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Abstract The chemical analysis of egg-based wall paint-
ings—the mezzo fresco technique—is an interesting topic in
the characterisation of organic binders. A revised procedure
for a dot-enzyme-linked immunosorbent assay (dot-ELISA)
able to detect protein components of egg-based wall paint-
ings is reported. In the new dot-ELISA procedure we suc-
ceeded in maximizing the staining colour by adjusting the
temperature during the staining reaction. Quantification of
the colour intensity by visible reflectance spectroscopy

resulted in a straight line plot of protein concentration against
reflectance in the wavelength range 380–780 nm. The modi-
fied dot-ELISA procedure is proposed as a semi-quantitative
analytical method for characterisation of protein binders in
egg-based paintings. To evaluate its performance, the method
was first applied to standard samples (ovalbumin, whole egg,
egg white), then to model specimens, and finally to real
samples (Giotto’s wall paintings). Moreover, amino acid anal-
ysis performed by innovative ultra-performance liquid
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chromatography was applied both to standards and to model
samples and the results were compared with those from the
dot-ELISA tests. In particular, after protein hydrolysis (24 h,
114 °C, 6 mol L−1 HCl) of the samples, amino acid derivati-
zation by use of 6-aminoquinolyl-N-hydroxysuccinimidyl car-
bamate enabled reproducible analysis of amino acids. This
UPLC amino acid analysis was rapid and reproducible and
was applied for the first time to egg-based paintings. Because
the painting technique involved the use of egg-based tempera
on fresh lime-based mortar, the study enabled investigation of
the effect of the alkaline environment on egg-protein detection
by both methods.

Keywords UPLC-based amino acid analysis . dot-ELISA .

Egg-based wall paintings . Cultural heritage conservation

Introduction

Many analytical techniques have been developed for char-
acterisation of protein-based painting binders in cultural
heritage conservation. As an example, spectroscopic techni-
ques, for example Fourier-transform infrared (FTIR) spec-
troscopy [1, 2], near-infrared spectroscopy (NIRS) [3], and
micro-Raman (μRaman) spectroscopy [4–6] give informa-
tion about the presence of protein-based binders. Unfortu-
nately these techniques suffer from severe interferences
from other organic molecules present in the materials [2].
Moreover, depending on the techniques used for spectra
collection and sample preparation (e.g. KBr pellet or dia-
mond ATR device), several reactivity and/or reflection phe-
nomena can often affect the final quality and resolution of
the spectra.

In contrast, it is well known that chromatographic techni-
ques, e.g., gas chromatography coupled to mass spectrometry
(GC–MS) [7–15] and high-performance liquid chromatogra-
phy coupled to fluorescence (HPLC–FD) [7, 16, 17] or UV–
visible (HPLC–PDA) [18–20] detection are regarded as most
effective analytical techniques for accurate characterisation of
protein binders. In particular, identification of protein binders
is based on the relative abundance of the protein, peptide, and
amino acid components determined [16–19]. The main dis-
advantages of GC–MS techniques are long analysis times,
volatilization of the sample, and preliminary extraction of
the proteins, which can involve loss of material. Sometimes
pyrolysis is used to fragment proteins into their amino acid
components; these must then be derivatized, separated, and
finally detected by GC–MS (Py–GC–MS). The disadvantage
of this technique is the complexity of the pyrograms, which
are very often extremely difficult to interpret. Nevertheless, in
some cases the presence of characteristic fragments, which
can be regarded as markers [21, 22], enables characterisation
of specific protein components.

In this paper a liquid chromatographic technique, ultra
performance liquid chromatography (UPLC) with UV de-
tection coupled with pre-column derivatization with
AccQ•Tag Ultra methodology is proposed. In comparison
with conventional HPLC instruments, UPLC technology
has the advantages of greater sensitivity and resolution,
reduced analysis time and solvent consumption, because of
the smaller diameter of the packing particles (1.7 μm) and
the high pressure in the columns [23]. Use of 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC),
which reacts with primary and secondary amino acids to
yield fluorescent derivatives readily detectable by UV-
absorbance, fluorescence, electrochemical, and/or mass
spectrometric detection, enabling detection of amino acids
at sub-picomolar concentrations, overcomes many of the
disadvantages of other derivatizing reagents, for example
phenylisothiocyanate (PITC), which yields derivatives de-
tectable by UV, and o-phthaldialdehyde (OPA), dimethyla-
minonaphthalensulfonyl chloride (Dansyl-Cl), and 9-
fluorenylmethyl chloroformate (FMOC), which yield fluo-
rescent derivatives. Instead, AQC has many advantages:
derivatives are formed rapidly, excess reagent is rapidly
hydrolyzed (t1/2<15 s) to yield 6-aminoquinoline, N-
hydroxysuccinimide, and carbon dioxide, and after 1 min
no further derivatization can occur (Electronic Supplemen-
tary Material, Fig. S1); moreover salts and detergents do not
interfere with the reaction [24–26].

The purpose of this study was to emphasize the potential of
two different techniques, UPLC and modified dot-ELISA, for
analysis of protein-based painting binders. dot-ELISA is a dot
immunoblotting assay that uses a highly specific immunolog-
ical antigen–antibody reaction to detect the presence of the
antigen, in which the antigen is adsorbed on the surface of a
membrane. There has recently been renewed interest in immu-
nological techniques for characterisation of protein binders. In
particular, immuno-fluorescence microscopy (IFM) [27–30],
immuno-chemiluminescence microscopy [31], and enzyme-
linked immunosorbent assays (ELISA) [29, 30, 32, 33] have
been used to obtain interesting results, mainly highly specific
and sensitive identification of proteins in micro-samples of art
and archaeological materials. Despite these recent results from
application of immunoassay-based techniques to cultural her-
itage conservation, the literature is still lacking comparative
studies between these immunochemical techniques and spec-
troscopic and chromatographic techniques.

In particular, to develop a method for semi-quantitative
analysis by use of modified dot-ELISA tests, one purpose of
this study was to achieve calibration by using different
concentrations of pure ovalbumin, whole egg, and egg white
as standard analytes. The dot-ELISA tests were then applied
to both model samples and real samples from Giotto’s wall
paintings in the Santa Croce Basilica in Florence. The
specificity of the method for yolk-based binders was also

692 M. Potenza et al.



investigated. Determination of colour staining was per-
formed by use of a visible light spectrophotometer with
integrating sphere on the dried solid support, with the ob-
jective of developing a rapid, easy to perform and interpret,
relatively inexpensive technique requiring minimum sample
handling.

UPLC analysis was performed on known concentrations
of hydrolysates of ovalbumin, lyophilized egg white, and
whole egg standards, and furnished amino acid profiles
characteristic of the protein components. A comparative
study of the experimental data obtained by analysis of
lyophilized egg white, whole egg, and model standards with
those obtained from pure ovalbumin is also reported. The
main purpose of using modified dot-ELISA was to analyse
the efficiency of the method and to study the benefits of this
technique when applied to studies of cultural heritage. Fi-
nally, because the model samples of egg-tempera were pre-
pared by painting on to not set lime-based mortars, the effect
of the alkaline environment on the detection capability of
the two techniques was also investigated.

Materials and methods

Binder samples

For both analytical techniques, standard ovalbumin (Sigma–
Aldrich, USA, 98 % purity) was used. Egg white, yolk, and
whole egg for standard samples were obtained from eggs
acquired commercially; egg white and yolk were separated
conventionally; egg white and whole egg were lyophilized.
Model painting layer samples were prepared in accordance
with traditional painting procedures. A layer of tempera
prepared from different types of protein material and red
ochre pigment was applied to a mortar surface (surface of a
lime and sand, 1:3v/v) one day after the mortar preparation,
i.e. when the extent of drying and carbonation were both
very low. The natural binders selected to prepare these
samples were whole egg, milk, and rabbit glue, pure or
mixed as whole egg–glue binder. The only pigment ana-
lysed was red ochre, to minimise the effects of interference
from mineral pigments: indeed, red ochre is a mineral pig-
ment with little effect on binder analysis [30]. On the other
hand, it is known that inorganic pigments can affect dot-
ELISA test results and a recent review [30] stated that “the
different role played by different pigments is still not clear”
[7, 9]. Trying other pigments would have inserted other
complex variables making it difficult to study the effect of
the alkaline environment of the mezzo fresco technique. The
ratio of binding medium to pigment was 1:2 (v/v) for whole-
egg tempera, 1:2 (v/v) for milk tempera (the milk used had
previously been diluted 1:1 (v/v) with water), and 1:2 (v/v)
for glue tempera (the glue was a sol of rabbit glue dispersed

in water 1:10w/v). Indeed, the egg–glue tempera specimen
was a double layer prepared by applying, first, egg tempera
and then glue tempera. The decision to apply the tempera
layers when the mortar surface was at the beginning of the
setting process (the so-called mezzo fresco technique) was
intentional; the purpose was to investigate how the painting
technique could affect subsequent analysis of protein spe-
cies, because of the high pH encountered by the binder
when the painting layer was applied to the mortar surface.
The red painted layer obtained was subjected to three years
of natural aging in the laboratory atmosphere. No artificial
aging was conducted, because the main purpose of this
work, apart from combining the two techniques (dot-ELISA
and UPLC), was to study the effect of the alkaline environ-
ment on the protein binders; to simplify the set of the
conditions affecting the chemical behaviour of the protein
binders, artificial aging was, therefore, not performed.
Micro-samples only from the painting layers were collected
by means of a small scalpel; the mass of powder taken from
the mortar surface was in the range 1.5–2.0 mg, and it was
finely ground before analysis.

Real samples were from Giotto’s wall painting “The
Stigmata of St. Francis” in the Basilica of Santa Croce in
Florence. The samples—only micro-fragments of painting
layers—were collected by the conservators of the Opificio
delle Pietre Dure, Florence, Italy. Sample A was taken from
the upper frame region; sample B was taken in the proximity
of the bottom-left part of the painting; sample C was from
the vest of the Saint. All samples were less than 1 mg in
mass.

Modified dot-ELISA

Elution buffer was prepared by mixing 25 mmol L−1 tris
(hydroxymethyl)aminomethane (TRIS), 6 mol L−1 urea,
191 mmol L−1 glycine, and 868 mmol L−1 sodium dodecyl-
sulfate (SDS). Phosphate saline buffer (PBS) was prepared
by mixing 137 mmol L−1 NaCl, 2.7 mmol L−1 KCl,
10 mmol L−1 Na2HPO4, and 1.4 mmol L−1 KH2PO4. Block-
ing–washing buffer (B buffer) was prepared by mixing 10 %
(v/v) PBS, 90 % (v/v) H2O, 1 % (v/v) polyoxyethylene (20)
sorbitan monolaurate (TWEEN 20), and 5 % (w/v) non-fat
dry milk (Oxoid, UK). This was used as protein source for
blocking non-specific reactions, as an incubation medium,
and for subsequent washing to remove unreacted reagents
[30]. The buffers were freshly prepared. All the reagents
were analysis-grade (>99.5 % purity) and were purchased
from Merck (Darmstadt, Germany). Colour development
substrate in tablet FAST BCIP/NBT (5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium), anti-ovalbumin
IgG (anti-chicken egg albumin, developed in rabbit), and
anti-rabbit IgG alkaline phosphatase conjugate (developed
in goat) antibodies were purchased from Sigma–Aldrich.
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Methanol (GC purity >99.5 %) was supplied by Merck.
Spectrophotometric measurements were obtained by use of
a Perkin–Elmer Lambda 35 UV–visible spectrophotometer
with double beam and double light sources (deuterium lamp
for UV spectra and tungsten lamp for visible wavelengths),
and equipped with an internal integration sphere for diffuse
reflectance spectra. Analyses were performed in the range
780–380 nm.

Amino acid analysis to obtain characteristic protein
fingerprints

AccQ•Tag Ultra derivatization kit (borate buffer and
reagent), AccQ•Tag Ultra eluents A and B, HPLC-grade
acetonitrile, and amino acid standard solution were pur-
chased from Waters (USA). Phenol, sodium hydroxide,
and constant-boiling hydrochloric acid solution was sup-
plied by Merck. Norvaline (Nval) was purchased from Sig-
ma–Aldrich. Water was purified with a Millipore (USA)
Milli-Q system. Chromatography was performed with a
Waters (USA) Acquity UPLC instrument equipped with a
BEH C18 column (2.1×100 mm, 1.7 μm particle size) and a
UV detector (detection wavelength 260 nm). Two different
eluents were used: A (AccQ•Tag Ultra eluent A, diluted in
the ratio 1:20 with Milli-Q water) and B (AccQ•Tag Ultra
eluent B). The gradient elution program was: 0.54 min,
0.1 % B; 5.74 min, 9.1 % B; 7.74 min, 21.2 % B;
8.04 min, 59.6 % B; 8.05 min, 90 % B; 8.73 min, 0.1 %
B; 9.50 min, 0.1 % B. The column temperature was 55 °C,
the flow-rate was of 0.7 mL min−1, and the injection volume
was 1 μL (partial loop).

Procedure for modified dot-ELISA

Lyophilized egg (whole egg and egg white) and ovalbumin
samples were dispersed in the elution buffer in the concen-
tration range 0.1–10 μg mL−1. Model samples were ground
and dispersed in the elution buffer (100 μL). All the dis-
persions were centrifuged at 4,500 rpm for 10 min, to
deposit the insoluble fraction. The solution (5 μL) was then
deposited on poly(vinylidene fluoride) (PVDF) strips (Milli-
pore, USA) which had previously been soaked in methanol
and placed on Petri plates with 5 mL B buffer. Elution buffer
(5 μL) was used as a blank control and 5 μL of a solution of
milk and glue (1:10 in elution buffer) was used as negative
control. The plates were incubated at 4 °C overnight. Pri-
mary anti-ovalbumin antibody (1 mL), diluted 1:1,000 (v/v)
in PBS, was applied to the plates with B buffer (5 mL) and
incubated for 60 min at 37 °C. After washing the plates (2×
10 min) with B buffer (10 mL), the secondary antibody, anti-
rabbit IgG developed in goat, alkaline phosphatase conju-
gate, diluted 1:5,000 (v/v) in PBS (5 mL) was introduced.
Plates were incubated for 60 min at 37 °C and then washed

with B buffer (10 mL, 1×10 min) and with PBS (10 mL, 1×
10 min). Finally, the colour development fresh solution was
prepared (1 tablet Sigma FAST in 10 mL Milli-Q water) and
applied (5 mL). The substrate solution contained BCIP
(0.15 mg mL−1), NBT (0.30 mg mL−1), TRIS buffer
(100 mmol L−1), and MgCl2 (5 mmol L−1). After 2 h at
37 °C the staining reaction occurred and the plates were
washed with Milli-Q water: this last procedure was the
result of a series of tests at different temperatures (4, 15,
25, and 37 °C) with the purpose of optimization of the
appearance of the colour. For each sample seven replicates
were performed to check reproducibility. Photographic doc-
umentation was performed 1 day after colour development
on the strips and again 3–4 days later. Once dried, the strips
were analyzed by use of the spectrophotometer.

Procedure for amino acid analysis

Solutions of lyophilized egg white, whole egg, and pure
ovalbumin were prepared in water in the concentration
range 100–5 μg mL−1, placed in a glass tube, and lyophi-
lized. The lyophilized material was then subjected to hydro-
lysis in vapour phase in a nitrogen atmosphere at 114 °C for
24 h with 200 μL 6 mol L−1 HCl solution with 0.1 % phenol
to prevent halogenation of Tyr. The samples were then re-
suspended in 50 μL 0.1 mol L−1 HCl and subjected to the
derivatization process. Internal standard (25 μL Nval
5 mmol L−1) and NaOH (393 μL 0.5 mol L−1) was intro-
duced into AccQ•Tag Ultra borate buffer. For each sample,
10 μL of solution was collected and placed in a glass vial
insert with 70 μL of a solution of 0.0417 mmol L−1 Nval/
0.0655 mmol L−1 NaOH in AccQ•Tag borate buffer and
20 μL AccQ•Tag Ultra reagent. For each cycle of analysis a
calibration standard (CS) containing 17 amino acids and
Nval at a concentration of 10 pmol μL−1, except Cys,
present at a concentration of 5 pmol μL−1, was used. This
solution was prepared with 40 μL 2.5 mmol L−1 amino acid
standard solution and 20 μL 5 mmol L−1 Nval in 940 μL
Milli-Q water. CS (10 μL) was placed in the glass insert
with 70 μL borate buffer and 20 μL AccQ•Tag Ultra
reagent. All samples were mixed, heated to 55 °C for
10 min, and injected for UPLC analysis.

Samples from painted mortar were collected by means of
a scalpel, ground, weighed, and subjected to hydrolysis
under the same experimental conditions as for the standards
described above. For the analysis, approximately 1.5 mg
paint layer was used. To avoid loss of protein material,
neither extraction nor pre-treatment of the model samples
was conducted and the samples were subjected to hydrolysis
immediately after sampling. After hydrolysis, HCl (50 μL,
0.1 mol L−1) was added and the samples were vortex mixed.
Buffer solution containing 25 μL Nval 5 mmol L−1 and a
double amount of 0.5 mol L−1 NaOH (786 μL in 3 mL
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AccQ•Tag Ultra borate buffer) was prepared. Because the
amount of protein in model samples was much lower than in
standard samples, 30 μL rather than 10 μL solution was
subjected to derivatization and 50 μL rather than 70 μL
borate buffer was added; therefore, the concentration of
Nval was 20.7 pmol μL−1. The suspension was centrifuged
to separate the insoluble fraction and 60 μL solution was
collected from each sample, placed in a vial, and heated to
55 °C for 10 min. Each sample was then analysed twice by
UPLC; the injection volume was always 1 μL.

Results and discussion

Modified dot-ELISA

The first objective of this part of the study was to optimise
the staining conditions to maximise the stain-to-background
ratio. Previous tests had revealed the need to adjust the
temperature during development of the stain, because of
the drastic effect of temperature on enzyme activity. The
staining reaction was performed for 2 h at four different
temperatures: 4, 15, 25 and 37 °C. The results reported in
Fig. 1 show that the temperature maximising enzyme activ-
ity, and therefore blot-to-background ratio was 37 °C. No
particular effects of evaporation rate were observed during
stain development.

To study the detection limit, the concentrations investi-
gated were from 10 μg mL−1 to 0.1 μg mL−1, corresponding
to 50–0.5 ng per spot (Fig. 2). The results obtained with
samples of pure ovalbumin (Fig. 2), showed that at a con-
centration of 1 μg mL−1 (5 ng per spot), clearly visible

staining of the strip could be observed, whereas no stain
was detectable at lower protein concentration. It was inter-
esting to notice that the minimum detectable amount of
standard protein material was approximately 5 ng, which
was a good improvement on the 7 ng of recent results [32],
but the limit remained worse than that which can be
achieved by the ultrasensitive chemiluminescent technique
[31] or immuno-fluorescence microscopy [30]. For all seven
replicates the detection limit was that reported above. For
egg white samples the detection limit was lower than for
ovalbumin, reaching 0.5 μg mL−1 (2.5 ng per spot), whereas
for whole egg the lower intensity of staining of the sample at
a concentration of 1 μg mL−1 compared with pure ovalbu-
min was attributed to the smaller amount of ovalbumin
present in whole egg (Electronic Supplementary Material
Figs. S2 and S3). To test the specificity of interaction of the
antibody with the ovalbumin protein, egg yolk samples were
submitted to dot-ELISA. The egg yolk was accurately sep-
arated from the white to minimise the presence of residues
of white egg protein. The negative results (Fig. 3) demon-
strated the ability of the immunoenzymatic reaction of the

Fig. 1 Colour staining for dot-ELISA tests of ovalbumin samples as a
function of temperature

Fig. 2 dot-ELISA results for ovalbumin/blank/negative controls (milk
and glue) samples at different concentrations

Fig. 3 dot-ELISA results for egg yolk with blank and positive control;
yolk was 1:1 (v/v) and 3.2 (v/v) in elution buffer
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dot-ELISA analysis to distinguish egg yolk from egg white
protein. dot-ELISA of model samples (Fig. 4) confirmed the
expectation of obtaining a positive response for samples
composed of egg tempera and egg–glue tempera. In con-
trast, for samples consisting of milk and glue tempera, the
assay was negative, as expected. For egg–glue tempera, spot
intensity was greater than that for egg tempera; this result
was particularly interesting and deserving of deep interpre-
tation (vide infra).

As can be deduced from the figures reporting the dot-
ELISA results, all the measurements were conducted simul-
taneously, with background and control experiments that
enabled exclusion of spurious effects.

To attempt semi-quantitative dot-ELISA determination, the
samples were analyzed using a spectrophotometer with inte-
grating sphere in the visible wavelength range (380–780 nm).
Use of the integrating sphere enabled collection of light scat-
tered by the whole sample surface which is always larger than
the staining spot size: this procedure always enabled

collection of light scattered from the entire spot. Moreover,
the power of the light source and angle of analysis were kept
constant to avoid effects of these conditions on reflectance
values. As for ELISA tests read by optical density measure-
ments [33], spectrophotometric measurements are known to
be reliable for semi-quantitative analysis being wide enough
to detect the so-called “blank average” [33] (vide infra).
Figure 5 shows the reflectance curves obtained from the
ovalbumin samples. As expected, a high reflectance value
corresponded to the response for a slightly coloured dot-
ELISA strip whereas a low value corresponded to the re-
sponse for a sample giving an intense colour, because the
reflectance is strongly determined by the white background
and is depressed by colour development. The spectra were
very similar and had three reflectance bands with maxima at

Fig. 4 dot-ELISA results for model samples, blanks, and negative
controls. Negative controls were milk and glue tempera samples

Fig. 5 Reflectance curves for PVDF strips relating to dot-ELISA
performed on blank samples and on ovalbumin at different concen-
trations (0.1–10 μg mL−1), expressed as reflectance RA% in the
wavelength range 380–780 nm

Fig. 6 Reflectance values (RA% at 570 nm) for samples of ovalbumin
as a function of concentration (0.1–10 μg mL−1) and of the amount of
protein per spot (ng). The linear fit with standard error bars is reported.
At RA% 0 88 the cut off line is reported

Fig. 7 Reflectance curves for PVDF strips relating to dot-ELISA
performed on model samples, expressed as reflectance RA% in the
wavelength range 380–780 nm
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approximately 470, 640, and 720 nm and a minimum at
approximately 570 nm, which became more pronounced for
curves corresponding to samples of higher concentration
(darker spots). In an attempt to perform semi-quantitative
determination of the colour response of the test, the reflectance
values for the samples of ovalbumin at the three maxima and
at the minimum were plotted as a function of ovalbumin
concentration. The best linear fit was obtained for l0570
(the minimum) and therefore we used these data for fitting,
and obtained the equation:

RA% ¼ � 1:1� 0:5ð ÞC þ 90:1� 2:1ð Þ r2 ¼ 0:884
� � ð1Þ

where C is the concentration of the analyte in μg mL−1.
Indeed, the integral of the curves was also plotted against
ovalbumin concentration and the results were comparable
with those of the RA% at 570 nm. The detection limit of the
assay, estimated as the concentration of the protein giving an
RA% value at 570 nm lower than the average of the RA%
values at 570 nm of the background samples minus three
times its standard deviation [33], was 1.91 μg mL−1,
corresponding to 9.55 ng per spot. Analogous results were
obtained for samples containing whole-egg and egg-white
(Fig. 6).

Moreover, the model samples were subjected to the
same spectrophotometric analysis. The corresponding re-
flectance curves, reported in Fig. 7, clearly showed that
for samples containing milk and glue the curves almost
overlapped the background curves, whereas for curves for
samples containing egg or mixed egg-glue binders the
reflectance was lower depending on development of the
staining. Applying the above equation to the results
obtained with the egg-based model samples, the concen-
tration of the ovalbumin in the samples was calculated.
For egg tempera, the reflectance value at 570 nm was

87.11, which is above the detection limit calculated
above: the corresponding amount of ovalbumin in the
sample was 2.72 μg mL−1. Considering the known com-
position of the painting layer and the amount of material
sampled it was possible to conclude that the yield of
ovalbumin (by weight) detection was approximately 5 %.
For the egg–glue tempera sample the same reflectance
value was 79.90, leading to an amount of ovalbumin in
the sample of 9.27 μg mL−1, which is approximately 3.5
times higher than the value determined for pure egg
samples, leading to a yield of approximately 18 %. These
very low yields could be ascribed to severe degradation
of the protein by the alkaline environment rather than to
aging (only natural for three years). Another factor af-
fecting protein deterioration could be the presence, to-
gether with high pH during painting, of Ca2+ cations:
whereas some authors report this effect in the presence of
chalk [30], other studies [31, 33] do not consider the
effect of Ca2+ cations particularly critical. In particular, in
recent work [33] the Conclusions state that the “method
(dot-ELISA test) works properly without interferences
from the most common pigments and substrates (carbon-
ated plaster)”. Indeed, some tests were conducted in
which samples of egg-based tempera were applied to
well dried plaster at neutral pH but in the presence of
Ca2+ and the response was always much more pro-
nounced than that for samples for which the pH was
strongly alkaline. It was surprising to notice that for the
mixed binders sample the yield in ovalbumin was greater,
suggesting that the glue layer, added some time after the
first deposition of the egg layer, acted as a protective
layer inhibiting deterioration of ovalbumin by alkalinity.
From this perspective the glue could be regarded as a
type of sacrificial layer for the original egg-based
painting.

Table 1 Comparison of ovalbumin, egg white, whole egg, and model samples, expressed in ng μL−1 and % (w/w) amino acid
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Fig. 8 Chromatograms obtained from model samples: (a) egg tempera; (b) milk tempera; (c) glue tempera
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Amino acid analysis

Amino acid analysis by UPLC was performed after hydro-
lysis in the vapour phase, to minimise contamination, be-
cause the acid solution was not in contact with the samples.
To reduce other sources of contamination and loss of mate-
rial, neither extraction nor purification was performed on the
samples, especially in analysis of model samples. This was
particularly important to reduce both analysis time and the
amount of sample required.

First, standard ovalbumin samples of concentration 100,
50, 10, and 5 ng μL−1 were analysed (Electronic Supplemen-
tary Material Table S1). When recovery of the ovalbumin in
the samples was determined, the yield was approximately 60–
70 % (Electronic Supplementary Material Table S1).

Table 1 shows the agreement of the results obtained for
the egg tempera model sample, the ovalbumin standard, egg
white, and whole egg (for whole egg, milk, and glue tem-
pera samples the corresponding chromatograms are reported
in Fig. 8). For egg white the amino acid percentage values
obtained were almost the same as for pure ovalbumin, as
expected. Some slight differences that are apparent from
Table 1 are because of the presence of the other egg white
proteins, for example ovotransferrin and lysozyme, contain-
ing more Arg (lysozyme) and more Lys (ovotransferrin)
than pure ovalbumin. In contrast, for whole egg the amino
acid percentage values were quite different from those for
pure ovalbumin. For whole egg the contribution of ovalbu-
min is lower, because of the presence of a large amount of
lipids in yolk and because of the presence of other types of
protein, e.g., vitellin, lipovitellin, and phosvitin. Yolk pro-
tein content is richer in Thr and Lys and less rich in Phe than
ovalbumin. In Table 1 the blue colour indicates the percen-
tages of the amino acids (Glu, Asp Ala, and Leu) that are
characteristic of egg. Yellow indicates the percentages of
amino acids that undergo changes depending on the pres-
ence or absence of other proteins. For example, the supply
of Phe and Ser is more important in ovalbumin than in yolk;
also the slightly higher content of Arg in egg white is
because of the presence of lysozyme.

In the egg tempera model sample, high Glu, Asp, Leu,
Arg, Ala, Phe, and Ser content was observed. These results
were compared with those for milk, glue, and egg–glue
binder. The milk tempera sample contained a higher per-
centage of Glu, Pro, and Leu (red colour in Table 1) and a
lower percentage of Ala and Asp than in the egg tempera
sample. For the glue tempera sample, the very high percent-
age of Gly and Pro is representative of this medium (green
colour in Table 1). Also, the glue tempera contained a large
amount of Hyp. In fact, a broad peak observed in Fig. 8c
(RT02.05), corresponding to a polar amino acid, can be
attributed to Hyp. In egg–glue tempera the presence of a
large amount of Glu, Asp, Leu, and Ala, which are

indicative of egg-based binders, was observed. In contrast,
amounts of some amino acids characteristic of glue-based
tempera, for example Gly and Pro, were very low and Hyp
was not detected. With regard to this last result for model
samples (egg-based or mixed egg–glue) it was interesting to
note that the yield of the egg-based model sample was good
compared with that of whole egg (Table 1; recovery 43.13 %
compared with 62.55 %), whereas it was not for the mixed
sample (Table 1; recovery 7.54 % compared with 62.55 %).
It was also interesting to observe that for the mixed model
sample, as emphasised above, no glue was observed. Com-
bining these results with those obtained for the same two
model samples (egg and egg–glue based) by use of dot-
ELISA enabled the following conclusion. In the presence of
a strongly alkaline environment amino acid analysis is more
powerful than dot-ELISA for the egg-based model sample,
because of the high probability that pH affected the protein
sites of the dot-ELISA reaction rather than the final amino
acid composition of the sample. On the other hand, appli-
cation of a glue red ochre layer to a pre-existing egg-based
layer results in some protection of the ovalbumin, by the
glue, against the alkaline environment, enabling increased
dot-ELISA sensitivity (see above); at the same time, how-
ever, amino acid analysis did not succeed in detecting glue
and lost sensitivity for egg protein components. The reason
for this behaviour should be the subject of further investi-
gations; nevertheless in the Electronic Supplementary Ma-
terial a tentative hypothetical explanation is given
(Electronic Supplementary Material Fig. S4).

Case study

The dot-ELISA method was applied to three samples (A, B,
C) taken from the Giotto “St. Francis receiving the Stigmata”
wall paintings in the Basilica of Santa Croce in Florence. The
issue to be investigated was the presence of a layer of un-
known organic material, previously applied as consolidating/

Fig. 9 Results from dot-ELISA of Giotto’s “S. Francis receiving the
Stigmata” samples with blank, negative, and positive controls. The
meaning of A, B, and C is explained in the text
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protective agent. For the three samples the dot-ELISAmethod
was applied. However, 10 μL instead of 5 μL of sample
protein solution were used to react with the primary antibody,
to enhance the response because of the possibly small amount
of protein expected. The dot-ELISA results for identification
of ovalbumin (Fig. 9) showed the presence of a large amount
of the protein in samples B and C and a negative result for
sample A. Because only the regions where samples B and C
were taken belonged to the painting, region A being on the
frame around the painting, this result clearly showed that the
protein was only on the painting portions and not outside. This
result was in agreement with the hypothesis of the conserva-
tion team, who suspected the presence of white egg-based
varnishes on the painting only as result of past conservation
treatment probably at the beginning of 20th century. There-
fore, a century of natural aging did not inhibit the response of
the dot-ELISA tests.

Conclusions

The development of a modified dot-ELISA as an analytical
method for egg-based paintings is reported. The results
showed that temperature critically affected the development
of staining, so the procedure was adjusted to enhance the
response of the test. In particular, the best results were
obtained by incubating the samples for 2 h at 37 °C during
the staining reaction. By use of this procedure it was possi-
ble to reduce the detection limit and to perform semi-
quantitative analysis by plotting reflectance in the range
l0380–760 nm against amount of the ovalbumin, or lyoph-
ilized white/whole egg. The straight-line calibration plot
obtained confirmed the reliability of analysis by the devel-
oped modified dot-ELISA. This semi-quantitative approach
enabled determination of the amount of ovalbumin in both
egg-based painting layers and mixed egg–glue tempera. The
sensitivity was shown to be better than for other recent
results, but worse than for the ultrasensitive chemilumines-
cence technique or immunofluorescence microscopy. It was
interesting to note that the alkaline environment typical of
the painting technique adopted did not inhibit the potential
of the dot-ELISA test, even though it strongly depressed the
yield, possibly because of degradation of a large amount of
active sites.

Complete hydrolysis of the proteins, as required by
UPLC, and subsequent analysis of the amino acid compo-
sition instead of the sensing of the active site of the protein
as for the dot-ELISA test, was a powerful system for en-
hancing the yield. UPLC, a new and reliable method for
amino acid analysis, was used as an analytical technique for
investigating the different protein components of egg-based
wall paintings for cultural heritage conservation. The results
obtained confirmed the reliability of those obtained by use

of the modified dot-ELISA method and demonstrated that
the UPLC method could be a powerful technique for anal-
ysis of protein binders in paintings conservation.

The study showed that protein binders applied to an
almost fresh high-pH mortar surface did not affect the pos-
sibility of detecting the proteins with both techniques used.

The two analytical techniques were tested on model
samples that were neither pre-treated nor submitted to ex-
traction processes, showing that good results can be
achieved after very little sample manipulation, a great ad-
vantage when dealing with analysis of artefacts.
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