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Abstract: The bioreceptivity, and the consequent biodeterioration of contemporary glass, used by
artists worldwide, was studied. The two main objectives were: first, to verify if fungi with some culture
media would produce more damages than the same fungi without a nutritional source, and to verify
if the two genera of fungi produce the same damage on the same glass. Colourless glass samples
with Spruce Pine 87 Batch (SPB-87) composition were inoculated with two distinct fungal species,
Penicillium chrysogenum and Aspergillus niger, separately: (i) half with fungal spores (simulating primary
bioreceptivity), and (ii) half with fungi in a small portion of culture media (simulating organic matter
that can be deposited on exposed glassworks, i.e., secondary bioreceptivity). The alteration of glass
surfaces were analysed by Optical Microscopy, SEM-EDS and µ-Raman. The mycelium of Penicillium
chrysogenum generated a higher amount of fingerprints, stains and iridescence, whereas Aspergillus
niger produced more biopitting and crystals on the glass surface. However, both species damaged the
glass to different degrees in 4 and 6 months after the inoculation, producing physico-chemical damage
(e.g., iridescence, biopitting), and chemical alterations (e.g., depletion and deposition of elements
and crystals). The primary bioreceptivity experiment of glass samples inoculated with Aspergillus
niger results in less damage than in the case of secondary bioreceptivity, being almost similar for
Penicillium chrysogenum. The new and in-depth understanding of the bioreceptivity and deterioration
of post-modern glass art and cultural heritage provided here is of paramount importance for the
scientific, conservation and artistic communities—to protect glass cultural materials, or seen by artists
as innovative and inspirational ways of creating glass art in the future.

Keywords: bioreceptivity; biodeterioration; fungi; Aspergillus niger; Penicillium chrysogenum; soda-
lime glass; contemporary glass art; Spruce Pine Batch 87

1. Introduction

The Phoenicians created the concept of glass art, and ever since glass has been used in
several forms of creations in our cultural heritage. Glass art and glass blowing can be traced
back in history as far as the establishment of the Roman Empire, in the first century BC,
the moment when this new technology spread very quickly. More recently, modern glass
art blowing owes much of its invention to the rise of the Studio Glass Movement in the
early 20th century, and contemporary artists continue to contribute to the glass creations,
constituting the heritage of today and of future generations. Concerning the current use of
glass as an artistic medium, the Spruce Pine 87 Batch glass (SPB-87) has high importance in
contemporary art production. It is used in works of art of many internationally renowned
artists, due to its origins in the 1960s United States, where the Modern Art Glass Movement
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began and spread to the rest of the world. The SPB-87 glass was, and still is, acquired by
glass artists with works indoors (e.g., galleries) and outdoors all over the world. Regardless
of their location, all these glassworks are subject to physical, chemical, and biological
factors. Concerning the latter, the principal biological agents causing glass biodeterioration
are known to be microorganisms, bacteria and fungi being the ones most commonly found
on glass [1].

In 1995, Guillite introduced the term bioreceptivity, as ‘the ability of a material to be
colonised by one or several groups of organisms’ [2]. The same author also defines the terms
primary and secondary bioreceptivity. The ‘Primary Bioreceptivity ’ refers to the susceptibility
of the material to be colonised by organisms reliant of its initial state properties. The character-
istics of the material can evolve over time under the action of other colonising organisms, dust,
or other factors, resulting in a new type of bioreceptivity, called ‘Secondary Bioreceptivity ’ [2].
There are many studies reporting that fungi are able to colonise different types of glass, as
well as on glass biodeterioration by fungi, demonstrating that these microorganisms can be
responsible for irreversible damages (e.g., Carmona et al. [3], Rodrigues et al. [4], Drewello
and Weissmann [5], Gorbushina and Palinska [6], Corrêa Pinto et al. [7], Kerner-Gang and
Theden [8]). Nevertheless, studies on the bioreceptivity of glass surfaces are scant, despite the
fact that the biodeterioration effects in these materials are a consequence of their bioreceptivity.

Two types of fungi over glass are reported in the literature: those identified on the
surface but with no information regarding their potential for glass biodeterioration, and
those causing damage to glass surfaces [1,9]. Through the most recent literature reviews
(see Macedo et al. [1], Macedo et al. [9]), the genera Aspergillus sp., Penicillium sp. and
Cladosporium sp. are presented as those more commonly found on glass. However, within
these genera there is not a species that occurs more than twice on glass (see Table S1 from
Macedo et al. [1]). Thus, most of the literature in glass biodeterioration refers to fungi
genera. Some of the authors studying glass biodeterioration (e.g., Corrêa Pinto et al. [7])
inoculated glass samples with a spore suspension of four distinct fungal species in sterile
0.05% Tween 80 (Panreac) to simulate a real biofilm and a primary bioreceptivity, but the
species with major biodeterioration potential could not be identified. Other authors did
their biodeterioration experiment by inoculating some fungi with a small amount of culture
media, thus simulating secondary bioreceptivity. For instance, Rodrigues et al. [4] used
Penicillium sp. and Cladosporium sp., with a small amount of PDA (Potato Dextrose Agar)
on their glass biodeterioration experiment. In this study, large quantities of crystalline
substances and prints on the surfaces are attributed to the presence of both fungi, and took
place after only 2.5 months of incubation. However, since the effect of Penicillium sp. alone
could not be separated from the one of Cladosporium sp., the bioreceptivity of the glass
surfaces to each of the species was out of reach in both studies.

In several studies regarding glass biodeterioration by fungi, historical glass (i.e., with
more than 100 years) like stained glass windows is usually the main concern [3,4,7,10], as
none of these studies relate to contemporary glass art. Therefore, on the one hand, the
genera that will be used in this experiment were isolated from stained glass windows.
On the other hand, since the SPB-87 glass was a newly developed batch-composition
related to the Studio Glass Movement event, it was the natural choice for the present
study. It is important to contextualise its origins to understand the relevance of the selected
substrate. In 1962, Dominick Labino (the scientist) and Harvey K. Littleton (the artist)
brought into the artistic community the use of glass as a medium for expression. Littleton
and Labino disseminated the technical knowledge and the glassblowing techniques to work
in a portable furnace, and to produce a low melting-point glass, using the batch originally
supplied by Dominick Labino. The American Studio Glass Movement took a kick-start with
the newly acquired technical skills, and the glass artist as a maker and designer was thus
highlighted [11,12]. One year later, at the University of Wisconsin, Littleton established a
pioneering glass program in the United States of America. This program attracted student
artists that would later be iconic figures, namely Dale Chihuly and Marvin Lipovsky [13].
The name of the Spruce Pine batch comes from the analogous named town in Wisconsin,
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to where Littleton moved after retiring from teaching in 1977. There, as an independent
artist, he continued his work and founded the Spruce Pine Batch Company in 1988, which
up to the present uses the low melting-point soda-lime glass formula created by Dominick
Labino. Due to the latter, artists were no longer dependent on factories to manufacture
glass artworks, since they possessed this specifically-created formula for use in studio
glass creations. This is why glass artists worldwide still use the SPB-87 medium in their
artworks today.

As aforementioned, the SPB-87 glass is a soda-lime glass. Regarding the biodeterio-
ration of the soda-lime type, this subject was previously studied in detail solely by two
authors: Callot et al. [14] and Gallien et al. [15]. The latter performed biodeterioration
experiments using Aspergillus niger and Cladosporium sp., resulting in the observation acidic
glass surfaces’ (pH from 4.5 to 1.7 for the Aspergillus) in few days of leaching, besides a
strongly anchored fungal mycellium on the glass surface [15]. In turn, Callot et al. [14] per-
formed their biodeterioration experiments on glass using Penicillium notatum. The results
reported in that study exhibited a friable reaction layer at a few isolated spots and hyphae
fingerprints on soda-lime glass [14]. The damages are reported, but the glass bioreceptivity
is not discussed.

Considering the mentioned results from previous studies, two interesting questions
rise: (i) does the primary or the secondary bioreceptivity influence the biodeterioration
potential of the fungal species? and (ii) do two different genera produce the same damage
on a glass? A third important question can also be added: can the knowledge on the
bioreceptivity, and the consequent biodeterioration, of glass substrates influence a better
preservation or even the creation of new forms or artistic works? In this study, Penicillium
and Aspergillus were chosen to investigate the bioreceptivity of SPB-87 glass surfaces to
each species, and their individual biodeterioration potential. Each fungi, one Penicillium
and one Aspergillus, were individually inoculated on the glass samples, in one experiment
only with spores (to study primary bioreceptivity), and in a second experiment with a small
amount of PDA. Consequently, the work presented here is focused on two main objectives:
to verify (i) if fungi with some culture media (simulating secondary bioreceptivity) would
produce more damages on glass than fungi without a strong nutritional source (only spores
in Tween), and (ii) if the two fungal species (Penicillium and Aspergillus) cause the same
biodeterioration patterns and/or degree. The inoculated glass used was the Spruce Pine 87
Batch glass, representing the many contemporary glass artworks in our heritage that have
never been studied before from this point of view.

2. Materials and Methods
2.1. SPB-87 Glass Production

Spruce Pine Batch 87 (hereafter SPB-87) glass falls within the soda-lime type. It was
personally provided to this research by a member of Corning Museum of Glass. The glass
samples used in this study were produced in the Vicarte Research UNIT, using the chemical
composition of SPB-87. For the production of the glass batch, laboratorial reagents were
used, and the mixture was melted in a kiln after stirring (the melting temperature applied
was 1300 ◦C, in a Termolab, Fornos Eléctricos Lda kiln). The produced SPB-87 glass final
composition was approximately the following: 71.9 wt% SiO2, 1.79 wt% Al2O3, 14.89 wt%
Na2O, 0.40 wt% K2O, 1.00 wt% Li2O, 7.90 wt% CaO, 0.20 wt% MgO, 0.50 wt% BaO, 1.00 wt%
ZnO, 0.20 wt% Sb2O3, 0.10 wt% Na3AlF6, 0.09 wt% Er2O3, 0.02 wt% Fe2O3. aparafusados

The SPB-87 glass melt obtained was hand-blown into roundels (circular glass plates)
using traditional tools and techniques. These roundels were annealed at a temperature of
about 500 ◦C for 4 h, and slowly cooled down to room temperature during approximately
one day. For the experiment, square glass samples of 1 × 1 cm2 and about 2–2.5 mm
thickness were cut from the roundels produced.
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2.2. Bioreceptivity/Biodeterioration Experiment
2.2.1. Identification of Fungal Strains and Inoculum Preparation

Two fungal strains were considered for this study. They were originally isolated
and kept at 4 ◦C until fresh cultures were prepared for the current experiments. For the
inoculum preparation (growth and sporulation), both isolates were transferred to Potate
Dextrose Agar (PDA), which is well-known to have the adequate pH for fungal growth
(about 6–6.5) [16]. They grew in the laboratory, where further bioreceptivity experiments
were conducted (temperature controlled by air conditioning between 22 and 23 ◦C). The
nutritive source, PDA, grants the necessary water activity inside the Petri dish.

DNA from pure cultures was extracted using the DNeasy® PowerLyzer® PowerSoil®

kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Amplification
of fungal internal transcribed spacer (ITS) regions was attempted by Polymerase Chain
Reaction (PCR) using the ITS1 (5′-TCC GTA GGT GAA CCT GCG G) and ITS4 (5′-TCC TCC
GCT TAT TGA TAT GC-3′) primers, as described previously [17]. The PCR reactions were
performed in a Biometra thermocycler T-Gradient ThermoBlock (Göttingen, Germany)
using the following thermal conditions: 94 ◦C for 2 min; followed by 35 cycles of 94 ◦C for
1 min, 50 ◦C for 1 min and 72 ◦C for 2 min; and a final extension cycle at 72 ◦C for 5 min. The
amplified products were evaluated by electrophoresis on 1% (w/v) agarose gels, stained
with SYBR Safe DNA Gel Strain (Carlsbad, CA, USA) and visualized under UV light. The
PCR products were then purified and sequenced by STAB VIDA Sequencing Services
(Caparica, Portugal). The two DNA sequences obtained were edited using Bioedit v7.2.5
software (Technelysium, Tewantin, Australia) and compared using the BLASTn (Basic Local
Alignment Search Tool) algorithm [18] from the NCBI (National Center for Biotechnology
Information), http://www.ncbi.nlm.nih.gov/, accessed on 5 July 2022) for the phylogenetic
identification. Both generated ITS sequences were deposited in GenBank (https://www.
ncbi.nlm.nih.gov/genbank/, accessed on 5 July 2022) under accession numbers ON926989
and ON926990.

For the primary bioreceptivity experiment, an inoculum was prepared with the har-
vested spores by pipetting sterile 0.05% Tween 80 (Panreac) on the surface of the colonies.
These spore suspensions, one for each fungal strain, were determined with a haemocytome-
ter and adjusted to 1× 106 spores/mL. For the secondary bioreceptivity, a small amount of
each fungus with PDA was withdrawal from the 2 Petri dishes.

2.2.2. Inoculation and Tests

In this experiment, two Petri dishes of 150 mm diameter were used, to which distilled
water and a stainless steel net were added to accommodate the glass samples. To maintain
high relative humidity (RH) for enhancing fungal growth (75–80%), distilled water was
added to the bottom; contact with the distilled water was avoided by the net level. Each
stainless steel net inside each glass Petri dish was split into three sections–Figure 1a. The
Petri dishes with the experimental set were sterilised in an autoclave at 121 ◦C for 1 h.
The isolated and identified fungal strains were inoculated in 12 samples each, separated
in 2 different Petri dishes. Besides, 3 samples were added as reference, thus a total of
15 samples were settled on the top of the net inside each Petri dish (one Petri dish per
fungal strain). The control samples (i.e., with no contamination by fungal spores, placed in
a separate Petri dish), are presented as supplementary material (Appendix A Figure A1)
to demonstrate the difference between the fungal colonisation of the surfaces and the
environmental alteration on the absence of fungi.

Concerning the inoculation step, 12 samples of each set were inoculated with each
fungus separately. Six out of the 12 samples had a small bit of culture medium–Potato Dex-
trose Agar (PDA)–simulating organic and inorganic matter that can deposit on glassworks,
as well as simulating the secondary bioreceptivity of the glass (Figure 1b). The other six
glass samples were inoculated with 10 µL of the previously prepared spores suspension
(1× 106 spores/mL in a 0.05% Tween solution, Figure 1c, merely used as guarantee of the
same spores concentration in all samples. The use of spores intended to simulate the glass
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primary bioreceptivity. Finally, three clean glass samples were placed inside the Petri dishes
under the same conditions but without inoculation to be used as a reference of the same
material (Figure 1d).

Figure 1. Experimental design (a) Petri dish with glass samples (includes reference samples, samples
inoculated with fungal spores (b) and samples inoculated with PDA (c). Glass biodeterioration
experiment design and sample number (d).

To ensure high relative humidity (75–80% RH) and controlled temperature under
laboratory conditions (22–23 ◦C, controlled by air conditioning), the Petri dishes were kept
in an acrylic box one level over the water placed at the bottom. The maximum incubation
period lasted for 6 months, but analysis occurred in two different moments: half the
samples were analysed after 4 months and the other half after 6 months. Figure 1 shows
the experimental design used for each fungal species, replicated for both fungal strains.

2.3. Glass Surface Analyses

To monitor and characterise the morphological and chemical alteration on the glass
surfaces during the experiment, a set of analytical techniques was applied: optical mi-
croscopy, scanning electron microscopy coupled to energy dispersive X-ray spectroscopy,
and µ-Raman. The analyses were performed either before and/or after a cleaning proce-
dure (consisting of the biofilm removal with a cotton swab embedded in a 1:1 water ethanol
solution), as indicated in each section.

2.3.1. Optical Microscopy

Optical microscopy observations were carried out on glass samples with biofilm and
without biofilm on their surfaces (i.e., before and after the cleaning procedure with 1:1
water ethanol solution) with the use of a Axioplan 2, Zeiss light microscope with a coupled
Nikon DMX digital camera.

2.3.2. SEM

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS)
observations and elemental analysis were performed on the glass surfaces after the cleaning
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procedure using a SEM-FIB Zeiss Auriga CrossBeam Workstation at CENIMAT | i3N
(NOVA School of Science and Technology).

2.3.3. µ-Raman

Raman micro-spectroscopy (µ-Raman) was performed on the glass surfaces after the
cleaning procedure using a Raman Horiba Jobin Yvon–Model LabRaman 300 at NOVA
School of Science and Technology, in order to search for and potentially identify corrosion
and biocorrosion products [4]. A green-light laser of 532 nm wavelength was focused with a
50× coupled Olympus lens. The analysis were performed with no filter, in a range between
100and 1500 cm−1 in 15 cycles of 30 s. A spectra curve fitting was performed and the baseline
was subtracted using Labspec (DILOR) software whenever necessary, to reduce background
fluorescence and better interpretation of the present biocorrosion products.

2.3.4. Damage Measurement Parameters

The surfaces’ damage or alteration was attributed as the variable partitioned into
components (causes of variation in the ANOVA test). Average damage was classified
into a semi-quantitative scale from 0 to 4 – from 0 (non-existent) to 4 (very pronounced),
considering parameters such as density, quantity, and dimensions on each type of damage.
The following parameters were defined: (i) mycelium growth, (ii) chromatic alteration
(stains, iridescence, darkening), (iii) biopitting, (iv) depositions, (v) crystals, and (vi) other
corrosion effects (e.g., leaching). The results were retrieved by direct observation and
evaluation of the intensity of the latter on the 3 replicated surfaces. The semi-quantitative
values represent an hierarchical classification of the observed damage.

2.3.5. ANOVA Test

In order to answer the two main questions of this work, the ANOVA test was employed
(see details Appendix A) ANOVA was used to test whether the means of distinct groups
are different. The analysis intended to evaluate the variation (general differences) within
the groups of results–in this case, of attributed average classifications of damage degree
of the glass surfaces. The null hypothesis of ANOVA is that there is no difference among
the group means. The alternate hypothesis is that at least one group differs significantly
from the overall mean of the dependent variable. ANOVA allows to test the difference
between two or more means. This test was made by using Microsoft Excel® software. MS
Excel® refers to this test as Single Factor ANOVA. This analysis of variance (ANOVA) was
performed, for a Alpha value (p) of 0.05, to evaluate the average variation of the attributed
average of the 4 groups (Penicillium in PDA; Penicillium in Tween and Aspergillus in PDA.
and Aspergillus in Tween).

3. Results
3.1. Taxonomic Identification of Fungal Strains by Molecular Techniques

The taxonomic identification of the two isolated fungi used in this study are shown in Table 1.
They were affiliated to the fungal species Penicillium chrysogenum and Aspergillus niger, both with
100% similarity with the nearest homologues of the ITS region of the database sequences.

Table 1. Taxonomic classification of the fungal strains.

Strain nr. Nearest Homologue (Accession Number) Similarity (%)

PS1 Penicillium chrysogenum UWR_107 ITS region (KY465761)
AN TYPE fungus (NR_077145) 100%

AS1 Aspergillus niger OR32F12 ITS region (MT510013) 100%

3.2. Surface Morphology: Optical and Scanning Electron Microscopy

Glass samples were examined by optical and scanning electron microscopy after 4- and
6-month incubation periods (t4 and t6, respectively) to assess the glass surfaces’ morphology
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and to detect the expected biocorrosion products. Optical microscopy allowed us to observe
the glass surfaces and the associated mycelium growth, aesthetic and chromatic alterations,
and the biocorrosion patterns in comparison with the non-inoculated samples. A summary
of the results is presented in Figure 2 (and in more detail Appendix A, Figure A2), and
it is shown each type of inoculated surfaces before (left column) and after the cleaning
procedure (right column), for t4 and t6 periods of incubation.

Over in both PDA and spores in Tween inoculation with Penicillium chrysogenum (PS1),
biological colonisation was clearly observed on both types of surfaces. Growth and densifi-
cation of mycelium occurred between 4 (t4) and 6 months (t6) after the inoculation. Staining,
etching, biopitting, and crystal formation were also observed, even after the cleaning proce-
dure (Figure 2 and Appendix A, Figure A2a, marked as ‘B’, ‘E’, and ‘F’, respectively). The
darkening of glass surfaces from deterioration processes is often associated with fungal
growth [19].

Figure 2. Optical microscopy results from (a) the inoculation of SPB-87 with Penicillium chrysogenum
and Aspergillus niger, and of (b) the reference samples placed inside the same conditions of the inocu-
lation environment. Legend: (A) clear biological colonisation/mycelium, (B) chromatic alterations
(spots, stains, iridescence), (C) mycelium growth up to the edge, (D) denser mycelium near the PDA,
(E) Etching/biopitting produced by hyphae, (F) crystal formation, (G) growth of mycelium from
the spores.

Penicillium chrysogenum spores produced biological colonisation and mycelium growth
(with hyphae reaching the edges) in all glass samples (Appendix A, Figure A2b). These
surface alterations (including crystal formation) increased over 6 months. At t6, the hyphae
fingerprints were visible even after performing the cleaning procedure in all inoculated
samples (Figure 2), showing that fungal mycelium was strongly anchored on the glass sur-
face. Therefore, it is not surprising to verify that Penicillium chrysogenum spores inoculation
produced a mycelium density smaller than the inoculated Penicillium in PDA. Hence, in
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this case, the nutritional source plays an important role in the fungal growth, although it is
not a limiting factor, since fungal growth was observed for all cases.

Observations of the surfaces inoculated with Aspergillus niger shown in Figure 2 (and
in more detail in Appendix A, Figure A3) also revealed that all samples with PDA showed
biological colonisation and mycelium growth after 4 months of incubation (Figure 2a, and
Appendix A, Figure A3a for more detail). However, hyphae do not reach the sample
edges, in contrast to what occurred with samples inoculated with Penicillium chrysogenum
(Appendix A, Figure A2a). Biopitting and crystal formation was also observed at t4 for
Aspergillus niger in PDA (‘E’ and ‘F’ in Figure 2a and Appendix A, Figure A3a), similar to
what was observed in the case of Penicillium chrysogenum (Appendix A, Figure A2a). After
6 months, all samples inoculated with Aspergillus niger samples showed a mycelium density
similar to t4, which was less dense than the one observed for the Penicillium chrysogenum
one. Nonetheless, an increasing deposition of crystals and other structures, as well as
pitting and micro-cracks formation, became more visible after the cleaning procedure.
Similar deterioration patterns were reported by other authors–e.g., Kerner-Gang [20] who
also reported pits on the glass surface caused by Aspergillus versicolor conidia (spores).
Bartosik et al. [19] reported the development of conidia of the fungus Aspergillus, together
with glass biodeterioration features.

The samples inoculated with Aspergillus niger spores revealed that, at t4, all the in-
oculated samples showed biological colonisation and mycelium growth (Figure 2, and
Appendix A, Figure A3b for more detail). In a similar way to Penicillium spores, the
mycelium growth did not reach the samples’ edges, but crystal formation and hyphae
fingerprints were present. At t6, the density of the mycelium of the samples inoculated
with Aspergillus spores was similar to t4. However, by this time of incubation, it already
reached the samples’ edges, contrarily to the samples with PDA.

Reference samples (with no nutrient medium or inoculation) were kept in the same
environment for comparison over time. However, since the reference samples shared the
same incubation conditions, some spores from the inoculated samples could be deposited
on the reference ones during the incubation period. Indeed Figure 2b shows microbial
growth for both set ups. In some cases, hyphae growth was observed after 6 months, despite
being much less dense than on the inoculated samples (both PDA and spores in Tween).
Additionally, Penicillium growth was observed with no nutritional source (Figure 2b). The
control samples kept in the prepared environment for the same amount of time, but in
a separate Petri dish (Appendix A, Figure A1), show no evidence of the effect from the
colonisation such as the observed colour alterations, among others (as in Figure 2).

SEM analysis allowed the observation of physical alterations caused by each fungi on
the glass surfaces, complementing the microscopic observations. The SEM results for both
species inoculated over the SPB-87 glass are presented in Figure 3a, where the micro-scale
morphological alteration is shown on samples after cleaning. The samples inoculated with
Penicillium chrysogenum in PDA and as spores in Tween solution are shown in Figure 3a
on the left side, and the the samples inoculated with Aspergillus niger in both media are
shown in Figure 3a in the right side. Hyphae and spores fingerprints, crystal formation,
and surfaces’ alteration are clearly visible in all cases after the cleaning procedure, both at t4
and t6. These damages were caused by the two fungi species either in PDA or spores. The
crystals over the surfaces often appear close or intertwined with remaining fungal hyphae,
likely close-by to other extracellular polymeric substances (e.g., Figure 3a, inoculation
with PS1 Penicillium in PDA at t6). The chemical composition of the fungal secretions,
surfaces’ alteration, and crystalline products are further presented in the next section (EDS
microanalysis).

Damages can also be observed over the reference samples contaminated with the two
fungal species spores over time in each incubation environments (see Figure 3a right side).
The alteration of the pristine surfaces is known to occur over time and in an environment
with high relative humidity [21]. However, the presence of fungal strain (verified by optical
microscopy) leads us to believe that some of the crystalline structures and other surface
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features are formed due to the influence of the air-transported spores and posterior fungal
growth over those surfaces.

Figure 3. SEM images of samples inoculated with (a) Penicillium chrysogenum and Aspergillus niger,
in PDA or as spores in Tween solution, at t4 and t6 periods of incubation; and (b) of the reference
samples incubated in the same Petri dishes after 6 months (t6). Legend: (A) hyphae fingerprints; (B)
spores fingerprints; (C) crystal formation; (D) depletion/deposition of elements; (E) biopitting; (F)
exometabolites.
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3.3. Chemical Alteration: SEM-EDS and µ-Raman

SEM-EDS microanalyses also allowed the evaluation of chemical alterations caused
by Penicillium and Aspergillus on the glass surfaces. This information was complemented
by the identification of crystalline products on glass by µ-Raman. The results from the
elemental alterations is shown in the EDS quantification results in Table 2.

Table 2. Elemental composition (atomic %, at%) on the glass surface after 4 and 6 months inoculation
with Penicillium chrysogenum and Aspergillus niger–spectra presented in Figure 4. Mean values
correspond to the average of 3 samples analysed prior to inoculation. Legend: Sp = spot or area of
SEM analysis where the EDS results were retrieved (see Figure 4); BQL = below quantification limit;
‘–’ = not present.

Glass

Penicillium chrysogenum Aspergillus niger Reference

PDA Spores in Tween PDA Spores in Tween Pen. Asp

Sp1 Sp2 Sp3 Sp1 Sp2 Sp3 Sp1 Sp2 Sp1 Sp2 Sp3 Sp2 Sp3

at% x̄ ± σ t4 t4 t6 t4 t4 t6 t4 t6 t4 t4 t4 t6 t6

C – 26.0 25.3 22.3 19.9 – – BQL 20.3 19.0 74.2 16.2 27.3 60.2
O 55.9 ± 0.9 30.7 53.1 58.5 58.9 59.6 66.9 62.6 57.5 48.2 20.0 58.8 49.5 25.2
Na 9.0 ± 0.5 15.2 0.6 – 0.4 1.7 3.7 1.7 – 2.5 1.0 2.1 1.8 6.3
Mg – 1.8 1.2 – 1.7 1.8 1.7 – 0.2 – – 0.6 0.2 0.3
Al 1.0 ± 0.1 – – – – 0.4 0.5 19.1 – 13.9 0.2 0.3 0.3 0.5
Si 30.3 ± 1.0 9.5 8.8 0.3 0.8 15.7 11.3 15.6 0.6 15.6 3.6 5.9 9.2 2.6
Cl – 15.3 – 0.4 – – – – – 0.2 0.2 0.5 – 0.9
K 0.3 ± 0.0 0.4 – – – – 0.2 0.4 – 0.5 0.2 0.3 – 0.2
Ca 3.3 ± 0.1 1.1 11.1 18.6 18.7 21.4 15.6 0.5 21.4 0.1 0.6 15.2 11.6 0.8
Zn 0.3 ± 0.1 – – – – – – – – – 0.1 – – –
Mn – – – – 0.2 – – – – – – – – –
Ti – – – – – – – 0.2 – – – 0.1 – –
S – – – – – – – – – – – – – 1.2
Fe – – – – – – – – – – – – – 1.5

Additionally, Figure 4a,b present the SEM-EDS results, and Figure 5a (plus Appendix A,
Figure A4a) present the µ-Raman results of the samples inoculated with PS1 in PDA and
as spores in Tween solution. Figure 4c,d present the SEM-EDS results, and Figure 5 (plus
Appendix A, Figure A4b) present the µ-Raman results of the samples inoculated with AS1
(with PDA or Tween).
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Figure 4. SEM-EDS spectra of crystals and surface alterations of the SPB-87 glass samples (analysis
spots marked in the SEM images presented), inoculated with (a) Penicillium chrysogenum (PS1) in PDA
or (b) PS1 spores in Tween; (c) Aspergillus niger (AS1) in PDA or (d) spores in Tween; (e) reference
samples in the PS1 and (f) AS1 environments at t4 and t4.
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Figure 5. Raman spectra of the idetified crystalline products on the glass surfaces inoculated with
(a) weddelite (CaC2O4 ·H2O) identified in PS1 in PDA at t6 identified according to literature data [22,23],
and (b) calcium carbonate (CaCO3) identified in AS1 in PDA at t6, identified according to literature
data [23].

As can be observed from the results in Table 2, elements deposition or enrichment
over the glass surfaces were also noticed after the inoculation. In the inoculation of SPB-87
with PS1 in PDA, fungal fingerprints together with the probable formation of NaCl are
observed in the first EDS spectrum (Sp1) in Figure 4a. Those elements appear in a 1:1
proportion, as can be seen in Table 2. Enrichment in Ca, C, and O can be observed for the
same genus in Sp2, likely related to fungal excretions and possibly leached elements. Clear
crystalline surfaces are also present at t6, as can be observed in Sp3 in the same figure (most
likely calcite/aragonite–CaCO3–well related by the proportion at% of the constituents
being 1:1:3, c.f. Table 2), and in the Raman spectrum in Figure 5a, where likely weddellite
(CaC2O4 · 2 H2O) is present. In the latter, the calcium oxalate mineral can be identified
by the ν(C−O) antisymmetric stretching band at around 1475 cm−1, the ν(C−C) stretching
mode around 907–909 cm−1, and finally the low wavenumber bands observed around 188
cm−1, which can possibly be assigned to the CaO stretching and bending vibrations [22,24].
More difficult to observe is the band around 505 cm−1, which may be attributed to the
symmetric bending mode δ(O−C−O) in the calcium oxalates [22], due to the glass matrix
vibration modes overlapping [25].

Similar observations can be made for the inoculation with PS1 spores, where at t4
it is possible to observe the formation of likely calcite/aragonite crystals (see Figure 4b
Sp1 and the corresponding column in Table 2). Both at t4 and t6, fungal fingerprints can
be found associated with Ca and O enrichment (Sp2 and Sp3 in Figure 4b and Table 2).
At t6, the marks of inoculation with PS1 spores are clearly identifiable by the presence
of crystalline CaCO3 by Raman spectroscopy (Appendix A, Figure A4a): (i) the ‘internal
vibration modes’, originating from vibrations between the C and O of carbonate (CO3, are
present as a strong ν1 peak around 1087 cm−1 (symmetric stretching of C – O bonds), and
the in-plane bend (ν4) in the 700–720 cm−1 region of C – O bonds (slightly overlapped by
glass matrix vibration modes) [26], and also (ii) the crystalline ‘lattice’ or ‘external modes’
in the <400 cm−1 region that result from vibrations between molecules in the lattice, being
mineral-specific, and in this case appearing around 278 cm−1 [23].

For the inoculation of SPB-87 with AS1 in PDA, fungal fingerprints together with
an enrichment in Al and O is observed in the first EDS spectrum (Sp1) in Figure 4c. A
similar behaviour is observed in the samples inoculated with AS1 spores also at t4, in Sp1
in Figure 4d. In this case, a slight increase in C was quantified by EDS (Table 2), contrary to
the possibly very small increase below the quantification limit of the EDS system in the first
case. These enrichments are possibly associated with AS1 oxalate and other acid excretions,
since this ligand is known to be able to form strong complexes with Al and enhance silicate
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dissolution [27,28] and extraction from mineral lattice by fungal exometabolites [29,30],
which could likely be extended to the current scenario.

The fungal exometabolites can also be present in the features analysed by EDS, cor-
responding to the Sp2 spectrum in Figure 4d–t4–, to which the respective composition
in Table 2 evidences a clear increase in C and O at%. Additionally, there are similar ob-
servations to the samples inoculated with PS1 spores at t6 and the ones inoculated with
AS1 in PDA and spores concerning the likely formation calcite/aragonite crystals (see
Sp3 spectrum in Figure 4d corresponding column in Table 2, and see also Figure 5b and
Appendix A, Figure A4b). Besides CaCO3, also weddellite (CaC2O4 ·H2O) was identified
by µ-Raman in samples inoculated with AS1 spores.

Once again, damages of the reference samples–where two fungal species spores landed
during the incubation period–were observed in the alteration of the surface composition
for both fungal species (see Figure 4e,f and Table 2). It was not possible to identify the small
crystalline structures by Raman spectroscopy, but the consequences of the fungal growth
over those surfaces can easily be detected by the increasing C and O contents and the
features rich in Cl, S, and Fe that should relate with the excretions of these microorganisms–
e.g., exopolymers containing ionic groups and/or elements chelated or exchanged from
the glass substrate [31]. This will be discussed further in the next section. A summary of
the chemical surface alterations analysed by EDS and µ-Raman is presented in Table 3.

Table 3. Summary of the analysed chemical alterations analysed by Raman and EDS. (↑) enrichment;
(↓) depletion.

Penicillium chrysogenum (Incubation Environment) Aspergillus niger (Incubation Environment)

with PDA Spores Reference with PDA Spores Reference

Raman
t4 – – – – – –

t6 CaC2O4 ·H2O CaCO3 – CaCO3
CaCO3
CaC2O4 ·H2O –

EDS

t4
NaCl (?)
(↑) Ca, Mg, S,

Cl, C, O
(↓) Na

CaCO3
(↑) Ca, Mg, Cl,

Zn, Al, C, O
(↓) Na

(↑) Ca, C
(↓) Na

(↑) Al, O (↑) Al, C, O
(↑) Ca, Cl, K,

C, O
(↓) Na

t6
CaCO3
(↑) Ca, Mg, S,

Cl, C, O
(↓) Na

(↑) Ca, Mg, Zn,
C, O

(↓) Na

(↑) Ca, C, O
(↓) Na

(↑) Ca, Mg,
C, O

(↑) Ca, Cl, Mg,
Zn, C, O

(↓) Na

(↑) S, Fe, Cl,
C, O

(↓) Na

Additionally, a summary of the observations of the damages caused to the SPB-87
glass by the two fungal genera is presented in Figure 6–a colour scale is used to simplify
the observations made on the glass samples. To aid data interpretation, ANOVA statistical
analysis was applied to Figure 6 in all columns except references–these do not have a direct
comparison due to the fact that these samples were not colonised at the same time as others.

Regarding the overall damage degree, the results of the four groups (columns) showed
that F > Fcrit (and p < 0.05), which indicates that the mean values of the damages occurred
on glass were significantly different, or that at least one mean is different (Appendix B,
Table A1). Aspergillus spores presented the lower average value, producing lower damage
on glass than the other fungi, since the ANOVA results for the three remaining groups
(Appendix B, Table A2) presents a F < Fcrit (and a p value > 0.05)–i.e., lower differences
among these groups. However, by the analysis of Tables A1 and A2 in Appendix B, the
high variance of the group Penicillium chrysogenum spores may have been responsible for
this result, and careful interpretation should follow.
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Figure 6. Summary of the damages observed in all samples after 4 and 6 months incubation–
comparative analysis. Average damage is classified into a semi-quantitative scale from 0 to 4 (from
non-existent to very pronounced, considering parameters such as density, quantity, and dimensions).
A chromatic scale is used for better visualisation of the data.

Regarding our main question (i) concerning primary versus secondary bioreceptivity,
when comparing Aspergillus niger with PDA and spores (Appendix B, Table A3), the results
show F > Fcrit and p < 0.05, and that the mean values of the damages occurred on glass
were significantly different–i.e., secondary bioreceptivity (PDA) produced more damages
then primary bioreceptivity (Tween). On the contrary (see Appendix B, Table A4), in the
case of PS1, the damage degree is closer between the two different media. The perception
of these differences is enhanced to the observer by the use of different colours in the scale
of damage shown in Figure 6.

Considering our main question (ii) related to comparing the damage degree between
the two species, due to the above mentioned variance in the second group, the differences
are better illustrated by the colour scale in Figure 6.

4. Discussion

Considering the main questions of this study, the authors selected two fungal genera
based on two main following criteria: (i) most common fungi encountered on glasses
with different composition (merely identified on glass); (ii) top two fungi that were found
more often as glass biodeterioration agents. This selection was performed based on recent
literature reviews [1], which allowed for the identification of AS1 and PS1 as the two genera
corresponding to both criteria (i) and (ii). These are filamentous airborne fungi that produce
spores which are easily released and dispersed into the air, are very abundant saprophytes,
prevailing in soils, as well as in both indoor and outdoor environments [32,33]. They can
stimulate the dust fallen from the air and deposits on the glass, as primary bioreceptivity.

4.1. Bioreceptivity: From a Nutritive Environment to Nutrient-Free Glass Surfaces

Three different nutrient levels were studied in this work—(i) clean glass samples,
(ii) spores with Tween and (iii) the two fungi in PDA medium—and all present colonisation
potential, showing fungal growth after 4 and 6 months. It has therefore been observed that:
(i) reference samples could be a typical example of indoor artworks without cleaning after 6
months; (ii) samples with spores in Tween could represent outdoor artworks, where organic
depositions naturally occur; (iii) and, finally, samples with fungi and PDA could represent
a community that is already processing organic matter (e.g., actinomycetes, bacteria, and
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foliage). The three scenarios fall into the two categories of primary ((i) and (ii), differentiated
by the colonisation time) and secondary (iii) bioreceptivity.

In all cases except the control, which was kept in a completely separate Petri dish
for comparison purposes of the environmental alteration of surfaces, reference samples
are colonised, and there is mycelium growth over the glass samples in the less nutritive
medium (Tween solution). Moreover, it could be verified that the PDA (secondary biorecep-
tivity) does not increase the mycelium density for Aspergillus niger, contrary to Penicillium
chrysogenum. It is possible to assume that the PDA does not play a determinant role for
the development on glass surfaces of the AS1, but it has some effect on the growth of the
mycelium in case of the PS1. In terms of damage to the surfaces, it is possible to observe that,
after the cleaning procedure, AS1 in PDA contributed to the formation of a larger amount
of crystals than the inoculation with spores of the same species in the Tween solution.

The reference glass are a substrate with no culture media or Tween, having been
originally sterilised and thus representing the best example of primary and intrinsic biore-
ceptivity. However, the small amount of dust particles visible in the control (Figure A1)
throughout the tooling marks (glass blowing marks) may provide some hints of some
additional nutritional source that could be collecting on the surface at the same time as the
spores. Consequently, this demonstrates that fungi can colonise and develop over newly
formed glass surfaces, clean and with solely dust particles. The ability of fungi to grow on
nutrient-free media solely with silica compounds was also elsewhere reported [6,34], and
apparently some fungi have the ability to grow by extracting the necessary elements from
deteriorating glass [35]. Curiously, spots and stains are visible after 6 months, but there is
no clear PS1 mycelium growth (Figure 2a). On the opposite, it can be observed that the PS1
genera is able to grow its mycelium into a dense level without a nutritional source after the
6 months incubation period (Figure 2a). This suggests that the two species have different
colonisation patterns, progression, or needs. These differences may be a consequence of the
physiology of the two fungal genera, as discussed below.

The semi-quantitative evaluation of the chromatic scale in Figure 6, consistently
differentiated through the ANOVA results, indicate that the primary bioreceptivity of the
glass samples inoculated with Aspergillus niger results in a lower damage degree than the
secondary bioreceptivity.

4.2. Measuring Damage: Two Species, One Glass

When comparing the behaviours of the two fungi over the same glass substrate, it
is possible to observe that: (i) the mycelia over the samples inoculated with Aspergillus
niger is less dense than the ones with spores of Penicillium at t6 in PDA, as spores and
even in the contaminated reference samples; (ii) the biopitting and formation of crystals
over the surfaces is more pronounced with AS1, in particular when inoculated with the
nutritive medium (PDA). The damage patterns differ according to the fungi specimen (c.f.
Figure 2a), i.e., the Penicillium chrysogenum hyphae fingerprints and craters, stains and
iridescence are more visible than the Aspergillus niger ones, and the biopitting and crystals
are less dominant in PS1. The inoculated fungi were also able to biodeteriorate SPB-87
glass to different degrees. This behaviour is rather different from what can be observed in
the control samples (i.e., early stages of glass alteration), as the authors know well from
similar soda-lime silicate glass environmental alteration, that at this point (a maximum of
6 months) has almost negligible damage compared to the one observed in the inoculated
samples (e.g., Rodrigues et al. [21], Palomar and Rodrigues [36]).

The µ-Raman analysis revealed minerals that remained in the glass after the cleaning
procedure, something also previously reported [4,6,7]. Most crystalline structures found in
our experiment (CaCO3 and CaC2O4 ·H2O) are rich in Ca. Nonetheless, the leaching of the
bivalent ion Ca2+ is not usually preferential compared to Na+ in soda-rich silicate glasses such as
SPB-87 [21,37]. Drewello and Weissmann [5] reported that the enrichment of some elements in
specific areas can be induced by biomineralisation or produced by the mobilisation of elements by
microorganisms. Calcium carbonate (CaCO3) is know to be a common water corrosion product
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widely reported in accelerated or long term ageing, mostly in silicate glass immersion experiments
(e.g., Greiner-Wronowa and Stoch [38], Palomar et al. [39]). Short-term or environmental glass
alteration experiments in soda-lime-silicate glasses (e.g., Rodrigues et al. [21], Palomar and
Rodrigues [36]) seldom report the presence of this corrosion product in early stages (up to one
year exposure), except if pollutants or other external factors are contributing to accelerate the glass
surfaces deterioration [40]. The fact that CaCO3 is present in PS1 and AS1 inoculated samples
but is not observed in reference samples, and even less in the control, point to the role of fungi
the formation of the observed CaCO3. It has been well-established, for instance, that the rate of
silicate mineral and basaltic glass weathering promoted by environmental microorganisms is
usually higher than that of pure chemical weathering [41,42]. Additionally, other authors already
reported the presence of similar biominerals (calcite, kalicinite, and whewellite) in different glass
types due to the presence of Penicillium aurantiogriseum [43].

The main mechanisms underlying microorganisms–silicates interaction have been
reported as including: (i) the destruction of the lattice via redox; (ii) the exchange of
charge-balancing cations (K+, Na+, Ca2+) for protons at the surface; and (iii) the production
of metabolic by-products (e.g., extracellular enzymes, chelating agents, organic acids),
which form network-destabilising surface complexes, or metal complexes [41,44]. Elements
such as Al, Ca, Fe, K, Mg, and Na (released from the material) are assimilated by the
biomass [35,45]. Nonetheless, the crystalline structures and chemical alterations observed
here for each fungi present some differences that deserve attention.

On the one hand, in the case of AS1, the apparent dissolution and redeposition of
elements such as Mg, Zn, and Al increased significantly over time with the growth of
the biomass (see Table 3). Species of the same genera have been reported to possess the
ability to promote dissolution and complexation processes with aluminium, as well as
zinc [29,41,46]. The ability of this genera to acidify its micro-environment and exude high
quantities of low molecular weight organic acids, which results in the extraction of relevant
concentrations of aluminium from mineral phases, has been reported [29]. Other actors
in this process are the well-known siderophores—specific ligands for ferric and other
metal ions [42,47,48]—which are reported as being able to bind and remove Al3+ from
the silicate network in the absence of Fe [41,42], thus being responsible for remarkable
etching rates [47]. Due to the low content and lack of Fe and P in the SPB-87 glass itself, as
well as in the inoculation with spores or the contaminated reference samples, the possible
response in the form of a high production and accumulation of exometabolites may be
occurring [49] and be related to the damage caused by AS1. The reported phenomena seem
to be in accordance with the dominant biopitting and crystal formation in the SPB-87 glass
studied here.

On the other hand, in the case of PS1, there is an apparently lower degree of dissolution
of elements such as Zn and Al, despite species of this genera also being reported to be able
to leach these metal ions [46,50]. Besides Ca2+, Mg2+ are reputably a preferential leachate
of this genus. In fact, it has been reported in the literature that Ca, Mg, and Zn are able to
be solubilised from silicates by Penicillium (by Henderson and Duff [51] and by Ehrlich and
Rossi (1990), cited by Castro et al. [52], Wei et al. [53]). Additionally, a good adaptation of
this genera to the substrate in all cases can be perceived, causing an overall higher damage
degree, considering all parameters: mycelium growth, chromatic alteration, biopitting,
deposition of exometabolites, crystal formation, and surface corrosion/chemical alteration
(Table 3).

In summary, the bioreceptivity and the biodeterioration consequences promoted by
the two fungal species in each of the three different nutrient levels were verified to be
different, being the influence of the nutritive medium dependent on the fungal genus.
The observed variations could be associated with some of the genus-specific physiological
characteristics. Some hypothesis can be placed for Penicillium’s similar growth and damage
in both PDA and in Tween solution, such as (a) the ability of most species of Penicillium to
mobilise other elements besides carbon and nitrogen from inorganic sources, with little or
no requirements for their complex growth, (b) their good response in terms of development
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in liquid media, or (c) the stimulus of the calcium ions in the glass, which are reported to be
associated with increasing sporulation [32]. In addition, some hypothesis for the Aspergillus
species studied in terms of a lower degree of damage and the differences between the high
and low nutrient situations can also be conjectured, such as (a) the fact that extrinsic factors
tend to have a more profound influence in the growth of Aspergilli, (b) the possibility of low
water activity and its effect on germination and sporulation, and even on the subsequent
mycelial growth of the species of this genus, (c) the fact that the mycotoxin production can
be determined by the availability of nutrients, and (d) the general behaviour of species of
this genus is that they can tolerate adverse conditions in one variable (e.g., water, nutrients),
provided that the others are optimal [33].

4.3. Damage Degree: What about Time?

As aforementioned, both fungal genera Aspergillus and Penicillium are air-borne fungi
and they are able to colonise distinct types of glass. According to Kerner-Gang [20],
Aspergillus has been reported to cause glass biodeterioration in only 5 days, while Penicillium
is said to biodeteriorate glass after 40 days of incubation [43]. The present study—where
two species of these two genera are inoculated in a soda-lime silicate glass—shows evidence
of damage in similarly short periods of time in the present case, the minimum observation
time was 4 months. The ability of Aspergillus niger to cause biodeterioration in very different
types of glass (optical glass [8,19,20,54] and potassium lime silicate [3,43]) is known from the
literature, and once more it is demonstrated that some species (such as the one used here)
can promote damage in a soda-lime glass as well. Additionally, damages were also reported
for different Penicillium species (potassium-lime- or potassium-silicate [4,43], soda-lime
silicate [14], mixed alkali silicate [4], borosilicate [14], and optical glass [8]). The presently
studied Penicillium species also produced damage in the surface of the contemporary soda-
lime silicate formulation, in a relatively short period of time, as was observed for instance
by some of the authors for different glass types [4].

The passage of time also leaves a mark on the damage caused over the glass surfaces.
The observations made on the current work are evidence that the damage increases with
increasing time (see Figure 6). After a short period of inoculation (4 months) the dam-
ages caused by both Penicillium chrysogenum and Aspergillus niger include depletion and
deposition of elements, hyphae fingerprints and crystal formation. When 6 months have
passed, an increase in the amount of damage is also observed (e.g., mycelium growth and
surface corrosion in Penicillium chrysogenum in PDA, or biopitting and amount of crystalline
structures in Aspergillus niger in PDA—see Figure 6).

4.4. Contemporary Glass Art: From Biodeterioration to Creativity

Both this study and in others [5,55], the deposits formed in the glass surfaces that are
associated with the reaction between glass components and fungi metabolites, and the
biofilm itself and its interaction with glass, can cause serious damage on ‘historical stained
glass windows not only from a chemical point of view but also from an aesthetic and iconographic
one, since glass loses its transparency ’ [3]. The same applies to SPB-87 glass, since this material
is the medium of many contemporary glass artists, where the loss of transparency could
create great damage from an aesthetic and iconographic point of view. Such as in heritage
glass and even modern materials [7,56], the biofilm growth on contemporary glass surfaces
may alter their transparency and smoothness, and could even compromise the artistic value.
Moreover, it is also noticed that the cleaning procedure (a 1:1 solution of water:ethanol)
does not completely remove the fungi, which has been reported previously [4]. Therefore,
further research is necessary on glass cleaning procedures, in order to be able to preserve
both the past and the contemporary glass legacies.

On the other hand, the artistic process could also build upon this knowledge and
include the methods and results of the current study for new creations. Often the scien-
tific and artistic investigations run in parallel [11], where the artistic processes are many
times inspired and grounded on the material and natural sciences. Hence, concerning
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this dichotomy between biodeterioration and creativity, this study offers several insights,
resulting that the outputs can have the potential to serve both the scientific and the artistic
communities. In addition, when looking at the conservation of SPB-87 glass, the knowledge
on the bioreceptivity of this glass and on the potential of fungal species to cause damage is
of primary importance. The need for further developments in finding effective cleaning
procedures becomes evident. Moreover, artists are now better informed on how to explore
the interaction and surface alteration patterns resulting from the action of these microor-
ganisms on SPB-87 glass. The effect of these microorganisms on the glass surfaces can be
further explored in their creative processes. The inspiration in nature and the interaction of
the environment and organisms with the matter is, and always will be, an intrinsic part of
art created by man.

5. Conclusions

The results of the present work regard the role of each fungal species (Penicillium
chrysogenum and Aspergillus niger) on the degree and pattern of damage of the soda-lime
silicate contemporary glass SPB-87 used by artists worldwide. They showed that both
genera inoculated were able to grow and produce damages on this glass to different degrees.
In terms of bioreceptivity, it was verified that the glass samples with PDA (more nutritive
medium) produced more damages than the ones without this nutritional particularly for
Aspergillus niger. Regarding the nutritive medium relevance for each species, it was verified
that the secondary bioreceptivity for Aspergillus niger does not significantly influence the
mycelium growth, but it does influence the chemical damage of the glass surfaces, contrary
to Penicillium chrysogenum, where the mycelium growth is more or less similar in the two
different nutritive conditions, as is the damage degree.

The new and in-depth understanding of the bioreceptivity and of this glass present
in contemporary art and our cultural heritage is very relevant for the scientific, conser-
vation, and artistic communities–either for the protection of cultural materials, or for the
artists from the point of view of innovative and inspirational ways of creating glass art in
the future.
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Appendix A. Supplementary Figures

Figure A1. Optical microscopy results form the control samples.

Figure A2. Optical microscopy results from the inoculation of SPB-87 with (a) Penicillium chrysogenum
in PDA and (b) Penicillium chrysogenum spores in Tween solution. Legend as in Figure 2.
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Figure A3. Optical microscopy results from the inoculation of SPB-87 with (a) Aspergillus niger in
PDA and (b) Aspergillus niger spores in Tween solution. Legend as in Figure 2.

Figure A4. Raman spectra of the identified crystalline products on the glass surfaces inoculated with
(a) Penicillium chrysogenum spores in Tween, according to literature data [22,23], and (b) Aspergillus
niger spores in Tween, identified according to literature data [23].

Appendix B. Supplementary ANOVA Tables

The ANOVA analysis is used to test the null hypothesis that the means of several
populations are all equal. If F > Fcrit, we reject the null hypothesis. First we applied the
ANOVA single factor from Excel software to all the damage data, using a p value of 0.05.

(a) (b)

Figure A3. Optical microscopy results from the inoculation of SPB-87 with (a) Aspergillus niger in
PDA and (b) Aspergillus niger spores in Tween solution. Legend as in Figure 2.

Figure A4. Raman spectra of the identified crystalline products on the glass surfaces inoculated with
(a) Penicillium chrysogenum spores in Tween, according to literature data [22,23], and (b) Aspergillus
niger spores in Tween, identified according to literature data [23].

Appendix B. Supplementary ANOVA Tables

The ANOVA analysis is used to test the null hypothesis that the means of several
populations are all equal. If F > Fcrit, we reject the null hypothesis. First we applied the
ANOVA single factor from Excel software to all the damage data, using a p value of 0.05.



Appl. Sci. 2022, 12, 7672 21 of 24

Table A1. ANOVA Single Factor Results obtained from the values of the damages produce on glass
by Penicillium and Aspergillus with PDA and in Tween.

Summary of All the Groups

Groups Count Sum Average Variance

Penicillium PDA 12 38 3.167 0.333
Penicillium Spores 12 31 2.583 0.992
Aspergillus PDA 12 34 2.833 0.515
Aspergillus spores 12 27 2.25 0.386

ANOVA Results of all the groups

Source of Variation SS df MS F p-value F crit
Between Groups 5.417 3 1.806 3.243 0.031 2.816
Within Groups 24.5 44 0.557
Total 29.917 47

This analysis results showed F > Fcrit and p < 0.05, which indicates that the mean
values of the damages that occurred on glass were significantly different, or that at least
one mean is different. Since the group of Aspergillus spores presented the lower average
value, a new ANOVA test was made without this group.

Table A2. ANOVA Single Factor Results comparing Penicillium and Aspergillus with PDA, and
Penicillium in Tween.

Summary of 3 First Groups

Groups Count Sum Average Variance

Penicillium PDA 12 38 3.167 0.333
Penicillium Spores 12 31 2.583 0.992
Aspergillus PDA 12 34 2.833 0.515

ANOVA results of 3 groups

Source of Variation SS df MS F p-value F crit

Between Groups 2.056 2 1.028 1.675 0.203 3.285
Within Groups 20.25 33 0.614
Total 22.306 35

The ANOVA results for the three groups presents a F > Fcrit and a p value > 0.05,
indicating that the mean value of these groups, their damage degree, are not significantly
different. The Aspergillus spores produced a lower damage on glass than the other fungi.

Table A3. ANOVA Single Factor Results comparing Aspergillus with PDA and in Tween.

Summary of the 2 Aspergillus Groups

Groups Count Sum Average Variance

Aspergillus PDA 12 34 2.833 0.515
Aspergillus spores 12 27 2.25 0.386

ANOVA results of the 2 Aspergillus groups

Source of Variation SS df MS F p-value F crit

Between Groups 2.042 1 2.042 4.529 0.045 4.301
Within Groups 9.917 22 0.451
Total 11.958 23

F > Fcrit and p < 0.05 indicate that the two groups are significantly different.
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Table A4. ANOVA Single Factor Results comparing Penicillium with PDA and in Tween.

Summary of the 2 Penicillium Groups

Groups Count Sum Average Variance

Penicillium PDA 12 38 3.167 0.333
Penicillium Spores 12 31 2.583 0.992

ANOVA results of the 2 Penicillium groups

Source of Variation SS df MS F p-value F crit

Between Groups 2.0417 1 2.042 3.08 0.093 4.301
Within Groups 14.583 22 0.663
Total 16.625 23

F < Fcrit and p > 0.05 indicate that the two groups are not significantly different.
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55. Bartosik, M.; Żakowska, Z.; Klimek, L.; Szumigaj, J. Korozja mikrobiologiczna szkla optycznego. Ochr. Przed Koroz. 2007,

7, 294–296.
56. Shirakawa, M.A.; John, V.M.; Mocelin, A.; Zilles, R.; Toma, S.H.; Araki, K.; Toma, H.E.; Thomaz, A.C.; Gaylarde, C.C. Effect

of silver nanoparticle and TiO2 coatings on biofilm formation on four types of modern glass. Int. Biodeterior. Biodegrad. 2016,
108, 175–180. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2389.1963.tb00949.x
http://dx.doi.org/10.1016/S0304-386X(00)00088-8
http://dx.doi.org/10.1111/1462-2920.12089
http://www.ncbi.nlm.nih.gov/pubmed/23419112
http://dx.doi.org/10.2183/pjab1912.19.688
http://dx.doi.org/10.1016/j.ibiod.2015.12.025

	Introduction
	Materials and Methods
	SPB-87 Glass Production
	Bioreceptivity/Biodeterioration Experiment
	Identification of Fungal Strains and Inoculum Preparation
	Inoculation and Tests

	Glass Surface Analyses
	Optical Microscopy
	SEM
	-Raman
	Damage Measurement Parameters
	ANOVA Test


	Results
	Taxonomic Identification of Fungal Strains by Molecular Techniques
	Surface Morphology: Optical and Scanning Electron Microscopy
	Chemical Alteration: SEM-EDS and -Raman

	Discussion
	Bioreceptivity: From a Nutritive Environment to Nutrient-Free Glass Surfaces
	Measuring Damage: Two Species, One Glass
	Damage Degree: What about Time?
	Contemporary Glass Art: From Biodeterioration to Creativity

	Conclusions
	Supplementary Figures
	Supplementary ANOVA Tables
	References

