse genera, only Aspergillus and Penicillum occurred on both stained
glass and glazed tiles (Figure 2). Aspergillus and Penicillium produce spores which are
easily released and dispersed into the air, are omnipresent saprophytes, and dominate in
temperate soils where they are frequently identified in both indoor and outdoor environ-
ments [40].

3.3.2. Bacteria

The bacteria that have been identified on stained glass and glazed tiles from the
21st century literature are summarized in Figure 4 (Table S2). A total of 87 specimens of
bacteria have been identified on stained glass and glazed tiles. On stained glass windows,
bacteria belonged to five different phyla have been found: Actinobacteria, Bacteroidetes,
Firmicutes, Nitrospirae, and Proteobacteria (Figure 4). The most diverse genera were
Bacilus [25], Paenibacillus [25], and Kocuria [23]. The microbial populations of the glass
biofilms consisted mostly of fungi and bacteria, and fungi were often the dominant group.

A total of 26 bacterial specimens have been identified on glazed tiles, belonging to five
different phyla: Actinobacteria, Bacteoidetes, Chloroflexi, Firmicutes, and Proteobacteria.
Among these, 13 different genera of bacteria were identified, although few genera had a
representative biodiversity (Table S2). Except Methylibium and Microcella, all other genera
were represented by only one specimen. This is due to the characterisation of the bacterial
communities of glazed tiles being provided from just two case studies [26,29]. Both studies
applied molecular biology for the characterisation of the microbial community. The fact
that many uncultured species appeared in these results highlights one of the drawbacks of
molecular biology (Table S2). Methylibium was the only genera identified simultaneously
on stained glass and glazed tiles (Table S2).
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Figure 4. Relative % of Bacteria Phyla of stained glass and glazed tiles, reported in the literature for the 21st century. The
category “U. Bacteria” are unidentified bacteria. (A) Stained glass. (B) Glazed tiles.

3.3.3. Microalgae, Cyanobacteria and Diatoms

The phototrophs, including green microalgae, cyanobacteria and diatoms that have
been identified in stained glass and glazed tiles literature of the 21st century and were we
summarized this knowledge Figure 5 (Table S3). The presence of phototrophs on stained,
was limited to 2 cyanobacteria (one Gloeocapsa sp. and one Oscillatoria sp.), both were
reported on stained glass in Mausoleum of the Assis Chermont in Brazil (Table S3) [24]. In
the same stained glass window a rotifera was also identified. Nevertheless, other authors,
not from the 21st century literature refer green biofilms on glass windows [41].

Figure 5. Relative percentage of genera of phototrophic microorganisms reported in the literature for the 21st century on
glazed tiles. (A) Micro algae and (B) Cyanobacteria. The category “Other” refers to a compilation of several genera that
occurs less than 3.4% and “U. cyanobacterium” are unidentified cyanobacterium.

On glazed tiles, a total of 27 specimens of green algae (Table S3), belonging to
14 different genera, were identified. The majority of the identified genera belonged to
the Chlorophyta phylum, although a few Charophyta were also identified. The genera of
green algae in which more than one specimen was reported were Apatococcus, Chlorella,
Klebsormidium, Oocystis, and Trentepohlia (Figure 5). All these genera are common colonisers
of stone monuments located in the Mediterranean basin [42].

Regarding the bacterial phototrophs, a total of 14 genera of cyanobacteria were identi-
fied on glazed tiles. The most diverse cyanobacterial genera were Chroococidiopsis, Gleocapsa,
Iphinoe, Nostoc, Scytomena, and Tolypotrix. Except for Iphinoe and Tolypotrix, all the have
been found colonising several monuments of the Mediterranean basin [42]. Tolytrix has
been identified on several building façades in India [43].

Most of the identified microorganisms were detected by traditional molecular biology
methods. However, nowadays, the characterisation of the colonising organisms involves



Appl. Sci. 2021, 11, 9552 7 of 16

understanding the structure and function of the microbial communities, detecting the
metabolically active fraction, and identifying the functional diversity. This information
can only be obtained by multiproxy approaches combining: (i) cultivation and classical
taxonomy [44]; (ii) classical molecular biology techniques, based on Sanger-sequencing and
widely applied in the field of cultural heritage [45,46]; and (iii) next generation sequencing
(NGS), which is still poorly explored in the field cultural heritage for functional gene anal-
ysis to identify metabolic processes related to biodeterioration mechanisms [46]. Several
studies have been undertaken to identify the microbial communities colonising stained
glass and glazed tiles (e.g., [18,24,27,29,47]). In these studies, the identification of microor-
ganisms was by direct observation [24,27]. Some works presented a more detailed character-
isation of the stained glass biodeteriogens by using molecular techniques that allowed the
identification of bacterial communities [25], or both fungal and bacterial communities [23].
On glazed tiles, some used exclusively molecular techniques [26] and others also combined
both culture or direct observation [28,29]. However, among studies on stained glass and
glazed tiles, no NGS study has yet been conducted (Supplemental Tables: Tables S1–S3).

Lichens have been studied on stained glass [48], but not recently. On both glazed
roofing tiles and glazed tiles, lichens have been reported [11]. However, only glazed roofing
tiles have been more extensively studied [49,50]. Bryophyta has been reported on glazed
tiles, although no specific identification was made. This type of organism may not be able
to grow on stained glass, since they need a substrate with a high porosity.

The data reported from the 21st century literature indicate that fungi and bacteria
dominate the stained glass window colonisers. Glazed tiles can also be colonized by
macroalgae and cyanobacteria.

3.4. Biodeterioration Studies

The analysis of colonised glass-based historical materials is the first approach to tackle
biodeterioration through the identification of biophysical and biochemical alterations that
appear on those materials. Many studies have focused on the analysis of deteriorated
stained glass windows or glazed tiles with biological colonisation. The microbe–substrate
interactions can be investigated through microscopic techniques, such as optical micro-
scopes [21,24], scanning electron microscopes [21,24,28,29], or confocal microscopes [29].
Aesthetical and morphological alterations of the glass surface can be detected through
these techniques. The main surface alterations reported on the colonised glasses were
iridescence, etching, cracks, and corrosion pits (Table 2). Often, these deterioration forms
were observed close to the colonized areas, and were consequently attributed to biodeterio-
ration [21,23,29]. Besides these alterations, shifts in the chemical composition of the surface,
due to leaching or enrichment of certain elements, are often mentioned. Moreover, the iden-
tification of crystals and other deposits on the surface is frequent on colonised glasses or
glazes (Table 2). Often, the chemical or mineralogical characterisation of these compounds
finds that Ca-rich minerals are the most common compounds (e.g., calcite, oxalates, and
syngenite) [21,24] (Table 2). Piñar et al. [23] performed X-ray diffraction and identified
several types of compounds on the stained glass windows of two churches located in Spain,
specifically sulfates (Ca, K, and Na), carbonates (Ca), oxides (Si and Mn), and oxalates (Ca).
Mn compounds, identified as bixbyite, were also identified on these medieval stained glass
windows [23]. Dark stains rich in Mn were also reported on the stained glass windows
from the Les Noes-Pres-Troyes Church (Aube, France) [51]. On glazed tiles, the presence
of surface deposits has also been described. The CMSL analysis of the surface of glazed
tiles from the Pena National Palace revealed the presence of inorganic deposits close to
microorganisms, and a matrix of extracellular polymeric substances (EPSs) [29]. On glazed
tiles, microbial colonisation does not always occur on the surface, and some studies have
analysed chasmolithic colonisation under the glaze [26,27,30,52]. Only one study identified
a green chemical compound, chromium oxide, under the surface, although the authors did
not consider it to have a biological origin [30]. In other studies, the identification of precipi-
tation or chemical alteration was not performed (Table 2). Research of the glaze–ceramic
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interface could be a crucial step for understanding whether microorganisms are indeed
capable of causing the detachment of the glaze, which is major concern in the preservation
of glazed ceramic building materials.

Table 2. Main biodeterioration patterns and alteration products identified on case studies on stained glass and glaze tiles
from the 21st century bibliography.

Material Type of
Silicate Glass Organisms Location Deterioration Alteration Products 1 Ref.

Stained
glass

K-rich
and Na-rich Bacteria and fungi Outdoors

Pitting,
micro-cracks and

some
interconnected
micro-cracks

gypsum (CaSO4·2H2O)
bixbyite (Mn2O3)

syngenite (K2Ca(SO4)
·H2O)

thenardite (a-Na2SO4)
calcite (CaCO3)
quartz (SiO2)
weddellite,

(CaC2O4·2H2O)
whewellite

(CaC2O4·H2O)

[23]

K-rich Bacteria and fungi Outdoors

Crusts,
interconnected
craters and pits,
whitish deposits

White Ca-rich [21]

K-rich glass Bacteria and Fungi Outdoors
Dark crusts, pits

and craters, white
deposits

Brown-black Mn-rich
deposits [51]

Na-rich
Cyanobacteria rotifer,

fungi
and green algae

Indoors

Flaking-off of the
enamels,

interconnected pits,
Iridescence

Soot and calcium
carbonate [24]

Glazed
tiles Pb-rich

Bacteria,
cyanobacteria, algae

and fungi
Outdoors Stains under glaze [26]

Pb-rich
Bacteria, Algae,

cyanobacteria and
fungi

Outdoors Pitting n.i. inorganic crystals [29]

Pb-rich Algae, cyanobacteria
and fungi Outdoors Staining and pitting n.i. crystals [28]

Pb-rich Bacteria and Fungi Indoors Underglaze
staining n.i. crystals [30]

Pb-rich Cyanobacteria and
diatomacae Outdoors Underglaze

staining - [27]

1 “n.i.” non-identified crystals.

The attribution of these forms of alteration to biodeterioration is based on the known
ability of some microorganisms to excrete metabolic products, such as organic or inorganic
acids, that can react with the substrate and solubilise or precipitate compounds [10,53–56].
Except for oxalates and Mn-compounds, all the compounds described in Table 2 have
previously been identified on glass exposed to outdoor weathering [9,57,58]. Minerals
such as syngenite (K2Ca(SO4)2·H2O), gypsum (CaSO4), and potassium carbonate (K2CO3)
were detected on K-rich silicate glasses exposed to sheltered outdoor conditions [57]. On
soda–lime glass, sodium carbonate (Na2CO3) and calcium carbonate (CaCO3) crystals have
been described as the first signs of deterioration caused by atmospheric corrosion [58].
Analysis of the compounds identified on glass with biological colonisation seem to follow
the same trend of abiotic deterioration, in which the cationic part of these salts depends on
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the composition of the glass: Ca and K-minerals occur in K-rich glass, Na- and K-minerals
on Na-K glass samples, and Na and Ca minerals on Na-rich glasses [58].

The analysis of colonized samples is vital for understanding biodeterioration, partic-
ularly identifying the colonizing organisms and deterioration patterns on real samples.
However, the complexity of deterioration resulting from many synergetic and antagonistic
factors, such as the environmental factors, makes drawing conclusions based solely on the
investigation of colonized samples very difficult. In addition, the analysis of materials with
high biodiversity makes it impossible to determine which microorganism was responsible
for the biodeteriogenic action.

3.5. Laboratory Assays with Glass-Based Historical Building Materials

Laboratory experiments have the advantage of testing the damaging potential of
a specific type of organism or group of organisms under controlled conditions. In the
gathered literature these experiments use glass models with a chemical composition similar
to historical samples. Not only chemical composition has been taken into account for the
production of models, but some studies produced samples according to ancient technology.
Rodrigues et al. [18] used blown glass since the effect of surface finishing can influence de-
terioration of glass. Studies regarding stained glass biodeterioration have been performed
using K-rich, Mixed alkalis and Na-rich glasses (Table 3), the same glass compositions
identified on the case studies (Table 2). K-rich glass was the most studied type of glass.
Besides being widely used in stained glass production, it is also the most unstable type of
glass so its conservation is a major concern [59].

Table 3. Laboratory experiments performed on glass or glaze models to simulate stained glass and glazed tiles biodeteriora-
tion. Time in w means weeks, m means months and d stands for days. The alteration products and biodeterioration patterns
are also on this table.

Material Organisms Time Type of Silicate Glass Alt. Products Biodeterioration Ref.

Stained
glass Bacteria 6 w. K-rich Pristine CaCO3

Ca3(PO4)2

Micro-cracking
Depletion of K, Ca, P and Na

on surface layer
Alteration Mn oxidation-state

[51]

Fungi 6 m.

Colourless
Mixed alkali

Pristine CaCO3
NaSO4·H2O

Micro-cracking enrichment of Ca
Biopiting

Hyphae fingerprint crystals
Formation elements depletion

or redeposition

[18]

Corroded

CaCO3
NaAlSi3O8

CaSiO3
n.i.

Mn-purple
K-rich

Pristine CaCO3
Corroded CaCO3

Fe-brown
K-rich

Pristine -

Corroded SiO2
n.i.

Fungi 40 d. Colourless
K-rich glass

CaCO3 kalicinite,
whewellite

Glass higher stability present
superficial biofilm and glass

with low chemical stability 3D
growth of the biofilm

[22]

Fungi 5 m.

Colourless
Na-rich Pristine n.i. Iridescent stains

crystal formation
slight decrease of the surface

smoothness,
hyphae fingerprints

[36]Colourless
Na-rich Pristine Ca-rich crystals

Colourless
Na-rich Pristine Ca-rich crystals
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Table 3. Cont.

Material Organisms Time Type of Silicate Glass Alt. Products Biodeterioration Ref.

Glazed tiles Phototrophs 12 m. Pb-rich
Pristine CaCO3 Penetration into fissures,

in-prints and surface deposits [16]Corroded CaCO3

Fungus 12 m. Pb-rich Pristine
CaCO3
CaSO4

Ca-Oxalate

Mobilization of elements
Formation of Ca-oxalate

crystals
[17]

Corroded
CaCO3
CaSO4

Ca-Oxalate

Regarding glazes, only lead–alkali glaze opacified with tin was used in the laboratory
experiments; no study was performed with transparent lead glazes. White opacified
glazes are very common in glazed tiles production, as for many centuries they were
used exclusively in Dutch, Portuguese, Spanish, and Italian glazed tile manufacturing.
The laboratory-based experiments used the same glaze composition with two different
conservation states: pristine and aged. The effect ageing has also been tested for stained
glass by using pristine and corroded glass samples [18]. In the field of conservation studies
for understanding susceptibility to biodeterioration depending on the degree of ageing,
this is very relevant for preserving cultural heritage.

In general, the selection of microorganisms to be used in the biodeterioration labora-
tory experiments seems to have been based on the biodiversity found on historical materials.
Studies have often used microorganisms directly isolated from colonised materials. Fungi
identified from stained glass were the most commonly used microorganisms in laboratory
studies [18,36,47], although bacteria have also been tested [51]. This may relate to the fact
that fungi were the most identified organisms on stained glass with biological colonisation
(Table S1). No phototrophic microorganisms were tested, since these have seldom been
identified on stained glass windows. As previously mentioned, only two studies have
focused on glazed tiles. One used a mixture of phototrophic microorganisms [16], and the
other a fungal species isolated directly from historical glazed tiles [17]. Pure culture or
multi-species inoculation have advantages and disadvantages. The use of pure cultures
allows understanding of whether a specific microorganism is a biodeteriogen. However,
multi-species colonies better mimic the real conditions under which biodeterioration take
place, since colonisation usually occurs in a community of organisms.

The majority of the studies were performed under high relative humidity conditions,
which are optimal for microbial growth and better simulate the conditions under which
biofilms develop over historical glasses [16–18,51]. The environmental conditions were
usually kept stable during the experiment. Therefore, no daily temperature or relative
humidity variations were tested. Stable conditions favour microbial growth, however the
simulation of temperature cycles could be relevant for reproducing physical decay. The
variation of these parameters could induce volume oscillations of the microorganisms
that can induce physical tensions on the substrate. The time span of the experiments
varied from a few weeks to one year, making comparisons of the results of different
experiments difficult.

After incubation, morphological and compositional changes were investigated through
several analytical techniques. On stained glass, the most common biodeterioration forms
reported in the laboratory studies were as follows: micro-cracking, enrichment of some
elements, pitting, hyphae fingerprints, depletion or enrichment of elements, and depo-
sition of crystalline compounds (Table 3). These were analogous to the deterioration
patterns reported in the analysis of colonised historical samples (Table 2). On glazed tiles,
the laboratory-based biodeterioration showed that phototrophic microorganisms were
able to grow chasmoendolithically on fissures of the glazes, and imprints were visible
on the surface [16]. In contrast, fungi did not cause physical or chemical damage to the
substrate [17].
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In general, the selection of microorganism to be used in this biodeterioration labora-
tory assays seems to be based on the biodiversity found on historical materials. Studies
often use microorganisms directly isolated from colonized materials. Fungi identified from
stained glass are the most commonly used microorganisms in laboratory studies [18,36,47],
although bacteria have also been tested [51]. This may relate to the fact that fungi were
the most identified organisms on stained glass with biological colonization (Table S1). No
phototrophic microorganisms were tested, since these have seldomly been identified on
stained glass windows. Regarding glazed tiles there are only two studies: one using a
mixture of phototrophic microorganisms [16] and another a fungal specie isolated from
historical glazed tiles [17]. The inoculation of pure culture or multi-species has advantages
and disadvantages. The use of pure cultures allows understanding if a specific microorgan-
ism is a biodeteriogen. However, multi-species mimic better the real conditions in which
biodeterioration occurs, since colonization usually occurs in a community of organisms.

The majority of the studies were performed under high relative humidity condi-
tions, which simulate better the conditions in which biofilms develop over historical
glasses [16–18,51]. The environmental conditions are usually kept stable during the ex-
periment. Therefore, no daily temperature or relative humidity variations were tested.
Although stable conditions favour the microbial growth, the simulation of temperature cy-
cles could be relevant for simulating physical decay, since the variation of these parameters
can induce volume variations of the microorganisms. The time span of the experiments
varied from a few weeks to one year so, the comparison between the results of different
experiments is difficult.

After the incubation, morphological and compositional changes are investigated
through several analytical techniques. On stained glass the most common biodeteriora-
tion forms reported in the laboratory studies were: micro-cracking, enrichment of some
elements, pitting, hyphae fingerprint, depletion or enrichment of elements and deposition
of crystalline compounds (Table 3). Similar to the deterioration patterns reported in the
analysis of historical samples (Table 2). On glazed tiles, the laboratory-based biodeteriora-
tion showed that phototrophic microorganisms were able to grow chasmoendolithically on
fissures of the glazes and imprints were visible on the surface [16]. In contrast, fungi could
not cause physical damage on the substrate, but seem to cause deposition of crystals on the
surface [17].

In most studies, crystalline compounds were formed on the surface of the glass,
implying surface corrosion. The identified compounds were MnCO3, CaCO3, CaSO4,
NaSO4·H2O, NaAlSi3O8, CaSiO3, SiO2, K2CO3, and CaC2O4·H2O. In some studies, the
mineralogical composition of the crystals was not determined; only the chemical com-
position was considered (Table 3). All these compounds were reported in field studies
(Table 3). Ca-rich compounds were the most commonly identified, consistent with the fact
that crystalline compounds are often detected on real samples with biological colonisation
(Table 3). Only Ca-oxalates could be directly associated with biogenic action [60] due to
the reaction of oxalic acid with calcium. Two laboratory-based experiments using fungi
detected this compound on stained glass [22] and glazed tiles [17]. Although most of
these compounds cannot be directly attributed to microbial activity, some authors have
claimed that the precipitation was higher on the colonised samples than the controls. The
precipitation of salts over glass is considered harmful, since their presence influences the
corrosion rate [57], but these studies seemed to demonstrate the ability of microorganisms
to also increase the deterioration rate [17,18].

Regarding colorants, Mn-rich compounds were identified in two studies on the biode-
terioration of glass by bacteria [51,61] (Table 2). Rodrigues et al. [18] evaluated the biodete-
rioration of Fe-brown and Mn-purple K-rich glass, and concluded that the purple glass
presented with a high degree of pitting with K, Ca, and Na depletions compared to the
other studied glass compositions (colourless mixed alkali and Fe-brown K-rich glass). This
could indicate a higher susceptibility of these glasses to fungal biodeterioration. Several
microorganisms, including bacteria and fungi, have the ability to mobilise Mn [55,62].
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However, not only Mn can be mobilised by microorganisms; other metals, many used as
colouring agents of glass (e.g., Fe, Co, Cu, Cr), can accumulate in microbial biofilms [63,64].
Furthermore, it is also known that certain colorants can influence the corrosion rate of
glass. In Vilarigues et al. [65], glasses doped with Cu, Mn, or Fe and exposed to weathering
conditions developed a surface layer richer in the colouring transition-metal ions. The
addition of these transition-metal ions, namely Cu, Fe and Mn, influenced the beginning of
the corrosion process. Such an effect was previously described on medieval stained glasses
coloured with metal oxides that had been naturally weathered [66].

Some studies have also addressed bioreceptivity, which is the material’s ability to be
colonised by living organisms [13,67]. On glazed tiles, bioreceptivity was tested and it was
found that the colonisation rate of phototrophs was mostly affected by the water perme-
ability. Another study that used the same glaze composition as the previously mentioned
study detected no difference in the fungal colonisation rated between pristine and aged
tiles. Regarding the bioreceptivity, no study has yet assessed the influence of the properties
of the glass, such as composition, ageing, or roughness, on the rate of microbial growth.
This is probably due to the difficulty in quantifying the growth of fungi and bacteria, which
are the main stained glass colonisers. The only study that has investigated bioreceptivity
of glass used a modern glass composition to test the effect of superficial porosity in the
growth of phototrophic microorganisms [68]. In comparison with stone, the bioreceptivity
of glass and glazed ceramic materials has been little investigated [13]. Nevertheless, several
real case studies have mentioned differences in the degree of colonisation depending on the
glass composition and colour [24,25]. This is also supported by the fact that some colorants
seem to have antimicrobial properties, namely cobalt [69,70] and copper [25]. Therefore,
the analysis of the effect of the colorants of glass and glazes on the biodeterioration rate
and the inhibition of colonisation is an understudied area that could provide relevant
information regarding the susceptibility of glasses to microorganisms depending on their
colouring elements.

4. Discussion

We were surprised that, until now, the majority of biodiversity and biodeterioration
studies have been performed on stained glass works of art coming from Germany. On the
other hand, studies on glazed tiles from Portugal are more prevalent in the literature.

Biodiversity data reported from the 21st century literature, indicates that fungi and
bacteria are the main colonizer of stained glass windows (Figures 2 and 4). While glazed
tiles are also colonized by macroalgae and cyanobacteria. Nevertheless, the authors found
that there are several works that identify microorganisms on stained glass and there are less
studies published concerning glazed tiles. Still, it is important to study bacteria on glazed
tiles since only two studies (Table S2) have been conducted in the 21st century literature. A
further research should be performed on green biofilms on stained glass windows, in order
to find out if there are phototrophic microorganisms on this glass cultural heritage.

Microbial glass deterioration causes serious damage on glass, not only from the
chemical and physical point of view, but also from an aesthetic and iconographic one,
since glass loses its transparency. The research of microorganism-glaze-ceramic interface
is a crucial step for understanding if microorganisms are indeed capable of causing the
detachment of the glaze. Accordingly, biodeterioration should be carefully addressed
whenever conservation of historic glass is the issue. Data reported from the 21st century
literature regarding bacterial diversity of glazed tiles was determined from only two
studies. Both studies applied molecular biology for the characterization of the microbial
community [26,29]. The fact that many uncultured species appear in these results and the
presence of many unknown species highlights one of the drawbacks of molecular biology
(Table S2).

The complexity of biodeterioration studies results from many synergetic and an-
tagonistic factors makes drawing conclusions based solely on the investigation of colo-
nized samples is very difficult. In addition, the analysis of materials with high biodi-
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versity makes it impossible to determine which microorganism was responsible for the
biodeteriogenic action.

When laboratory based studies are made the use of pure cultures allows to understand
if a specific microorganism is a biodeteriogen. However, multi-species mimic better the
real conditions in which biodeterioration occurs, since colonization usually occurs in a
community of organisms. Laboratory experiments have the advantage of testing the dam-
aging potential of a specific organism or group of organisms under controlled conditions.
However, distinct authors used a different microorganism, time, temperature, light, etc.,
which make it impossible to compare between distinct studies.

Therefore, a working group should be organized in order to develop guidelines or
standards for laboratory-based experiments: for instance, if you have a biofilm with five
species you would test the biofim as a whole and each specie separately. Is also important
to reproduce the glass or the glaze. It is important to define abiotic factors such as HR, time,
temperature, light, the incubation system etc. Microbial glass deterioration causes serious
damage to glass, not only from the chemical and physical point of view, but also from an
aesthetic and iconographic perspective, since the glass loses its transparency. The research
into the microorganism–glaze–ceramic interface is a crucial step for understanding whether
microorganisms are indeed capable of causing the detachment of the glaze. Accordingly,
biodeterioration should be carefully addressed whenever the conservation of historic
glass and glazes tiles is of importance. Conservators must act to achieve the inactivation
and removal of the microorganisms in order to halt their progression. The selection of
cleaning products and biocides is a complex subject with few optimal solutions, due to
the susceptibility of glass to corrosion and the complex biodiversity [28,71]. Additionally,
the mechanical removal of biofilms, whether with a simple manual scalpel or through
complex laser cleaning, remains in question since microorganisms usually grow close to
the glass corrosion layer. In the case of cultural heritage, they are considered part of the
original material and also a corrosion-passivating layer; therefore, their removal needs to be
carefully evaluated. Protective layers have been investigated, such as antimicrobial [72,73]
or anticorrosion [74,75] coatings. However, few or no real case applications have been
carried out due to the ethical questions regarding their reversibility, ageing, and interference
with aesthetic properties. Further research to understand glass biodeterioration is essential
to be able to develop proper conservation guidelines for stained glass and glazed tiles.

The complexity of biodeterioration studies is due to the many synergetic and antago-
nistic factors that make drawing conclusions based solely on the investigation of colonised
samples very difficult. In addition, the analysis of materials with high biodiversity makes
it impossible to determine which microorganism was responsible for the biodeteriogenic
action. When laboratory-based studies are carried out, the use of pure cultures allows
us to understand if a specific microorganism is a biodeteriogen. However, multi-species
inoculation better mimics the real conditions under which biodeterioration occurs, since
colonisation usually develops in a community of organisms. Laboratory experiments
have the advantage of testing the damaging potential of a specific organism or group of
organisms under controlled conditions. However, some authors have used different mi-
croorganisms, time periods, temperatures, light conditions, etc., which makes it impossible
to compare different studies.

Therefore, a working group should be organised in order to develop guidelines or
standards for laboratory-based experiments: for instance, outlining procedures for testing
biofilms as a whole and each species separately. Is also important to reproduce the glass or
the glaze under study. Finally, it is important to define abiotic factors, such as the HR, time
period, temperature, light, incubation system, and so forth.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11209552/s1, Table S1: Fungi reported on historical stained glass windows and glazed tiles
in the literature. Table S2: Bacteria reported on historical stained glass windows and glazed tiles in
the literature. Table S3: Prototrophs (cyanobacteria and microalgae), Protista and Rotifera reported
on historical stained glass windows and glazed tiles in the literature.

https://www.mdpi.com/article/10.3390/app11209552/s1
https://www.mdpi.com/article/10.3390/app11209552/s1
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