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The Structure—Property Correlations in Dry Gelatin

Adhesive Films

Yasmine Mosleh,* Willem de Zeeuw, Marlies Nijemesland, Johan C. Bijleveld,

Paul van Duin, and Johannes A. Poulis

Gelatins are proteinaceous natural materials that are widely used in areas such
as conservation and restoration of artifacts as adhesives and consolidants, in
pharmaceutics as drug delivery carriers, and in the food industry as structurants.
Herein, type A porcine gelatin adhesive films are prepared via solution casting
method and their physical and mechanical properties are investigated using X-ray
diffraction (XRD), differential scanning calorimetry, contact angle measurement,
dynamic mechanical analysis, and uniaxial tensile tests. The results demonstrate
a linear correlation between microstructure of gelatin films in terms of their
triple-helix content and their macroscopic mechanical properties such as tensile
strength and gel (Bloom) strength. Moreover, the findings of this study can help
the scientists, in, e.g., art conservation and restoration, to predict the mechanical
performance of these adhesives by performing a less material demanding and

such as furniture, panel paintings, books,
hats, and many other objects.

Moreover, gelatins are also used in the
pharmaceutical and food industry.*”!
Particularly, fish gelatin is considered as
a candidate for food packaging due to its
flexibility, transparency, and superior
barrier properties against oxygen and UV
light.!®!

Collagen is a primary structural protein
in skin, bone, and connective tissues of ani-
mals. Collagen molecules are composed of
three polypeptide chains, wound together
in a righthanded triple helix, ~280nm
long, stabilized by intermolecular hydrogen

nondestructive physical measurement such as XRD.

1. Introduction

Gelatins are collagen-based biomaterials that are widely used as
adhesives, more widely known in this field as animal glues, for
preservation and restoration of artifacts and objects of cultural
heritage such as panel paintings, decorated furniture, and books.
They have been also used as consolidants, paint binder, and
canvas lining over the last centuries.' For many centuries,
they were used for the production of objects of cultural heritage,
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bonds and chemical cross-links.”! Collagen

is water insoluble and can be turned into

water-soluble gelatin through the denatur-

ation process during which the triple-helix
structure in collagen unwinds and turns into random coil poly-
mer chains giving gelatin. The process of gelatin extraction
involves the use of acid (type A) or base (type B) for collagen
hydrolysis at a temperature range of 50-80°C, factors which
can subsequently affect the average molecular weight of the
obtained gelatin.’®”!

During the gelling and subsequent drying of gelatin, the ran-
dom protein coils undergo partial renaturation back into triple
helices.'>!!l These triple helices in gelatin act as physical
cross-links leading to a continuous 3D network structure.?
The triple-helix content which is linked to the degree of renatur-
ation is an important physical characteristic of the gelatin
adhesive films dominating their thermal and mechanical
performance.’®"! The triple-helix content in gelatins can be
influenced by many factors such as animal origin defining amino
acid profile of polypeptide chains (e.g., hydroxy proline
content),™ gelatin concentration,™>! preparation and casting
conditions,*® molecular weight distribution,®'”'® and mois-
ture content.!"*>*)

Another important parameter when choosing gelatin for a cer-
tain application is its Bloom value (strength). The Bloom value is
the force in grams required to press a specific plunger into a gela-
tin gel of a defined concentration.!”"**) The degree of renaturation
is believed to also be related to the Bloom value (strength).!"*!

To measure the triple-helix content, methods such as X-ray
diffraction (XRD), differential scanning calorimetry (DSC),
and polarimetry have been utilized in previous studies.***31%

Due to extensive variety in the functionality of gelatins in
conservation and restoration of historic objects such as furniture

© 2020 Wiley-VCH GmbH
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and panel paintings as adhesives, binding medium, and consol-
idants, developing comprehensive knowledge on the thermal and
mechanical behavior of these adhesive systems is crucial to give
people in the field better knowledge about the behavior of historic
glue films and to choose the right material with the right prop-
erties for conservation purposes.

In this article, films of type A porcine skin gelatin with four
different Bloom values were prepared using the solution casting
method. The materials were then conditioned at room tempera-
ture and 50% environmental relative humidity. Physical and
mechanical behavior of the gelatin adhesives was characterized
using DSC, XRD, contact angle measurement, uniaxial tensile
testing, and dynamic mechanical analysis (DMA).

This article investigates the existence of clear structure—
property relations in dry gelatin adhesive films. It is evaluated
if nondestructive and less material demanding physical measure-
ment techniques such as XRD can predict the mechanical
performance such as tensile and gel strength in gelatin films.
This will help scientists in different research fields, using gelat-
ins, to be able to limit the type and number of characterization
methods on these materials.

2. Materials

Four different type A porcine gelatin powders were sourced from
Trobas Gelatin B.V., based in Dongen, the Netherlands. Two of
these were food grade type with Bloom strengths of 240 and
180 g, referred to in this article as PG240 and PG180, respec-
tively. The other two types of gelatin were technical gelatins with
Bloom strengths of 110 and 60 g, respectively. Therefore, the
technical gelatins are referred to as TG110 and TG60. To prevent
bio deterioration, MERGAL KM90 pesticide was added to the
gelatin aqueous solutions as pesticide.

2.1. Sample Preparation

Gelatin adhesive films were produced using a solution casting
method. For this, a 30g of gelatin powder was added to
300mL of demineralized water and subsequently heated to
60°C for an hour. To avoid the biological decay by micro-
organisms, 0.1v/v% of MERGAL KM90 pesticide was added
to the gelatin aqueous solution. After an hour of heating, the
gelatin solution was cast on a square Teflon mold. The gelatin
film was left to dry for 48h at a controlled temperature of
22°C and a relative humidity of 50%.

3. Experimental Section

3.1. Physical Tests

3.1.1. Differential Scanning Calorimetry

To obtain the glass transition temperature (Tg), denaturation
temperature (Ty), and the denaturation enthalpy (A Hy) of differ-
ent gelatin adhesive films, a TA Instrument DSC 250 differential
scanning calorimeter was utilized. The gelatin films were
conditioned at 50% relative humidity at 22°C in a controlled
climate chamber for 72h before being tested. Subsequently,
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the test samples, each weighing about 5 mg, were hermetically
sealed using Tzero aluminum pans, whereas an empty pan
was used as reference. For the measurements, the samples were
heated and cooled and again heated in three subsequent temper-
ature sweeps. In the first heating step, the samples were heated
from 10 to 150°C at 10°Cmin~', maintained at 150°C for
5min, cooled from 150 to 10°C at 10°C min~!, maintained
for 5min at 10°C, and finally heated again from 10 to 150°C
at 10°Cmin~'. All the measurements were performed in
triplicate. The apparent glass transition temperature (Tg) was
measured as the midpoint of the heat flow change at the glass
transition in the first heating scan. The denaturation temperature
(Tq) was reported as the minimum point of the endothermic
denaturation peak in the first heating scan. The enthalpy of
denaturation (A Hg) was calculated as the area of the endothermic
denaturation peak in the first heating scan.

3.1.2. X-Ray Diffraction

X-ray diffractograms were recorded on the gelatin films for 26
between 3° and 60° at 0.1° intervals and a speed of 1.0°/min
using a Rigaku MiniFlex 600 with a Nal scintillator detector.
A Cu Ko radiation source was used (I=15mA and
U=40kV). For each gelatin type, at least three samples were
tested. All the films had a thickness of 0.13 mm. Moreover, it
was ensured that the sample was placed at the same height
and level with the rim of the sample holder and the same
distance to the detector for each consecutive measurement.

3.1.3. Scanning Electron Microscopy

The morphology of the adhesive films’ surface and cross section
was monitored using scanning electron microscopy (SEM), with
a JEOL JSM-7500F instrument.

3.1.4. Contact Angle Measurements

Static contact angles were measured utilizing a KSV Instrument
CAM 200 system (Biolin Scientific, Helsinki, Finland) based on
the sessile drop method. For each gelatin type, measurements
were taken at room temperature using different samples and
locations on the films to yield representative results. Two test
fluids, namely, water and fully dispersive diiodomethane,
were used.

3.2. Mechanical Tests

3.2.1. Uniaxial Tensile Measurements

Uniaxial tensile tests were performed to measure the mechanical
properties such as Young’s modulus and tensile strength of
different gelatin films as a function of the Bloom value. For these
tests, ASTM D882-12, the standard for tensile testing of thin
plastic materials, was used. The tensile test samples were cut into
strips with dimensions of 20 mm (width) x 175 mm (length),
and 0.13+£0.01 mm (thickness). The tensile tests were per-
formed using a Zwick 20 kN general purpose mechanical testing
device with a 1 kN load cell, and a long-stroke extensometer with
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5 pm accuracy set at a gauge length of 100 mm. The strain rate
was set to 1 min~'. Before testing, the samples were conditioned
for at least 48 h at a temperature of 23 °C and a relative humidity
of 50%. At least 10 samples were tested for each gelatin type.
Young’s modulus (E) was calculated as the linear part of the
stress—strain tensile curve. Tensile strength (6,,,,) was taken
as the maximum stress, which for these materials was identical
to stress at break. Strain to failure (e,,,,) Was reported as strain at
maximum stress.

3.2.2. Dynamic Mechanical Analysis

DMA measurements were performed in tensile mode using a
RSA-G2 solids analyzer (TA Instruments, USA). Samples were
cut into strips of 5 mm width and 20 mm length, and the thick-
ness was 0.2+ 0.02mm. Temperature sweep measurements
were performed by heating the samples from 10 to 220°C
and applying an oscillation strain amplitude of 0.01%, at a
frequency of 1Hz, along with a pretension force of 0.1N to
straighten the films. The storage and loss moduli were recorded.

4, Results and Discussion

4.1. Thermal Analysis using DSC

Gelatin adhesive films (conditioned at 50% environmental
relative humidity) can be regarded as a semicrystalline polymer
in which so-called crystalline domains are corresponding to the
partially renatured triple-helix structures similar to collagen'**!
embedded in a matrix of random coil material. During drying
and cooling of gelatin, triple-helix structures are formed which
act as physical cross-links at microscale and the amount of these
structures can affect the macroscale behavior of gelatins, which
will be discussed later in this article.

Thermograms of the first heating scan of gelatin adhesive
films with different Bloom values are shown in Figure 1. The
first stepwise change in the heat flow versus temperature curve

—

Heating

Ex0o. —»

Heat flow (W/g)

TG 60

T T T
20 40 60 80 100 120 140
Temperature (°C)

Figure 1. First heating thermograms of gelatin films obtained by DSC.
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is related to the glass transition and is indicated by a small
vertical line on the thermograms. Glass transition is a second-
order time-temperature-dependent transition which is due to
the onset of movements inside amorphous regions comprising
of random coil chain segments. In gelatins, the glass transition is
dependent on parameters such as thermal history (e.g., drying
time and temperature) and moisture content.'?2%! [n this article,
different gelatin films were prepared with a similar procedure and
were all conditioned at 50% environmental relative humidity to
ensure similar thermal history and environmental conditioning.

In addition, an endothermic peak appears at higher temper-
atures related to the denaturation of collagen triple-helix
structures. The denaturation enthalpy (AHgq), which is the area
associated with the endothermic peak, is directly related to the
triple-helix structure content in the gelatin polymer®? and is
caused by the disruption of hydrogen bonds between the chain
segments and unfolding of the protein structure.’**) The denatur-
ation temperature (Ty) is a measure of the thermal stability of the
gelatins.

The values for glass transition temperature (T), denaturation
temperature (Ty), and denaturation enthalpy (AHy) for all tested
gelatin films are shown in Table 1. As shown in Figure 1 and
Table 1, the glass transition temperature is slightly increased in
gelatins with higher Bloom values. This can be due to the fact that
the triple helices act as physical cross-links; in general, increase in
the number of cross-link points in polymer networks results in
more hindered chain movements and therefore in an increase
in glass transition temperature.*®! However, the denaturation tem-
perature (Ty) seems to be unaffected by Bloom value, and suggests
that the triple-helix domain size is rather constant. As indicated by
the enthalpy values in Table 1, gelatins with higher Bloom strength
indeed contain more crystalline/ordered domains in the form of
triple helices. For further confirmation of the possible relationship
between Bloom strength and triple-helix content, XRD measure-
ments were performed and will be discussed in the next section.

4.2. X-Ray Diffraction

For further confirmation of the possible relationship between
Bloom strength and triple-helix content in gelatin films, XRD
measurements were performed on different gelatin films of
the same thickness.

The results of the XRD analyses are shown in Figure 2a,b.
Figure 2a compares the X-ray patterns over a wide angle range
for the gelatins of highest and lowest Bloom strength. As
observed, the gelatins show two characteristic peaks at 26 ~ 8°
and 20° which correlate to periodicity distances of 1.1 and
0.29nm attributed to triple-helix diameter and the distance

Table 1. Glass transition temperature, T,, denaturation temperature, Tg,
and denaturation enthalpy, AHy, of gelatin films at different Bloom values.

Gelatin type T, [°C] Onset of T, [°C] Tq [°Q) AHg [)/g]
PG 240 59+0.5 50+0 82.5+0.5 39+23
PG 180 57+£1 5041 82.5+0.5 36.5+3
TG 110 55+£15 49+2 81+£1 23542
TG 60 51£1 4242 80£1 19.5+1.4
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Figure 2. a) Comparative XRD patterns of PG 240 and TG 60 over a wide range of 26 (3°-60°); b) comparative XRD patterns of gelatins at 26 ~ 8°.

between amino acid residues along the helix, respectively.!"’!

Diffraction peak intensity at 20 ~ 8° is the strongest peak which
is correlated with the relative triple-helix content in gelatin films.
Figure 2b clearly shows a significant reduction of peak intensity
at 8° with decreasing Bloom value indicating a decrease in triple-
helix content. This is in line with the denaturation enthalpy
results obtained from DSC which showed that pure gelatin of
high Bloom value demonstrates higher denaturation enthalpy
associated with higher triple-helix content.

4.3. Uniaxial Tensile Testing

Comparative stress—strain curves of gelatin adhesives are shown
in Figure 3. As observed, the gelatin adhesive films demonstrate
a typical brittle behavior without undergoing much plastic defor-
mation and a limited strain to failure up to 2.6%.

Comparative uniaxial tensile stress-strain curves

100
90 B 1
—
80 ///
70 - -
/’/; ‘< 7
50 /’// N
’r'? 7
e 5 d —PG 240
§ 7
" 4 - -PG180
g 40 71
z ViR —TG110
30 , 7/
’ - =TG60
20 W
10

0
0O 02 04 06 08 1 12 14 16 18 2

Strain (%)

22 24 26 28 3

Figure 3. Uniaxial tensile stress—strain curves of gelatin films with differ-
ent Bloom values, at standard environmental conditions.
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Care should be taken that the tensile experiments were
performed at standard conditions of 23°C and 50% relative
humidity, meaning that the adhesive films were below their glass
transition temperature (as indicated by DSC experiments) and in
their glassy state. The results of the tensile tests per type of glue
are shown in Table 2. The first interesting observation is that the
Young’s modulus (E) is almost constant with an increase in
Bloom value indicating that the triple-helix content, where the
triple helices act as physical cross-links, hardly affects the elastic
modulus. This can be related to the fact that these adhesive films
are, as mentioned, below their glass transition temperature,
where also the amorphous phase is in its rigid state. The second
result is that the strength (which is defined here as maximum
stress value, o,,,,) increases with an increase in Bloom value.
This can be explained by the increase in triple-helix content as
demonstrated by DSC and XRD measurements discussed
earlier.

As shown in Figure 3, the strain at break value (maximum
strain, &,,,,) increases with Bloom value resulting in an improved
fracture energy. This improvement can also be attributed to the
higher triple-helix content.

4.4. Dynamic Mechanical Analysis

Figure 4 shows the storage modulus (E') of different gelatin films
obtained from DMA. A stepwise change in storage modulus
starting around 50°C is indicative of a glass transition

Table 2. Values for Young’s modulus, maximum stress, and maximum
strain for gelatin films with different Bloom values obtained from
tensile experiments at 23 °C and 50% RH..

Gelatin type E [GPa] Omax [MPa] Emax (6]
PG 240 4.7+03 83+10 2.7+£09
PG 180 45+04 71£15 1.9+0.7
TG 110 4.6+04 53+ 1 1.2+0.3
TG 60 48+0.6 45+15 1.0+0.3

2000716 (4 of 8)
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Figure 4. Storage modulus—temperature curves of different gelatin films
obtained from DMA.

temperature. The onset temperature of the glass transition is
shown in Table 3. The storage modulus of different gelatins,
obtained from DMA below T, shows similar values for gelatins
with different Bloom values. This is in line with the values of
Young’s modulus at room temperature obtained from tensile
tests indicating that the triple-helix content merely affects the
stiffness of gelatin films above T,. This is because below glass
transition, both amorphous and crystalline domains (helical
structures in gelatins) are in their rigid state and therefore an
increase in triple-helical structure does not influence the molec-
ular mobility and therefore stiffness. The values of the storage
modulus at 25 °C (below glass transition) and 100 °C (above glass
transition and denaturation temperature) are shown in Table 3.

A second stepwise transition around 80 °C and consequently a
continuous decrease in storage modulus is observed in both tech-
nical gelatins (TG 110 and TG 60). This transition is attributed to
the denaturation of some triple helix to coil structure. As shown
in Figure 3, after glass transition, the drop in elastic modulus is
more prominent for gelatins with lower Bloom value while pure
gelatins with high Bloom values keep higher storage modulus
values. This must be due to the higher triple-helix content in
the pure gelatins (as shown by DSC and XRD measurements)
and suggests that at the denaturation temperature of around
80°C, sufficient structuring material is left in these materials
to maintain a high modulus value.

Table 3. Values of storage modulus of different gelatin adhesive films at 25
and 100 °C, and onset of glass transition obtained from DMA..

Gelatin type E’ at 25°C [GPa] E’ at 100°C [GPa] Onset of T, [°C]
PG 240 3.0+0.3 20+0.1 55+2
PG 180 26+04 1.9+0.5 55+1
TG 110 3.0+£0.1 1.8+£0.1 53£1
TG 60 3.0£0.1 1.5+0.1 4942
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The technical gelatins typically contain more impurities
compared to pure gelatins in the form of oligomers, fat, and
ash which can partially hinder triple-helix structure formation
during drying of the film. Moreover, the technical gelatins with
lower Bloom values have a possibly lower average molecular
weight which can result in less chain entanglements and less
engagement of the polypeptide chains in forming helical
structure.®!”!

Another major drop in storage modulus occurs around 170,
200, 220, and 220°C for TG 60, TG 110, PG 180, and PG
240, respectively. This transition is related to discolorification
and degradation of gelatin films. As observed, the pure gelatins
of higher Bloom number degrade at higher temperatures
(around 220°C) in comparison to technical gelatins, indicative
of a higher molecular weight.

4.5. Microstructural Evaluation Using SEM

Samples were cut into standard environmental conditions (room
temperature and 50% RH) with a scissors to study the cross-
sectional morphology of the different films by SEM. Also, SEM
images were taken of the film surfaces. As shown in Figure 5, a
rough fracture surface resembling a layered structure is discern-
ible in the cut cross section of all the different films. This is
possibly due to plastic deformation of the gelatin films while
undergoing shear loading during cutting. As observed, the extent
of plastic deformation at the cut surface seems most pronounced
for technical gelatins with lower Bloom strength, although also a
more irregular failure is visible. This is believed to be due to
higher impurity and higher inhomogeneity of the technical gelat-
ins leading to a more irregular fracture surface. The observations
of the microstructure are in line with tensile testing results which
show lower elongation to failure at lower Bloom strength; this
points to premature failure at irregularities when loaded in
tension, although all gelatins seem inherently ductile from the
sheared fracture surfaces. The SEM micrographs of the surfaces
indicate a smooth surface of the gelatins although small
scratches or impurities can be observed on the surfaces of the
technical gelatins.

4.6. Contact Angle Measurements on Gelatin Film Surface

Table 4 shows the contact angle values for water and diiodome-
thane on the different gelatin films. High contact angles for water
suggest that gelatins have a hydrophobic nature. Although much
lower contact angles can be observed when diiodomethane is
used, confirming the hydrophobicity of the gelatin film surface.
Differences between the different gelatins are small; if anything,
the suggestion is that the TG 60 is the most hydrophobic,
whereas the PG 180 is the least hydrophobic. Despite the gener-
ally hydrophilic character of gelatin chains, the contact angle
measurements suggest that their film surface is relatively
hydrophobic.

Previously, some researchers have observed the relative
hydrophobicity of gelatin film surfaces.”’ 2% They explained
the gelatin surface hydrophobicity to a preferred orientation of
hydrophobic moieties at the gelatin—air interface. This orienta-
tion of the hydrophobic groups toward the surrounding air would

© 2020 Wiley-VCH GmbH
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Surface

Figure 5. SEM micrographs of cut cross sections and surfaces of different gelatin films.

Table 4. Contact angle values of water and diiodomethane with gelatin
films.

Gelatin type PG 240 PG 180 TG 110 TG 60

75°+4 70°t4 71°+£55 79°+£5.5
Gelatin/diiodomethane contact angle [] 34°+2.5 41°+4

Gelatin/water contact angle [6]

37°£4 34°%£35

happen during gelification, when most hydrophilic groups such
as amino groups and carboxyl groups aggregate inwards and
form hydrogen bonds with internal hydrophilic groups,
whereas hydrophobic groups, such as aliphatic chains and
aryl groups, tend to arrange themselves on the surface of the
film. [

Bialopiotrowicz and Jaiiczuk®®! even showed that the surface
hydrophobicity is strongly dependent on the aqueous gelatin
concentration used to prepare the gelatin films.

Adv. Eng. Mater. 2020, 2000716
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4.7. Correlation between Molecular Level Microstructure and
Macroscopic Mechanical Behavior

Figure 6 shows how the two different methods used for the
measurement of triple-helix content in gelatin films, namely,
DSC and XRD correlate with each other. For this, the enthalpy
of denaturation obtained from DSC experiments is plotted
against the integrated intensity which is the area underneath
the peak corresponding to the inner diameter of the triple helix,
obtained from XRD measurements. As observed, a power—law
relationship seems to describe this correlation. It should be noted
that the curve is assumed to pass through the origin, and this is
because lack of renaturation enthalpy is associated with the
absence of triple-helix structure and therefore the absence of
any X-ray pattern at around 20 ~ 8°.

Figure 7a,b show the existence of a correlation between the
structure of the gelatin films at molecular level and mechanical

© 2020 Wiley-VCH GmbH
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Figure 6. Correlation between integrated intensity of XRD peak at 26 ~ 8°
and enthalpy of denaturation of triple-helix coil obtained from DSC.

properties at macroscopic level. As shown in Figure 7a,b, there is
a direct association between triple-helix content represented by
the XRD integrated peak intensity and the mechanical strength
(both Bloom and tensile strength, 6,,.5). It seems, based on the
four investigated materials, that a linear equation can predict
the Bloom and tensile strength values based on the triple-helix
content (as quantified by XRD).

For the sake of completeness, a similar correlation as shown in
Figure 7 is found if the strength values are plotted as a function
of the triple-helix content obtained from the DSC denaturation
enthalpy.

Previous research by Bigi et al™® also demonstrated that
Bloom strength, in porcine skin wet gelatin films, is linearly
correlated with triple-helix content. Moreover, similar to the
findings of this article, they also reported an increase in both
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tensile strength and strain at break with increase in Bloom
strength of gelatin. In another study, Bigi et al®*” found a linear
correlation between the degree of renaturation obtained by DSC
measurements with tensile strength of air dried drawn cross-
linked gelatin films. Achet and He!'®” showed that renaturation
enthalpy obtained by DSC method is a suitable measure to mon-
itor the real fraction of gelatin chains in a collagen-like structure,
which is related to the mechanical properties of gelatin films.

It should be noted that the found correlations between the
physical properties of gelatins at microlevel (triple-helix content)
and their macroscopic mechanical performance is suggested in
the first instance for the here tested type A porcine skin gelatin
adhesive films preconditioned at room temperature and 50%
relative humidity. op,.x, €.g., not only depends on the material
properties of the gelatin but also on the amount of defects in
the casted tensile test samples. However, as the XRD measure-
ments only measure the triple-helix content, regardless of the
origin of the glue, it is expected that this principle can be
extended to other animal glues.

5. Conclusion

This study clearly demonstrates the structure—property relations
in (porcine) gelatin adhesive films in a comprehensive manner.
More specifically, the relationship between triple-helix content,
associated with the renaturation level of gelatin films, with ther-
mal and mechanical performance is demonstrated. For this,
films of type A pig skin gelatin with four different Bloom values
were prepared and their physical and mechanical properties were
characterized. The physical characterization of gelatin films dem-
onstrated a clear correspondence between enthalpy of renatur-
ation obtained by DSC and the integrated intensity of the
X-ray pattern at around 26 ~ 8° (attributed to triple-helix internal
diameter). Moreover, DSC measurements showed that the
increase in triple-helix content (associated to denaturation
enthalpy) in gelatin films of higher Bloom value caused an

(b) 300
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100
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Figure 7. a) Tensile strength plotted versus integrated intensity of the XRD patterns at 26 ~ 8° with a linear least squares regression; b) Bloom strength

plotted versus integrated intensity with a linear least squares regression.
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increase in glass transition temperature of the gelatin films; how-
ever, the denaturation peak temperature remained unaffected,
indicating that triple-helix domain size stayed constant. Static
uniaxial tensile experiments and DMA (in tension mode) both
showed that the stiffness of gelatin films is independent of their
triple-helix content, which fits with T values well above room
temperature. On the contrary, the tensile strength and strain
to failure improve with increasing triple-helix content for higher
Bloom strength gelatin films.

Moreover, a linear correlation was found between the triple-
helix content derived from XRD and DSC measurements with
mechanical properties such as gel (Bloom) strength and tensile
strength.

Contact angle measurement on different gelatin surfaces
using water and diiodomethane fluids showed that all gelatin
films have a hydrophobic surface nature which is believed to
be due to the tendency of the hydrophobic parts of gelatin
chains to orient themselves at the surface of the film during
gelification. The SEM micrographs of cut cross sections of
gelatin films demonstrated a ductile fracture surface while
undergoing shear deformation during cutting. Technical
gelatins showed more irregularities at the fracture surface
possibly due to their higher level of impurities, which would
lead to local strain magnification and can explain their lower
tensile strain to failure.

The results of this article, strictly for the given gelatin type and
environmental preconditioning (room temperature and 50% rela-
tive humidity), demonstrate how the molecular level structure dic-
tate macroscopic mechanical behavior of dry gelatin films. In
addition, physical techniques such as XRD and DSC can be used
to predict the macroscopic mechanical properties of gelatin films.

This article is a showcase of how nondestructive and less
material demanding physical characterization methods such as
XRD can assist scientists in various fields, e.g., art conservation,
to predict the mechanical behavior of gelatin adhesives.
Structural features at molecular level characterized by a nonde-
structive physical characterization method can be predictive of
macroscopic mechanical response of the material.

Moreover, from an art conservation point of view, the results
of this article are an important step toward choosing an appro-
priate animal glue for specific conservation purposes. It also
provides essential input for future experiments to assess how
ageing influences the macroscopic mechanical properties of
gelatin films, which is important to understand the behavior
of historic animal glues.
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