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Abstract

The role of water and hematite (Fe2Oz) on the stability of ovalbumin-based model paint layers was
investigated by means of DSC and FTIR. The aim of this research is to improve our understanding
on the stability of paint layers based on proteinaceous media, assessing the water content and the
pigment presence effects. Pigments may play a fundamental role in determining the structure of
proteins in paint layers, thus affecting the possible interactions among proteins and the external
environment, including humidity. Previous studies revealed that hematite affects the secondary
structure of OVA in paint layers, although no experimental evidence of hematite/OVA covalent
bonds has been reported in the literature. In this paper we investigate the synergic effect of water
and hematite on OV A structure and stability. DSC analyses coupled with FTIR measures on protein
hydration revealed that below 30% of humidity the amount of water strongly influence the protein
structure and stability: the less the water content, the higher the protein stability. Furthermore, our
results suggest that a water phase separation occurs in the presence of hematite for which, in water-

limiting condition, the hematite’s hydration shell becomes almost negligible if compared to the bulk
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water available for the protein hydration because of the high protein-water affinity. Accordingly,
the protein phase humidity is higher than the sample’s nominal value. Paints at the same overall
humidity exhibit different protein hydration state following the pigment/binder ratio, and in turn
different resistance to damages throughout aging.
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1. Introduction

Paints layers are generally made up of one or more {mineral pigments and a fluid binder,
which enables the pigments to be dispersed and to adhere to the preparatory plaster layer if any or,
sometimes, directly to the support (linen, wood, etc.). Historically, binding media were natural
products, including plant gums, drying oils, waxes and animal protein-based materials such as egg,
casein and animal glue [1].

Historical paint artworks may exhibit conservation issues due to degradation processes that
may establish upon ageing, and that depend on several factors. Among them, a relevant role is
played by the humidity conditions and/or exposure to moisture during certain conservation
treatments [2-9]. Therefore, museums and galleries dedicate efforts into controlling relative
humidity and temperature values at exposition sites, as well as in storage facilities, and optimal
conditions are object of research [10,11].

Understanding the physicochemical modifications of the paint constituents upon ageing is
crucial in order to propose a model for their chemical and physical stability, to set up reliable
analytical protocols for their analysis and to plan reliable procedures for their preservation. In this
context, the artificial ageing of several proteinaceous binders used in the “tempera” technique,
including ovalbumin (OVA), and their interactions with different pigments have been studied in
model paint layers [12-14]. Such studies indicated that certain inorganic pigments induce a
decrease in the protein thermal stability and a protein network labilization. Furthermore, aging can
induce aggregation, oxidation of some amino acid side chains and hydrolysis of the polypeptide
chain in both pure proteins and pigmented paint layers [12-16].

Azurite (Cus(COz3)2(OH)2) and red lead (Pb3O4) have been shown to affect the secondary
structure of OVA in paint layers and data suggest that covalent bonds are formed among the metals
and the protein. On the other hand, though hematite (Fe2O3) seems to affect the structure of OVA in
paint layers as well, no experimental evidence of hematite/OVA covalent bonds have been found
[13].

It is well known that the stability of globular proteins generally depends on the aqueous
environment (pH, presence of co-solutes, amount of solvent, etc.), based on the possible specific
and/or not specific interactions that may establish [17-21]. Specifically, it is well known that in
condensed systems a general protein stabilization trend occurs, moving from high to low humidity
levels [22]. In protein-based paints, such a trend may constitute a basis to which refer when
investigating the nature and evolution of pigment-protein interactions which establish upon film
formation and ageing.



In this work we investigate further model paint layers based on OVA and OVA-hematite,
focusing on the effect of the water content. The study is carried out by means of Differential
Scanning Calorimetry (DSC) and Fourier Transform Infrared Spectroscopy (FTIR) to determine the
structure and thermal stability of the protein [23-27]. The aim is to get better insights into the nature
of the interactions that establishes among OVA and hematite in a paint layer, how this relates to the
paint layer water content, and to highlight how this interaction affects the structure and thermal
stability of the protein.

2. Materials and methods

2.1.  Model paint layers preparation

Model paints were based on OVA (51541, lyophilized powder, Bresciani srl, Italy) alone
and in mixture with hematite (Fe2Oz). Paint layers were prepared by dissolving the OVA powder in
water and by adding, in case of pigmented model paints, hematite until paintable impastos were
obtained [13]. The paints were then applied with a brush onto glass microscope slides and were left
to dry at non-controlled room conditions (exposed to air and at natural indoor day-night light) for
over a month in order to assure nonsignificant variations on the final humidity. The paint layers

were prepared according to the following pigment/binder ratios: 0:100, 12:88, 23:77, 52:48.

2.2.  Differential scanning calorimetry

A DSC 2920 (TA Instrument, USA) calorimeter with stainless steel sealed pans was used
and runs from 20°C to 150°C at 2°C-min* were performed in order to assess OVA thermal stability.
An empty pan was used as reference and calibration was carried out with indium as standard.
Samples were prepared by scratching the paint layer from the glass slides by means of a scalpel. In
order to analyse increasing values of water content, rehydration was reached by adding water within
the pans. Supplementary samples were prepared with lyophilized OVA powder hydrated and
suspended by directly adding water within the pans. The final water content for each sample was
assessed after the DSC analysis, on the cold pans, by piercing the pans and desiccating them at
105°C.

Data were analyzed following procedures reported in previous studies [28,29]. In brief, the
excess heat capacity Cp®°(T), i.e. the difference between the apparent heat capacity Cp(T) of the
sample and the heat capacity of the protein "native state”, Cpn(T) / J-K™-g " protein, Was recorded

across the scanned temperature range. First-cycle heating profiles were considered since all the
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systems showed irreversibility due to post-denaturation aggregation phenomena. Such effects,
which result in exothermic traces, were neglected in the figures for the sake of clarity since such a
topic is beyond the scope of this paper. Three replicates were performed for each model paint layer.

2.3.  Fourier transform infrared spectroscopy

OVA samples from the model paints were scraped from the glass supports and mixed with
variable amounts of water in an agate mortar in order to reach various levels of humidity (7%, 24%,
34%, and 56% w/w). One mg of protein containing the various water percentages were mixed with
100 mg of ground KBr and the pellet was analysed in transmittance mode without further
manipulations. Infrared spectra were recorded using a Perkin-Elmer Spectrum One FTIR
Spectrophotometer, equipped with a universal attenuated total reflectance accessory (ATRU) and a
TGS detector. For each sample, 128 interferograms were recorded in order to obtain a suitable
signal/noise ratio, averaged and Fourier transformed to produce a spectrum with a nominal
resolution of 4 cm™. Spectrum software (Perkin-Elmer) and a written-in-house LabVIEW program
for peak deconvolution were employed to run and process the spectra, respectively. FretabVAEW

program—for—peak—Fitting—is—deseribed—elsewhere [30,31]. Further details are reported in

Supplementary Material.

3. Results and discussion
3.1.  Stability of ovalbumin towards the water content

Although a paint layer in a painting contains one or more pigments, a pigment-free OVA
model paint layer was studied as reference in order to understand the behaviour of the protein alone
with respect to the water content in the first place. To this aim we investigated samples of
rehydrated OVA starting both from the unpigmented model paint layer and lyophilized OVA (see
materials and methods section).

The DSC thermograms of pigment-free OVA paint layers rehydrated with different water

contents are reported in Figure 1a.
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Figure 1. a) DSC curves of unpigmented OVA model paint layer at different water content (% w/w). The
inset shows the comparison between the DSC traces of unpigmented OVA model paint layer and lyophilized
OVA-water suspension at 70% of water as an example. b) The maximum temperature (Tmax) Of the OVA DSC

peak vs water content (% w/w) for both unpigmented OVA model paint layer and lyophilized powder
suspensions. The points at the lowest water content correspond to the non-rehydrated OVA model paint layer

and to the OVA powder used for the suspensions, i.e. both only containing their own intrinsic moisture.

The DSC can be ascribed to the protein denaturation, where three superimposed peaks can
be distinguished. Such profiles are in agreement with those typically obtained for chicken egg
ovalbumin and reflect the distribution of the different ovalbumin conformers, namely the native
ovalbumin (N-OVA, low-temperature shoulder), the intermediate form (I-OVA) and the stable
ovalbumin (S-OVA, high-temperature peak), whose relative content depend on the kinetics of the

N-to-S conversion and, in turn, on the OVA purification conditions [32—-34].



A comparison of the thermograms obtained at high water content (about 70%) for both the
rehydrated OVA model paint layer and lyophilized OVA-water suspension is also reported in the
inset of Figure la as an example: thermograms are superimposable, suggesting that any possible
mechanical stress deriving from the protein application onto glass surfaces to form paint layers and
the subsequent water evaporation during drying and/or rehydration is not reflected in the protein
thermal stability.

As far as the effects of the water content on the protein thermal stability are concerned
(Figure 1a), we observe a progressive overall protein stabilization in terms of denaturation
temperature range upshift when the amount of water decreases, whilst the enthalpic contribution
due to OVA denaturation remains nearly unvaried (A¢gH = 15 * 2 J-gprotein). After the denaturation
temperature interval, aggregation phenomena were observed in most of the cases, whose onset
depends on the water content, i.e. the higher the amount of water, the less proteins are prompt to
aggregate [22]. These effects are neglected in the figure for the sake of clarity since such a topic is
beyond the scope of this paper.

An overall picture of the influence of the water content on the protein thermal stability is
shown in Figure 1b, where we report the denaturation peak maximum temperature, Tmax, Of the
DSC thermograms versus the water content (% w/w). Indeed, the Tmax is ascribable to the
denaturation of the most stable form of ovalbumin (S-OVA) and is affected by only small shifts due
to the superimposition of the denaturation of I-OVA form [32,33]. We observe a strong decreasing
trend reaching a plateau at high water content, indicating the strong stabilizing effect of water-
limiting condition. No differences were observed between the curves of the OVA model paint layer
and the lyophilized OV A water suspension, as previously indicated (Figure 1a, inset).

Complementary information about the effects of different water contents on the structure of

OVA were also obtained by means of FTIR analysis.
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Figure 2. ATIR-FTIR spectra in the region 1840-845 cm™ of OVA at increasing water contents: (a) 7% w/w

water; (b) 24% w/w water; (¢) 34% w/w water; (d) 56% w/w water.

Figure 2 shows the 1840-845 cm region in the FTIR spectra of OVA model paint layers at
increasing water contents. We observe the characteristic protein vibrational modes (Amide modes),
which are sensitive to the protein conformation. In particular, Amide 1 (1700-1600 cm™ region) is
primarily due to the C=0 stretching vibration, Amide Il (1600-1480 cm region) to the coupling of
the N-H in-plane bending and C-N stretching modes, and Amide I11 (1350-1190 cm™ region) to the
C-N stretching coupled to the in-plane N-H bending mode [35].

The addition of water to OVA affects the region of the Amide | and Amide Il bands, whose
shifts are ascribable to conformational changes related to the polypeptide chain hydration: as the
water content increases, the OVA Amide | band shifts from 1631 cm™ to 1635 cm™ and the Amide
I1 shifts from 1521 cm™ to 1516 cm™.

In order to gain further insights into the conformational changes due to hydration
phenomena, we performed the spectral deconvolution of the Amide | band, which is the most
reliable absorption widely employed for protein conformational analysis [12-15,30,31,36-39]. The
conformational analysis of carbonyl stretching mode is therefore considered, and Table 1 shows a

summary of the results.



Table 1. Summary of the secondary structure analysis of OVA at different content of water.

OVA + 7% H0 OVA +24% H,O | OVA +34% H,O | OVA +56% H,0
wavenumber/cm™ | wavenumber/cm™ | wavenumber/cm™ | wavenumber/cm™ Assignment
(%0)* (%) (%) (%)
[B-Sheets
1619 (32%) 1617 (27%) 1613 (15%) 1612 (3%) ]
(intermolecular)
[B-Sheets
1635 (25%) 1634 (31%) 1632 (39%) 1628 (39%) )
(intramolecular)
1651 (4%) 1650 (6%) 1653 (23%) 1648 (25%) Solvated a-Helix
Not solvated o-
1655 (19%) 1656 (20%) ]
Helix
1666 (5%) 1667 (22%) extended Helix
1676 (19%) 1678 (16%) 1676 (19%) B-Turns
Antiparallel -
1690 (11%)
sheets

* The values in brackets, reported beside each wavenumber, represent the abundance of each protein
secondary structure with respect to the total structures at the different water content conditions.

The band in the 1630-1640 cm™ range and the weaker band around 1700-1690 cm™ is
assigned to antiparallel B-sheets [40]. Intermolecular B-sheets, typical of aggregate structures,
present a band around 1610-1630 cm ™ [31,41-43].

Alpha-helix and random coil structures often give Amide | components overlapping in the
range 1646 and 1657 cm™. Their position is affected by hydrogen bonds perturbed by the presence
of bound water molecules that contribute to the distortion of the secondary structures of the
polypetide chain. The component at 1651 and 1655 cm™ of OVA has been ascribed to solvated
(1651 cm™1) and buried/not-solvated a-helices (1655 cm™) [44,45]. Absorptions at 1666-1667 cm™*
are associated with an extended helix or 310-helix structure [46].

Data reported in Table 1 show that hydration promotes the decrease of intermolecular j3-
sheets and a corresponding increase of intramolecular (3-sheets, as well as the increase of solvated

a-helix content (Figure 3A).
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Figure 3. B-sheet and a-helix relative contents (a) and shifts of bands ascribable to intramolecular B-sheets

and a-helix structures as a function of water relative content (b).

The hydration of the OVA structure is well evidenced also by the downshift of
intramolecular B-sheets [35] (Figure 3B). The solvated a-helix component does not present a
significant shift.

It is interesting to observe that the protein is completely hydrated for water content >30%
w/w as shown by the disappearance of not solvated helix (1655 cm™) and the appearance of a new
component at 1666 cm™ assigned to extended helix.

This observation is supported by the DSC data (Figure 1b): indeed, only modest variations
on the protein stability can be observed for water content >30% w/w, whereas small changes in the
water content severely affect both the protein thermal stability (Figure 1b) and secondary structure

(Figure 3) when the water content decreases below 30%.

3.2. Hematite influence on ovalbumin stability in paint layers

In this study three hematite-containing paint layers with different pigment/binder ratios
(12:88, 23:77 and 52:48) were investigated. Figure 4 shows the DSC profiles of samples of the
hematite:OVA 12:88 model paint layer at different values of relative water content (% w/w) as an

example.
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Figure 4. DSC curves of samples from the 12:88 hematite: OVA model paint layers at different relative water
content (% w/w). The profile at the lowest relative water content corresponds to the non-rehydrated sample,

i.e. only containing its own intrinsic moisture.

A similar behaviour to the unpigmented model paint layer (Figure 1a) is observed: the lower
the water content, the higher the overall protein stabilization (upshift of the denaturation
temperature range). The overall enthalpies are of the same order of magnitude (about 15 J-g " protein)
as for the unpigmented model paint layer. However, the enthalpies for pigmented paint layers were
affected by a larger variability, given the inhomogeneity of the protein relative content in the
pigmented paint layer, and the enthalpy average value obtained for pigment-free layers was used to
normalize the thermograms in Figure 4 only for the sake of visibility and comparison. For this
reason, we only focus on the intensive property, i.e. the denaturation peak maximum temperature
Tmax, @S @ parameter to evaluate the protein stability in order to perform reliable comparisons among
different samples.

In Figure 5a, we report the Tmax Obtained from the DSC thermograms for the three
pigmented paint layers versus the relative water content. Although a similar general trend is
observed if compared to Figure 1b, i.e. the Tmax decreases as the water content increases, the trend
is not as regular as that observed for the unpigmented model paint layers, and differences and
deviations from this reference pattern (dotted grey curve) become larger as the pigment/protein ratio

increases.
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However, if we plot the Tmax Vversus the % w/w relative water content calculated as
water/(protein+water) ratio, excluding the hematite weight, data become regular and perfectly fit the
same trend observed with the unpigmented model paint layer, as shown in Figure 5b.

This scenario suggests the presence of a water phase separation, according to which the high
protein-water affinity dominates making the hematite’s hydration shell almost negligible if
compared to the bulk water available for the protein hydration [22].

Accordingly, we could ascribe the destabilization and structure modification of OVA, when
in the presence of hematite, mostly to a water redistribution in the pigmented paint layer. This effect
is more evident at low humidity ranges and at high pigment percentages, and justifies the effects
observed in a previous work [13]. In other words, combining the previous results with the present
ones, if we consider paint layers with increasing hematite/OVA ratio at the same sample water
content, we may state that richer paints in hematite are characterized by more hydrated protein, and

are hence more labile and subjected to damages throughout aging.
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Figure 5. a) The maximum temperature (Tmax) Of the OVA DSC peak vs sample water content (% w/w) for
hematite:OVA paint layer samples with pigment:binder ratios of 0:100 (dotted grey line), 12:88, 23:77,
52:48; b) The maximum temperature (Tmax) Of the OVA unfolding peak vs “protein” water content (%
Wuater/Wprotein+water) fOr the same samples from panel a. The points at the lowest water contents for the

respective layers correspond to the non-rehydrated samples, i.e. only containing their own intrinsic moisture.

4. Conclusions

In this work we investigated the effect of different levels of water on the stability of

OVA/hematite paint layers by evaluating the denaturation process of OVA through DSC.
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The preliminary comparison between the DSC profiles of both lyophilized OVA
suspensions and OVA layers assessed the absence of any injury on OVA native structure due to a
mechanical stress linked to protein application on glass surfaces as well as to the protein layer
drying.

Calorimetric data on the protein stability, coupled with FTIR information on protein
secondary structure and chain hydration, revealed that the water effects on the protein structure
become relevant when the relative water content is below 30%, and that a strong stabilization
occurs as the water content decreases. Indeed, under water-limiting conditions as is the case of paint
layers, small changes in the water content of the paint layer may produce significant effects on
protein stability and structure.

The DSC analysis of protein stability under different humidity conditions in hematite/OVA
model paint layers strongly suggests that a water phase separation occurs within the paint, and the
hematite’s hydration shell seems almost negligible with respect to the bulk water available for the
protein hydration. Accordingly, the protein phase water content is higher than the sample’s nominal
value, resulting in a destabilization of OVA in the paint layer. For this reason, this work suggests
that water phase separations must be always assessed for protein-pigment “tempera” paints since
protein stability strongly depends on protein phase humidity.

Nevertheless, we underline that the present work is focused on the folded-state OVA
stability in paints, discriminating from the effects of hematite on aggregates and/or networks formed
after protein denaturation, which may occur during a long-time span conservation [13].

The data strongly indicate how controlling the environmental parameters at exposure and
conservation sites of museum objects may play a fundamental role in ensuring the stability of
protein-based paint layers, avoiding issues related to changes in the protein structure upon changes

in humidity.
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