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With advancements in materials science over the past few
decades, there has been a dramatic increase in the use of
synthetic polymers by both artists and conservators. Synthetic
polymers in items representing our cultural heritage occur
either as original constituents of works of art or as materials
used for conservation treatment, and these polymers include
adhesives, consolidants, and protective coatings. In the 1980s
there was a change in the perception of plastics from consumer
goods and disposable materials to fashionable, highly collect-
able pieces with historical and technological significance (27,
34). Now, in their 20th and 21st century collections, most
museums and galleries possess objects made from the thou-
sands of different plastics that have been produced. As muse-
ums keep acquiring objects that reflect both everyday life and
technological and historical events, the proportion of plastics
in museums is increasing dramatically. Plastics may be present
in objects of everyday life, such as housewares, jewelry, equip-
ment, furniture, information technology, photography, and
toys, and more of these objects are entering museum collec-
tions and contemporary art (57). In addition, synthetic poly-
mers have been widely employed for treatment of items rep-
resenting our cultural heritage as adhesives, consolidants, and
protective coatings to preserve many artifacts from further
deterioration (20, 45).

Synthetic polymer conservation has been formally recog-
nized as a research area only since the 1990s, and it was in this
period that the world’s most important organization in the field
of cultural heritage conservation, the Committee for Conser-
vation of the International Council of Museums, established
the Modern Materials and Contemporary Art Working Group.
Indeed, owners and curators have begun to notice that objects
made of plastics degrade with time, sometimes very rapidly.
Importantly, many synthetic polymers appear to deteriorate
faster than other materials in museum collections and have a
useful lifetime of just decades (57). Synthetic polymeric mate-
rials can suffer different forms of deterioration, including
chemical (e.g., oxidation), physical (e.g., UV light), and bio-
logical. Although many reports in the scientific literature claim
that microorganisms are capable of degrading synthetic resins
(35, 42, 59, 68), the microbial contamination of synthetic poly-
mers that are used as materials for conservation treatment (29,
32) and in contemporary collections (50) is still underestimated.
Indeed, it was only in the 2005-2008 program that the Committee
for Conservation of the International Council of Museums Mod-

ern Materials and Contemporary Art Working Group embraced
“(microbial) biodeterioration” as a research topic (http://icom-cc
.icom.museum/Documents/WorkingGroup/ModernMaterials
/Modern-materials2005-2008.pdf).

Microorganisms can damage the structure and function of
synthetic polymers. According to Flemming (22), the main
types of damage include (i) biological coating masking surface
properties, (ii) increased leaching of additives and monomers
that are used as nutrients, (iii) production of metabolites (e.g.,
acids), (iv) enzymatic attack, (v) physical penetration and dis-
ruption, (vi) water accumulation, and (vii) excretion of pig-
ments. Table 1 describes microorganisms and their modes of
action for degrading synthetic resins (polyvinyl chloride [PVC],
polyurethane, nylon, and acrylics). Barbie dolls, together with
many other toys, clothes, and electrical insulation found in
museums, are made from PVC (58). The instability of plasti-
cized PVC is frequently manifested as migration of the plasti-
cizers. Colonization of PVCs by fungi, especially black fungi,
due to the availability of platicizers on the surface has been
assessed several times (30, 51, 67). Webb et al. (67) identified
fungal isolates obtained from PVC by PCR amplification and
partial sequencing of the internally transcribed spacer regions
and the 5.8S rRNA gene or the V3 domain of the 28S rRNA
gene.

It has been suggested that biodeterioration of polyurethane
polymers, which are products of a polyol based on either a
polyester or polyether and a di- or polyisocyanate, occurs
through enzymatic action of hydrolases, such as ureases, pro-
teases, and esterases (18, 21, 52). Degradation of polyure-
thanes by microorganisms in 20th century museum textiles has
been reported by many researchers (36, 63). Polyurethanes can
also be found in products such as furniture, adhesives, paints,
elastomers, coatings, and contemporary art (33, 34, 52). Bio-
deterioration due to enzymes, presumably including a manga-
nese peroxidase of the basidiomycete Bjerkandera adusta, was
also observed for the aliphatic polyamide Nylon-6 fiber (24).
Damage to the polymer was assessed by microscopic examination,
differential scanning calorimetry, and evaluation of changes in
viscosity.

One of the reasons for introducing synthetic consolidants
and protective compounds in conservation treatments was the
expectation that these materials would be more resistant to
microbial attack than natural organic products. In 1968 the
superintendents at Ostia Antica (Rome, Italy) decided to re-
place natural organic compounds, which are easily degraded by
microorganisms, with acrylic compounds in conservation treat-
ments. Frescoes detached with Paraloid did not show any bio-
deterioration problem for the first 3 years after application (4).
However, as early as the 1950s, some experiments on biodete-
rioration of polyvinyl acetate resins were reported by the Isti-
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tuto Centrale del Restauro in Rome, Italy (26). Generally,
filamentous fungi were the agents causing deterioration of
these materials that were studied the most, especially in early
experiments (17, 41, 54, 61), although some bacteria, yeasts,
algae, and lichens that are capable of growing on synthetic
polymers have been found or isolated (14). Historically, iden-
tification of filamentous fungal species has been based on mor-
phological characteristics, both macroscopic and microscopic.
These methods may often be time-consuming and inaccurate,
which has required the development of identification protocols
that are rapid, sensitive, and precise. In the last decade mo-
lecular approaches for rapid characterization of fungi on
painted items representing our cultural heritage and paint
coatings have been developed (46, 53). A protocol for efficient
extraction of fungal DNA from micromycetes colonizing
painted art objects was developed by Möhlenhoff et al. (46),
who claimed to have successfully removed any inhibitors. In
particular, melanin can also be present, which is highly resis-
tant to UV light, enzymatic digestion, and chemical breakdown
and might be a potent inhibitor of DNA amplification (46).
PCR amplification of the 28S rRNA gene and denaturing gra-
dient gel electrophoresis analysis were used to characterize
fungal communities. According to Saad et al. (53), fungi are
commonly found on paint films as spores other than mycelium;
hence, it is necessary to ensure that DNA extraction is effective
also for propagules. The method used involves spore lysis by
incubation of a specimen with the enzyme Lyticase, followed
by bead beating. DNA is then purified from the lysate with a
QIAamp DNA mini kit (53).

There have also been case studies related to biodeteriora-
tion agents other than filamentous fungi. Bacterial biofilms
composed of Pseudomonas aeruginosa, Ochrobactrum anthropi,
Alcaligenes denitrificans, Xanthomonas maltophila, and Vibrio
harveyi formed readily on the surfaces of synthetic materials
being considered for use in space applications (28). A yeast
isolated from a bronze statue treated with the acrylic-based
coating Incralac was found to accelerate the deterioration of
the coating itself, as determined by scanning electron micros-
copy and electrochemical impedance spectroscopy (44). Stones
impregnated with Ahydrosil Z, a silicone resin, were recolo-
nized by algae and fungi more quickly than untreated speci-
mens (40). Rapid recolonization by the alga Stichococcus ba-
cillaris was also noticed in the Roman archaeological site at
Luni in northern Italy after treatment with an epoxy resin and
an acrylic-siliconic resin (19). Finally, lichens were reported to
deteriorate a synthetic polyester resin that was used as a con-
solidant of stucco walls and column capitals in the Roman city
Baelo Claudia in Spain (2).

The ecological succession of fungi over 10 months on two
Brazilian buildings painted with a white acrylic paint was de-
scribed by Shirakawa et al. (60). Prior to painting, the walls
were treated with hypochlorite. In addition to Cladosporium,
the main fungal genus identified during the experiment, the
other fungal genera detected were Alternaria, Curvularia, Epi-
coccum, Helminthosporium, Coelomycetes, Monascus, Nigros-
pora, and Aureobasidium. The yeast population fell to unde-
tectable levels after the third week, and this microbial group
was not detected again until 7 months, after which the number
of cells increased.

BIODETERIORATION OF SYNTHETIC RESINS AS
MATERIAL FOR CONSERVATION TREATMENTS

When some acrylics, polyvinyl acetates, and alkyds were
synthesized in the laboratory, it appeared that the general
order of polymer susceptibility to fungal attack evaluated using
the ASTM G21-96(2002) “Standard Practice for Determining
Resistance of Synthetic Polymeric Materials to Fungi” was
acrylics � polyvinyl acetates � alkyds (Fig. 1) (13). However,
the possibility that in each class there might be exceptions
should be taken into account. It was observed that acrylics with
long side chains (namely, polystearylmethacrylate and polylauryl-
methacrylate) were more susceptible to biodeterioration than
homologous polymers with short side chains (8, 14), perhaps as
a consequence of the minor enzymatic steric impediment of
compounds with long lateral chains.

Many freshly dried synthetic polymer-based products used
for conservation treatments have been tested to ascertain their
resistance to microbial attack (Fig. 2) (38, 48, 54). It appears
that the behavior of the product was not uniform even if the
polymer class was the same. This result might be explained if
one considers the possibility that other compounds might be
present in the formulation (particularly in emulsion products)
and the possibility that biocides might also be added. This
indeed might be the case for the acrylic product Paraloid B72
supplied by Rohm & Haas, which is the synthetic polymer-
based product that is used most in conservation treatments.
Kigawa et al. (37) reported that fungi isolated from inside or
around the seventh and eighth century Takamatsuzuka and
Kitora tumuli in Japan were able to grow on samples of
Paraloid B72.

Studies of biodeterioration of freshly dried synthetic poly-
mers might not be sufficient to predict the real behavior of the
resins when they are applied. It has been demonstrated re-
cently that the way that a product is applied (10) and its natural
ageing (9) are as important as the chemical composition of the

TABLE 1. Microorganisms degrading the synthetic polymers PVC, polyurethane, nylon, and acrylics and their mode of action

Synthetic polymer(s) Degrading microorganisms Main mode of action Reference(s)

PVC Fungi (e.g., Aureobasidium pullulans) and bacteria
(e.g., Pseudomonas aeruginosa)

Increased loss of plasticizers due
to microbial degradation

67

Polyurethanea Fungi (e.g., Chaetomium globosum) and bacteria
(e.g., Bacillus subtilis)

Enzymatic activity 33, 36

Nylon Wood-degrading fungi (e.g., Bjerkandera adusta) and
bacteria (e.g., Bacillus pallidus)

Physical disruption and enzymatic
degradation

24, 63

Acrylics Melanin-producing fungi Likely physical disruption 8, 37, 60

a Polyester-type polyurethanes are more susceptible to microbial attack than other forms.
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polymer itself. Textiles consolidated by coating them with
Paraloid B72 and ethyl acrylate/methyl methacrylate pre-
formed copolymer subjected to fungal deterioration treatment
according to ASTM G21-96(2002) biodeteriorated in the same
manner. In contrast, the same textiles consolidated by grafting
ethyl acrylate and methyl methacrylate monomers onto cellu-
lose chains were much less susceptible to biodeterioration (10).
This result was very important as it established for the first
time that a synthetic resin, the ethyl acrylate/methyl methac-

rylate copolymer, was susceptible to biodegradation in differ-
ent ways depending on the way that the polymer was applied to
the substratum.

Little is known about the susceptibility to biological degrada-
tion of naturally aged acrylic resins. The first report involved the
façade of Tempio Malatestiano (Rimini, Italy) treated with acrylic
resins that had black fungal growth in cracks and fissures (49).
Another report discussed the current heavy colonization by black
fungi of polyisobutylmethacrylate used in the 1970s during con-

FIG. 1. Griffin Alkyd paints (based on alkyd resins) of Winsor & Newton dried on microscope glass slides and subjected to biodeterioration
treatment according to ASTM standard practice G21-96(2002). At the end of the experimental period (28 days), fungal growth was easily observed.
(a) Titanium white; (b) viridian; (c) cerulean blue.
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servation of Milan Cathedral. Black fungi were identified using
denaturing gradient gel electrophoresis coupled with partial 18S
rRNA gene sequencing. In addition, the fungal presence and
spatial distribution were evaluated using immunofluorescence
staining with melanin-binding antibodies. In contrast, freshly
dried polyisobutylmethacrylate subjected to biodeterioration
treatment showed only light fungal growth (9). The chemical and
physical degradation of the polymer was in turn likely to have
facilitated biological degradation (10).

BIODETERIORATION OF OBJECTS MADE
OF PLASTICS

Since the rise of plastics in the 1950s and 1960s, plastics have
been an increasingly significant part of our cultural heritage.
Plastics have allowed novel ways of recording information;
audiotapes, computer diskettes, and compact discs are now
commonly stored in archives and libraries. Also, photographic
materials, binders, and supports can be made of plastics (12).
Plastic audiovisual material, including compact discs, can be
subject to biodeterioration (25). Initial fungal colonization of
plastics in audiovisual materials generally means failure be-
cause of interruption of the signal, whereas further coloniza-
tion could lead to degradation of the plastics themselves (7,
43). Biodeterioration of the plastic in information carriers is
very important, as it constitutes a twofold loss. Both the infor-
mation contained and the object itself may perish.

The Space History Division of the National Air and Space
Museum, Smithsonian Institution, manages the most compre-
hensive collection of artifacts documenting the history of rock-
ets, missiles, and space exploration in the world. This collection
has many examples of spacesuits, such as those from the Apollo
lunar missions, and other astronaut equipment. The historic ma-
terial and construction of space suits from the Apollo era are
unique. Fungi belonging to the genera Paecilomyces and Clado-
sporium have been cultured from two synthetic polymers in the
Apollo suits. Fungal growth occurred rapidly, and isolates were
capable of degrading the synthetic polymers (6, 28).

Finally, fluorescent in situ hybridization helped detect mi-
croorganisms deteriorating the “Futuro” ski cabin designed by
the Finnish architect Matti Suuronen, which was constructed in
1965 of glass fiber-reinforced polyester, polyesterpolyurethane,
and poly(methylmethacrylate) (11). Microorganisms forming a
biofilm on the plastic surface were identified as archaea and
cyanobacteria.

MONITORING AND CONTROL OF
MICROBIOLOGICAL GROWTH

As previously indicated, modern material conservators are
currently focusing their attention on physical and chemical
damage rather than biodeterioration, which is considered a
minor issue compared to the physical and chemical damage. As
a consequence, there are no standard conservation protocols
and practices that deal with monitoring and control of micro-
bial growth on synthetic polymeric surfaces.

To avoid biodeterioration, there is a real need for biofilm-
monitoring equipment that permits remote, sensitive, nonde-
structive, real-time analysis of microbial growth on polymeric
surfaces. Accurate and sensitive monitoring would facilitate
prediction of the time when a system deteriorates to an unac-
ceptable level so that scheduled maintenance can be efficiently
implemented. A few efficient online monitoring devices have
been used to measure biofilm formation on surfaces, as con-
siderable biofilm development is often required before detec-
tion. In the past, both optical microscopy and electron micros-
copy have been used to monitor biodeterioration of polymeric
surfaces (4, 44). Environmental scanning electron microscopy
and atomic force microscopy might provide high-resolution
information on the outermost features of biofilms maintained
under hydrated conditions (5, 16, 31). Spectroscopic tech-
niques are an alternative for monitoring biofilm formation at
the molecular level. A technique such as infrared spectroscopy
offers the opportunity to monitor real-time chemical changes
(55). Importantly, biodeteriorated synthetic resins used in con-
servation have recently been distinguished from the same non-
biodeteriorated polymers by the presence of a peptidic bond in
the infrared spectrum (8, 9, 14).

For decades, abatement of microbial growth has commonly
been achieved by incorporating biocides into synthetic poly-
mer-based products or by applying biocides to surfaces.
Shirakawa et al. (60), comparing the fungal communities on
acrylic paints without and with biocides, including carbamate,
N-octyl-2H-isothiazolin-3-one, and N-(3,4-dichlorophenyl)-
N,N-dimethyl urea, claimed that biocides did not affect fungal
biodiversity but did affect fungal abundance.

Several conservators of modern materials think that the ma-
jority of synthetic polymers are resistant to biodeterioration
both because of their chemical nature and because these ma-
terials more frequently include biocides in their formulations,
whose effects can last for a long time (56). Until the 1990s,
there was a trend toward increasingly use of biocides in mate-
rials such as plastics and water-based paints and coatings to
prevent microbial deterioration and provide hygienic effects.
However, not all synthetic polymer-based products include
biocides, as some biocides have adverse effects on the formu-
lations (33). Even if formulations include biocides, the biocides
have relatively short-term effects for conservation of items

FIG. 2. Fungal growth on a dried polyvinyl acetate-based emulsion,
viewed with a stereomicroscope. Bar � 1,000 �m.
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representing our cultural heritage; that is, addition of biocides
to formulations has rarely been intended for storing objects in
museums or keeping objects outdoors for decades. Finally and
most importantly, in recent years impending environmental
regulations both in European countries and elsewhere have
severely restricted the use of biocides. The concern about the
use of biocides is that eventually they are released into the
environment and because they are generally not specifically
targeted against biodeteriorating microorganisms, they are po-
tentially dangerous for human health and the environment. In
particular, environmental concerns have led to progressive
withdrawal of antifouling paints containing organotin deriva-
tives (65).

It is worth noting that the use of biocides might not always
delay the polymer deterioration process. Abdel-Kareem (1)
claimed that of the fungicides tested on linen textiles impreg-
nated with synthetic polymers, only dichlorophene could pre-
vent biodeterioration; however, at the same time, dichloro-
phene accelerated the deterioration caused by heat and light.
In addition, organic biocides might act as nutrients, and there-
fore they must be used carefully in conservation practice (39,
40, 66). Finally, killed cells might provide nutrients for subse-
quent colonization, and therefore leaving dead cells on the
surface is not advisable (22).

Several environmentally friendly alternatives have been pro-
posed recently (23). One of the biocide-free strategies is trans-
fer of the lotus effect, a self-cleansing property of the surfaces
of the leaves of lotus, to artificial surfaces, yielding superhy-
drophobic surfaces that can be cleaned by simple rainfall (15,
47). Natural antifouling compounds and quorum sensing
blockers might be another strategy. Such antifouling com-
pounds have been isolated mainly from marine organisms
which are not colonized by microorganisms (64). An interest-
ing antifoulant agent is zosteric acid (p-sulfooxycinnamic acid),
a natural extract from the eelgrass Zostera marina that pre-
vents biofouling by some organisms, such as algae, barnacles,
and tubeworms, at nontoxic concentrations (3).

Steinberg et al. (62) isolated molecules from an Australian
seaweed, Delisea pulchra, that interfered with bacterial signal-
ing and displayed anticolonization activity.

Although biocide-free technology is still in its infancy and
therefore not readily available, it could be combined with ef-
fective monitoring techniques, and the results obtained so far
indicate that this may be a viable alternative for workers trying
to prevent biodeterioration of plastic items representing our
cultural heritage and synthetic polymer coatings (11).

CONCLUSIONS

At this point, the issues related to the biodeterioration of
synthetic polymers in items representing our cultural heritage
that have been investigated, as presented in this paper, are far
from being comprehensive. We therefore hope that this mini-
review reveals a somewhat neglected aspect of the deteriora-
tion of synthetic polymers and shows that considerable re-
search is required. We also believe that the area most in need
of research is preventive conservation of synthetic polymeric
surfaces. Until now, the main strategies that have been pro-
posed are (i) monitoring of biofilm formation (passive strat-
egy) and (ii) use of natural nontoxic antifouling compounds to

avoid cell adhesion and biofilm formation (active strategy).
With respect to the first issue, useful and effective practices
would require portable equipment for in situ monitoring. For
this, in situ assays, such as ATP measurement, that are in
demand in various fields (e.g., food contact surface hygiene
monitoring) could be considered. With regard to the latter
issue, many of the technologies available for marine antifoul-
ing applications are likely to be a good starting point. Finally,
further collaboration among microbiologists, materials scien-
tists, and conservators might lead to interesting and surprising
approaches for solving problems related to biodeterioration of
synthetic polymers in items representing our cultural heritage.
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