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Animal glues have been used since antiquity, but their popularity decreased in the twentieth century
with the rise of synthetic adhesives. Currently they are primarily used in restoration of works of art.
This study focuses on animal glue samples derived from bone and hide tissues used mainly for veiling
and carpentry applications, examining their secondary structure, thermal and rheological properties,
to shed light into their adhesive behaviour. Thermogravimetric analysis and differential scanning
calorimetry highlight differences between hide and bone glues, showing that the latter are more
hydrolysed. The calorimetric curves show varying values of denaturation enthalpy thus indicating
avarying degree of gelatine renaturation. Additionally, the calorimetric analysis demonstrates the
physical ageing of the glue samples, which is known to play a key role in maintaining their adhesive
properties under specific storage conditions. The rheological data provide fundamental information
on properties which are relevant for the use of animal glues as adhesives in various applications. XRD
data suggest a low structural order in the samples investigated, where the amorphous component
complicates the univocal interpretation of the spectra. FTIR reveal a relatively high content of B-
structures in all commercial glue samples, as well as gelatine and collagen standards. Moreover,
spectra of the glue films dried for 1 week show that the B-structures are recovered following dissolution
in water and application. Therefore, B-structures seem crucial to explain the structure-dependent
mechanical properties observed.

Keywords Gelatine, Hydrolysed collagen, Animal glue, Gelatine adhesives, Secondary structure, Thermal
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Animal glues have been used for centuries as adhesives in a variety of applications!. The earliest evidence of
its use dates back to the Palaeolithic period, where traces of animal glue were found in cave paintings®. In later
years, the use of animal glues became an integral part of various industries and everyday life’°. In the twentieth
century, the demand for animal glue declined due to the advent of synthetic adhesives and animal glue remained
the adhesive of choice for traditional bookbinders, luthiers and restorers®’.

For the conservation of artifacts, animal glues and synthetic glues are used alternatively based on the type of
intervention to be carried out. Animal glues are mostly used in countries such as Italy or Spain, since they are
traditionally employed in their restoration processes and old recipes. Animal ones follow one of the cardinal
principles of modern conservation, the compatibility of restoration materials with the constituent materials of
ancient works®. This characteristic is not found in synthetic glues.

On the other hand, synthetic adhesives are useful in case of unfavorable thermo-hygrometric conditions
of the conservation environment of the artwork, in this case it is preferable to introduce a more inert, not
hygroscopic material that cannot be attacked by microorganisms.
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Scientific research is trying to experiment with mixtures of both natural and synthetic glues’, to exploit the
good characteristics of both.

The glue production process from animal tissue involves the hydrolysis and denaturation of native triple helix
of collagen to obtain water-soluble gelatine, mainly in a random coil conformation!®-!%,

Typically, the glue production process consists of several steps: (1) the raw material is washed with cold water
to remove residual blood and other impurities; (2) the washed material is pre-treated in acids or alkalis; (3) the
treated material is boiled in water at temperatures of around 60-70 °C for several cycles; (4) the “glue liquor”
obtained is dried and crushed into flakes or pellets'2.

Glues derived from hide are usually pre-treated with lime, an inorganic material consisting mainly of calcium
oxides and hydroxides, while those derived from bone are pre-treated in dilute acids'®!3. The temperature of the
boiling process can also vary, but in this case, it mainly depends on the age of the animal: the older the animal,
the higher the temperature used!*.

The amino acid composition of gelatine may differ slightly from that of collagen as the manufacturing process
may result in the chemical modification of the amino acids'*. For example, the alkaline process employed for
gelatine extraction results in the deamination of glutamine'>. Consequently, the primary structure of gelatine
closely resembles that of collagen, with glycine, proline, and hydroxyproline as the main amino acids. However,
its secondary and higher-order structures are significantly different. A partial recovery of the collagen structure
occurs during cooling and drying, where the helices partially reform. This process is called renaturation or
gelation process!®. The structural order achieved depends on the molecular weight of the polypeptide chains and
on several other factors including their amino acidic composition (mainly Pro and Hyp content). The molecular
weight distribution of the gelatine polypeptides depends on the production process, which causes molecular
degradation'® as well as the type of tissue and the age of the animals.

As reported by Elharfaoui et al.!®, the extraction of highly cross-linked collagen from old tissue results in the
formation of high molecular weight gelatine molecules. However, these molecules are highly branched making
the renaturation very improbable.

Guo et al.'” reported that gelatine can be organised in different ways depending on the length of the a-chains,
which also affects the stability and reversibility of these structures. Different types of reorganisation at a higher
structural level can occur involving one or more helices linked by hydrogen bonds!”. These lead to the formation
of gel junction zones which act as sites for the formation of a three-dimensional network. The structural order
of the network depends on molecular weight and chemical composition (mainly Pro and Hyp content) of
gelatine molecules. Long, high molecular weight chains and high Pro and Hyp content promote highly ordered
network!1,

There are some studies in the literature that investigate the chemical structure of glue and relate it to the
mechanical and adhesive properties of animal glues®*~22, but the adhesion mechanism is far from being well
understood.

Literature reports that the content of native-like triple helixes formed during the renaturation process is
important as it affects the thermal, mechanical and adhesive properties of the glues?*~22.

The degree of renaturation and the structural order achieved by the gelatine also depends on the storage
conditions, in particular temperature and humidity?>?. Obas et al.?> have reported that in high-solids
confectionary gel made with gelatine, the amount of renatured structures is reduced when the gelatine sample
is stored at or above the gelling temperature (20 °C). Furthermore, Dai et al.?%. have observed that the amount
of structural gelatine in films is strictly dependent on the drying temperature with the degree of renaturation
decreasing as the temperature increases. Recently, Mosleh et al.?® have reported on the effect of hygrothermal
ageing on the properties of various gelatine glues films from mammalian and fish tissues, showing how humidity
and temperature affect the microstructure of the gelatine and, thus, the mechanical properties of the glue.

Generally, the presence and content of triple-helix-like structures are determined through X-ray diffraction
analysis and differential scanning calorimetry as the enthalpy of denaturation is positively correlated with the
amount of triple-helix-like structures?-2*2¢-28, The few studies reported in the literature directly correlate the
amount of triple helices present with the mechanical and adhesion properties. In particular, a greater quantity
of these structures leads to a reduction in the degree of swelling, an increase in gel strength (higher degree of
Bloom) and an increase in Young’s modulus®,

B-structures have an influence on the properties of silk protein and gelatine-electrospun materials?*3°, but
the effect of B-structures on the mechanical properties of adhesives has not been investigated. Therefore, this
aspect warrants attention and should be considered in the study of gelatine-based adhesives.

Further insights can be gained from the calorimetric analysis of polymers and biopolymers. From the
enthalpy relaxation superimposed on the glass transition, it is possible to obtain insights into physical ageing.
Physical aging in polymers and biopolymers refers to the gradual changes in the physical properties of a
polymeric material over time due to its molecular structure and the environmental conditions it is exposed to.
This process is related to the relaxation of the polymer’s chains toward a more thermodynamically stable state.
As polymers age, they can undergo various physical changes that can impact their mechanical, thermal, and
optical properties®!:¥2.

Physical ageing is commonly observed when an amorphous polymer is rapidly cooled below its glass
transition temperature (¢ ) and then stored at a temperature below ¢ >'. An amorphous polymer in the glassy
state is in a non-equilibrium condition, whereas in the rubbery state, above the glass transition temperature, it
reaches an equilibrium state. Consequently, if the polymer is stored at a temperature below its ¢ , it will gradually
tend to relax towards a state of thermodynamic equilibrium. Physical ageing affects the thermodynamic and
mechanical properties of the polymer?!. The identification of this phenomenon is crucial in material studies,
particularly in the pharmaceutical and food area, as it offers valuable insights into optimal storage conditions,
shelf life, and how material properties may evolve over time due to factors such as temperature, humidity, and
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irradiation. Therefore, although this phenomenon has primarily been studied in synthetic polymers®33-%7,
recent interest in examining the physical aging of biopolymers has grown. These studies have observed physical
ageing in carbohydrates®*3? and several protein-based materials*-44,

Literature reports that in synthetic glues physical ageing affects their properties causing a reduction in
adhesion strength, an increase in brittleness, a loss of structural integrity, and a loss of flexibility*>~*. Recently
it has been reported that physical ageing can affect also the properties of gelatine glue. Enrione et al.*® has
conducted a study of physical aging of a model gelatine film, which was prepared obtained by dissolving salmon
gelatine in water and then drying it, using the same procedure applied in the production of animal glue. The
results have showed that during the ageing of the model gelatine film the material changes its mechanical
properties becoming stiffer. Physical ageing causes also a modification in porosity and density. All these can
decrease the adhesive properties over time20:4,

In this study, we have examined the structural characteristics of a subset of gelatine-based animal glues derived
from hide and bone tissues, among those characterized by Ntasi et al.*’, and compared them to commercial
collagen, gelatine A and gelatine B. The work of Ntasi et al.”* focused on the determination of the animal origin,
degree of deamidation of glutamine and asparagine, the molecular weights of the acid-soluble collagen fraction,
backbone cleavage and the amount of 2,5-diketopiperazines produced during thermal degradation. Table 1
reports the samples investigated in this work and it also includes a summary of the main results of Ntasi et al.>
on the same samples.

The glues analysed were divided into two main groups based on the material used in their production. The
first group includes glues derived from hide, further divided into HP and HM depending on whether they come
from a single animal (HP) or from multiple animals (HM). The second group includes glues derived from bones
(BM), all from multiple animals.

All HM and HP glues were originally labelled as “rabbit glues,” while BM glues were categorized as “strong
glues” However, this classification did not reflect the real biological origin of the materials, as pointed out in
the study by Ntasi et al.>. The labels mainly referred indeed to the adhesive properties of the glues themselves.
The “rabbit glues”, compared to other animal-based glues, are distinguished by their transparency, stability and
good elasticity. Because they can be diluted in varying proportions, their adhesive strength can be adjusted,

Sum of the
Backbone cleavage | normalized areas of | Deamidation
Sample name | Taxonomy MW (kDa) of ACS percent all DKPs *10~* degree***
Collagen Bos taurus - ~30% - +
Standards Gelatine A Sus scrofa - ~35% - ++
Gelatine B Bos taurus - ~35% - ++
*
gflfbit glue) Bos taurus =30 25% 144 +++
*
Hp4 . Bos taurus >40 ~10% 146 +++
Hide Pure (HP) (rabbit glue)
lues
& Hpe™ Bos taurus =60 25% 157 +++
(fish glue)
HPg** .
(rabbit glue) Bos taurus =50 ~15% 239 ++
HM1* >50 (with some fraction o
(rabbit glue) Bos taurus/Sus scrofa at lower molecular weight) | ~ 35% 165 t
g g
Hide Mixed (HM) | HM4** Bos taurus/ Oryctolagus >50 (with traces at lower
yetotag! ~20% 126 ++
glues (rabbit glue) cuniculus molecular weight) °
HM5** Oryctolagus cuniculus/ Sus >70 (with traces at lower | _ 25% 156 .
(rabbit glue) | scrofa molecular weight) °
BM1* .
(strong glue) Bos taurus/ Sus scrofa ~25;~60;=>100 ~60% 207 ++
*
ﬁlt\/rlgng glue) iol‘;ilasums/ Sus scrofa/ Equus | 25;~60;> 100 ~70% 197 .
Bone Mixed (BM) | BM3** Bos taurus/ Sus scrofa/ Equus | _ 25:~60:> 100 - 45% 181 it
glues (strong glue) | asinus
BM4** qu taurus/ Sus scrofa/ Equus | _ 25:~60;> 100 ~30% 214 it
(strong glue) | asinus
BM5** Bos taurus/ Sus scrofa/ Ovis e _qro
(strong glue) | aries/ Equus asinus ~25~60;2100 8% 174 t

Table 1. Molecular features (taxonomy, MW (kDa) of ACS, backbone cleavage percent, area of DKPs and
deamidation degree) of standard collagen and gelatine and animal glue samples. Animal glues’ data are
reported from Nitasi et al.>’. The sample name column shows the abbreviation given according to the tissue
of origin, and the original name is given in parentheses. *Sample provided by restoration workshop of the
University Suor Orsola Benincasa (Naples). **Sample provided by Museo Nacional del Prado (Madrid).
*** +++Corresponds to deamidation % of asparagine > 90% and glutamine > 60%; + + corresponds to
deamidation % of asparagine between 50 and 90% and glutamine between 1 and 30%; + corresponds to
deamidation % of asparagine <40%. and glutamine <30%.
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making them ideal for tasks such as veiling and small bonding applications. In addition, they can be combined
with gypsum to fill any imperfections®'. Generally, rabbit glues have a high bloom strength, ranging from 300
to 550 g*2.

Samples of HM and HP were used, for example, to make the plastering of a 15th-century painting on panel
and plaster of Bologna (Fig. 1a, HP3 sample) and the veiling of a 17th-century painting on canvas (Fig. 1b, HM1
sample).

The “strong glue”, derived primarily from the bones of large animals, offer adhesion, stiffness and heat
resistance greater than rabbit glue. These adhesives are commonly used for structural bonding, often in
combination with nails, joints and strong materials that require considerable holding force. Figure 1c,d reports
the preparation and the use of BM5 in carpentry. Typically, strong glues are classified as low Bloom degree, with
values ranging from 50 and 300 g2.

In this work we have used thermogravimetric analysis (TGA), to compare their thermal degradation profiles,
attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) to obtain information on
their secondary structures, including helix, p-structures and random coil content, and differential scanning
calorimetry (DSC) to determine temperature and denaturation enthalpy, glass transition temperature (a useful
parameter for the application of protein biomaterials), and enthalpy relaxation related to physical ageing. XRD
diffractograms and rheological data have been collected on a sub-set of samples to obtain information about the
degree of crystallinity, viscosity, gel strength, shear resistance, and gelation temperature which are fundamental
parameters for the study of adhesive materials.

Fig. 1. (a) Plastering with rabbit glue and Bologna gypsum, “Sacred conversation with the Madonna of the
girdle”, Unknown, fifteenth century, panel painting, church of SS. Annunziata—Sorrento (NA); (b) Facing
with rabbit glue,” portrait of a warrior”, Unknown, seventeenth century, canvas painting, private collection; (c)
preparation of BM5 glue samples; (d) use of BM5 glue in carpentry.
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Materials and methods

The animal glue samples were provided by Museo Nacional del Prado (Madrid) and restoration workshop of
the University Suor Orsola Benincasa (Naples). Table 1 reports the samples’ list including sample name, and
a summary of the main results for each sample obtained by Ntasi et al.*’, such as taxonomy, molecular weight
(MW) of acid soluble collagen (ASC) obtained by SDS-PAGE, backbone cleavage %, and the area of the pyrolytic
signals related to all 2,5-diketopiperazines (DKPs) detected by Py-GC/MS. According to this, the samples were
classified as Hide Pure (HP), Hide Mixed (HM) and Bone Mixed (BM).

Standard gelatine A from porcine skin (G2500, MW =50-100 kDa) and gelatine B from bovine skin (G9382,
MW =40-50 kDa) and standard collagen derived from calf skin (Bornstein and Traub Type I) were purchased
from Sigma-Aldrich (Milan, Italy). These samples were characterized for their taxonomy, backbone cleavage %
and deamidation degree, according to the protocols reported in Ntasi et al.*’, except for minor modifications due
to changes in the laboratory equipment and software availability (refer to the section “Materials and methods” in
the supplementary material for details). A summary of the main results obtained is also given in Table 1.

For rheological and XRD analysis, a representative subset of glue samples was selected including HM1 and
HM4 among mixed hide samples, HP6 and HP4 among pure hide samples, BM1 and BM5 among bone-derived
samples.

The solutions for rheological analysis were prepared dispersing the solid in deionized water in a concentration
of 6.6%m/v for 24 h and then heating at 60 °C for 30 min. Subsequently the samples were centrifugated at
360 rpm for 30 s to eliminate the air micro bubbles. This preparation methodology is inspired by the procedure
traditionally used for glue preparation in handicrafts, and the choice of the 6.6% m/v concentration is according
to Bloom’s degree determination®>>%,

The glue films for XRD analysis were obtained by brushing the solution (6.6%m/v aqueous solution) on a
glass slide for a representative sub-set of glue samples (HM1, HM4, HP6, HP4, BM1, BM5). The glue films were
left to dry for 1 week at room temperature before the analysis.

Both the solution and film samples were also analysed by ATR-FTIR.

Thermogravimetric analysis

TG measurements were conducted on collagen, gelatine A and B and on solid glue samples using TA Instruments
Thermobalance model Q5000IR, from 25 to 900 °C, at a heating rate of 10 °C/min. The thermogravimetric
analysis was carried out under nitrogen flow (25 mL/min). Approximatively 5 mg of sample were weighted and
put in platinum crucibles. The instrument was mass calibrated using certified mass standards in the range of
0-100 mg and temperature calibrated using five reference materials (Alumel, Ni, Ni83%Co017%, Ni63%Co037%,
Ni37%Co063%). TA Universal Analysis 200 ver. 4.5A was employed for data treatment.

Differential scanning calorimetry

DSC analyses were performed by TA Instruments Discovery DSC model 250 under nitrogen flow (50 mL/
min). The instrument was temperature calibrated with indium. For each sample, about 5 mg was weighted and
hermetically sealed into aluminium DSC pans. An empty pas was used as a reference.

Collagen, gelatine A and B, and solid glue samples were subjected to heating/cooling/heating cycle in the
temperature range of 10-130 °C at heating rate of 10 °C/min and cooling rate of 50 °C/min.

Physical ageing study was carried out on glue samples consisting of one type of collagen belonging to the
same animal species, Bos taurus, i.e. HP3, HP4, HP6, HP8 samples and on one sample derived from bone tissue,
namely BM5. The procedure was the following. The samples were heated/cooled/reheated under the same
conditions as described above, and after the second heating scan, the samples were cooled to 40 °C (temperature
below the glass transition temperature) at 50 °C/min, held at 40 °C (annealing temperature) for up to 3 h and
heated to 130 °C at 10 °C/min. The samples were then cooled to 40 °C at 50 °C/min, held at 40 °C for up to 6 h
and heated to 130 °C at 10 °C/min. The sequence was repeated with the sample held at 40 °C for up to 12 h. The
same procedure was repeated at an annealing temperature of 30 °C only on HP6 in order to confirm the presence
of physical ageing. This procedure was inspired by Farahnaky et al.*°.

For each calorimetric method used, a baseline was recorded and subtracted from the calorimetric curve of
each sample. TRIOS v5.1.1 was employed for data treatment.

Attenuated total reflectance-Fourier transform infrared spectroscopy

ATR-FTIR investigation of the protein secondary structure in the collagen, gelatine A and B and animal glue
samples was performed using a Perkin-Elmer Frontiers FTIR spectrophotometer, equipped with a universal
Attenuated Total Reflectance (ATR) accessory and a triglycine sulphate TGS detector.

To monitor any changes in the secondary structure during the process of glue dissolution in water and
subsequent drying, spectra were recorded on: (1) all commercial glue samples as is; (2) few microliters of
6.6%m/v solution of a representative sub-set of glue samples described in before; and (3) a representative sub-set
of glue film described in before. For the ATR measurements of the solution few microliters of 6.6%m/v solution
were deposited on the ATR crystal and left to dry for few seconds.

All the spectra were recorded in the 4000-600 cm™ range in ATR mode after background acquisition. For
each sample, 128 scans were recorded, averaged, and Fourier transformed to generate a spectrum with a nominal
resolution of 4 cm™!. Spectrum software (Perkin-Elmer) and a written-in house LabVIEW program for peak fitting
were employed to run and process spectra, respectively>>=>’. A straight baseline passing through the ordinates at
1800 cm ™! and 1480 cm™! was subtracted before processing the curves, and the spectra were normalized in the
1700-1600 cm™! region. This approach was taken to avoid artefacts in absorptions near the limits of the region
examined. The second derivatives of the amide I band of the spectra examined were then analysed to determine
the initial data (number and position of the Gaussian components) required for the deconvolution procedure.
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The amide I band was chosen for structural analysis because of the very low contribution of the amino acid
side chain absorptions present in this region®®*>?, and its higher intensity compared to the other amide modes
(amide IT at 1540 cm ™ and Amide I1I between 1350 and 1190 cm™'). Based on the infrared assignment of amide
components, assuming that the extinction coefficient is the same for all the secondary structures, the secondary
structure composition can be obtained from the FTIR spectra. The percentages of the different secondary
structures were estimated by expressing the amplitude value of the bands assigned to each of these structures as a
fraction of the total sum of the amplitudes of the amide I components. Although the general validity of the above
assumption about extinction coefficients remains to be verified, there are studies in the literature that show
good correlation between the distribution of secondary structures obtained by FTIR and X-ray crystallography
approaches, suggesting that the assumption made is reasonable®®.

X-ray diffraction
X-ray powder diffractograms were collected using a Bruker D8 Venture single-crystal diffractometer equipped
with a Photon III CCD area detector, available at Center for Instrument Sharing of the University of Pisa
(CISUP), simulating a Gandolfi-like geometry (microfocus CuKo radiation).

The analysis was conducted on the representative sub-set of commercial glue samples and films described
before to check for the presence of crystalline domains.

Rheological analysis

Rheological measurements on gelatine standards and glue solution samples described before were conducted
by Thermo Scientific HAAKE Rheostress 6000 controlled stress rheometer equipped with Peltier temperature
control unit. The geometry plate-plate with 35 mm diameter, and a gap of 0.3 mm was used.

In steady state condition the viscosity flow curves were obtained by rotational measurements in which the
shear rate () was varied in the range 1-100 s™! and the shear stress (t, Pa) was recorded. The range of shear
rate investigated was chosen considering a manual application of the glue, by brush or spatula, which is the
commonly used method for applying these samples. The viscosity (1}, Pa s) was obtained by the ratio between t
and 7.

Temperature sweep test was performed varying the temperature in the 15-40 °C range at shear stress of 0.1 Pa
and frequency of 1 Hz (values within the linear viscoelastic range). The presence of a gel point can be determined
by the presence of a cross-over point between storage modulus (G’, parameter proportional to the elastic/solid
component of the material) and loss modulus (G”, parameter proportional to the viscous/liquid component of
the material). RheoWin DataManager software was employed for data treatment.

Results

Thermogravimetric analysis

The thermal degradation of collagen, gelatine standards and glue samples was investigated by TGA under
nitrogen flow. Figure 2 shows thermogravimetric (TG), and differential thermogravimetric (DTG) curves
obtained for all samples.

All the samples exhibit the same thermal degradation profile, which primarily consists of two steps. The first
mass loss (10-12% w/w) below 60 °C is due to moisture evaporation and the second (65-75% w/w) centred
at 300-320 °C is due to protein pyrolysis resulting in the formation of 2,5-diketopiperazines (DKP), the most
abundant of which in the glue samples are cyclo(Pro-Gly) and cyclo(Pro-HyP)* and of several aromatic and
nitrogen-containing compounds, such as pyrrole, indole, phenol, and the respective alkylated compounds®*©!.,

The residue at 900 °C is in the range of 15-20% w/w, as generally reported in literature for proteins. Table S1
shows the percentage mass loss and the corresponding temperatures determined for each sample.

Standard collagen showed an additional degradation step below 200 °C. As reported in the literature, this is
due to the evaporation of the strongly H-bonded water involved in the stabilization of the triple helix®*-¢*.

By observing the shape of the DTG related to water loss, gelatine standards exhibited a broader signal over a
wide temperature range (from 30 to 200 °C) indicating the presence of structural water. The DTG curves of glue
samples suggest that HP3, HP6 and HM5 contain more structural water than the standard gelatine, while the
other samples have little to none.

Different degree of hydrolysis of collagen and the different animal species can affect the thermal
degradation®%65-¢7,

By considering the ¢, , . and t . (Table S2), a slight difference was observed for gelatine standards, as
gelatine A has ¢ higher than gelatine B that indicates higher thermal stability, but ¢, , . lower than gelatine B,
i.e. alower amount of thermostable cross-linked/aggregated structures. This result agrees with the literature and
depends on the different production process used. Gelatine A undergoes an acid pretreatment whereas gelatine
B undergoes a basic pretreatment. This leads to gelatine with different properties and, in general, gelatine A
is less covalently cross-linked than gelatine B%, probably due to the protonation of groups involved in cross-
linking formation.

A slight shift of the maximum towards lower temperatures was observed for animal glue samples, suggesting
the presence of more hydrolysed molecules compared to gelatine and collagen. Furthermore, looking atthe z, , .,
in Table S4, BM sample completed its degradation at a lower temperature than the other samples. This result
further suggests a higher degree of hydrolysis, a lower degree of aggregation and the presence of molecules with a
lower molecular weight in BM samples, as reported by Ntasi et al.>’, who identified highly hydrolysed collagen in
BM samples through the SDS-PAGE, backbone cleavage percentage and Py-GC/MS analysis (Table 1). Another
factor to consider is the percentage of deamidation. Notably, hide glues exhibit higher levels of deamidation
compared to bone glues®. This increased deamidation can result in a higher number of charges, potentially
leading to the formation of more thermally stable aggregates.
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Fig. 2. TG (a, ¢) and DTG (b, d) curves of collagen (red line), gelatine A and gelatine B (black line), and glue
samples (green line for HP and HM samples, blue line for BM samples) obtained under 25 mL/min nitrogen
flow and using 10 °C/min as heating rate.

Regarding the HP and HM samples, no clear difference in thermal degradation was observed. Both HP and
HM samples have a ¢ lower than that of collagen and gelatine and a ¢, , . lower than collagen but equal to
or higher than that of gelatine, indicating the presence of more hydrolysed molecules as well as thermostable

aggregates.

Differential scanning calorimetry

Calorimetric analysis was performed on glue samples to obtain information on the thermal stability of the
protein structures and to compare them with those of gelatine and collagen standards. The calorimetric curves
obtained are reported in Fig. 3. The glass transition temperature (¢ ) and associated heat capacity change (ACp)
determined from the first and second heating scans, onset temperature (¢, ), peak temperature (tpeak), width
signal expressed as the difference between the temperature at the start and end of the event (Af), and enthalpy
(AH) calculated for the two signals observed in the first heating scan only are reported in Table S3.

The calorimetric curve of the collagen standard showed in the first heating scan a broad endothermic signal
between 36 and 121 °C with a maximum at 82 °C accounting for 18 J/g as enthalpy value and ascribable to
collagen unfolding®. In the second heating scan, the only signal observed was the glass transition occurring at
almost 0 °C. This result is not expected, as the literature reports a glass transition temperature for tendon collagen
of around 40-45 °C’*”!. No information is provided about the processes undergone by standard collagen, but
this difference may suggest that standard collagen is not in its native form and has undergone a treatment that
partially altered its structure, as also observed in the secondary structure analysis.

The unfolding enthalpy of collagen reported in the literature is in the range 40-50 J/g’®’!. Our lower
value could be due to a partial denaturation of collagen, as indicated by the B-sheets content. Considering the
proximity of B-sheets and native collagen helix in the Ramachandran plot’?, collagen is unlikely to return to its
native shape, but rather it could give rise to B-sheet structures, which are notoriously very stable.
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Fig. 3. DSC curves obtained during the first heating scan at 10 °C/min of collagen (red line), gelatine A and B
(black line), hide-derived glues (green line), bone-derived glues (blue line).

The calorimetric curve of both gelatine A and B showed two distinct endothermic signals during the first
heating scan. The first signal (6 J/g and 12 J/g, respectively) at about 70 °C is an overshooting overlapped to the
glass transition. The second signal (11 J/g and 3 J/g, respectively) at 95 °C corresponds to the unfolding of the
gelatine structure, which is associated with the degree of renaturation of the gelatine?>’!. The results indicate
that gelatine A exhibits a higher degree of renaturation compared to gelatine B. This difference may be attributed
to variations in their covalent cross-linking levels, as well as the conditions (temperature and humidity) during
the renaturation process. The presence of a higher number of covalent bonds in gelatine B may hinder the
reorganisation, resulting in a lower degree of renaturation.

The calorimetric profiles of all glue samples in the first heating scan were similar to gelatine more than
collagen, displaying two endothermic signals: the first in the temperature range 50-80 °C, overlapping the glass
transition, the second, in the temperature range 80-110 °C (Fig. 3). In the second heating scan all the analysed
samples exhibited only the signal related to glass transition (Figure S1 in supporting information).

The signal superimposed to the glass transition was better investigated in order to confirm it to be associated
with structural relaxation associated with physical ageing of the sample as reported in literature for synthetic
polymers, some proteins and gelatines?>4*7374,

The study of physical ageing was performed on glue samples of the same animal origin (HP3, HP4, HP6,
HP8) to reduce the variability associated with different animal sources and on one bone glue sample (BM5)
to confirm the presence of this phenomenon also in the bone glues. To study the physical ageing, after the first
heating up to 130 °C, the samples were kept at 40 °C (temperature below the ¢ ) for different periods of time (3 h,
6 h, 12 h, 24 h) as specified in the experimental section and heated to 130 °C in order to observe the enthalpy
relaxation signal. Since the extent of physical ageing depends on the annealing temperature, the experiment was
repeated on sample HP6 also at the annealing temperature of 30 °C. Specifically, as the annealing temperature
increases, both the peak temperature and the relaxation enthalpy value also increase®1:7>. The values of the
enthalpy relaxation and the peak temperature calculated at each time point are reported in the table S4. Figure 4
reports the DSC curves obtained for HP6 as example.

The characteristics of this relaxation peak are compatible with the physical ageing phenomenon occurring
in the glues, as described in the literature®: the signal intensity increases over time and the peak temperature
increases linearly with the logarithm of the ageing time (Fig. 5). The same behaviour was observed for BM5
(Table S4).

Regarding the glass transition, when applied to proteins, this term refers to the change in the dynamic
properties of proteins that takes place at a specific temperature. It has been reported in the literature that at
temperatures above the glass transition the dynamics of protein molecules are dominated by large scale motions
of groups of atoms, whereas at lower temperatures vibrational motions predominate. The temperature at which
this change in molecular dynamics occurs is influenced by the degree of hydration of the protein and the intrinsic
temperature dependence of the motions’®.

All the glue samples have the same moisture content (around 10%, as proved by TGA data reported below)
and the ¢_values, obtained from the first heating scan, range from 52 °C (i.e., HP8) to 73 °C. (i.e., HM1), with
the gelatine A and B values almost in the middle at 62 °C and 68 °C, respectively, without any clear correlation
with the animal source (Figure S1 and Table S3). In general, ¢_is lower in the second heating scan compared to
the first one, except for HP4 and HP8, which exhibited nearlgy the same temperature. As reported in ref*! and
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Fig. 4. DSC curves of HP6 before and after physical ageing: black line: first heating at 10 °C/min from 10

to 130 °C; grey line: second heating at 10 °C/min from 10 to 130 °C; green line: third heating at 10 °C/min
from 10 to 130 °C carried out after 3 h of isothermal; purple line: fifth heating at 10 °C/min from 10 to 130 °C
carried out after 12 h of isothermal at 40 °C; orange line: fifth heating at 10 °C/min from 10 to 130 °C carried
out after 24 h of isothermal at 40 °C.

by Tseretely and Smirnova’’, this is due to the release of bounded water during the denaturation process, which
acts as a plasticiser by lowering the ty

The values of the heat capacity change (AC.) associated with the glass transition, are in the range 0.65-1.3 J/
Kgand 0.53-1.3 J/Kg calculated from the first and second heating scan, respectively. These values agree with the
data reported in literature on amorphous gelatines and disordered crystalline gelatines’® and they are slightly
higher than those reported for other proteins®#>7%,

All the glues (both from hide and from bone) show the relaxation enthalpy peak superimposed to the glass
transition with values varying between 5 (i.e., HP4 and HP8) and 11 J/g (i.e., HM4). The value obtained for
gelatine is 6 J/g as well as HM5 (Table S3a). For the collagen standard, as well as BM3, BM4, and BM5 samples,
it was not possible to determine the relaxation enthalpy associated with the glass transition due to the signal
overlapping with other signals at higher temperatures. This signal is often overlooked and there are few studies
in which the enthalpy relaxation has been determined in gelatinous samples. Enrione et al.*!, determined the
enthalpy associated with physical ageing of fish gelatine film and obtained a value of 2.42 J/g after an ageing of
40 h at annealing temperature 5 °C lower than ¢, i.e., 29 °C. The higher enthalpy relaxation values of the glue
samples obtained in this study could be due to the annealing temperature used, which was 20-30 °C lower than
t, In these conditions, the enthalpy relaxation can be higher because the sample is far away from equilibrium
state.

The unfolding peak in the hide glues is well separated in temperature from the relaxation enthalpy peak
with a t . varying between 89 °C (i.e., HP8) and 100 °C (i.e., HM1) and enthalpy values varying between 3
(ie., HPP3) and 11 J/g (i.e., gelatine and HP6), and almost absent in HP4 and HM4. These values are lower than
those obtained for collagen, indicating a lower structural order due to the higher degree of hydrolysis and lower
molecular weight of the gelatine molecules that hinder renaturation”’.

For bone glues is not possible to determine separate values for the relaxation enthalpy and for the unfolding
one, because all the DSC peaks are partially superimposed.

Secondary structure of gelatine in animal glue samples

ATR-FTIR analysis was carried out on commercial animal glue samples, collagen, gelatine A and B, solutions and
films of the representative sub-set described in “Materials and Methods section”. (HM1, HM4, HP6, HP4, BM1,
BM5), to investigate the protein secondary structures. Figure S2, S3 and S4 shows the FTIR spectra obtained for
all commercial samples, for the sub-set solutions and for the sub-set films. Spectra display the typical features
of protein materials, i.e. the amide I band in the 1700-1600 cm™! region (corresponding to C=0 stretching
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HP 6 sample aged at 30 °C (orange triangle) and 40 °C (blue circular dot).

vibration), the amide IT in the 1600-1480 cm™" region (corresponding to out-of-phase combination of the NH in
plane bend and the CN stretching vibration) and the amide III in the 1350-1190 cm™ region (corresponding to
in-phase combination of the NH bending and the CN stretching vibration)!®. The amide I frequency is strongly
affected by the protein conformation'®, consequently the amide I shift observed in the animal glue samples
clearly indicates a change in the protein structure.

To gain a deeper understanding of the gelatine conformation, a curve-fitting method was applied to
deconvolve the complex amide I band, allowing for the determination of the different percentages of secondary
structures™~>.

Characteristic components of the Amide I band are assigned to the following secondary structures: helix
(1650-1660 cm™), random (1637-1660 cm™!), collagen native triple helix (1660-1666 cm™), antiparallel B-
sheets (two components around 1620 cm ™' and 1690 cm™), parallel -sheets (one component around 1630 cm™),
B-turns (1670-1685 cm™1)*. Table 2, Table S5 and Table S6 show the secondary structure percentages, the
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B structures
Sample Random and helices* | (B-sheets/ p-sheet (p +ap)/p-turn)
1650 (33) (random) | 1611 (53)
Collagen 21% 36%
8 1659 (50) (helix) 1626 (17)
23% 20%
) 1652 (60) 1618 (42); 1693 (28)
Gelatine A 519% 49%
1619 (44)
) 1651 (28) 43%
Gelatine B 2% 1685 (39)
15%
1659 (51) 1622 (29); 1693 (26)
HP3 42% 58%
1654 (59) 1618 (45); 1693 (28)
HP4 48% 52%
1659 (45) 1622 (54); 1689 (36)
HPo 30% 70%
1660 (59) 1621 (54); 1687 (21)
HP8 40% 60%
HM1 1666 (43) (helix) 1627 (60); 1689 (30)
23% 77%
1668 (49) (helix) 1626 (61); 1689 (24)
HM4 26% 74%
1668 (51) (helix) 1624 (61);1691 (22)
HM> 30% 70%
1620 (53)
1659 (60) 55%
BM1 2% 1688 (22)
3%
1625 (52)
1660 (41) 59%
BM2 29% 1687 (33)
12%
1629 (75)
1657 (16) 83%
BM3 7% 1682 (36)
10%
1628 (46)
1656 (33) 56%
BM4 21% 1679 (40)
23%
1625 (53);1696 (7)
1661 (42) 61%
BM> 28% 1687 (32)
11%

Table 2. Secondary structure percentages, wavenumber (cm™!) and half height bandwidth (HHBW) of the
Amide I component of the collagen and gelatine standard and solid glue samples before the dissolution in
water. The coeflicient of variations of the secondary structure percentage is below 7% for secondary structures
percentage >30%, and it ranges between 7 and 15% for secondary structures percentage < 30%°® *Where not
specified this band includes random and helix structures because the peaks assigned to these two components
in collagen are too close (1650-1660 cm™! and 1640-1660 cm™1)*® and they may not be separated by the peak
deconvolution procedure. An ambiguous assignment to the helix is established thanks to the narrow HHBW.

wavenumber in cm™' and half height bandwidth (HHBW), based on the results of the peak fitting of Amide
I band, of all the commercial samples (Table 2), of the sub-set solutions (Table S5), and of the sub-set films
(Table S6). Figure 6 compares the data of secondary structure of all glue samples of the sub-set and the reference
gelatine A and B.

The assignment of the bands assigned to helix and random coil structures is challenging, as the bands due to
these structures overlap in these kinds of samples because of the wide bandwidth of the band assigned to random
structure and the likely low percentage of helix (Table 2). Thus, it was not possible to discriminate between these
two structures in all glue samples.

The assignment to B-sheet structures in Table 2 includes parallel and antiparallel f-sheets and B-turn®7°.

The results obtained on the standard of collagen indicate that the collagen is not in its native form, as a
significant amount of P-structures are present. The same results can be observed for gelatine standards.

Looking at the results shown in Fig. 6, the secondary structures of gelatine A and B samples undergoes
similar changes after the dissolution and 7 day drying process, and they remain predominantly random/helix
and [B-sheet structures. The analysis of gelatine A and B solutions on ATR crystal show a certain percentage of
helix (10-35%). All solid glue samples are predominantly f-sheet and helix/random structures. Once dissolved
in water, the random structure increases and their structural order decrease. After 7 days drying the “strong
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Fig. 7. Flow curves of Gelatine A, Gelatine B, HP4, HP6, HM1, HM4, BM1, and BM5 obtained by rotational
measurements in steady state, varying the shear rate between 1 and 100 s™!. The graph is plotted on a
logarithmic scale for both axes.

Sample name | G’ at 25 °C (Pa) feel (°C)
Gelatine A 131 32
Gelatine B 32 29
HP4 0.01 21

HP6 0.2 24
BM1 0.01 21

BM5 0.01 Liq
HM1 63 32
HM4 13 26

Table 3. Storage modulus at 25 °C and gelation temperatures for Gelatine A, Gelatine B, HP4, HP6, BM1,
BMS5, HM1, and HM4 obtained from temperature sweep analysis. The relative standard deviation (RSD) ranges
between 3 and 10%.

glues” BM1 and BM5 recover more than 50% of B-sheets respect to the initial B-sheets content (BM1=128% and
BM5=56%). “Rabbit like-glues” HM1, HM4 and HP4 recover less than 60% of B-sheets, whereas “fish like-glue”
HP6 recover about 100%.

XRD measurements were performed on a subset of solid glues before and after dissolution in water and drying
to check for the possible presence of crystalline domains (Figure S5). The XRD diffractograms are characterized
by a broad characteristic peak, more or less visible, around 26 =8.0° and another around 20°2*2%, resulting in
agreement with those reported in the literature for gelatins. However, these profiles are suggestive of low-order
material where the amorphous component complicates the univocal interpretation of the XRD spectra.

Bond strength, viscosity and viscoelastic properties of animal glue samples
The rheological behavior of animal glue samples during the laying and application steps were studied by
recording the steady-state flow curve and temperature sweep.

Figure 7 and Figure S6 show the flow curves and the trend of G’ and G™ as temperature changes, respectively.

The results show higher viscosity and pseudoplastic behaviour for both standards gelatine and HM1 glue. The
other samples have viscosity lower than gelatines and HM1 and they show a decrease in viscosity in the shear
rate range from 1 s7! to about 10 s™!. In contrast, for shear rates above 10 s! they exhibit Newtonian behaviour.
The different behaviours observed may be due to the difference in molecular weight of the gelatines. Higher
viscosity and pseudoplastic behaviour are indicative of the presence of molecules with longer chains that can
form stronger and more robust polymer networks.

From the curves obtained from the temperature sweep measurements (Figure S3), it results that sample BM5
behaves like a liquid over the entire temperature range investigated, as the loss modulus is always higher than the
storage modulus. For the other samples, it is possible to identify the temperature at which the sol-gel transition
occurs. Gelatine A and HM1 have a gelation temperature (32 °C) higher than the other samples. Gelatine B gel
has a gelation temperature at 29 °C and following a decreasing order we find HM4, HP6, BM1 and HP4 (Table
3). Gelling temperature is a key parameter in the use of glues because it determines the transition between the
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liquid and gelled state of the material. This has a direct impact on viscosity, which in turn affects both ease of
application and adhesive performance. The temperature at which gelation occurs depends on the molecular
weight. Gelatins with higher molecular weights exhibit a higher gelation temperature.

Another important parameter for evaluating the performance of a glue is the shear resistance. An indication
of this parameter can be provided by observing the value of the storage modulus (G'). Specifically, considering
25 °C as the reference temperature, glues with higher G’ value will have higher shear resistance. The data show
that gelatine A has the highest shear resistance compared to the others, followed by HM1, gelatine B, and HM4.
HP4, HP6, BM1 and BM5 have a very low G’ value, thus showing very low shear resistance (Table 3).

Regarding bond strength, in the case of gelatine, this is referred to the Bloom’s degree, which is the measure
of gel strength of a 6.6% m/v solution®>*%, and is related to the length and degree of cross-linking of the chains.
Generally, the higher the MW of the gelatine the higher the degree of Bloom. High Bloom degree gelatines are
characterized by having a high gelation temperature, a high G’ shear modulus, and higher viscosity. Therefore,
considering the rheological data obtained, we can classify HM1 as a high Bloom degree glue, while all others as
low Bloom degree glues.

Discussion and conclusion

TGA data clearly indicated that glue samples are more similar to gelatine than to the reference collagen. Therefore,
they do not show the degradation step at around 200 °C that is due to the evaporation of the strongly H-bonded
water involved in the stabilization of the triple helix®*-*%. In addition, they present an unfolding enthalpy that is
less than half of that of collagen.

HP and HM samples are less hydrolyzed than BM samples, having an average MW above 40 KDa (Table 1).
HP4 and HM4 appear to be the glue samples with the lowest degree of structural order given their low enthalpy
value (about 1 J/g). This is likely due to the conditions used during the drying process after extraction, the
storage conditions and the possible presence of covalent cross-linking preventing renaturation.

BM3, BM4, and BM5 have exhibited a calorimetric curve significantly different from the other samples. Their
signal consists of several overlapping signals, likely due to the higher degree of hydrolysis in the gelatine, as it
was found by Ntasi et al.>. This suggests that a well-defined three-dimensional network is unlikely to form, but
rather several aggregates with lower structural order. In contrast, BM1 and BM2 displayed a denaturation signal
similar to that of HP and HM samples, indicating a higher degree of renaturation compared to the other BM
samples.

Rheological results obtained revealed that HM1 showed a high degree of Bloom. A glue with a high degree of
Bloom is more difficult to apply uniformly, tends to form stiffer films with higher cohesion, which may improve
the strength of the glue once dry, but may reduce the initial adhesiveness compared to glue with a lower degree
of Bloom. HM1 is confirmed to have a “rabbit glue” behaviour and it is commonly used in veiling restoration
(Fig. 1b). A lower degree of Bloom leads to a less viscous and more fluid glue, which promotes better penetration
into porous materials and thus more effective adhesion on some surfaces. Glues with a low degree of Bloom
can form more flexible films, which is useful for applications in which the glue must retain some elasticity after
drying. The BM samples with a low Bloom’s degree are “strong glue” employed in carpentry (Fig. 1c,d).

Another key observation in this study is that the physical ageing characterizes all the glue samples analysed,
regardless of animal origin or tissue type. As reported in the literature, the enthalpy relaxation value is influenced
by storage conditions, including temperature and humidity. Since the glass transition temperature is higher than
room temperature, physical aging will inevitably occur, and because it affects the mechanical properties of the
material, it should be considered when animal glues are used.

XRD data collected on a sub-set of glue samples investigated in this work, both before and after dissolution in
water show profiles in agreement with the XRD diffractograms reported in literature for the animal glues?*26:80,
These profiles are suggestive of a low-order material where the amorphous component complicates the univocal
interpretation of the spectra. Thus, XRD measurements, as well as FTIR analysis, make objectively impossible to
discriminate the helical component from the random one.

FTIR results revealed a relative high content of B-structures in all commercial glue samples, gelatine and
collagen. This highlights that it is extremely difficult to obtain native collagen after the extraction process from
tissue and it explains the low denaturation enthalpy of collagen. Moreover, spectra of the glue films dried for
1 week at room temperature have shown that the secondary structure tends to return to the structure of the solid
glue before the dissolution process. It is important to highlight that, under the drying conditions used, gelatine
molecules assemble into -sheet structures rather than a-helix. Probably, under these conditions, the formation
of hydrogen bonds is favoured, which guide the reorganisation into p-sheet. In fact, in the literature, many
studies reported on the effect of the drying conditions on the structural reorganization of gelatine protein3-2.
Saiani et al.3! reported that the type of surface on which the peptide dries can also induce one type of secondary
structure rather than another.

The percentage of B-structure recovery partially correlates with the adhesive behaviour of the glues studied.
In fact, “strong glues” (BM1 and BM5), characterized by a very short setting time, show a very high degree of
B-structure recovery after 1 week of drying, while “rabbit-like glues” (HM1, HM4 and HP4) show a lower one,
with some variability within the subset. “Fish-like glue” (HP6) recovers almost as well as a strong glue. This
behaviour suggests that the presence of B-structures has an influence on adhesiveness, but other factors play a
role in the adhesive and mechanical behaviour of a gelatine glue such as molecular heterogeneity mainly due to
the processing history. The gelatine adhesives analysed are inherently polydisperse mixtures, containing a range
of fragments including a-, #-, and y-chains, as well as smaller peptides!”. This work and the work of Ntasi et al.*
show that these samples have different degrees of hydrolysis and different degrees of deamidation, resulting in
different molecular weights and charge distributions. Thus, the structural and mechanical characterization could
be specific to each gelatine depending on its manufacturing conditions.
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The presence of B-sheet structures in the examined glues could contribute significantly to their mechanical
properties, as it is reported in the literature that B-sheet protein structures thanks to the architecture of their
hydrogen bonds give molecular assemblies characterized by extraordinary strength and unique properties. The
zig-zag pattern, stabilized by hydrogen bonds is further stabilized by hydrophobic interactions between sheets
and are held together by van der Waals interactions®2-34. These structures are known for their high resistance
to rupture and high strength (e.g. in silk exhibiting high tensile strength and in amyloid fibrils forming rigid,
cohesive structures)®>-%7. Moreover, in gelatine-electrospun materials was observed that the stiffness increases
with the increasing of §-sheet content®.

Although the structural analysis of gelatine in the literature is focused on the evaluation of the triple helix
content using X-ray diffraction, supported by DSC results?!?32526:48.7888 anq structure property studies link
the mechanical properties of glues to the triple helix content?!>, we believe that in animal glues, it is crucial
to consider not only the triple-helix-like structures but also the amount of p-sheet structures to explain the
structure-dependent mechanical properties and the adhesive mechanism.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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