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Abstract

The voltammetry of microparticles (VMP) methodology was used to characterize the
biological attack of different bacteria and fungi to reconstructed egg tempera and egg-
linseed oil emulsion paint films containing cadmium yellow (CdS), which mimic
historical painting techniques. When these paint films are in contact with aqueous
acetate buffer, different cathodic signals are observed. As result of the crossing of VMP
data with attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR), scanning electrochemical microscopy (SECM), field emission scanning electron
microscopy (FESEM) and atomic force microscopy (AFM), these voltammetric signals
can be associated with the reduction of CdS and different complexes associated to the
proteinaceous and fatty acid fractions of the binders. After biological attack with
different fungi (Acremonium crhysogenum, Aspergillus niger, Mucor roxii, Penicillium
chrysogenum, and Trichoderma pseudokoningii) and bacteria (Arthrobacter oxydans,
Bacillus amyloliquefaciens, and Streptomyces cellulofans) the observed electrochemical
signals experience specific modifications depending on the binder and the biological

agent, allowing for an electrochemical monitoring of biological attack.
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1. Introduction

Biodeterioration is a problem affecting paintings which is of crucial importance in the
conservation of works of art. In the last decades, studies in the field of conservation of
heritage on this subject are, in general, focused on the direct isolation and identification
of the microbiological agents that act on the different components of the painting [1-3].
Attempts to correlate microbial growth with type of materials present in paintings have
been made by placing pieces of painting prepared with different supports and binding
media on suitable culture media further inoculated with microorganisms and incubated
under laboratory conditions so that the extent of the microbial colonization could be
evaluated [4]. An alternative strategy consisted of preparing mock paintings prepared
according to the traditional recipes that are exposed to soil for promoting colonization
by bacteria and fungi that were isolated, identified and used for re-infecting sterile mock
paintings in order to determine their ability for colonizing paintings [5]. These studies
have demonstrated that the composition of the different parts of the painting (support,
ground and paint layers) is determinant when the artwork undergoes a microbial attack.
Type of support (canvas or panel) and binding medium (oil paints, temper or
watercolours) mainly determines the selective growing of microorganisms [6]. A wide
range of species have been identified as potential colonizing agents of paintings. Among
them, Alternaria, Aspergillus, Aureobasidium, Chaetomium, Cladosporium, Eurotium,
Fusarium, Mucor, Cephalosporium (Acremonium), Penicillium and Spicaria fungi and

Bacillus, Arthrobacter, Acinetobacter, Stenotrophomonas and Delftia bacteria [3,7,8].

Characterization of the damaging effects produced by these microbial agents has also
been the aim of many studies, specially those affecting the organic compounds
composing the support and the binding media [9]. These materials provide excellent
substrates for the growth of microorganisms, in particular, fungi and most bacteria. It
has been shown that the microorganism colonization in canvas painting starts in the
organic materials present on the reverse side where the cellulosic support and
proteinaceous binders present in the support. Sometimes, the chalk-rich ground can act
as substrate for microbial growing [6]. The binding media present in the obverse side of
the painting are susceptible to attack by transient airborne microorganisms such as

bacteria and fungi which can accumulate on the painted surface for a long time as



spores. Their further growth can result in the detachment of the paint layer from the
support especially in conditions of high humidity [10]. Spots due to colored metabolic
byproducts excreted by the microorganisms have also been frequently observed [11].
Laboratory experiments have demonstrated that a-aminobutyric acid in combination
with L-malic acid and glucose are the main products responsible for the fox spots [12-
14]. Fungal amino acids, metabolic acids, sugars and lipids and their breakdown
products (fatty acids, glycerol) have also been found in fox spots. In these cases, the
interaction of amino acids and sugars results in melanoidin, a colored substance, by a
Maillard browning reaction. Fading of the paint layer is other degradation effect caused

by the growth of bacteria and fungi in the paintings [11,15].

Changes caused in the structure of paintings by microorganisms arise mainly from the
enzymatic decomposition of their constituents, which results in the reduction of the
mechanical strength of the support and loss of flexibility of paint layers [7, 8, 15-18].
Actinomycetes are known to produce many types of enzyme such as collagenases
(proteases), which are capable of destroying collagen and gelatin-based binders by their
hydrolytic activity. Collagenases cleave the collagen molecule into short peptides by
hydrolysis at multiple sites along the triple helix. These enzymes are capable of
recognizing small amino acid sequences in the protein chain and, therefore, act on
active sites along the collagen molecule, which are dictated by the primary structure
(amino acid sequence) rather than by the entire molecule configuration. B-collagenase,
for instance, cleaves between the X- and the glycine residues in specific sequences: a)-
glycine-A-B-glycine-C-alanine-, b) -glycine-B-A-glycine-alanine-arginine-, ¢) -glycine-
B-A-glycine-proline-hydroxyproline- where A-, B- and C- are any of the amino acids
present in collagen except glycine. After this, proteases cleave the short peptides

released by collagenase action to single amino acids [19].

The main enzymatic activities involved in the deterioration of oil paintings are due to
lipases excreted by must fungi. These enzymes catalyze hydrolysis of ester bonds of
triacylglycerols at the interface between an insoluble substrate and water [20]. Different
biochemical pathways for degradation of lipids by microorganisms have been proposed
[1]: @) photooxidation or enzymatic oxidation of the hydrolyzed long chain fatty acids to

form free fatty acid hydroperoxydes and then other pertinent end-products [21,22]; b)



the formation of methyl ketones and secondary alcohols from free medium chain fatty
acids resulting from metabolism by moulds [21]; c) photooxidation or enzymatic
oxidation of triacylglycerols to form triacylglycerol hydroperoxides and further
hydrolysis to pass to free fatty acid hydroperoxydes resulting in secondary and tertiary
products [21].

As previously mentioned, microorganisms are also responsible for the deterioration of
pigments. The fading of the pigments from the Prehistoric cave of Lascaux is the most
outstanding example [23]. Di-valent lead-containing pigments such as lead white can be

transformed in four-valent lead-oxides by bacteria [24].

In this context, the study of the biodeterioration of reconstructed paint films that mimic
historical painting techniques can be of interest for gain knowledge on the mechanisms
of biodeterioration, the characterization of the aesthetic changes induced in the painting
due to the microorganisms colonization and for establishing its effect in the long-term
preservation of the painting due to the loss of chemical and mechanical stability [25].
Classical methodologies for studying paint films biodeterioration are based on electron
microscopy [26], chromatographic [22] and spectrophotometric [27-29] techniques. Here,
we report for the first time the use of a complementary technique, the voltammetry of
microparticles (VMP), for such studies. VMP is a solid-state electrochemical technique
developed by Scholz et al. [30,31] which provides analytical information of sparingly
soluble insulating solids attached to inert electrodes immersed into suitable electrolytes.
Among a variety of materials [32], this technique has been extensively applied in the
field of conservation and restoration, as recently reviewed [33,34]. Electrochemistry has
also been applied for studying carbon particle distribution in paint films [35],
characterization of thin-film porosity [36], electron transfer reactions of membrane-bound
proteins and metalloprotein complexes [37].

In the current report, VMP has been used to monitor the deterioration of a series of
reconstructed paint films containing cadmium yellow (CdS) bound with two traditional
binding media, namely, egg tempera and egg-linseed oil emulsion, which were
inoculated with selected fungi and bacteria whose ability for growing in paintings is
well known [3,7,8].



Proteinaceous materials and drying oils, either alone or mixed together, have been used
since antiquity [38,39]. Egg tempera has been used in paintings, altarpieces and
polychromed sculptures in the Middle Ages and, probably, in more ancient times [40]. The
whole egg, the yolk or the white can be used as tempera medium. The egg tempera which
is traditional and reflects the practice of many centuries is that made simply with yolk of
egg. Depending on the degree of opacity to be obtained in the paint layer, the proportions
of pigment and medium are adjusted and, if necessary, the whole thinned with water. In
general, amounts of pigment around 50% w/w are used [39]. Moreover, in an attempt to
obtain particular chromatic, effects artists often used tempera grassa, which consists of an

emulsion formed by mixing drying oil and egg (whole or yolk) [38].

Cadmium vyellow (CdS) is a modern pigment that displays a widely studied
electrochemistry in solid state [31-33]. Cadmium yellow was selected as a pigment
probe in this study due to its good electrochemical response and its low absorption and
scattering in the IR region that enables a complementary study of the changes
undergone by the organic binding medium by attenuated total reflectance—Fourier
transform infrared spectroscopy (ATR-FTIR). The results obtained from VMP analysis
have been complemented with those obtained upon coupling with atomic force
microscopy (AFM-VMP) and scanning electrochemical microscopy (SECM).
Electrochemical data have also been correlated with field emission scanning electron
microscopy (FESEM).

2. Experimental

2.1. Instrumentation

0.25 M sodium acetate buffer (Panreac) at pH 4.75 was used as a supporting electrolyte.
Square wave voltammograms (SWVs), and cyclic voltammograms (CVs) were obtained
using abrasive VIMP protocols (vide infra). Importantly, the electrolyte solution was
renewed after each electrochemical run to avoid contamination due to cadmium ions
eventually released to the solution phase during electrochemical turnovers. Commercial
paraffin-impregnated graphite bars of (Staedtler 200 HB type, 68% wt graphite,
diameter 2 mm) were used. Prior to the series of runs for each material or sample, a

conditioning protocol was used to increase repeatability. The electrode surface was



polished with alumina, rinsed with water and polished by pressing over paper. For
electrode modification, an amount of 1-2 mg of the sample was extended on an agate
mortar forming a spot of finely distributed material. Then the lower end of the graphite
electrode was gently rubbed over that spot of sample and finally rinsed with water to
remove ill-adhered particles. Sample-modified graphite bars were then dipped into the
electrochemical cell so that only the lower end of the electrode was in contact with the
electrolyte solution. This procedure provides an almost constant electrode area and

reproducible background currents.

Electrochemical experiments were performed at 298 K in a three-electrode cell under
argon atmosphere using a CH 1660C device (Cambria Scientific, LIwynhendy, Llanelli
UK). A platinum wire counterelectrode and an Ag/AgCl (3 M NaCl) reference electrode
completed the three-electrode arrangement. SECM experiments were performed on
deposits of the studied materials on a graphite plate acting as a substrate electrode in
contact with 5.0 mM KsFe(CN)e solution in 0.25 M HAc/NaAc (pH 4.75). Experiments
were performed with CH 920c equipment using a microdisk platinum electrode tip (CH
49, diameter 20 um) and a Pt substrate electrode. The bipotentiostat mode was used to
apply potentials to the tip (Et) and the electrode substrate (Es). In situ AFM-monitored
electrochemical experiments were performed with a multimode AFM (Digital Instruments
VEECO Methodology Group, USA) with a NanoScope Illa controller and equipped with a
J-type scanner (max. scan size of 150x150x6 um). The topography of the samples was
studied in contact mode. An oxide-sharpened silicon nitride probe Olympus (VEECO
Methodology Group, model NP-S) has been used with a V-shaped -cantilever
configuration. Transference of sample particles to a carbon plate and experimental
conditions were similar to those previously described [41,42].

The IR spectra in the ATR mode of the powdered samples were obtained using a Vertex
70 Fourier-transform infrared spectrometer with an FR-DTGS (fast recovery deuterated
triglycine sulphate) temperature-stabilised coated detector and a MKII Golden Gate
Attenuated Total Reflectance (ATR) accessory. A total of 32 scans were collected at a
resolution of 4 cm™ and the spectra were processed using the OPUS/IR software. For
performing the determination of the secondary structure of the egg yolk proteins, main
features of the commonly used procedure including Fourier Self-Deconvolution (FSD)

has been applied. Fourier self-deconvolution (FSD) of the IR spectra covering amide |



region (1595-1705 cm™) was performed using Lorentzian line shape. Apodization with
a Blackman-Harris function was always performed automatically at the same time in the
software. FSD was performed using a bandwidth at half height of 13 cm™ and a
resolution enhancement factor of 2.4. These values, commonly used for quantitatively
estimate the protein secondary structures [43], were selected in an attempt to avoid

possible random noise artifacts indistinguishable from amide bands.

Secondary electron images were obtained using a Zeiss field emission scanning electron
microscopy (FESEM), model ULTRA 55, operating with a Oxford-X Max X-ray
microanalysis system controlled by Inca software. The analytical conditions were: 1 kV
accelerating voltage. Samples were directly observed in order to avoid interference with

the particulate structure of the coating element used for eliminating charging effects.

2.2. Reference materials and test specimens

Cold pressed linseed oil, and cadmium yellow (CdS) (Kremer) and fresh hen’s egg were
used as reference materials for preparing the series of paint films. Reconstructed egg
tempera paint films (EG) were prepared by mixing the pigment with the appropriate
amount of egg until suitable consistence (30% weight composition of pigment); and
spreading this product on glass slides in order to form a thin film. The paint films were
dried at room temperature during 4 weeks (21°C, 50% RH). Thickness of the films was
in the range 0.3-0.5 mm. Reconstructed egg + linseed oil emulsion paint films (EO)
were prepared by mixing the pigment with the appropriate amount of an egg-linseed oil
emulsion (1:1) (35% weight composition of pigment). The reconstructed paint films
were dried at room temperature during 4 weeks (21°C, 50% RH). Thickness of the films

was in the range 0.3-0.5 mm.

2.3. Microorganisms and cultures

Bacterial and fungal strains, obtained from the Spanish Collection of Type Cultures
(CECT, Coleccion Espariola de Cultivos Tipo, Universidad de Valencia, Valencia,
Spain), were chosen because they have been frequently found in biodeterioration studies
of cultural heritage [8]. The selected fungi were: Acremonium crhysogenum (Ac)
(CECT 2718, ATCC 14615), Aspergillus niger (An) (CECT 2088, ATCC 9029), Mucor



roxii (Mr) (CECT 2655, ATCC 24905), Penicillium chrysogenum (Pc) (CECT 2306,
ATCC 8537) and Trichoderma pseudokoningii (Tp) (CECT 2937). The selected
bacteria were: Arthrobacter oxydans (Ao) (CECT 386, ATCC 14358), Bacillus
amyloliquefaciens (Ba) (CECT 493, ATCC 23842) and Streptomyces celluloflavus (Sc)
(CECT 3242, ATCC 29806).

Bacteria were grown on culture plates of Trypticase Soy Agar (TSA, Scharlau) medium
and were incubated at 28°C for 24 hours. To obtain bacterial suspensions, cells from
liquid cultures were centrifuged and washed to remove possible remains of the culture
medium. Bacterial suspensions were adjusted to 107cells mL™. To obtain fungal spores,
fungi were grown on Potato Dextrose Agar (PDA, Scharlau, Barcelona, Spain) over a
total period of one week at 28°C and spores were collected by washing the culture with
distilled water with 0,1% Tween 80 (Aldrich) and filtering through sterile glass wool.
The resulting suspensions of spores were centrifuged three times and the supernatants
were discarded in order to avoid any residue from the culture medium or rest of
mycelia. Finally, spores were re-suspended in 1 mL ultrapure water and spores

suspensions were adjusted to 10°-10° spores mL™.

2.4. Inoculation and incubation of paint specimens

Reconstructed paint films prepared as egg yolk tempera (EG) and egg-oil emulsion
(EO) were inoculated with three separated drops of 20 pL of each fungal and bacterial
suspension. After inoculation, each paint film was placed in the center of a Petri dish
and incubated in darkness for 40 days at 28°C, 80% relative humidity. Thus, two series
of biodeteriorated reconstructed paint films were obtained (EG@microorganism and
EO@microorganism). Paint films inoculated with 20 pL of sterile ultrapure water and
incubated under the same conditions were used as controls (EG@Blank and
EO@BIank). After incubation, the microbial biomass was completely removed from the

surface of the reconstructed paint films.

3. Results and discussion

3.1. Film micromorphology



It is well known that microscopically, egg yolk has a variety of multi-scale structures that
are suspended in a yellowish and continuous fluid phase (plasma) [44]. This complex
structure determines the formation of a paint layer from drying of egg yolk medium and
egg-oil emulsions, which has been described as a process that involves two steps. A first
step of evaporation of the water from the plasma takes place until reaching equilibrium
with the humidity of the surrounding air. The loss of water results in the appearance of
intermolecular empty spaces and loss of hydrogen bonding that force the molecules of
protein to rearrange their chains to maximize their intra and interchain hydrogen bonding
to replace lost hydrogen bonds to water. Prior spectroscopic studies have demonstrated that
structural changes undergone by proteins on dehydration are predominantly related to
conformational transitions that results in a final dried state in which the preferred
conformation adopted by the protein is B-sheet regardless of the initial conformation in
aqueous solution. This is due to the lower degree of solvation required by this
conformation [45].Thus, the protein molecules adopt more unordered conformations in
which most side chain groups become now available with the consequent increase of the
chemical activity of the protein molecule with other molecules (protein, triglycerides,
metal ions solubilised from pigment grains, ...) [45,46]. Finishing of the drying process
has been proposed via a further step of formation of a protein network accompanied of
coalescence and reticulation of glycerolipids [39, 47] that results in a continuous medium
that binds the pigment grains as it can be seen in Figure 1a, which shows the FESEM
secondary electron image of the cross-section of an un-inoculated egg tempera paint
film. In this reconstructed paint film, the pigment grains, with size below 1 um, are
bound by a binder that mainly consists of dried egg yolk plasma. A number of spheres
and granules, typical multi-scale structures of egg yolk that are insoluble denser protein-

lipid particles (&:4-150 um and &:0.2-2 um, respectively), can also be identified.

Figure 1b shows the FESEM secondary electron image of the cross-section of an un-
inoculated reconstructed egg-oil emulsion paint film. As it can be seen, the pigment
grains are completely embedded by the binding medium that, in this case, is a mixture
of polymerized linseed oil and egg yolk plasma. Presence of linseed oil results in a most
complete embedding of pigment grains. Spheres and granules are here hardly identified
(see arrows) due to the presence of linseed oil.



Inoculation of paint films consisted of applying a drop of water containing the different
microorganisms in study followed by incubation in a chamber maintained at a high level
of humidity. Contact of the dried paint film with the aqueous phase can induce changes
in the structure of the film. First of all, hydrolysis of triglycerides can be promoted
resulting in releasing of notable amounts of fatty acids. Hydrolysis of proteins can also
take place resulting in the cleavage of the protein molecules, whose shorter fragments
can also migrate to the aqueous phase. As the evaporation of the drop is carried out in a
brief period, the final result is the appearance of micropores and the migration of the
solubilized species from the film core to the surface where are concentrated and/or
vaporized at more or less extent. After this, bacteria and fungi start their attack settling

the external surface and pores, as can be seen in Figure 2.

3.2. VMP, SECM and AFM-VMP analysis

Figure 3a shows the cyclic voltammogram of a microparticulate deposit of cadmium
yellow pigment on graphite electrode immersed into acetate buffer at pH 4.75. A
reduction wave at ca. —1.0 V vs. Ag/AgClI (C1) accompanied by a shoulder at ca. -1.2 V
(C2) which precedes the rising current for solvent discharge is recorded in the initial
cathodic scan. In the subsequent anodic scan, a main oxidation signal at —1.1 V (A)
appear. Following literature [37-40], the peak C1 can be attributed to the reduction of
CdS to Cd metal which is subsequently oxidized, upon reversal the potential scan, to
Cd?* (aq) in the stripping process Ai. This process has been widely studied for cadmium
determination in aqueous solution [48,49]. The C> signal can be tentatively assigned to
the reduction of H* and/or Cd?* ions released during the reduction of CdS on the Cd-

plated graphite surface.

This voltammetry becomes significantly modified for samples excised from the
reconstructed paint films. As can be seen in Figs. 3b,c, the C, shoulder disappears
whereas the shape of the peaks C1 and A; varies. In the case of EG@Blank paint film
(Fig. 3b), a new cathodic process is recognized by the signal at —0.70 V (Cs) preceding
the peak Cy at —0.95 V, the voltammetric profile remaining essentially unchanged in the
second and successive potential scans. For EO@BIlank specimens (Fig. 3c), the initial

cathodic scan displays an additional signal at —0.80 V (C4) is overlapped to peaks C;

10



and Cz (weak), but in the second and successive scans, only peaks C: and C4 remain. In
all cases, upon increasing potential scan rate between 0.01 and 0.50 V s2, the peaks C3
and C4 become enhanced relative to the peak Ci, but the voltammetric profile becomes
ill-defined. The anodic region of the voltammograms is similar in all cases, with
stripping peak A: at —0.75 V preceding a wider oxidation peak (As) at ca. —0.50 V when
the peak Cz appears. Interestingly (vide infra), when the peak Cs appears, the stripping

of Cd consist of a unique peak Ax.

SECM examination of EG and EO reconstructed paint films attached to a graphite plate
in contact with K4sFe(CN)s solution in acetate buffer is illustrated in Figure 4. Application
to the tip of a potential high enough (Et = +0.30 V) to promote the diffusion-controlled
oxidation of Fe(CN)s*- ions, yields a current response depending on the topography and
conductivity of the substrate. The map colors yield positive feedback features
corresponding to the pigment grains emerging from the binding medium which appears
as an almost uniform negative feedback background. Apart from textural differences
between EG@CdS and EO@CdS films (Figs. 4a,c, respectively), in both cases, after
application of a potential input of —1.0 V during 5 min, there appears significant
changes in the map color (Figs. 4b,d, respectively), thus denoting that the reduction of
CdS operates under these conditions. As a result of the application of this reductive
potential input, the area of positive feedback features become diminished just such as
embedded by a growing binding media.

Figure 5 depicts the AFM images recorded before (Figs. 5 a,b) and after (Figs. 5 c,d)
application of a potential input of —1.0 V to a egg tempera reconstructed paint film
(EG@BIlank) during 5 min. Apparently, the pigment grain, which is partially in contact
with the base graphite plate, experiences a contraction process being reduced, at the end of
the reductive step, to a grain whose volume is ca. one half of the volume of the original
pigment grain. This result would be in agreement with data reported by Hasse and Scholz
on in situ XRD [50] and AFM [51] monitoring of the reduction of litharge, where the
reduction of the mineral crystals involves a topotactic solid state transformation of lead
oxide to lead metal without a morphological disintegration. This model would apply here,
the volume contraction expected in the reduction of CdS to Cd being consistent with the

different density of CdS (4.83 g cm~3) and Cd (8.65 g cm~3). Interestingly, the topography

11



of the binder surrounding the grain is smoothed in the vicinity of the same.

All these results can be rationalized on considering that the EG and EO reconstructed
paint films are constituted by a more or less homogeneous distribution of pigment
particles more or less entirely embedded by a layer of more hydrophobic binding
medium and a hydrophilic layer where resulting secondary cadmium compounds exist,
as described for pictorial specimens containing lead pigments [41]. Under VMP
conditions, the voltammetric signals correspond to the particles in contact with the base
graphite electrode and the electrolyte [31-33]. Accordingly, the CdS-centered reduction

processes can be described in terms of:

a) Peak C; corresponds to the reduction of CdS grains exposed to the graphite surface:

{CdS}solid + 2H+ aq +2e > {Cd}solid + HZS (1)

The subsequent oxidation of the Cd deposit to Cd?* ions in solution gives rise to the
stripping peak Au.

b) Peak Cs appearing in EG reconstructed paint films can be attributed to the reduction
of the Cd compounds forming the ionomeric layer accompanying the pigment particles.
This layer, to some extent similar to that formed in the reduction of lead minerals
[48,51], would be particularly relevant for the proteinaceous fraction of the binders (egg)

disposing of coordinating units. The reduction process can be represented as:

{Cd2+(bindingz_)}CdS ionomeric layer + 2H" aq + 26~ — {Cd}solid + Hobinding  (2)

This process results in a deposit of Cd metal different to that resulting from the
reduction Ci. The subsequent oxidation process Az appears at potentials clearly
differing from those of peak Ai, a feature consistent with the electrochemistry of
different minerals [41,42].

c) Peak C4, typical of EO reconstructed paint film, would be representative of the
reduction of CdS particles surrounded by binding media dominated by the linseed oil
fraction of such specimens. Then, Cd soaps would appear where Cd(Il)-carboxylate

12



complexes were formed. The corresponding reduction process can be represented as:

{Cd2+(RC007)2}Cd soap + 2H+ aq + 26’ —> {Cd}solid + ZRCOOH (3)

The deposit of Cd metal formed here would be similar to that formed by
electrochemical reduction of bare CdS particles, so that it is oxidized at an identical or

almost identical potential (peak Az).

3.2. VMP testing of biodeterioration

The voltammetric response of the reconstructed paint films is differently modified after
inoculation. Figure 6 shows cyclic voltammograms for the egg-oil emulsion paint films
after inoculation with two fungi, Aspergillus Niger (EO@AnN) (Fig. 6a) and
Acremonium crhysogenum (EO@Ac) (Fig. 6b), and two bacteria, Bacillus
amyloliquefaciens (EO@Ba) (Fig. 6¢) and Arthrobacter oxydans (EO@A0) (Fig. 6d),
respectively. One can observe that the fungi attack leads to voltammograms displaying
only the peak Ci, eventually accompanied of weak signal Ca. In contrast, after bacteria

attack, the voltammograms consist of ‘clean’ peaks Csz and Cy with no traces of peak Ca.

The voltammetry of the reconstructed egg tempera paint films (EG) inoculated with
both fungi and bacteria (see Fig. 7) was relatively close to that of bare cadmium yellow
in Fig. 3a, with well-defined peak C,. The most significant differences were the
appearance of additional cathodic peaks at potentials more negative than Cy, labeled as
Cs and marked by arrows in Fig. 7, and the appearance of peak splitting in peak Az, now
accompanied by peak As. The peak Cs can be attributed to the reduction of CdS surface
complexes associated to the proteinaceous fraction which was modified by the

biological attack (vide infra). This process can, in principle, be represented also by Eq.

(2).

Consistently with the scheme in section 3.1, in EO paint films, bacteria attack would be
concentrated on the most abundant oil fraction of the binding medium so that the
reduction of pigment particles (C1) and their ionomeric layer (Cs) remain well-defined,
while the signal Cs disappears. On the contrary, fungi attack, although affecting both

ionomeric and oil fractions, appears to be concentrated in the proteinaceous fraction, so
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that peak Cs entirely disappears while the signal C4 becomes significantly decreased.

Additional information can be obtained from electrochemical data in the region of
positive potentials. Figure 8 compares linear scan voltammograms for a) pure pigment
CdsS, b) pure egg yolk and reconstructed egg tempera paint films c) before EG@blank
and d) after inoculation with Aspergillus niger (EG@An). The pigment displays a well
defined anodic peak at +0.82 V (Acus) preceded by a shoulder at ca. +0.65 V. Although
sulfur electrochemistry is complicated [53], the oxidation of CdS can be represented as
[31-33]:

{CdS}sotic — {S}solia + Cd**aq + 26~ (4)

In turn, reconstructed egg tempera paint films produce an oxidation signal consisting of
overlapping voltammetric peaks centered at +0.45 V (Apr), attributable either to the
oxidation of metalloprotreins [54] and/or —SH units of proteins [55]. The un —inoculated
egg tempera paint film (EG@blank) yields a voltammetric response dominated by the
signal Apr, whose profile is slightly modified, while the Acgs signal becomes
considerably lowered. Consistently with the foregoing set of voltammetric data, the
effect of fungi and bacteria on the voltammetry of EG paint film was similar, now

significantly lowering both Acgs and Apr features.

In contrast, the voltammetry of inoculated reconstructed egg-oil emulsion paint films
shows differences between fungi and bacteria. These can be seen in Figure 9, where
linear scan voltammograms for films of: a) pure egg + linseed oil emulsion; b)
EO@Blank and reconstructed EO paint film inoculated with c¢) Bacillus
amyloliquefaciens (EO@Ba) and d) Aspergillus niger (EO@AnN), are depicted. The
binder film (Fig. 9a) produces an oxidation signal at —0.08 V (ALo), which could be
tentatively attributed to the oxidation of tocopherols. These are components of linseed
oil [56,57] displaying a well-defined oxidative electrochemistry [58,59]. In the presence
of CdS (Fig. 9b), this signal is accompanied by minor signals at +0.45 (Ag1) and +0.60
(As2) preceding the CdS-centered oxidation (Acgs) at +0.82 V. These signals can be
attributed to electrochemically oxidizable compounds resulting from the interaction
between CdS and the binder. This would be consistent with results from Madani et al.
[60] on the effect of CdS on polymerization reactions. Interestingly, after bacterial
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attack (Fig. 9c), the Acds and Ag: peaks disappear whereas the peak Agz is enhanced. In
contrast, fungi attack (Fig. 9d) results in the maintenance of peaks Acds and Ag2 peaks
with lowering/disappearance of peak Ag:. These results indicate that the presence of the
pigment produce reaction chains in the binder resulting in products which react

selectively with fungi and/or bacteria in the paint film.

3.3. FTIR spectroscopy

In order to validate VMP analysis of biodeterioration, ATR-FTIR spectroscopy was
applied. This technique enables the recognition of changes in the chemical composition
and structure of both triglycerides and proteins conforming traditional binding media
used in art so that it has been a useful complementary analytical technique in order to
identify changes in the composition of the paint specimens [27,61,62]. Un-inoculated
egg tempera specimen (EG@BIlank in Figure 10) exhibited an IR spectrum dominated
by the amide A (3300 cm™), amide 1 (1635 cm™) and amide 11 (1537 cm™) bands and
the -CHz and -CHy- stretching vibrations (2924 and 2858 cm™) [27,61,62]. Band
associated to the ester groups in triglycerides C=0 stretching vibrations at 1742 cm™
and shoulder at 1736 cm™ attributed to phospholipids, accompanied of the C-O
stretching pattern at 1234, 1163 and 1086 cm™ were also identified. The latter bands are
prevalent in un-inoculated egg plus linseed oil emulsion paint film (EO@BIlank in Fig.
10). Hydrolysis of triglycerides was confirmed in both specimens EG@BIlank and
EO@BIlank by the appearance of several shoulders in the range (1736-1710 cm™)
ascribed to free fatty acids released as result of processes of hydrolysis of oil and egg
triglycerides [27,28,62].

Application of FTIR spectroscopy to the analysis of protein secondary structure is based
on the sensitivity of peptide group IR absorptions to the protein chain conformations.
These structural modifications can be observed in the amide I region, which exhibits the
highest protein conformational sensitivity [63]. By contrast to the aqueous solutions,
protein solid films exhibit a higher crystalline structure [64]. Our findings in this region,
described below, are presented in terms of the position of the amide | sub-bands.
Position of the sub-bands was determined from the deconvolved IR spectra (Figure 11)
[43]. Amide | bands of EG@BIlank and EO@BIlank show typical profile characteristic

of B-sheet conformation predominant in dried globular proteins of albuminoid type [65]
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with a prominent maximum centered at 1635 cm™ in EG@BIlank and 1628 cm™ in
EO@Blank that, according to recent literature [43,65,66], is ascribed to intramolecular
B-sheet conformations. The redshift observed in the position of the maximum for egg-
oil emulsion film could be associated to changes in the 3-sheet conformations of protein
molecules [66], probably occurring as result of the appearance of intermolecular
interactions of the protein molecules with the oil triglycerides and their oxidation and
hydrolysis products [47]. The secondary maximum at 1643 cm™ in EG@Blank and at
1648 cm™ in EO@Blank is ascribed to the unordered (random coil) conformation [66].
Both specimens EG@Blank and EO@BIank exhibited secondary maxima at 1652 cm™,
with shoulders at 1658 and 1660 cm™ ascribed to helical conformation [65]. Shoulders
at 1625 and 1619 cm™ are ascribed to intermolecular B-sheet structures [67] whereas
shoulders at 1668, 1674, 1683, 1688 and 1694 cm™ are ascribed to B-turn conformations
[43,63].

Microbial attack in the reconstructed tempera films resulted in all cases in the decrease
of the relative content in carbonyl band to amide | and Il bands (see Table 1). This
decrease is more evident in the series of reconstructed egg-oil emulsion films since this
reduction in the carbonyl band has been associated to the loss of lipids as result of the
enzymatic oxidation of the hydrolyzed long chain fatty acids to form free fatty acid
hydroperoxydes and then other volatile end-products. This hypothesis is confirmed by
the increase in the content of free fatty acids formed as consequence of the hydrolysis of
the triglycerides and phospholipids observed from the enhancement of bands around
1725-1700 cm™. Hydrolysis of triglycerides and further loss of end-products of ketone
and aldehyde type is taking place at lesser extent in egg yolk due to its particular
microstructure with a variety of insoluble particles (see Fig. 1a) with structure of
micellar complexes in which triglycerides and cholesterol forms the core of the particle
that is surrounded by an amphipathic surface monolayer of phospholipids, proteins and

unesterified cholesterol [68-71] that prevent the oxidation of triglycerides inside.

Comparison of band area ratio obtained in the specimens inoculated with the selected
fungi and bacteria shows that, in general, bacteria are more efficient in promoting loss
of lipids than fungi apart from the fungus Mucor roxii that showed a particular ability
for promoting deterioration of both types of paint films. These results are in good
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agreement with those previously reported from oil-varnish specimens inoculated with
several species of microorganisms, where a remarkable increase of the hydrolysis
reactions was detected [72].

Changes in the proteinaceous materials present in the series of inoculated egg tempera
paint films can be seen in Figure 1la that shows the amide | bands of the blank
(EG@BIlank) and inoculated reconstructed egg yolk tempera paint films. Modification
of the profile of this band inform of an alteration in the secondary structure of the
proteins, which could be relied with the microbial degradative activity. Fungi exhibit
more remarkable changes with red-shift of the maximum in the intramolecular 3-sheet
region from 1635 cm™? to 1633 cm™ for EG@Ac and EG@An and 1631 cm™* for
EG@Mr and EG@Tp. Band at 1625 cm™ ascribed to intermolecular PB-sheet
conformations is also enhanced in specimens inoculated with fungi. These
conformations are typical of aggregated proteins [65]. Enhancement of band ascribed to
random coil conformations in the range 1645-1648 cm™ is also observed in the paint
films inoculated with fungi. This last result suggests that attack of these microorganisms
result in an increase in the irregular structures and, in particular, in a partial opening of
the ordered structure into random turns and bends. This would be consistent with the
disappearance of the peak Cs and the appearance of peak Cs in the corresponding

voltammograms (see Fig. 7).

In the case of egg-linseed oil emulsion paint films (see Figure 11b), the more
remarkable changes observed in the shape of the amide | band of inoculated specimens
were also found in reconstructed paint films inoculated with fungi. Blue-shift of the
maximum in the intramolecular B-sheet region from 1628 cm™ to 1631 cm™ for
EO@Tp, 1634 cm™ for EO@An, EO@Mr and EO@Pc and 1636 cm™ for EO@AC are
observed. In all these specimens, new bands associated with random coil conformations
were recognized at 1640 cm™ for EO@An, EO@Mr and EO@Tp, at 1645 cm™ for
EO@An, EO@Mr and EO@Pc and at 1647 cm™ for EO@Ac. Finally, a notable
increase in the content of free fatty acids is also observed in these specimens (relative
growth of bands in the range 1725-1700 cm™). Presence of fatty acids could contribute
to promote new unordered conformations in the egg proteins characterized by being

more loosened and unfolded due to the net positive charge in a more acidic solution.
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This net positive charge results in a more random structure due to the repulsion between

turns and bends that increase the positive net charge [65].

All these features would be consistent with the ascription of the voltammetric process
Cz in EG@BIank specimens to the coordination of CdS to proteins mainly disposed in
B-sheet conformation. Under attack of both bacteria and fungi (see Fig. 7), random coil
conformations are increased, here appearing the peak Cs to the coordination of proteins
in aggregated and more disordered structures to the pigment surface while the Cz signal
disappears. In the case of the EO@CdS specimen, peak Cs4 would be associated to the
reduction of Cd soaps formed as the result of complexation of Cd with the carboxylate
groups of fatty acids of the linseed oil fraction. In such specimen, the attack of bacteria
and fungi results in the formation of complexes with proteins, probably favored by the
opening and unfolding of their secondary structure thus producing the re-appearance of
peak Cz (see Fig. 6), this effect being more intense for bacteria than for fungi. Table 2
summarizes the description of electrochemical processes associated to biodeterioration

of un-inoculated and inoculated reconstructed EG and EO paint films.

4. Conclusions

In contact with aqueous acetate buffer, VMP data denote that in presence of the binder,
the voltammetric signals for CdS in reconstructed egg tempera and egg-linseed oil
emulsion paint films become modified with appearance of specific signals resulting
from the pigment-binder association. Such voltammetric responses varied after attack
with different fungi (Acremonium crhysogenum, Aspergillus niger, Mucor roxii,
Penicillium chrysogenum, and Trichoderma pseudokoningii) and bacteria (Arthrobacter
oxydans, Bacillus amyloliquefaciens, and Streptomyces cellulofans). Combining VMP
data with those from ATR-FTIR, SECM, FESEM and AFM, suggests that specific
cathodic signals can be attributed to the reduction of Cd ions bound to proteins that have
acquired a more open and unfolded conformation, and the reduction of Cd soaps formed
as the result of complexation with the carboxylate groups of fatty acids of the linseed oil
fraction. Depending on the binder and the biological agent, such signals become more
or less modified after biodeterioration, then allowing for discriminating bacterial and

fungi attacks. This multi-technique study also indicates that microbial attack results in
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the increase of the content of free fatty acids released from the catalyzed hydrolysis of
triglycerides from oil and egg as well as in the breaking down of proteins accompanied
of an increase in the irregular and open conformations adopted by the protein molecules.
These results are in good agreement with the observed changes in the mechanical

behavior of the inoculated specimens.
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Table 1. Band area ratios of the inoculated egg yolk tempera and egg-oil emulsion paint

films.

Fungi Bacteria
Band area ratio
Egg Yolk Blank Ac  An Mr Pc Tp Ao Ba Sc
C=0/Amide | 0.18 014 014 0.09 0.16 0.15 0.12 0.10 0.09

C=0/Amide Il 033 028 027 017 029 0.29 024 019 0.16

Emulsion Blank Ac An Mr Pc Tp Ao Ba Sc
C=0/Amide | 048 0.27 034 017 034 047 0.16 0.09 0.16
C=0/Amide Il 0.76 048 053 029 055 0.75 029 015 0.27
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Table 2. Summary of the electrochemical processes involved in biodeterioration of
reconstructed EG and EO paint films.

Process | System Description
C1 CdS Reduction of bare CdS grains to Cd metal (Eq. (1))
Cs EG@BIlank Reduction of CdS surface complexes with proteins mainly
in B-sheet conformation (Eq(2))
Cs EO@BIlank Reduction of Cd(lIl)-carboxylates with fatty acids (Eq. (3))
Cs EG @fungi Reduction of CdS surface complexes with proteins mainly
EG @bacteria | in random coil conformation (Eq(2))
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Figures

Figure 1. Secondary electron images obtained with FESEM of: a) the cross-section of a
reconstructed egg tempera paint film (EG) and b) the cross-section of a reconstructed

egg —oil emulsion paint film (EO).

Figure 2. Secondary electron images obtained with FESEM on the surface of a

reconstructed egg tempera paint film inoculated by Aspergillus niger (EG@AnN).

Figure 3. Cyclic voltammograms, after semi-derivative convolution of: a) a
microparticulate deposits of CdS; b) sample of un-inoculated egg tempera paint film
(EG@BIlank); c) sample of un-inoculated egg-oil emulsion paint film (EO@BIlank)
attached to graphite bar immersed into 0.25 M sodium acetate buffer, pH 4,75. Potential

scan rate 50 mV s,

Figure 4. SECM map colors of a,b) sample of un-inoculated egg tempera paint film
(EG@BIank) and c,d) sample of un-inoculated egg-oil emulsion paint film (EO@BIlank)
attached to a graphite plate in contact with electrode in contact with 5.0 mM KsFe(CN)e
solution in 0.25 M HAc/NaAc (pH 4.75) before (a,c) and after (b,d) application of a
potential input of —1.0 V during 2 min. E7 =+0.30 V.

Figure 5. Topographic AFM images of a un-inoculated egg tempera paint film
EG@BIlank on a graphite plate in contact with 0.25 M sodium acetate buffer, pH 4,75,
a,b) before, and c,d) after application of a potential step of -1.0 V during 5 min.

Figure 6. Cyclic voltammograms, after semi-derivative convolution, for graphite
electrodes modified with egg-oil emulsion paint film (EO) immersed into 0.25 M
sodium acetate buffer, pH 4,75 after incubation with: a) Aspergillus niger (EO@An); b)
Acremonium crhysogenum (EO@AC); c¢) Bacillus amyloliquefaciens (EO@Ba); d)
Arthrobacter oxydans (EO@AO0). Potential scan rate 50 mV s.

Figure 7. Cyclic voltammograms, after semi-derivative convolution, for graphite

electrodes modified with egg tempera paint film immersed into 0.25 M sodium acetate
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buffer (EG), pH 4,75 after incubation with: a) the fungus Trichoderma pseodukoningii
(EG@Tp); b) the bacterium Streptomyces cellulofans (EG@Sc). Potential scan rate 50

mV s,

Figure 8. Linear scan voltammograms, after semi-derivative convolution, for: a) pure
cadmium yellow b) pure egg yolk, ¢c) EG@BIlank paint film d) EG@An paint film
deposited on graphite in contact with 0.25 M sodium acetate buffer, pH 4,75. Potential

scan initiated at 0.0 V in the positive direction; potential scan rate 50 mV s

Figure 9. Linear scan voltammograms, after semi-derivative convolution, for films of: a)
pure egg + linseed oil emulsion b) EO@BIank, ¢c) EO@Ba and d) EO@An, deposited
on graphite in contact with 0.25 M sodium acetate buffer, pH 4,75. Potential scan

initiated at —0.40 V in the positive direction; potential scan rate 50 mV s,

Figure 10. IR absorption spectra of EG@Blank and EO@BIlank reconstructed paint

films. Spectra are presented in staked mode.

Figure 11. a) Detail of the deconvoluted amide | band obtained from the series of
reconstructed egg tempera paint films. b) Detail of the deconvoluted amide I band
obtained from the series of reconstructed egg-oil emulsion paint films. o: helical
conformations; 3-1: intramolecular B-sheet; 3-2: intermolecular -sheet; rc: random coil;

t: turns.
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