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Abstract
The overall objective of the present work was to promote the use of Atomic Force
Microscopy (AFM) and Microthermal Analysis (µTA) as diagnostic tools for
parchment artefacts by creating new protocols to investigate parchment's
conservation condition at the nanoscale.
Historical parchments are often of great cultural value, so access to samples can
be limited. Thus, a well-accepted method designed by Professor Larsen and his
team for the characterisation of extracted collagen fibres from parchment has been
adapted for the preparation of our samples for AFM and µTA. These techniques
were applied on a new calfskin hide, accelerated aged parchment samples and
historical parchment documents.
The application of AFM allowed for the visual identification of a series of damage
markers: alterations of the collagen structure, which were previously undetectable.
In this novel research, these damage markers have been used to design a protocol
to extrapolate the damage profile of a parchment sample, the percentage of the
total degraded area, and the distribution of each damage marker. µTA was used
to extrapolate the thermal profile of the samples and revealed changes in the
thermo-mechanical behaviour, upon ageing, for both accelerated aged and
historical parchments.
These protocols were then tested in the European project NANOFORART to
assess the short-long term impact of novel nanomaterials designed for the
conservation of parchment. Calcium-based nanoparticles, dispersed in propan-2ol or cyclohexane, were proposed as a potential conservation treatment for
parchment, with the aim to enhance (or recreate) a protective sacrificial layer of
calcium carbonate to neutralise volatile organic compounds (VOCs) (e.g. acetic
and formic acid) that might lead to break of cross-links in collagen. The application
of AFM and µTA allowed changes in the collagen scaffold due to the application of
the solvents to be traced, identifying early signs of alteration and different
interactions between solvents and parchment. The presence of nanoparticles
seemed to play a fundamental role in the preservation of parchment; all the
dispersions tested showed a protective effect, counteracting changes in the
thermal stability of the treated-aged samples when compared to untreated-aged
ones. After successfully testing the damage marker protocol here, it has shown its
use as a potentially potent tool for use in conservation.
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Chapter 1 - Introduction and general background
1.1 Introduction
Parchment is a complex material obtained from processed animal skins. It has
been used for centuries in documents and in bookbindings. Important collections
of illuminated manuscripts, codex and parchment documents are among the oldest
recorded testimonies of our cultural history. Notable examples include the Dead
Sea Scrolls, the oldest parchment documents known (1), the Magna Carta and the
Faddan More Psalter (2). Among the most intriguing manuscripts in the world are
the Codex Gigas, also known as the ‘Devil’s Bible’ and the Voynich manuscript, a
codex carbon-dated to the early XV century written in an unknown language and
still not deciphered (3,4). Due to the extraordinary historical importance of these
parchment artefacts, it is necessary to ensure their legacy for future generations.
The preservation of parchment artefacts represents a significant challenge for
conservators due to the extreme sensitivity of this material to environmental
changes (fluctuations in temperature and relative humidity). Historical parchments
are complex materials in terms of conservation strategies as deterioration cannot
always be detected by the naked-eye. Thus, inappropriate conservation treatments
or storage conditions may lead to further degradation of the artefacts. However,
several unresolved issues still remain concerning both the diagnosis of the state
of degradation and the conservative strategies to be adopted.
A variety of techniques, such as Differential Scanning Calorimetry (5–10),
Scanning Electron Microscopy (5,6,11), Dynamic Mechanical Thermal Analysis
(12–14), Raman Spectroscopy (5,15,16), Amino Acid Analysis (5,17), can be used
to evaluate the impact of external factors on parchment and to assess the extent
of degradation in historical parchments. Alongside with these later advanced
techniques, simpler, non-destructive and/or micro-invasive methods, such as the
Micro Hot Table (18–21) or the Visual Assessment of Collagen Fibres (22,23),
were also made available for conservators.
However, changes in the collagen structure can be initially subtle and remain
undetected at the macro and mesoscale. These limitations would compromise or
misguide the assessment of the state of conservation or the impact of conservation
treatments on parchment.

23

Concerning

conservation

strategies

for

parchment,

universally

accepted

approaches that can counteract causes of degradation, and thus extend the
lifespan of artefacts without any detrimental effects, are still lacking.
The conservation of Cultural Heritage is benefitting from the translation of
analytical tools and information acquired from other scientific fields (24–26). In
particular, the application of Atomic Force Microscopy (AFM) and Microthermal
Analysis (µTA) has brought greater understanding of the structure, mechanical
properties and degradation pathways of collagen at the nanoscale (27–29). Thus,
a new class of diagnostic techniques might be now available for conservators to
investigate the state of degradation of parchment artefacts with no or minimum
impact on the artwork itself.
Both AFM and µTA were successfully used for the first time on parchment by Jaco
de Groot in his PhD thesis (30) within the framework of the IDAP project (Improved
Damage Assessment of Parchment) (31). This pioneering application enabled the
characterisation of the structure of collagen within parchment and observation of a
series of alterations due to both accelerated and natural ageing. Upon ageing,
degradation of collagen within parchment is characterised by a progressive loss of
the D-banded fibril structure. In heavily damaged samples, the formation of a glasslike surface (i.e. complete gelatinisation of collagen) can be observed (30,32). This
alteration at the nanoscale correlates with observation made at the mesoscale with
Scanning Electron Microscopy (SEM) (33): the presence of gelatinised areas
where the typical collagen fibril structure is completely absent is displayed in SEM
images with the presence/formation of a glass-like surface and loss of the fibre
network (30,33,34). The progressive loss of the banded fibril structure was used
as an indicator of degradation by de Groot (30,35) in the IDAP project and will be
explained in more detail in Chapter 4.
Some of the issues and challenges related to such a pioneering application of
these techniques were related to the sample preparation. Prior to this work, there
was a lack of protocols that allowed to perform AFM analysis on parchment
samples and to record representative, reproducible and comparable data. de Groot
tested different approaches to the sample preparation, from the preparation of
histological sample from parchment, direct measurements and the scraping of the
parchment surface to remove collagen fibres, as described in more detail in
Chapter 3. Experimental work in his thesis and in the framework of the IDAP project
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was mainly performed on fibres scraped from the surface as this provided an
optimum image.
However, further refinements in terms of sample preparation would be
recommended, especially for the analysis of historical parchment samples. For
some of these, it is not always possible to distinguish between the grain and the
flesh side and consequently the scraping of the fibres should be performed on both
sides of the parchment and this may not be allowed and have an impact on the
object. Moreover, the action of scraping itself might damage the sampled fibres.

1.1.1 Aims and objectives
The main objective of this thesis was to promote the use of Atomic Force
Microscopy (AFM) and Microthermal Analysis (µTA) as diagnostic tools for
parchment artefacts.
The analysis of the parchment condition at the nanoscale might present several
advantages over bulk techniques: the amount of sample required is minimum and
this would allow multiple sampling of the document under examination promoting
a better understanding of its condition. The limited sample size would allow also to
compare different conservation treatments within a small area, decreasing the
chance to do the test over a heterogeneous area.
The early detection of alterations of the parchment at the nanoscale might disclose
the degradation pathway and help to understand the correlation between
degradation as seen at the nano and macroscale, and might also contribute to an
improvement of the analysis done with other techniques.
In order to apply AFM and µTA to study the state of preservation of parchment at
the nanoscale, the present work firstly focused on the adaptation of protocols as
used by conservators for the preparation of samples for AFM and µTA. This has
involved the design of a new protocol for sample preparation, which follows and
adapts a conservators’ approach following the procedure designed by Prof René
Larsen and Dr Kathleen Mühlen Axelsson for the microscopic assessment of
collagen fibres (10,36,37). Subsequently, new protocols, based on the AFM
images and the µTA data, were designed to quantify and measure the distribution
of damage in parchment and to characterise its thermal behaviour.
A second aim of this thesis was to test the efficacy of these protocols in assessing
the impact of novel conservation treatments for parchment.
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This work was developed within the European project NANOFORART
(Nanomaterials for the Conservation and Preservation of Movable and Immovable
Artworks) (38), an endeavour that investigates the effects of novel nanomaterials
for the conservation and preservation of artworks. Parchment was amongst the
materials included in this project and the application of calcium-based
nanoparticles, dispersed in different solvents, were suggested as a potential new
conservation treatment for parchment.
The designed protocols were thus applied to detect any early signs of alteration in
parchment at the nanoscale due to the application of these novel nanomaterials.
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1.2 Parchment
Parchment is composed mostly by the protein collagen Type I and is obtained from
processed animal skins, usually, but not only, of sheep, goat and calf (39,40). The
transformation of an animal skin into a clean, white sheet material suitable for
writing is a very old craft that has changed little in its essential passages over the
centuries.
The first step in the processing of animal skin to form parchment is the flaying of
the skin from the animal (41–43).
1.2.1 The structure of mammalian skin
The mammalian skin consists of three layers: the epidermis, the dermis and the
subcutaneous layer (44,45), as shown in Figure 1.1.

Figure 1.1 Schematic representation of the structure of mammalian skin with key
features labelled. Image is from http://healthfavo.com/labeled-skin-diagrams.html.

The epidermis is the outermost surface of the skin and has a barrier function
against environmental damage (46,47). It is made of four distinct layers; the
stratum corneum, the stratum granulosum, the stratum spinosum and the stratum
basale. The stratum corneum is composed mainly by dead skin cells and insoluble
protein, whilst in the underlying layers cells skins are produced. Its thickness varies
upon several factors, such as body site, age, sex and environmental factors.
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The dermis is a collagen rich layer beneath the epidermis and is split in two
sublayers; the papillary dermis, which contains thin collagen fibres, and the
reticular layer, made of thicker collagen fibres, which contains hair follicles, sweat
and sebaceous glands, blood vessels and fibroblast cells that are the main
producers of extracellular matrix proteins: collagen and elastin (44). This latter
layer provides strength, structure and elasticity to the skin (44,48).
The subcutaneous layer connects the skin to the muscle and bones and is
responsible for the fat production. It is unevenly distributed over the body (48).

1.2.2 Parchment manufacturing process
To preserve the skin and avoid putrefaction until the beginning of the
manufacturing process, the hides are generally dried and stored under salt
(42,43,49). The skins are then washed in cold, static or running, water for 48 hours;
this step allows to remove blood, dirt, salt and the skins to be rehydrated. The skins
are then immersed in a lime bath for 8 (up to 16) days and periodically stirred. This
liming bath has a high pH, around 10-12, and hydrolyses the keratin of the hair and
loosens the dermal fibre network. The skins are then unhaired by placing them with
the grain side up over a beam. The loosened hair and epidermis are scraped off
using a curved, blunt-edge knife. The grain surface is further scraped to remove
residual hair and surface grease. The skin is then reversed on the beam and fat
muscle and loose flesh-layers are cut from the flesh surface (41,43). The skins are
usually returned to the lime for several days after which they are washed in water.
The wet clean skin is then dried under tension, suspended within a rectangular
wooden frame.

1.3 Parchment components
During the manufacturing process, the epidermis and subcutaneous layer of the
skin are removed. Thus, parchment consists mainly of the dermis layer, which is
composed for 95% by collagen Type I. As other components in parchment, it is
possible to find hide ground substance (i.e. a mixture of mucopolysaccharides,
mucoproteins, other non-fibrous proteins, lipids) and inorganic materials.

1.3.1 Collagen
A collagen molecule (procollagen) is composed of three polypeptide chains, with
a left-handed twist, combine together to form a right-handed triple helix. Each chain
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consists of an uninterrupted sequence of the amino acid motif (Glycine-X-Y)n
where X and Y can be any amino acid and n depends on collagen type (50).
Generally, Proline and Hydroxyproline are in the X- and Y-position respectively;
this sequence is responsible for the specific twisting conformation (51) and
provides strength and stability to the collagen molecule (52). The triple helix is hold
together by hydrogen bonds within the triple helix and covalent cross-links between
molecules; hydrogen bonds linking the peptide bond NH of a glycine residue with
a peptide carbonyl (C=O) group in an adjacent polypeptide holding the three chains
together (53,54). The collagen molecule has a length of around 300 nm and width
of around 1.2 nm for dry collagen and 1.5 nm for hydrated collagen (55–57).
According to the model proposed by Petruska and Hodge (58,59), collagen
molecules are staggered axially relative to their nearest neighbours by a distance
D, in order to form fibrils. The D-banding periodicity in skin is approximately 65 nm
and 67 nm in tendon. This arrangement is also generally known as the ‘quarter
stagger model’. However, the length of collagen molecules is 300 nm and it is not
an exact multiple of D, thus overlaps (~0.6 D) and gaps (~0.4 D) regions appear
as a consequence of this staggering. This gives rise to a repeating, characteristic
banding pattern called D-banding period, which is the main characteristic of
collagen. However, the ‘quarter stagger model’ presents several limitations as it
models collagen only in one dimension and as a flat molecule. Thus, the Petruska
and Hodge model was further developed; in 1968 Smith proposed a new model in
which five tropocollagen molecules are arranged together into a pentagonal hollow
filament, called microfibril (60).
Figure 1.2 shows a combination of the Petruska and Hodge and Smith models: in
part 1, the ‘quarter stagger model’ is presented displaying overlap and gap regions,
whilst part 2 summaries the cross-section of the tubular microfibril proposed by
Smith.
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Figure 1.2 The “quarter stagger model” of collagen fibril showing the overlap and gaps
regions (1) and across-section of the tubular microfibril proposed by Smith (2) The
image is an adaptation of a diagram from Haslam (61).

Over the years, several other 3D models were proposed, suggesting that five
tropocollagen molecules are in a crystalline pseudo-hexagonal lattice forming a
right-hand twisted microfibril (62–65). In the most recent model proposed by Orgel
et al., the microfibril is supposed to be formed by five one dimensionally staggered
collagen molecules integrated with the neighbouring microfibrils (66).
Once formed, fibrils self-assemble into fibres. The hierarchical structure of
collagen, from the amino acids up to fibres, is shown in Figure 1.3.
The alignment of collagen fibres is a key factor in the overall mechanical
characteristic of a tissue. For example, in tendons fibres are aligned in parallel
fashion along the length of the tissue so as to resist tensile loads in the direction
of the tissue (49,67,68), whilst in skin (and so in parchment) fibres are randomly
oriented in a two-dimensional felt-like network, although in some areas such as
along the spine or under the legs, the fibres lie with a preferential orientation
(67,69).
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Figure 1.3 Schematic diagram of the hierarchical structure of collagen. In ascending
order: the collagen molecule is made of three peptide chains that forms the triple
helical collagen molecule (tropocollagen). Collections of tropocollagen aggregate to
form microfibrils and then fibrils; multiple fibrils make up collagen fibres which are
the main component of the dermis layer in mammalian skin. The image is an
adaptation of a diagram from Lin et al. (70)

Hydrogen bonds, intra-molecular and inter-molecular cross-links stabilise the
collagen packing and are responsible of the mechanical properties of collagen
fibres (i.e. mechanical strength, resistance to heat, degradation and insolubility in
water) (49,71,72).

1.3.2 Inorganic minerals
As a consequence of the manufacturing process, calcium carbonate is formed in
parchment from the lime reacting with carbon dioxide from the air (49,73).
Moreover, to make the hide sheet more suitable for writing, several procedures
could be used. Generally, the flesh side of the parchment was rubbed with pumice
powder to make the surface smooth and to enable the penetration of inks. Chalk
powder was also added so that the inks do not run during the writing (39,40).
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1.4 Degradation of collagen within parchment
1.4.1 Degradation during the manufacturing process
Collagen in parchment starts to deteriorate during the manufacturing process
(49,74). During the drying of the skin, water is removed from the collagen
molecules. This has an effect on the arrangement of the collagen molecules and
on the D-banding: in hydrated state, collagen molecules are almost parallel, whilst
upon dehydration a tilting of the gap and overlap regions occurs altering the D
period (from 67 nm to 64 nm as reported in (49,74).
When parchment is washed in cold running water, proteoglycans are removed by
the addition of water that might interfere with the hydrogen bonds (49,74).
The liming step loosens and expands the dermal fibres network and noncollagenous materials, i.e. hair, materials between dermis and epidermis and
lipids, are removed. Due to its high pH, around 10-12, the lime bath alters the
isoelectric point of collagen; this effect results in a change of the positively charged
lysine residues that are involved in proteoglycan-collagen interactions (49,74,75).
The liming has also an impact on the thermal stability of collagen; Differential
Scanning Calorimetry (DSC) have shown that the temperature of collagen
denaturation decreases from 63°C in fresh hide down to 50.6°C after the lime bath
(49,76).
After the liming and scraping steps, the wet skin is mounted over a frame and left
air-dried under tension. This induces the fibrous collagen network to be aligned
parallel to the skin surface.
Collagen within parchment, so after the manufacturing process, shows several
differences if compared to collagen in skin; along with changes in the gap/overlap
regions, the thermal stability has been affected and the molecules are now allowed
to assume different conformations and to interact with other molecules (49,74,75).

1.4.2 Degradation after manufacturing process
After the manufacturing process, parchment undergoes to natural ageing. Several
external factors might trigger deterioration mechanisms in collagen, such as
fluctuations in temperature and relative humidity (RH). Oxidation and hydrolysis
are the two main mechanism of deterioration.
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1.4.2.1 Oxidation
Oxidation is induced by exposure to free radicals, that can be formed by heating,
atmospheric pollutants (i.e. SO2 and NO2) and ultraviolet light. Oxidation might
occur in the main chain of the collagen molecule leading to its cleavage as a result
of the breaking of the N-C covalent bonds that bound amino acid residues together.
This consequently induces a reduction of the stability of the collagen.
Oxidative degradation also alters the side chains of the amino acids leading to a
reduction of basic amino acids (i.e. lysine, arginine, hydroxylysine) and to an
increase of the acidic amino acids (i.e. glutamic and aspartic acid) (49,17). Thus,
the analysis of the amino acid residues can provide information on the extent of
oxidation in a parchment sample; the ratio between the molar fraction of basic
amino acid and the molar fraction of acids amino acid was used as an oxidative
damage marker in the MAP project (Microanalysis of Parchment, SMT4-96-2101)
(17).

1.4.2.2 Hydrolysis
This mechanism of degradation might occur when parchment is exposed to acids,
high levels of humidity (69,77) or to atmospheric pollutants (SO2 and NO2)
(8,78,79) or volatile organic compounds (VOCs) (80). Hydrolysis causes the
cleavage of the main peptide chain between two amino acids, making the
polypeptide molecules shorter that can be further hydrolysed. Thus, heavily
damaged parchments consist of many, short polypeptide chains if compared to
less degraded parchment (49).
1.4.2.3 Fluctuations in relative humidity (RH)
Variations in the microclimate might induce shrinkage and stretching of
parchments leading to deformation of the object. High levels of relative humidity
(>70%) can promote bacteria and fungi proliferation (69) and increase the amount
of water absorbed, causing irreversible distortion of the parchment, whilst low
relative humidity levels (<25%) might lead to the formation of crosslinks by
condensation of carboxyl and amino groups on adjacent amino chains (69).
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1.5. Damage assessment: tools developed for conservators
In conservation practice, this assessment is generally based on the observation of
macroscopic features, i.e. changes in colour, transparency and dimension of the
parchment object; flaking of pigments in the illuminations or of the inks in the text;
presence of biodegradation due to rodents, insect or microorganism. However, due
to the high complexity of parchment, in most of the cases it is not possible to define
a general state of deterioration for an entire parchment document. One might
observe “large areas in uniform, good conditions with a few smaller areas in more
damaged condition (often at the edges and lacuna) from bio deterioration and/or
local chemical and physical deterioration” as well as “uniform slight damage with
little variations in the degree of deterioration over the area (effects from
environmental conditions or mistreatment of the whole object” or “high degree of
damage with considerable variation in degree of deterioration over the entire area”,
as reported by Larsen (22).
However, signs of deterioration, such as gelatinisation (i.e. complete denaturation
of collagen) cannot always be detected by the naked-eye and because of this,
inappropriate treatments or storage conditions may lead to further damage of the
parchment. Gelatinisation makes the parchment more vulnerable to aqueous
based conservation treatment; in manuscripts surface gelatinisation can lead to
cracks and possible loss of text.
These challenges have paved the way for the development (or adaptation) of
analytical methods and techniques to study degradation pathways and to
characterise the state of conservation of a parchment object. A further challenge
that arises when studying historical artefacts is represented by the fact that
historical parchments are often of great cultural value, so access to samples can
be limited.
One of main objective of the MAP project (81) was to characterise the state of
damage to collagen (i.e. gelatinisation) in historical parchment as well as the
development of sampling techniques for the analysis of historical parchments
based on visual and microscopic approaches as using Transmission Electron
Microscopy (TEM). Thermomechanical and Thermogravimetric Techniques,
Amino Acids analysis, Raman Spectroscopy were also used to assess the state
of collagen in parchment (81). Alongside with these latter advanced techniques,
more simple, non-destructive and/or micro-invasive methods were also developed.
These methods require low-cost and less specialised equipment and can be easily
used by conservators for routine damage assessment of parchment in
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conservation workshop. These include the Micro Hot Table Method and the Visual
Assessment of Collagen fibres.

1.5.1 The Micro Hot Table method
The Micro Hot Table method (MHT) (18–21) is a technique used to evaluate the
hydrothermal stability of collagen-based materials when immersed in water. The
method was originally applied to the study of industrial, commercial leather (82)
and was subsequently adapted for collagen-based historical artefacts (20).
When collagen fibres are heated in water, they are transformed into a disordered
structure within a definite temperature interval. This is a result of the breaking of
the hydrogen bonds responsible of the stability of the collagen structure and of an
unfolding of the less thermally stable regions (49,83,84). This process can be
followed under a stereomicroscope as, macroscopically, it results in a shrinkage of
the fibre(s). The temperature at which shrinkage occurs is dependent on the state
of degradation (the more deteriorated the sample, the lower the shrinkage
temperature) and on the quality and strength of the skin.
In parchment, the shrinkage activity is characterised by three temperature intervals
(20):
• Interval A1/A2: shrinkage motion is observed in individual fibres
• Interval B1/B2: shrinkage activity is observed in one or two fibres and the
shrinkage motion in another fibre follows it immediately
• Interval C: the majority of the fibres show shrinkage motion simultaneously
The starting temperature of this latter interval is the shrinkage temperature (Ts),
while the temperature at which the first shrinkage motion is registered is called
Tfirst. In raw hide, the shrinkage temperature is around 65°C, but, due to the
manufacturing process, it might decrease to 60°C (7,20,85–88). However, it is
possible to measure Ts values lower than 50°C also for newly made parchments
as a results of the degradation induced by both chemicals (i.e. sodium sulphide or
oxygen peroxide) and procedures used in modern parchment manufacturing
process (10,37). In new parchment, one can observe all the above intervals, whilst
in historical parchment one or more of the intervals might be absent. Heavily
damaged parchments might not show any thermal activity as they dissolve and
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turn immediately into gelatine when in contact with water (20). Among all the
shrinkage parameters defined above, Tf and Ts were found to correlate with the
level of deterioration (18) and were used to create a four damage categories
historic parchments (Table 1.1) (10).

Damage categories

Tf

Ts

1 - Undamaged

> 45°C

> 50°C

2 - Slightly damaged

> 40°C and ≤ 45°C

> 45°C and ≤ 50°C

3 - Damaged

> 35°C and ≤ 40°C

> 40°C and ≤ 45°C

4 - Heavily damaged

≤ 35°C

≤ 40°C

Table 1.1 MHT criteria for damage ranking in historic parchments, as presented in (10).

1.5.2 Visual microscopic assessment of collagen fibre
From observations of collagen fibres immersed in water during Micro Hot table
measurements, a second protocol for the characterisation of the state of
conservation of parchment was developed.
The so called “visual assessment” (22,23) consists in a microscopic examination
of the collagen fibres structure. It was observed that when collagen fibres
deteriorate, a characteristic of the degradation process is the morphological
alteration of the fibres. This transformation starts from an intact fibre structure with
high hydrothermal stability that is modified, through different intermediate stages,
to a terminal phase with a completely disintegrated fibre structure without any
detectable hydrothermal activity (22,23). By comparison of the fibres morphologies
of historical parchments with those artificially induced by heating parchment fibre
samples in water, it was possible to identify eight major characteristic features as
representative for damage evaluation of collagen fibres (21).
Figure 1.4 reports an example of the intact fibre structure and a representative
image for each fibre breakdown features.
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Figure 1.4 Representative optical images of intact fibre structure and fibres
breakdown features. Figures are from (22)

The most common morphological features of fibres observed are in general flat
fibres, the so called “pearls on a string” due to its characteristic appearance of
repeated swollen regions (hydrophilic parts of the molecule and fibre) between not
swollen twisted regions (hydrophobic parts of the molecule and fibre) and the
“butterfly” structure which can be assumed to be formed by the cleavage in the
middle of two adjacent pearls (36,37,89). An example of these two latter structures
is reported in Figure 1.5.
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Figure 1.5 An example of the “pearls on a string” and “butterfly” structures. The
image is from (36)

After the IDAP project, the visual assessment was further developed and was
converted into the microscopic assessment of collagen fibre (10,90), a tool now
well-accepted by conservators since it allows an easy and rapid evaluation of the
state of degradation of historic parchments with minimum sample requirements
and preparation. Based on the analysis of the fibres morphology and by assigning
each fibre (or portion of fibre) to one of the fibres breakdown types described
above, it is possible to calculate the total amount of damaged fibres present in the
sample and assign the parchment to one of the four damage categories that were
created (10,90).

1.6 State of the art of conservation treatments
The study of the effects of traditional conservation treatments for parchment and
the development of new methods is a challenging task for conservation scientists
as it is not possible to outline a common worldwide strategy. Different conservation
institutions in different countries have their own guidelines, such as Guidelines for
the Conservation of Leather and Parchment Bookbindings published by the
Koninklijke Bibliotheek1 (80), providing different solutions to common problems,
such as shrinkage and brittleness, distortion, tears and holes, mould damage and
the weakness or loss of inks and pigments.
Parchment conservation practices have evolved in the recent 20 years towards
more minimal intervention strategies, abandoning conservation methods that

1

https://www.kb.nl/en/organisation/researchexpertise/preservation/guidelines-for-theconservation-of-leather-and-parchment-bookbindings
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involved the use of modern synthetic materials that, in the long run, revealed to be
detrimental for parchment by altering its mechanical and visual properties. The
workshops which were organised following the IDAP project have in fact halted the
use of previous conservation practices as it was demonstrated that these have a
damaging effect on the collagen in parchment. Previously published guidelines
have been thus withdrawn in view of the information disseminated via these
workshops, however there are still no scientific dissemination or publications that
supports and explain these decisions.
Nowadays, attention is mainly focused on the control of the storage environmental
conditions and on the preservation of the aesthetic features of the objects to ensure
their fruition, such as the cleaning of the surfaces or the relaxation of creases and
folds. Cleaning can be performed both by dry methods (which include the use of
rubber or vinyl erasers, or just soft brushes for loose dirt) or wet ones, with alcohol
solutions applied locally with hand rolled cotton swabs. The relaxation of the folds
or the opening of scrolls involve the humidification and re-stretching of the
parchment document (as done in the manufacturing process), but in the past the
application of polyethylene glycol (PEG), dispersed in propan-2-ol or water/ethanol
and applied by immersion, was widely used. The application of PEG has an initial
beneficial effect on parchment softening the skin. However, PEG replaces lost
hydrogen bonding and bound water in the skin with its own, making its removal
from parchment essentially impossible. In the long term, it makes parchment more
yellow and translucent, changing its appearance irreversibly (91).
Other conservation treatments that were widely applied in the past would include
for example the use of aqueous-based treatments, such as the application of
buffered solutions for the pH adjustment of parchment (91,92). This practice would
vary from country to country as it was a common belief until recently that parchment
does not suffer from acidity problems due to its built-in buffer of calcium carbonate,
which protects it from pollution. The application of aqueous-based treatments
represents a hazard for parchment as water can trigger the natural degradation of
collagen into gelatine. Gelatinisation of parchment documents often occurs at the
surface and the application of moisture would prompt its solubilisation, with the risk
of ink and/or pigment lost.
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Chapter 2 - Materials and Methods
2.1 Materials
2.1.1 Parchment samples
The parchment samples analysed in this thesis included a new calfskin hide,
samples cut from the new parchment that have been accelerated aged and a
series of historical parchment documents from different European Archives,
Libraries and Institutions.

2.1.1.1 New parchment
A full calfskin hide was brought from Pergamena (US). Nowadays, parchment
manufacturing process differs from the historical and traditional procedure
(39,40,91) due to the use of chemicals, such as sodium sulphide, that help to
speed some steps of the process including unhairing and removal of flesh and fats
(49,93,94). The manufacturing process at Pergamena involves the following
steps2:
•

Application of sodium sulphide (6-8% of the hide weight dissolved in a small
amount of water) over the skin for 1 hour. It helps to increase the speed of
unhairing and to lower hair retention rates, by breaking the disulphide bridges
of cysteine (present in the keratin protein in hair) and resulting in a collapse of
the hair or in a loosening of the hair.

•

Soaking in a calcium hydroxide bath, with the addition of sodium sulphide, for
24 hours. This step induces hair and grease removal and a bleaching of the
skin colour. After this bath, the remaining flesh is mechanically removed with
the help of specific machine.

•

Soaking in a second calcium hydroxide bath (no addition of sodium sulphide
or of other chemicals) for 24 hours. pH values are around 12-13.

•

Addition of formic acid to bring the pH down to values around 8-9.

•

Use of digestive enzymes for 1 hour at 37°C for helping with grease, dirt, blood
and hair removal.

2

Personal communication with Jesse Meyer from Pergamena.
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•

Use of detergent/dispersant for helping to remove excess of grease and fats
from the hide

•

Washing of the skin in cold water.

•

Skin is stretched over metal frames.

The final product obtained is a parchment, with inhomogeneous thickness, holes
due to the finishing of both the surfaces and with hairs still visible along the spine.
Its pH is around 7 and it has a low calcium carbonate content.

Figure 2.1 Image of the new calfskin hide (70cm x 40cm) brought from Pergamena
(US).

2.1.1.2 Accelerated aged parchment
Samples from the new parchment skin were artificially aged under controlled
conditions using dry heat and acetic acid vapour at 50% RH. Figure 2.2 Panel A
shows the areas where parchment was sampled for the accelerated ageing, whilst
Panel B shows a schematic diagram of the position, within the hide, of each sample
used for dry heat ageing and exposure to acetic acid vapour.
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Dry heat ageing
Samples from the new parchment were heat-aged in a dry oven (0% relative
humidity) at 120 ºC for 24, 48 and 96 hours. The pieces (approximately 2,5 x 3 cm
in size) were sampled from the region highlighted in Figure 2.2. Panel A and
placed, with the flesh side up, in a large glass petri dish that was left open.

Exposure to acetic acid vapour (c~2000µg/m3) at 50%RH
Parchment was exposed to an environment containing acetic acid vapour
(c~2000µg/m3) at 50%RH generated from acetic acid and ethylene glycol
solutions. To generate an environment of 50%RH this requires 79% glycerol by
weight and 21% water (Glycerine Producers’ Association, 1963 (95)). The water
was replaced with acetic acid solution (1%) so that the generated environment
would include acetic acid. The solution was placed in a glass vessel and allowed
to equilibrate. After few days, the RH data logger showed that the value was
50%RH and A-D strips indicated that the level of acidity in the environment was
about 2000µg/m3 (http://www.cwaller.de/). A-D strips undergo a colour change
depending on the level of acidity in the air. They have been calibrated against
passive diffusive samplers and are commonly used in preventive conservation to
test off-gassing from materials (paper and plastics). This procedure was also used
in the MEMORI project (80) in setting up environments of differing acidity levels.
The advantage in using acetic acid ethylene glycol solutions to generate these
environments is that the RH is not dependent on temperature as it is with saturated
salt solutions initially used to generate the required RH. Also, this procedure
allowed ageing to be performed at lower RH (50%) than the conditions used in the
MEMORI project (75%RH) (Measurement, Effect Assessment and Mitigation of
Pollutant Impact on Movable Cultural Assets. Innovative Research for Market
Transfer) (80).
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Figure 2.2 Schematic diagram of the new parchment hide showing the different areas
where parchment was sampled for accelerated ageing. Panel A: the area of the hide
marked in red was used for thermal ageing, while the area marked in blue was exposed
to acetic acid vapours at 50% RH. Panel B: diagram of the position of each sample
used for the different accelerated ageing.

2.1.1.3 Historical parchments
In this thesis, historical parchment samples were selected to study alterations of
collagen at the nanoscale by Atomic Force Microscopy (AFM) and Microthermal
Analysis (µTA) and to design a new AFM-based protocol for the damage
assessment of parchments.
These samples were provided by different European Archives, Libraries, and
Institutions. Some of these documents have been analysed in previous studies,
thus information on the state of conservation informed the selection process.
Shrinkage temperature (Ts) values were known in some cases as well as visual
assessment damage had been performed providing information on the percentage
of damaged fibres in the sample. The aim was to have a range of samples showing
severe deterioration with low hydrothermal stability to minimal deterioration and
hydrothermal stability close to new parchment. No information on previous
conservation treatments or storage conditions has been provided for any of the
parchments selected in this study (with exception for the parchment document
provided by the Instituto del Patrimonio Cultural de España (IPCE). Additionally, it
was not possible to know if the sampling of the parchments analysed in this thesis
was carried out in the proximity of previous measurements. A description of the
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selected samples is proposed below and Table 2.1 at the end of this section
summaries the main characteristics of each parchment sample (i.e. date, origin
and type of document and, when available, shrinkage temperature and percentage
of damaged fibres).
Historical parchment 1 (HP1): it is a parchment cover for a manuscript written on
paper with iron gall inks and dated 1570 (Figure 2.3). Original sample name was
NFA_IPCE_03. This document comes from the Spanish Historical Archive and it
was donated to the Instituto del Patrimonio Cultural de España (IPCE) in 1974. It
has not received any conservation treatments and since 1974 it has been stored
in the IPCE Institute under controlled conditions of relative humidity and
temperature (20% RH and 22°C)3. The parchment cover presents several
alterations, such as discolorations and colour changes due to the fading of the iron
gall inks on the back of the cover (star) and to a biological attack (arrows). These
areas have a low pH with values around 5. A small piece of approximately 5X10
cm was sampled from one of the turns-in4 (Figure 2.3 panel C) and used to test
the effects of calcium-based nanoparticles dispersions within the NANOFORART
project (38). Part of this piece was also used to study alterations of collagen at the
nanoscale by AFM and to design a new AFM-based protocol for the damage
assessment of parchments.

Figure 2.3 Images of the parchment cover for manuscript NFA_IPCE_03. Panel (A)
shows the front cover, while Panel (B) the inner part of the cover. In Panel (C) the
part of the “turn in” sampled and used in this thesis is shown. The arrows indicate
location where a biological attack is present and visible at the naked-eye; the star
shows the area of the inner cover that was in contact with iron gall inks from the
text.
3

Personal communication with conservator from IPCE Institute.

4

In bookbinding, the “turn in” is that part of the covering material which is turned in over
the edges of the boards to protect them.
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Historical parchment 2 (HP2): it is a parchment document dating back to the
reign of King George the third (XVIII century) from The Kew National Archives
(London, UK). The document is folded in three parts and written on the recto with
carbon ink. It appears in good state of conservation and the surface is covered by
a “patina” (layer of superficial dirt). No information on previous conservation
treatments or storage conditions was provided. The document was selected as
possible sample for testing the effects on nanoparticles dispersions within the
NANOFORART project (38). However, as its pH shows values around 6, this
parchment was unsuitable for treatment with nanoparticles. Part of this piece was
instead used to study alterations of collagen at the nanoscale by AFM and to
design a new AFM-based protocol for the damage assessment of parchments.

Figure 2.4 Images of the recto (Panel A) and verso (Panel B) of the parchment
document from The National Archives of London.

45

Historical parchment 3 (HP3): it is a single sheet parchment document from UK,
folded in two and dated 1864. Preliminary studies were performed on this
document (96) and it is now part of the parchment collection of the UCL Centre for
Sustainable Heritage (London, UK). Original sample name was OR63. The
document appears in good state of conservation, has a pH around 7 and shows a
high hydrothermal stability with a shrinkage temperature of 56.4ºC (96). Part of this
document was also thermally aged at 70 ºC and 65% RH for 32 days and 40 days.
Samples (control and artificially aged) were provided by Professor Matija Strlič and
were used to study alterations of collagen at the nanoscale by AFM and µTA and
to design a new AFM-based protocol for the damage assessment of parchments.

Figure 2.5 Images of the recto of the parchment document OR63 from the UCL
Centre for Sustainable Heritage (London, UK). The black square indicates the
location where the document was sampled, however the exact location for each
sample (control, artificially aged for 32 days and artificially aged for 40 days) is
unknown.

Historical parchment 4 (HP4): it is a single sheet parchment document from
Poitiers (France) folded in two and dated 1731. Original sample name was OR47.
Preliminary studies were performed on this document (96) and it is now part of the
parchment collection of the UCL Centre for Sustainable Heritage (London, UK).
Original sample name was OR47. The document has a pH around 8 and a
shrinkage temperature of 43.8ºC (96).
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It was provided by Professor Matija Strlič and was used to study alterations of
collagen at the nanoscale by AFM and µTA and to design a new AFM-based
protocol for the damage assessment of parchments.

Figure 2.6 Images of the recto of the parchment document OR47 from the UCL
Centre for Sustainable Heritage (London, UK). The exact location for our sample is
unknown.

Historical parchment 5 (HP5): This sample is from a parchment scroll from the
Archivio di Stato di Torino (Italy) dated between 1412 and 1452. Original sample
name was ASTO 11:1. It was provided by Dr Mühlen Axelsson formerly from the
School of Conservation in Copenhagen (The Royal Danish Academy of Fine Arts,
Schools of Architecture, Design and Conservation). This sample is considerably
damaged as, according to the damage protocol developed by Dr Mühlen Axelsson
(36,37), it presents the 72% of damaged fibres and has a shrinkage temperature
(Ts) of 37.7 ºC. In this thesis, it was used to study alterations of collagen at the
nanoscale by AFM and to design a new AFM-based protocol for the damage
assessment of parchments.
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Figure 2.7 Images of the grain (left) and flesh (right) of a small piece form historical
parchment scroll HP5 (originally Asto 11:1). Images are courtesy of Dr Kathleen
Mühlen Axelsson and have been published in her PhD thesis (37).

Historical parchment 6 (HP6): This specimen is from the same parchment scroll
as HP5, but it was sampled from a different location in the scroll, where the
parchment appeared more degraded at the naked eye. Original sample name was
ASTO 11:3.
According to previous study (36,37), this sample is heavily damaged with 92% of
damaged fibres and a Ts of 32.2 ºC. It was provided by Dr K. Mühlen Axelsson
formerly from the School of Conservation in Copenhagen and was used to study
alterations of collagen at the nanoscale by AFM and to design a new AFM-based
protocol for the damage assessment of parchments.

Figure 2.8 Images of the two side of historical sample HP6 (originally Asto 11:3).
The sample is so heavily damaged that it is not possible to distinguish between grain
and flesh side. Images are courtesy of Dr Kathleen Muhlen Axelsson and have been
published in her PhD thesis (37).
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Historical parchment 7 (HP7): This sample is from a parchment scroll from the
Archivio di Stato di Torino (Italy) dated between 1412 and 1452. Original sample
name was ASTO 12:1. According to previous study (36,37), this sample is slightly
damaged with the 63% of damaged fibres and a Ts of 54.1 ºC.
It was provided by the School of Conservation of Copenhagen and was used to
study alterations of collagen at the nanoscale by AFM and to design a new AFMbased protocol for the damage assessment of parchments.
Historical parchment 8 (HP8): This sample is from a parchment scroll from the
Archivio di Stato di Torino (Italy) dated between 1412 and 1452. Original sample
name was ASTO 14. According to previous study (36,37), this sample is
considerably damaged with the 83% of damaged fibres and a shrinkage
temperature of 49.4 ºC.
It was provided by the School of Conservation of Copenhagen and was used to
study alterations of collagen at the nanoscale by AFM and to design a new AFMbased protocol for the damage assessment of parchments.
Historical parchment 9 (HP9): This sample is from a parchment bookbinding
cover from Archivio di Stato di Firenze (Italy). The binding was water damaged
during the flood of the River Arno in 1966 and consequently was subjected to
conservation interventions (no information). Original sample name was SC 175:2
According to previous studies (10,30,31), this sample is heavily damaged and has
a Ts of 35.9 ºC.
This sample was used to study alterations of collagen at the nanoscale by AFM
and to design a new AFM-based protocol for the damage assessment of
parchments.
Historical parchment 10 (HP10): This sample is a single parchment sheet from
the Royal Library, Copenhagen, Denmark. Original sample name SC 56:2.
According to previous studies (30,31), this sample has a shrinkage temperature of
45.6ºC.
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Date

Animal and
type of
document

Origin

Shrinkage
temperature
(Ts)

% of
damaged
fibres

NFA_IPCE_03

1571

Calf
Bookbinding

Instituto del
Patrimonio
Cultural de
España

-

-

Kew

XVII
century

Unknown
Single sheet
document

National
Archive,
London

-

-

1864

Unknown
Single sheet
document
folded in two

UK

56.4 ºC

-

OR47

1731

Unknown
Single sheet
document
folded in two

Poitiers,
France

43.8 ºC

-

ASTO 11:1

1412
1452

Unknown
parchment
scroll

Turin State
Archive

37.7 ºC

72%

ASTO 11:3

1412
1452

Unknown
parchment
scroll

Turin State
Archive

32.2 ºC

92%

ASTO 12:1

1412
1452

Unknown
parchment
scroll

Turin State
Archive

54.1 ºC

63%

ASTO 14

1412
1452

Unknown
parchment
scroll

Turin State
Archive

49.4 ºC

83%

SC 175:2

-

Unknown
Bookbinding

National
Archive,
Florence

35.9 ºC

-

SC56:2

-

Sheep
Single sheet

Royal
Library,
Copenhagen

45.6 ºC

-

Original
sample name

OR63

Table 2.1 overview of the historical parchments used in this thesis
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2.1.1.4 Other samples
In collaboration with Dr Mühlen Axelsson and Prof Larsen from the School of
Conservation in Copenhagen, some preliminary tests were carried out on a series
of selected parchment samples used by Dr Mühlen Axelsson in her Ph.D. thesis
(37).
The aim of this collaboration was to characterise the morphologies of specific
collagen fibres at the nanoscale using AFM, with particular emphasis on the “twist
and pearls” structure.
These samples include a new calfskin parchment and one historical parchment
donated by the National Archives of London; the historical parchment has never
been used for binding or writing purposes, but has solely been kept in the archive
for more than 150 years. These samples were submitted to artificial ageing to
evaluate the effects of different ageing conditions on the collagen fibres
morphology and results are discussed in Dr Kathleen Mühlen Axelsson thesis (37).
The samples analysed are listed below:
A_p_Reference: new calfskin hide
A_p_Hydro: new calfskin hide aged by immersion in 0.01 M sulphuric acid for 2
hours.
A_p_Humoxid: new calfskin hide aged at 80°C and 60% RH for 28 days
A_hp_Reference: historical parchment from National Archive of London
A_hp_Hydro: historical parchment aged by immersion in 0.01 M sulphuric acid for
2 hours.
A_hp_Humoxid: historical parchment aged at 80°C and 60% RH for 28 days

2.1.2 Engineered collagen scaffold
In addition to the new parchment, engineered collagen scaffolds were also used
as reference material. As such, acellular collagen gels were used to carry out some
preliminary tests on the impact of solvents on collagen.
The following materials were used for the collagen gels preparation:
•

Acid soluble rat-tail collagen Type I solution (2.05mg/mL protein in 0.6% acetic
acid: First Link LTd, West Midlands, UK)

• 10x concentration Minimum Essential medium (MEM) (Gibco Chemicals,
Invitrogen, Paisley, UK)
• NaOH (for analysis, micro pearls, Acros Organics)
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• Deionised water (18.2 Ω-cm) produced by a NANOpure Diamond water
purification system (Barnstead)
• 1x Dulbecco’s Phosphate Buffered Saline (PBS) (PAA Laboratories GmbH)

4 mL of collagen solution are mixed with 0.5 mL of MEM; the solution has a
yellowish colour. The solution is then neutralised by adding drops of NaOH (5M)
until it starts to change colour and the first tinge of cirrus pink is visible. At this
point, drops of 1M NaOH are added until the phenol indicator changed from yellow
to bright pink. The solution is then transferred into a rectangular mould
(22x33x10mm) and left to set/stabilised in an incubator (37ºC and 5%CO2) for 30
minutes to allow gel formation. Following this setting and incubation time, hyper
hydrated collagen gels are plastically compressed as described in literature (97) to
rapidly remove fluids. To do so, gels are set between two nylon meshes and then
placed over a metal mesh and a double layer of filter paper (VWR® Grade 413
Filter Paper, Ø 18.5 cm) to allow fluids expulsion. Gels are compressed for five
minutes by a 118 g metal load over a glass slide. Post compression, gels were
rinsed three times in phosphate buffer saline (PBS) and then stored in PBS at 4
ºC.

2.1.3 Nanoparticles dispersions
In the framework of the European project NANOFORART (38), calcium-based
nanoparticles dispersions were proposed as a potential conservation treatment for
parchment.
These nanoparticles dispersions have been designed and synthesised (by a topdown or a alcohothermal approach) by three different partners involved in the
project: CSGI (Consorzio Interuniversitario per lo Sviluppo dei Sistemi a Grande
Interfase - Florence, Italy), MBN (MBN nanomaterialia spa - Venice, Italy) and ZFB
(Zentrum Für Bucherhaltung GMBH - Leipzig, Germany).
Among all the systems proposed in the project, the following dispersions have
been tested on new calfskin and on the historical parchment HP1 (provided for the
project by IPCE Institute).
• System 1: Ca(OH)2 dispersed in cyclohexane, produced by CSGI with
alcohothermal

reaction.

Concentration

of

applied

dispersion=1g/L.

Nomenclature: CSGI sample 1P35-CH
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• System 2: Ca(OH)2 dispersed in cyclohexane, produced by MBN with top-down
(ball

milling)

approach.

Concentration

of

applied

dispersion=1g/L.

Nomenclature: MBN sample Nf077
• System 3: Ca(OH)2 dispersed in propan-2-ol, produced by CSGI with
alcohothermal

reaction.

Concentration

of

applied

dispersion=1g/L.

Nomenclature: CSGI sample 1P35-2PrOH
•

System 4: Ca(OH)2 dispersed in propan-2-ol, produced by CSGI with
alcohothermal

reaction.

Concentration

of

applied

dispersion=

1g/L.

Nomenclature: CSGI sample E35
•

System 5: CaCO3 dispersed in cyclohexane, produced by MBN with top-down
(ball

milling)

approach.

Concentration

of

applied

dispersion=1.35g/L.

Nomenclature: MBN sample Nf082
• System 6: CaCO3 dispersed in propan-2-ol, produced by ZFB with top-down
(ball milling) approach. Concentration of applied dispersion= 1.35g/L.
Nomenclature: ZFB sample 705c

2.1.4 Solvents
In this thesis, the impact of the following solvents was studied both on model
parchment system (Acellular collagen gel) and new parchment:
• Propan-2-ol (99.5% Acros organics)
• Cyclohexane (99.5% BDH AnalaR®)
• Hexamethyldisiloxane (98% Aldrich)
These solvents were selected for the dispersion of the nanoparticles systems
described in § 2.1.3
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2.2 Methods
2.2.1 Atomic Force Microscopy
2.2.1.1 Background
Atomic Force Microscopy (AFM) is a type of scanning probe microscopy, a family
of techniques that allows to analyse and characterise surface properties, such as
morphology, mechanical and thermal behaviour, of a variety of materials.
Information is obtained by measuring the interactions between a sharp tip and the
sample surface; the properties of the probe, such as its geometry, sharpness and
spring constant, determine the type of information that can be acquired.
Specifically, Atomic Force Microscopy is a scanning technique that generates (3D)
high-resolution images of a specimen surface. The advantage of using an AFM
over other imaging techniques (such as optical microscopy and electron
microscopy) relies on its capability of increasing the magnification of the area under
investigation, with minimum sample preparation, no need of coating the sample or
operating under vacuum. These features make Atomic Force Microscopy a
potential suitable diagnostic tool for the study and characterisation of invaluable
historical artworks.
A schematic representation of an AFM is proposed in Figure 2.9. The AFM image
by feeling the specimen’s surface rather than by looking at it and this is possible
due to the interaction between a sharp probe and the sample surface. Thus, the
probe is the most important component in an AFM. Generally made from silicon or
silicon nitride, the tip is mounted at the end of a gold-coated cantilever. A laser
beam is focused on the surface of this cantilever and then reflected into a
photodiode detector. Samples are usually mounted on a piezoelectric transducer
and this allows a controlled motion of the sample in the three orthogonal directions
x, y, z. When the probe is approached to the sample surface and raster-scans it,
attractive or repulsive interaction forces occur between the probe and the sample,
leading to a bending or a deflection of the cantilever. These motions of the
cantilever are generally measured by analysing the displacement of the laser beam
reflected from the top of the cantilever into the photodiode detector. Feedback
mechanisms activate the piezo scanner in order to maintain the tip at a constant
force or constant height above the sample surface. The feedback signal is used to
build up an error image of the area of the sample surface under investigation,
whereas the extension and contraction of the Z-piezo give rise to the topographical
image (98–102).
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Figure 2.9 Schematic representation of atomic force microscopy (image from
www.bruker.com). An optical system consisting of a deflected laser beam and
photodiode detects the deflection of a cantilever caused by scanning the sample’s
topography. The line by line scanning movement is performed by the AFM-piezo.
The feedback system reconstitutes the topographic image and controls the z-axis of
the AFM-piezo.

Images can be acquired in three different modes, contact, tapping and non-contact
mode, depending on how the probe is interacting with the sample surface, i.e.
depending on the nature of the forces involved between the sample and the tip.
Contact mode is the basis for all AFM techniques and repulsive forces between
the probe and the sample are involved. The probe is kept in constant contact with
the sample surface while scanning it and the deflection of the cantilever is
measured and kept constant to a pre-set value. As variations in the sample
topography induce a vertical deflection of the cantilever, the feedback loop applies
a voltage to the piezo scanner to raise or lower the sample in order to maintain the
deflection of the probe at the desired value. The difference in the voltage applied
to the piezo is a measure of the height of features on the sample surface and it is
used to generate a topographic image.
In non-contact mode, the probe never touches the sample, but it oscillates above
the sample surface near its natural resonant frequency. In this operation mode,
attractive Van der Waals forces acting between the tip and the sample are
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detected, which are weaker than the forces involved in contact mode. Thus,
variations in the resonant frequency of oscillation or in the amplitude of oscillation
are monitored and the feedback loop work to maintain at a constant distant the
probe from the sample surface and the feedback signal is used to create the
topographic image.
In tapping mode, the probe is touching the sample surface or oscillating above it
intermittently. The probe is oscillating near its natural resonance frequencies and
changes in the sample topography (and consequently in the interaction forces
between the sample and the probe) lead to variations of this oscillation. The
feedback loop reacts to minimise this change and to keep the oscillation amplitude
constant by adjusting the height of the cantilever relative to the sample.

2.2.1.2 Application of AFM to parchment analysis
Atomic Force Microscopy on parchment samples was performed using a XE-100
(Park System, Korea) and a Dimension 3100 (Veeco-Bruker, US). The Park
system was used only in contact mode, while the Dimension 3100 was operated
both in contact mode and tapping mode.
For contact mode imaging, DNP-S10 and MSNL-10 probes from Bruker were used.
They are both silicon nitride probes, with gold backside coating (to improve laser
reflection). For tapping mode imaging a NSC15/Al Bs (with aluminium backside
coating) was used.
Generally, the scan rate was kept between 0.5 and 2 Hz depending on sample
surface and image scan size. Set-point and feedback gains were kept as small as
possible (to avoid damaging to the sample and to reduce the noise) and were
adjusted accordingly for each image.
XE-100 contains an in built optical microscope (10 x objectives) with a CCD
camera attached to the frame of the AFM (while the Dimension 3100 has a
separate optical camera) that allows viewing the tip and the sample surface and
positioning the tip on the area of interest.
The images shown in this thesis were subjected to standard image processing (i.e.
flattening) with software supplied by the AFM manufacturer (i.e. XEI 1.8.0 and
Nanoscales analysis 1.7) and with WSxM 5 software.

56

2.2.2 Microthermal analysis
2.2.2.1 Background
Micro-thermal analysis (µTA) is a thermal technique that combines the ability of
characterise the thermal behaviour of a material, typical of technique as Differential
Scanning Calorimetry (DSC), with the high spatial resolution imaging capabilities
of Atomic Force Microscopy. This means that it is possible to locally investigate the
thermo-mechanical properties of a material, rather than an averaged response for
the sample. This can be achieved both at a micro- or nanoscale resolution,
depending on the probe used. µTA is based in fact on the same AFM working
principle

and

the

AFM

imaging

probe

is

replaced

with

a

miniature

heater/thermometer (103,104). Different probes (microprobes, such as the
Wollaston wire probe, and nanoprobes) are available on the market and they can
be heated up to different temperatures. In previous studies on rat-tail collagen and
parchment (29,30,34) it has been shown that collagen and gelatine, in dry
condition, present temperatures of degradation between 300°C and 450°C. The
only thermal probe that can reach this temperature is the Wollaston wire probe.
This probe has a diameter of 75 μm and consists of a thin platinum/rhodium alloy
wire (about 5 μm in diameter) surrounded by a thick (about 35 μm) silver sheath
(Figure 2.10 ) (105).

Figure 2.10 Schematic diagram of a thermal probe made from a Wollaston wire.
Image from (105).

Measuring the changes in the deflection of the thermal probe, while a calibrated
temperature ramp is applied to the probe, allows to obtain information about
localised thermo-mechanical behaviour of a sample, such as softening points,
melting points or glass transitions.
The principle of operation of µTA is similar to the AFM. A thermal probe is brought
in contact with the sample surface; a laser beam is focused on the surface of this
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cantilever (in the case of the nanoprobe) or on a mirror mounted on the cantilever
(Wollaston wire probe) and then reflected into a photodiode detector. The feedback
mechanisms are disabled and a thermal ramp is applied to probe, while the
deflection of the probe is measured as described above for the AFM. If a transition
occurs and the sample softens during this transition, the probe starts sinking in the
sample and, consequently, the deflection of the probe changes. Variations in the
probe deflection are recorded as a function of the probe temperature and this
allows to calculate the temperature at which the transition occurs.

2.2.2.2 Application of µTA to parchment analysis
A Bruker thermal analysis accessory (VITA) was used in conjunction with a Veeco
di Caliber AFM, using a Bruker Wollaston wire scanning thermal probe. When
using the VITA system, two probes are required: one for thermal analysis and
another one which is used as a reference probe allowing differential power
measurement to be done. The temperature of the probe was ramped from 25ºC to
500ºC at a heating rate of 10ºC/s and a data capture rate of 20 points/s. All the
measurements were performed at room temperature and the accuracy of the
temperature calibration was ± 10°C. Prior to any measurement on samples, the
probe was heated to 650°C to clean the probe of remaining residues from earlier
experiments.
The Wollaston wire probe has to be calibrated before use. The calibration was
performed measuring the voltage required to melt three polymers of which the
melting temperatures are known. In this case a calibration set with
polycaprolactone (PCL, Tm=60°C), polymethylmethacrylate (PMMA, Tm=150°C)
and polyethyleneterephthalate (PET, Tm=260°C) was used (106,107). PET was
melted first followed by PMMA and then PCL. Three measurements were taken for
each polymer and Figure 2.11 shows the melting curves of the three polymers. The
melting point could be identified by taking the first derivative of the deflection signal
with respect to temperature. The calibration was then checked by measuring the
melting temperature of the PET in order to verify the effectiveness and accuracy
of the calibration.
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Figure 2.11 melting curves for PLC, PMMA and PET for the calibration of Wollaston
wire probe and calibration fit.

2.2.3 Scanning Electron Microscopy
2.2.3.1 Background
Scanning Electron Microscopy is a type of electron microscope that generates
images of a sample surface by raster-scanning it with a focused electrons beam.
The incident electrons interact with the surface atoms in the sample and in
response a series of signals are generated, such as secondary electrons, reflected
or back-scattered electrons, characteristic X-rays. These signals are collected by
signal-specific detectors and allows to obtain information on the sample surface
topography and chemical composition.
The beam of electrons is typically generated by a tungsten filament; other sources
are a solid state crystal (LaB6 or CeB6) or a field emission gun. A Tungsten (W)
electron filament consists of an inverted V-shaped wire of tungsten, about 100 µm
long, which is heated resistively to produce electrons. Lanthanum or Cerium
hexaboride are thermionic emission gun. It is the most common high-brightness
source. This solid state crystal source offers about 5-10 times the brightness and
a much longer lifetime than tungsten. In the field emission gun (FEG), a wire of
tungsten with a very sharp tip, less than 100 nm, uses field electron emission to
produce the electron beam. The small tip radius improves emission and focusing
ability. The difference between these systems relies on the size of the electrons
beam generated: a field-emission cathode in the electron gun provides narrower
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probing beams compared with traditional SEM (tungsten filament). The
advantages of working with a field emission SEM include the possibility of acquiring
images with higher spatial resolution both at low and high electron energy (108–
111).

2.2.3.2 Application of SEM to parchment analysis
SEM imaging of parchment was performed using a Philips XL30 FEG SEM (FEI,
Eindhoven, Netherlands) with an accelerating voltage of 5 keV and a spot size of
3. For each parchment specimen, a small piece of approximately 0.5x0.5 cm was
sampled, fixed and mounted, with the flesh side up, on a standard SEM Al stub
(Agar Scientific, UK) using carbon adhesive tabs or Araldite® glues and left air dry
overnight. Samples were then gold-palladium sputter coated at 20mA and 1.25Kv
for a minute and half (Palaron E5000 sputter coater). Images were taken from three
different locations of each sample to ensure representative and reproducibility of
the observations.

2.2.4 pH measurement
pH measurements of parchment samples, before and after treatments with
nanoparticles dispersions, have been performed adapting the modified procedure
for the determination of pH proposed by Prof Strlič et al (112).
An IQ-160 ISFET pHmeter with a pHW47-SS probe (Hach Lange) was used.
Between 250 and 750 μg of parchment were weighed with a Sartorius microbalance in an Al crucible; samples were then soaked overnight in 100 μL distilled
water in a 1.5 mL glass vial. After overnight extraction, the sample was removed
and the pH of the resulting extract was measured. The typical measurement
uncertainty for samples using the ISFET electrode is ~0.3 pH units. For most
samples, two repeat measurements were made; if they differed by more than 0.5
units a third measurement was taken.

2.3 Statistical Analysis
Mann-Whitney test and Kruskal-Wallis non-parametric analysis (113,114) were
used to study if significant statistical differences were present between individual
groups of parchment samples. The test has been applied to sets of artificially aged
samples and/or treated with solvents.
Statistical significance tests were done using SPSS version 23 (IBM Corporation).
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Chapter 3 - Structural characterisation of parchment at the
nanoscale using Atomic Force Microscopy (AFM)
3.1 Introduction
Atomic Force Microscopy was used for the first time to study parchment at the
nanoscale by de Groot in his PhD thesis (30) in the framework of the IDAP project
(32,35). This pioneering application enabled the characterisation of the structure
of collagen within parchment and to observe a series of alterations due to both
accelerated and natural ageing. Some of the issues and challenges related to such
a pioneering application of AFM were related to the sample preparation. Prior to
this work, there was a lack of protocols that allowed to perform AFM analysis on
parchment samples and to record representative, reproducible and comparable
data. de Groot tested two different approaches to the sample preparation on a new
parchment hide: direct measurements on the parchment surface and the removal
of collagen fibres, obtained by scraping the parchment surface and then adhering
fibres with water to a glass slides. Although good results were obtained with both
approaches, particularly the latter, there is still a need to improve the sample
preparation. To overcome these challenges, protocols used by conservators for
damage assessment of parchment (22,23) were taken into consideration.
Specifically, the sample preparation designed by Prof Larsen and Dr K. Mühlen
Axelsson for the microscopic assessment of collagen fibres (10) was adapted in
order to meet requirements for AFM measurement.
This modified protocol was used to prepare samples for AFM measurements by
extracting bundles of collagen fibres from new and accelerated aged parchment
samples.
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3.2 Previous approaches to sample preparation for the characterisation of
parchment at the nanoscale using Atomic Force Microscopy
de Groot tested two different approaches to the sample preparation on a new
parchment hide: direct measurements on the parchment surface and the removal
of collagen fibres obtained by scraping the parchment surface and then adhering
fibres with water to glass slides (which was the one mainly used by de Groot).
For direct measurements, a piece of parchment of approximately 5 by 5 mm was
cut and mounted (with the flesh side up) on a microscope slide with double sided
tape and imaged in contact mode. The application of this method allowed to
acquire representative AFM images that showed an intact collagen scaffold, with
banded fibril structure. However, he reported that this approach was timeconsuming as measurements had often to be interrupted. Parchment documents
in fact display uneven surfaces (due to different manufacturing process, finishings
applied and state of conservation) with an overall roughness at the mesonanoscale which is not always compatible with the z-range of commercial AFMs
(12 μm for the Park XE 100, 6 μm for the Dimension 3100, 70 μm for the Nanosurf
Easyscan 2).
As an example of how complex a parchment surface can be, FEG-SEM images of
the flesh side of the new parchment used in this thesis are shown in Figure 3.1.
The image in panel A exhibits a very uneven surface with some locations where
the fibrous network is easily distinguishable and other ones in which the presence
of the collagen network is noticeable, but it is covered by a matrix of sheared fibres
that were not removed during the finishing of the parchment (the final stage of the
parchment manufacture process) (49). This is more evident by looking at the
morphology of fibres at higher magnification (image in panel B is a blow-up of the
area marked by the white square in image A).

62

Figure 3.1 FEG-SEM image of the flesh side of the new parchment sample brought
from Pergamena (US). Scale bars are 200 µm for panel A and 50 µm for panel B.

Acquiring good AFM topographical images directly on such a surface can be
challenging, but can also result in damage or breaking of the probe. Another piece
of work by Rabin et al. (115), in which AFM measurements were performed directly
on the surface of parchment, revealed that damage first occurs on the parchment
surface leading to the formation of a “glassy layer” or a gelatine film. This film has
a protective function towards the bulk of the parchment, shielding the collagen
structure lying underneath from further deterioration. Additionally, the presence of
a finishing layer or of a carbonate layer can cover the collagen scaffold, precluding
its characterisation. Thus, direct measurements on parchment might be useful for
the characterisation of the parchment surface, however they might not provide
information on the overall state of conservation of the object.
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As a second attempt to the sample preparation, de Groot adopted a similar
approach used for shrinkage temperatures measurements (18–20). Fibres were
scraped with a sharp scalpel from the flesh side of parchment, as the grain side
may also contain remains of keratin and elastin (17). The scraping was performed
over an area of approximately 5 by 5 mm; the accumulated fibres were centred on
the glass slide with a scalpel and few drops of distilled water were added and fibres
were left to physisorb onto the glass slide. The samples were dried for at least 24
hours in ambient conditions (25 ± 5°C and 30 ± 10% RH). According to de Groot,
this method was faster and still providing results similar to direct surface
measurements (Figure 3.2). For both preparations, it was possible to observe the
typical collagen banded fibril structure, with better results obtained by scraping
fibres from the parchment surface.

Figure 3.2 Original images from de Groot’s PhD thesis (30) showing AFM deflection
images of unaged parchment sample prepared using different methods. Panel A
shows an AFM image of a parchment fibre scraped from the flesh side and
physisorbed onto a glass slide, panel B shows an AFM image recorded directly on
the flesh side. The red rectangular highlight the D-banding periodicity.

3.3 Adapting the microscopic assessment of collagen fibres to AFM
Although good results were obtained using this second approach, further
refinements are needed in terms of sample preparation, especially for the analysis
of historical parchment samples. For these, it is not always possible to distinguish
between the grain and the flesh side; thus, the scraping of the fibres should be
performed on both sides of the parchment and this may have an impact on the
object.
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Several protocols have been developed within the IDAP project (31) to assess the
state of conservation of parchment artefacts. Among these, the visual assessment
(22,23) consists in a microscopic examination of the bundles of collagen fibres
extracted from a parchment sample. After the IDAP project, the visual assessment
was further developed and was converted into the microscopic assessment of
collagen fibre (10,90), a tool now well-accepted by conservators since it allows an
easy and rapid evaluation of the state of degradation of historic parchments with
minimum sample requirements and preparation. The way the sample is prepared
presents some similarities with the approach used by de Groot. Thus, it could be
suitable for preparing samples for AFM and links it directly with approaches used
by conservators.
In collaboration with Dr Kathleen Mühlen Axelsson and Prof René Larsen, formerly
from the School of Conservation in Copenhagen (The Royal Danish Academy of
Fine Arts, Schools of Architecture, Design and Conservation), the sample
preparation method used for the microscopic assessment of collagen fibres was
adapted to prepare sample for AFM analysis (10,36).

3.3.1 Sample preparation for the visual assessment of collagen fibres
The microscopic assessment is performed on collagen fibres immersed in water,
to enhance their morphological features, at room temperature.
To extract the fibres from parchment, a small piece of sample (approximately 1
mm2) is cut and placed in the depression of a concave microscope glass slide. Few
drops of double distilled water are added and the sample is left soaking for ten
minutes (Figure 3.3, panel A). After this wetting time, the grain side is separated
from the flesh side (Figure 3.3, panel B) and bundles of fibres are pulled out from
the flesh side with the help of a sharp needle and tweezers (Figure 3.3, panel C).
The bundles of fibres are then placed on a clean, flat microscope slide in excess
water and separated (Figure 3.3, panel D).
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Figure 3.3 Microsampling for the extraction of collagen fibres from parchment. (A)
soaking of parchment in water. (B) separation of grain side from the flesh side with
the help of sharp tweezers. (C) Pulling out of bundles of fibres from the flesh side. (D)
Extracted bundles of collagen fibres, still in water, observed under an optical
microscope at a magnification of 100x.

The assessment is done by covering the immersed fibres with a cover glass and
analysing the sample under a light microscope; between 10 and 15 fibres (from
three different areas of the sample) are digitally photographed (at a magnification
of 100x or higher to record specific details) and subsequently analysed to evaluate
the total extent of damage in the sample (10,36,90).

3.3.2 Variation to the micro-sampling
As a first attempt of adapting the micro-sampling for the preparation of samples for
AFM, the above described protocol was applied as it was created.
Fibres were extracted from parchment, dispersed in water, covered with a cover
glass and microphotographs were acquired. To perform AFM on the same sample,
the cover glass was gently removed and fibres left to air dried at standard
conditions. This approach however did not give good results: the majority of the
fibres came off from both the glass slide and the cover glass; the fibres still
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attached did not stick properly onto the support, moving while the AFM probe
raster-scanned them. As a possible solution, it was taken into consideration the
idea of fixing the fibres to the glass slide (using for example glutaraldehyde, a
procedure often used to fix biological samples for SEM measurements). However,
this approach would not allow further investigation on the same fibres (such as
microthermal analysis or micro-IR), so it was immediately discarded.
The sample preparation was then slightly modified: glass slide was washed with
ethanol and rinsed with water to degrease the surface and remove any deposits.
Bundles of collagen fibres were extracted from parchment samples as described
above and left to physisorb onto a glass slide overnight at standard conditions.
Measurements were generally carried out within 3 days from the sample
preparation.
Figure 3.4 shows two optical images of extracted bundles of fibres from the new
parchment obtained by following the original microsampling procedure (panel A)
and the modified one (panel B). The variation in the sample preparation did not
lead to any significant alterations in the appearance of the fibres. However, one
can observe that fibres from the modified protocols have a curlier aspect as a
possible consequence of the dehydration of the fibres.

Figure 3.4 Optical images of extracted bundles of collagen fibres from the new
parchment hide brought from Pergamena (US). Samples were prepared by applying
the original microsampling protocol (panel A) and the modified one (panel B).
Magnification is 100x for both the images.

3.4 Combining the microscopic fibres assessment with AFM
In more recent AFM microscopes, the presence of incorporated CCD cameras or
optical systems allows to see both the AFM probe and the sample surface. This is
a significant technical improvement as it is now possible to position the probe on
specific areas of interest. This means that it would be now possible to combine the
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microscopic assessment of collagen fibres with AFM measurements. The
advantages of adopting such an approach include the possibility of linking AFM
results with information from other techniques (and more familiar to conservators).
Moreover, it would be possible to have a more complete understanding of the state
of degradation of the parchment artefacts at the level with which physical
deterioration starts occurring, as a result of chemical and other breakdown factors.
The modified protocol to the microsampling was used to prepare samples for AFM
measurements by extracting bundles of collagen fibres from new, artificially aged
and historical parchment. Subsequently, as for the microscopic assessment, three
different locations containing between 10-20 fibres were digitally photographed
under an optical microscope at a magnification of 100x and specific fibres, upon
which perform AFM, were selected. These areas were then relocated under the
AFM. For the new parchment, mainly fibres presenting an intact or flat-like
appearance were analysed. For accelerated aged and historical parchments, all
the fibre damage categories were analysed.

3.4.1 New parchment
Figure 3.5 shows an optical image of bundles of fibres extracted from the new
parchment (p) bought from Pergamena; the red dots indicate the areas that were
analysed by AFM.
On this image, one can observe individual and well separated collagen fibres;
according to the microscopic assessment of the collagen fibres, it is possible to
recognise some of the characteristic features of damaged fibres. Flat fibres
represent the majority of the fibre population under investigation, nevertheless one
can also see the presence of split fibres and several “pearls on a string” structures
(36).
The occurrence of a high amount of damaged fibres in a relatively new parchment
has already been observed (10,36,37) and can be addressed as a consequence
of the modern manufacturing process where chemicals, such as sodium sulphide,
are added to speed up the production of parchment.
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Figure 3.5 Bundles of collagen fibres extracted from new parchment hide. The red
dots indicate the area analysed by AFM, whilst the yellow arrows highlight the twist
and pearls structure. The image was acquired with a light optical microscope at a
magnification of 100x.

The application of AFM allows the user to increase the magnification of the area
analysed and to see the ultrastructure of collagen fibres. Examples are given in
Figure 3.6 and 3.7, where the related AFM deflection image for locations “h” and
“l” in Figure 3.5 is shown.

Figure 3.6 Details of portion of fibres from Figure 3.5 (on the right) and related AFM
images (on the left). The collagen scaffold is characterised by fibrils aligned in
register with a visible D-banding, the scale bar is 1 µm.
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Figure 3.7 Details of portion of fibres from Figure 3.5 (on the right) and related AFM
images (on the left). The collagen scaffold is characterised by fibrils aligned in
register with a visible D-banding, the scale bar is 1 µm.

Location “h” and “l” are on fibres with an intact-like appearance. In the AFM images,
it is possible to observe collagen fibrils aligned in register, which is one of the main
characteristic of collagen scaffold morphology in “undamaged” parchments, as
reported by de Groot and elsewhere (5,30,32). Additionally, individual fibrils display
the characteristic D-banding periodicity that is expected from native collagen. One
can also observe that the collagen scaffold for location “l” appears less regular if
compared to the one shown in the AFM image for location “h”.
Parchment is a highly complex material that starts to degrade from the
manufacturing process on; in new parchment, the degradation is a side effect due
to use of chemicals in the modern day manufacturing process. Figure 3.8 shows
an AFM image acquired on a flat fibre on location “d” from Figure 3.5. On this
image, one can observe that fibrils display the typical D-banding periodicity, but
their alignment along a preferential direction (which is the main characteristic of
the collagen scaffold within parchment) appears disrupted.
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Figure 3.8 Details of portion of fibres from Figure 3.5 (on the right) and related AFM
images (on the left). The collagen scaffold is characterised by fibrils aligned in
register with a visible D-banding, the scale bar is 1 µm.

3.4.2 Accelerated aged parchment
Upon ageing, both natural and accelerated, it was observed that the amount of
damaged fibres in the sample increases (10,36,89).
Figure 3.9 and 3.10 show optical images of bundles of fibres extracted from the
new parchment aged for 48 and 96 hours at 120°C; the red dots indicate the areas
that have were by AFM.

Figure 3.9 Bundles of collagen fibres extracted from new parchment hide, aged for
48 hours at 120°C. The image was acquired with a light optical microscope at a
magnification of 100x. The red dots indicate the area analysed by AFM. yellow
arrows highlight the twist and pearls structure.
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In these images, it is possible to notice that all the fibres present damaged
morphological features. The amount of flat fibres and “pearls on a string structure”
has significantly increased, based on a qualitative assessment, for both the aged
samples, if compared to the new parchment (Figure 3.5). For the sample aged for
96 hours (Figure 3.10), some fibres are shorter and have a cracked-like
appearance.

Figure 3.10 Bundles of collagen fibres extracted from new parchment hide, aged
for 96 hours at 120°C. The image was acquired with a light optical microscope at a
magnification of 100x. The red dots indicate the area analysed by AFM, whilst the
yellow arrows highlight the twist and pearls structure.

The application of AFM on these damaged fibres revealed alterations of the
collagen scaffold also at the nanoscale. Some of these changes were already
reported in literature, such as the complete loss of the banded fibril structure or the
formation of a glass-like surface (30,32,35,115).
Representative AFM images for the sample aged 48 hours are shown in Figure
3.11 and 3.12. The typical banded fibril structure of collagen was still observed in
some areas. However, the alignment of the fibrils appeared disrupted and less
regular, if compared to the collagen structure for new parchment (Figure 3.8). One
can also observe the formation of spaces between single fibrils (red arrows) or the
presence of micro-crater-like features (“holes”) on single fibrils or on the surface
(white circle). However, it was also possible to observe a partial absence of this
typical banded fibril structure and a localised formation of a glass-like surface.
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Figure 3.11 Details of portion of fibres from Figure 3.9 (on the right) and related
AFM images (on the left) for sample thermally aged 48 hours. The typical banded
fibril structure appears disrupted. Red arrows highlight the presence of spaces
between the fibrils, whilst the white circle indicates an area where the presence of
“micro-craters-like’ features can be observed. The scale bar is 2 µm.

Figure 3.12 Details of portion of fibres from Figure 3.9 (on the right) and related
AFM images (on the left) for sample thermally aged 48 hours. The typical banded
fibril structure appears disrupted. Red arrows highlight the presence of spaces
between the fibrils. The scale bar is 1 µm.

Similar alterations were observed also on the sample aged for 96 hours.
With the formation of spaces or micro-crater-like features or to the loss of the
banded fibril structure, larger effects on the collagen scaffold were observed.
These may involve changes in the general appearance of the surface in the area
analysed, such as the shrinkage of fibrils along their alignment direction (from now
on referred as wrinkling), as shown in Figures 3.13.
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Figure 3.13 Details of portion of fibres from Figure 3.9 (on the right) and related
AFM images (on the left) for sample thermally aged 96 hours. The typical banded
fibril structure is completely lost and one can observed the presence of a glassylike surface. The scale bar is 1 µm.

3.4.3 Application of AFM to the study of twist and pearls structure
In collaboration with Dr Kathleen Mühlen Axelsson and the School of Conservation
of Copenhagen, a series of parchment samples was analysed to characterise the
structure of twist and pearls at the nanoscale. Bundles of collagen fibres from new,
artificially aged and historical documents were prepared by Dr Kathleen Mühlen
Axelsson following our modified protocol. AFM imaging was performed in contact
mode. The results obtained are already presented in Dr Kathleen Mühlen Axelsson
PhD thesis (37). Dr Axelsson’s work mainly focused on the understanding of the
effects of different ageing conditions of the different fibre morphologies, with
special emphasis on the “twist and pearls” and “butterfly” structures and the
relation that exists between flat and twist and pearls fibres (36,37,89). Her
hypothesis is that the “pearls” region is more prone to deterioration, acting as an
unfolding site. Thus, the analysis of twist regions at the nanoscale should reveal a
more intact structure, whilst pearls should be characterised by a more degraded
collagen scaffold.
Although just few samples were analysed, the results obtained seem to support Dr
Mühlen Axelsson’s hypothesis: AFM images for the “pearls” regions often show
disrupted collagen scaffold, whilst the “twist” regions appeared to be more
preserved. However, it needs to be mentioned that less results were obtained for
the analysis of the twist areas because the characterisation of these regions was
particularly challenging, especially when imaging in contact or intermittent contact
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mode. This is due to the nature of the sample in the twist region. The abrupt
changes in the surface feature height cannot be easily handled by AFM, and this
lead to a certain degree of image distortion (presence of lines or repeated
geometric patterns across the image) or failure detection (due for example to tip
convolution or too high differences in sample topography). An example is reported
in Figure 3.14, where two AFM images of a twist region are presented.

Figure 3.14 Optical (magnification of 100x) and AFM images of twist and pearl
structure. Panel (A) shows bundles of collagen fibres and the twist region that was
analysed with AFM. Panel (B) is a first AFM image of the twist region, whilst panel C
shows the corresponding AFM image acquired in the area highlighted by the black
rectangular in panel B).

In Panel B, in fact, one can observe collagen structure on only half of the image,
as the other half cannot be detect; where visible, the collagen scaffold appears
partially disrupted. By repositioning the probe (black rectangular) and reducing the
scan size, it is now possible to observe the collagen structure in the twist region.
In panel C, one can observe the presence of intact banded collagen fibrils (star),
as well as the deteriorated structure (black arrows). These images were recorded
from extracted collagen fibres from a new parchment hide, aged at 80°C and 60%
RH for 28 days (original name sample A_p_Humox). Whilst thermal ageing induces
the dehydration of the sample and this results in a shrinkage of the collagen
structure and a reduction of the D-banding periodicity (30,116,117), accelerated
ageing involving temperature and humidity leads to different alterations of the
structure. Artificial ageing with elevated humidity levels induces the swelling of the
fibrils and a pre-gelatinised state characterised by the loss of structure and
formation of spherical aggregates or bubble-like features (118).
Figure 3.15 shows another example of AFM images of a “twist” region. In both the
images it is possible to observe a well-preserved collagen scaffold, with long fibrils
aligned in register and displaying the characteristic D-banding periodicity.
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Figure 3.15 Optical (Panel A) and AFM images (Panel 1 and 2) for sample
A_hp_Hydro. This sample is from a new parchment hide, aged by immersion in 0.01
M sulphuric acid for 2 hours.

An example of “pearls” structure at the nanoscale is given in Figure 3.16 and 3.17.

Figure 3.16 Optical and AFM images for sample A_p_Reference, Location 2. Panel
(A) shows a fibre presenting the “twist and pearls” structure and the red dots
indicate where AFM measurements were performed. Image 1 and 2 are
correspondent AFM images for the “pearls” regions.

AFM image 1 shows a well preserved collagen scaffold characterised by intact
collagen fibrils, with a banded structure and a regular axial periodic “D-banding”
pattern, aligned in register, although the formation of spaces between fibrils can
be observed. There are few areas presenting no fibril structure (ovals). AFM image
2 instead presents a more degraded collagen scaffold, with few locations where
the intact banded fibrils structure is preserved (stars).
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Figure 3.17 shows an optical image (Panel A) of few fibres extracted from a new
parchment sample and a blow-up of the area analysed by AFM (Panel B). The
“pearls” regions were scanned and the related AFM images are reported.

Figure 3.17 Optical and AFM images for sample A_p_Reference. Panel (A) shows
bundles of collagen fibres extracted from this sample at a magnification of 100x.
Panel (B) is a blow-up from panel (A) and the red dots indicate where AFM
measurements were performed. Image 1 and 2 are correspondent AFM images for
the “pearls” regions.

In image 1, the collagen scaffold appears disrupted and it is not possible to define
the preferential alignment direction of the fibrils. The typical banded fibrils structure
is locally visible (stars) and one can also observe areas with a pre-gelatinised
appearance (i.e. absence of fibrils structure and D-banding). The presence of small
“holes” and spaces between fibrils can also be observed. In image 2, the collagen
scaffold appears less disrupted, but different types of alterations can be spotted,
such as the shrinkage of fibrils along their alignment direction (wrinkling), which
confers a rippled appearance to the surface or a localised absence of the typical
banded fibrils structure (oval).
3.5 Conclusions
In this chapter, a new protocol for imaging parchment with AFM was presented.
The new approach was designed taking into account outcomes of previous work
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(30,35) with the aim to promote the use of AFM as diagnostic tool for parchment
artefacts.
Improvements mainly concerned sample preparation to enable the study of
different fibre morphologies. Historical parchments are often of great cultural value,
so access to samples can be limited. Thus, a well-accepted method among
conservators, designed by Prof Larsen, was adapted for the preparation of
samples for AFM. In collaboration with Dr Mühlen Axelsson and Prof Larsen, a
modified version of sample preparation for their microscopic assessment of
collagen fibres was proposed. This was then tested on extracted bundles of
collagen fibres from new and artificially aged parchment samples. The application
of the new AFM protocol allowed to characterise single parchment fibres and to
obtain results similar to the ones obtained by de Groot (30). The advantages of
adopting such an approach included the possibility of linking directly results from
microscopic fibre assessment and AFM and to have an understanding of the state
of degradation of parchment at the level at which physical deterioration starts
occurring as a result of chemical and other breakdown factors. A correlation
between damage detected at the microscopic and nanoscale level was found.
Moreover, it was possible to visually identify a series of damage markers:
alterations of the collagen structure, which were previously undetectable.
The combination of the microscopic fibre assessment approach with AFM
measurements has allowed to characterise parchment at the nanoscale and to
observe a series of alteration of the natural collagen scaffold that have not been
reported in any previous study.
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Chapter 4 - Quantifying the extent of degradation of collagen in
parchment at the nanoscale using Atomic Force Microscopy (AFM)
4.1 Introduction
In the previous chapter, a new protocol for the preparation of parchment samples
for AFM measurements was presented. This protocol is an adaptation of the
sample preparation method for the microscopic assessment of collagen fibres
(36,22,23) and was used to extract bundles of collagen fibres from the new
parchment and from parchment samples subjected to artificial (accelerated)
ageing. The application of AFM to these extracted collagen fibres enabled AFM
imaging at the nanoscale of the different morphologies observed in the fibres.
Moreover, it was possible to identify a series of alterations of the collagen structure
within parchment, that have not been reported in any previous published studies
(119), as reported in Chapter 3. These alterations might provide a first visual
assessment at a nanoscale level of the parchment's conservation condition.
However, new research questions arose due to the observation of these
alterations. As they were seen on new and artificially aged parchment samples, it
was necessary to verify if they can be representative damage markers also for
naturally aged (historical) parchments. This would also require the design of a new
protocol to quantify the extent of degradation in a parchment sample based on the
presence of these damage markers.
The new sample preparation method was used to extract collagen fibres from ten
historical parchment documents (Chapter 2, §2.1.1.3). These samples were
characterised at the nanoscale using AFM and the results obtained were used to
create a new damage assessment protocol at the nanoscale.
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4.2 Selection of historical parchment samples and standardisation of AFM
measurements
Ten historical parchments were provided by different European Archives, Libraries,
and Institutions. A detailed description of each sample is provided in Chapter 2, §
2.1.1.3. The samples were selected in order to have a range of samples showing
severe deterioration with low hydrothermal stability to minimal deterioration and
hydrothermal stability close to new parchment. The selection was based on
macroscopic visual assessment and on shrinkage temperature values; some of
these documents have been analysed in previous studies, thus information on the
state of conservation could inform the selection process.
For each sample, bundles of collagen fibres were extracted and prepared for AFM
analysis as described in Chapter 3.
Measurements on these extracted fibres were standardised: AFM was performed
on twenty fibres and both topography and deflection images were recorded. The
scan size of each AFM image was fixed at 10 µm x 10 µm. This is the maximum
size that allows one to analyse a large enough sample portion for optimum visual
assessment and observation of the D-banding. Information on the other AFM
parameters are reported in § 2.2.1.2.
Due to the high number of samples and measurements to be performed, at this
stage random fibres were analysed, without consideration of their shape or
morphology (1 image per bundle of collagen fibre).

4.3 Previous characterisation and damage assessment of parchment at the
nanoscale
Previous applications of AFM on accelerated aged and naturally aged parchment
(30,32,35) reported that, upon ageing, the change in collagen structure within
parchment is characterised by a progressive loss of the D-banded fibril structure.
In heavily damaged samples, the formation of a glass-like surface (i.e. complete
gelatinisation of collagen) was observed (30,32). This alteration at the nanoscale
correlates with observation made at the mesoscale with Scanning Electron
Microscopy (SEM) by Mašić (33): the presence of gelatinised areas where the
typical collagen fibril structure is completely absent is displayed in SEM images
with the presence/formation of a glass-like surface and a loss of the fibre network
(30,33,34). The progressive loss of the banded fibril structure is an indicator of
degradation and was used by de Groot (30,35) to design two different damage
ranking systems for historical parchment samples.
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In the first one, four damage categories were defined based on a visual
assessment of the intactness of the banded fibril structure (30,35). Table 4.1
summarises the four categories and criteria of assignment.
Damage categories

Visual observation

Not damaged

Intact banded fibril structure

Slightly damaged

Local collapse of banding

Considerably damaged

Local collapse of banding and fibrils

Very damaged

Almost complete collapse of banded fibril structure

Table 4.1 Damage classification for parchment samples according to AFM images as
designed in the IDAP project (35).

de Groot also developed a Fast Fourier transform (FFT) based algorithm that
allows to estimate the distribution of the D-banding periodicity over an AFM image,
a method that is also used for the assessment of damage to collagen in areas of
medical research (120,121).
The extent of banding periodicity on the surface was expressed as a peak area.
From measurements on accelerated aged and historical parchment samples, the
peak area was found to correlate with the level of degradation in the sample. Its
value was found to correlate with the amount of intact D-banding periodicity. In the
calculation, the FFT algorithm does not take into account the areas that do not
show intact D-banding5.
Thus, this value was used as a damage marker to evaluate the state of
conservation of parchment: the higher the peak area value, the greater the surface
coverage displaying intact D-banding periodicity (30,122). Correlation was also
found between measured peak areas and shrinkage temperatures (Ts) measured
by Micro Hot Table method (MHT) (30,122,123) for both accelerated and naturally
(historical) aged parchment samples.

5

Personal communication with Dr Marianne Odlyha and R. Smith.
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4.4 Improved characterisation of parchment at the nanoscale
The characterisation of the historical parchment samples selected in this thesis
revealed that parchment is an extremely complex material for assessment also at
the nanoscale. The analysis of the only AFM deflection images can lead to a
misinterpretation of the features of parchment at the nanoscale. It was possible, in
fact, to identify elements that, at first glance, could be mistaken for degradation.
An example is given in Figures 4.1 and 4.2. In the deflection images (Panels A),
one can observe the presence of a gelatinised area, which affects almost half of
the analysed surface. Looking at the corresponding topography images (Panels
B), it is possible to highlight how this is not a degraded area affecting the sample,
but extraneous materials that were deposited on the fibres, perhaps during the
sample preparation. This is also clear by the fact that a regular and intact scaffold
of collagen fibrils is visible underneath the gelatinised area.

Figure 4.1 AFM deflection image (panel A) and corresponding topography (panel B)
showing extraneous materials deposit on top of regular collagen fibrils scaffold. The
image scan size is 5 µm for both the images.
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Figure 4.2 AFM deflection image (panel A) and corresponding topography (panel B)
showing extraneous materials deposit on top of regular collagen fibrils scaffold. The
image scan size is 5 µm for both the images.

Historical parchments can still present an intact collagen scaffold, as reported also
by de Groot (30). An example is shown in Figure 4.3, where AFM deflection images
for different historical parchment samples (HP3_OR63 and HP9_SC175:2) show
well preserved unidirectional aligned collagen fibrils.

Figure 4.3 AFM deflection images for parchment samples HP3_OR63 (panel A) and
HP9-SC 175:2 (panel B), showing intact banded collagen fibril aligned in register and
the presence of spaces between fibrils (red arrows) and micro-crater-like features
(white circles). The scale bar is 2 µm for both the images.

Based on the damage ranking system proposed in IDAP (35), the images shown
in Figures 4.3 would be classified as undamaged or slightly damaged areas.
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Although the typical banded fibril structure is well preserved and collagen fibrils are
characterised by intact D-banding periodicity, one can observe the presence of
spaces between fibrils and of micro-crater-like features (“holes”).
The formation of interfibrils spaces might be explained by a local collapse of interfibrillar crosslinks, which stabilise the collagen scaffolds. The presence of microcrater-like features (“holes”) on single fibrils could indicate a local collapse of the
quarter-staggered arrangement of the collagen molecules within the fibrils (124)
There could be multiple reasons for this phenomenon, i.e. from a localised decrosslinking of the collagen up to a removal of the interstitial unbound water
present in the collagen.
Another type of alteration that was observed is a visual alteration of the dimension
of the fibrils (qualitative assessment, no measurements were performed). Locally,
fibrils can present a swollen appearance, i.e. an increase in the diameter of the
fibrils can be observed (Figure 4.4). The swelling of fibrils can be then an induced
damage due to the sample preparation (parchment is soaked in water for 10
minutes for extracting bundles of collagen fibres), however it informs on the state
of the collagen structure and thus can be used as a marker of degradation. Water
sorption is closely involved in the dimensional changes and swelling of the fibrils,
as water plays a key role in the formation and stability of the collagen triple helix
(125–127). The presence of water causes the swelling of the fibrils, a phenomenon
that becomes more apparent in a region where collagen is potentially decrosslinked

Figure 4.4 AFM deflection images for parchment samples HP8_Asto 14 (panel A)
and HP9-SC 175:2 (panel B), showing local swelling of fibrils (green arrows). The
scale bar is 2 µm for both the images.
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Different types of alteration can affect the general appearance of the collagen
scaffold surface in the area analysed. One can observe a shrinkage of the fibrils
along their alignment direction (from now on referred as wrinkling) or a disruption
of the alignment in register of the fibrils, which is a characteristic of the collagen
structure within parchment. Examples are given in Figure 4.5.

Figure 4.5 AFM deflection image for parchment samples HP5-Asto 11:1(panel A)
and HP9-SC 175:2 (panel B), showing the presence of wrinkling of the collagen
scaffold surface and disruption of the alignment of the fibrils. The scale bar is 2 µm
for both the images.

As reported by de Groot (30,32,35), the collagen scaffold in historical parchments
might be characterised by a partial or complete loss of the banded fibril structure,
with a glass-like appearance. This was observed also in the historical parchments
analysed in this thesis, as shown in Figure 4.5.

Figure 4.6 AFM deflection images for parchment samples HP2_Kew (panel A) and
HP9-SC 175:2 (panel B), showing the complete loss of banded fibril structure. The
scale bar is 2 µm for both the images.
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4.4.1 Discussion
This preliminary analysis of these ten historical parchment samples (a detailed
description is given in Chapter 2, § 2.1.1.3) showed that the alterations of the
collagen scaffold observed on new and artificially aged parchment samples
(discussion in Chapter 3) can be representative damage markers also for naturally
aged (historical) parchments. The results obtained from the characterisation of
historical parchments with AFM allowed to create a database of possible
alterations of the collagen scaffold within parchments. The alterations observed
include:
•

formation of spaces between adjacent fibrils

•

presence of micro-crater-like features (“holes”) on single fibrils or on the
surface

•

changes in the diameter of single fibril (local swelling)

•

loss of the alignment in register of the fibrils

•

wrinkling of the surface (as a results of shrinkage of fibrils along their alignment
direction)

•

Loss (partial or complete) of the banded fibril structure

•

Presence of areas with a glass-like appearance

These damage markers might provide a first visual assessment at a nanoscale
level of the parchment's conservation condition. Few attempts were tried in order
to evaluate degradation at the nanoscale based on a visual assessment of the
AFM images (i.e. by looking if one (or more) damage marker is present in each
AFM image). However, the presence of damage markers is not enough to quantify
the extent of degradation in a sample at the nanoscale, nor to discriminate whether
a sample is more degraded than another. The limitation of a qualitative approach
relies on the fact that this method is not reproducible and requires an expert “eye”
to see the damage; thus, it might not be easily used by the conservation
community.
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4.5 Novel damage quantification of AFM images - Towards quantitative
assessment
A new protocol was designed to calculate the distribution of each damage marker
within a sample. This involved the creation of damage categories and a new
approach to data analysis. The protocol was designed using the new parchment
hide and the historical samples.
4.5.1 Identification of damage markers
The alterations of the collagen structure, previously observed and described, have
been grouped into four main categories.
A list of these damage markers is proposed below and representative images for
each category are shown in Figures 4.7-4.10.

Category Type I: includes the formation of spaces between fibrils, micro-crater
like feature (“holes”) and the local collapse of a group of fibrils or of a single one.

Figure 4.7 Representative images for Type I as found in the sample HP3_OR63.
The presence of spaces between fibrils is highlighted with red arrows, whilst the
micro-crater-like features with white circles. The scale bar is 2 µm for both the
images.
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Category Type II: includes changes in the diameter of a single fibril (swelling)

Figure 4.8 Representative images for Type II, as found in the samples HP8_Asto 14
(panel A) and HP9-SC 175:2 (panel B), showing local swelling of fibrils (green
arrows). Panels A and B are cropped images from the top left corner of the AFM
images presented in Figure 4.4. The scale bar is approximately 1 µm.

Category Type III: includes the wrinkling of the collagen scaffold surface

Figure 4.9 Representative images for Type III, as found in the samples HP2_Kew
(panel A) and HP6_Asto11:3 (panel B). Images shows the wrinkling of the collagen
scaffold. The scale bar is 2 µm for both the images.
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Category Type IV: includes the loss of the banded fibril structure and the presence
of gelatinised area with a glassy-like appearance

Figure 4.10 Representative images for Type IV, as found in the samples HP4_OR47
(panel A) and HP9_SC175:2 (panel B). In these images the banded fibril structure is
completely lost. The scale bar is 2 µm for both the images.

4.5.2 Analysis of the AFM images
In order to quantify the presence and distribution of each type of the damage
markers per sample, deflection images were divided in 100 squares (or subimages) by applying a predefined grid.
Each image is then re-sampled into 100 sub-images, as shown in Figure 4.11. As
twenty images per sample were acquired, the total amount of sub-images per
sample is 2000.
Once the image is re-sampled, one can proceed with the analysis of the area
scanned. The extent of degradation due to each single type of alteration (which is
shown with different colours, i.e. Category I - yellow; Category II - orange; Category
III - blue; category IV - fuchsia) was then measured by counting how many pixels
were affected by that particular type of damage.
Each damage category was evaluated independently from the others because at
present it is still not possible to establish which of the first three damage categories
has the most detrimental impact on the stability of the collagen and if these markers
are inter-linked. Thus, whenever two or more damage markers were observed
within the same area (i.e. in the same sub-image), that area was counted twice.
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Figure 4.11 application of a predefined grid to AFM deflection image that divides
the image into 100 squares or sub-images.

After all the sub-images are analysed, one obtains a mapping of the distribution of
damage markers per image, as shown in Figure 4.12.

Figure 4.12 an example of the calculation of the extent of degradation in one AFM
deflection image from the modern parchment and representative examples of each
damage category.

The process is then repeated for the other 19 images and this allows to extrapolate
the damage profile of the sample. As each image has a total area of 100 µm2, each
square of 1 µm2 represents the 1% of the total area.
Thus, at the end it is possible to obtain the percentage of damaged surface present
in each image. Examples of the distribution of the damage categories for new
parchment and a selection of historical parchments are given in Figure 4.13, 4.14
and 4.15. For the new parchment (Figure 4.13), in 17 images out of 20, between
the 0% and the 10% of the area scanned and analysed is affected by damage
category Type I.
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Figure 4.13 Trend of percentage of damage for each categories of alteration (from
Type I to Type IV in ascending order) in new parchment (N=20, total amount of
images acquired).

Similar values can be observed for the damage category Type IV (19 images
shows between the 0% and the 10% of degraded area). Type II and Type III are
the most predominant damage markers in the portion of sample analysed from the
new parchment, with a quite wide distribution with values around 0% and the 5060%.
Figure 4.14 and Figure 4.15 show the overall trend of the distribution of the damage
markers for a selection of historical parchment samples (HP3_OR63 and
HP4_OR47 in Figure 4.14; HP9_SC175:2 and HP10_SC56:2 in Figure 4.15).
Based on this series of data, it is possible to observe that all the damage markers
are present both in modern and historical parchments. This is expected as
parchment is a highly complex and heterogeneous material that starts to degrade
already from the manufacturing process and it is therefore expected to find slightly
deteriorated areas also in new parchment.
The percentage of surface affected by damage from categories Type III (wrinkling)
and Type IV (loss of banded fibril structure) increases for the historical samples,
compared to the modern parchment.
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Figure 4.14 Trend of percentage of damage for each categories of alteration (from
Type I to Type IV in ascending order) for historical documents HP3_OR63 (on the
left) and HP4_OR47 (on the right)

Figure 4.15 Trend of percentage of damage for each categories of alteration (from
Type I to Type IV in ascending order) for historical parchments HP9_SC175:2 (on
the left) and HP10_SC56:2 (on the right).

Although the application of this procedure allows the extrapolation of the damage
profile of a parchment sample, it presents a few limits: data are not easy to interpret
and may not provide an immediate answer about which sample is more degraded.
Moreover, it does not take into account the areas where the collagen scaffold is
not visible because it might happen that it is covered by deposits, detritus, a
carbonate layer, and thus it is not assessable, as previously shown (Figure 4.1).
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Taking this into account, the protocol was changed and images were re-analysed.
In this second version of the damage protocol, in addition to the deflection images,
topographies, and correspondent 3D reconstruction, were used to support the
assessment and to inform on the presence of deposits, which may cover the
collagen scaffold.
Firstly, the presence of sub-images in which the collagen scaffold cannot be seen
as covered by deposits, was assessed, as these cannot be taken into account in
the damage assessment and need to be discarded. To do so, one needs to analyse
both the 3D reconstruction of the topography and the height images at the same
time. If the 50% or more of a sub-image is covered, the sub-image is discarded.
When the unusable pixels have been identified, one can proceed to the
assessment of the rest of the image. Each sub-image is now analysed individually
in a two-step process: first, one has to evaluate if the collagen scaffold in each subimage appears intact or not. If not, the pixel has to be assigned to one, or more, of
the damage categories, following the same procedure described in the first version
of the damage assessment (repeated for all the 20 images). In the end, by counting
how many sub-images are unusable, intact or affected by damage (and by which
particular type of damage), for each sample one can obtain the following
information:
•

the total number of unusable sub-images

•

the total number of intact sub-images

•

the total number of damaged sub-images

•

the distribution of each damage markers per sample, calculated
independently as percentage on the total number of damaged sub-images

An example of the series of data acquired for the modern parchment by applying
the AFM protocol is shown in Figure 4.16. Each row in the excel sheet refers to
one AFM image and provides information on the number of unusable sub-images,
total number of damaged sub-images (independently from the type of damage)
and total number of intact sub-images (the sum of these three parameters is
always 100, as the image has a total area of 100 µm2 and each square of 1 µm2).
Moreover, the total number of sub-images affected by a specific type of alteration.
These have been counted as in the first version of the damage assessment, i.e.
independently from each other. It might happen that more than one damage
marker is present in one sub-image and that a sub-image is not affected by any of
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the damage markers. Thus, the sum of each type of damage does not correspond
to 100, neither to the total number of damaged sub-images.

Figure 4.16 Data acquired for the new parchment by applying the AFM protocol.
From left to right: “U” is for unusable sub-image; I is for damage category Type I
(holes and spaces between fibrils); II is for is for damage category Type II (swelling
of single fibrils); III is for damage category Type III (wrinkling); IV is for damage
category Type IV (loss of banded fibril structure); T.d is for Total number of damaged
sub-images and T.ND is for Total number of not damaged sub-images. An example
of the calculation of the percentage of intact and damaged area, and percentage of
each damage markers is presented.

From the overall series of data, it is now possible to calculate the percentage of
intact and damaged area in the sample, and the amount of unusable sub-images.
This calculation is done on the total number of sub-images for sample, i.e. 2000.
Percentages for each type of damage markers are calculated on the total number
of damaged sub-images. The percentages of total damaged area, not damaged
area and unusable sub-images are plotted in the form of pie charts, whilst the
percentage of each damage markers is presented as columns charts. Figure 4.17
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and Figure 4.18 show a summary of the data for new parchment and a selection
of historical parchments (New parchment (NP), HP3_OR63 and HP4_OR47 in
Figure 4.17; HP9_SC175:2, HP10_SC56:2 and HP2_Kew in Figure 4.18).
Control 1 _ New parchment

Sample HP3_OR63

Sample HP4_OR47

Figure 4.17 Pie charts (on the left) showing the percentage of unusable sub-images
(grey), intact sub-images (green) and damaged sub-images (red). The graphs on the
right shows the percentage of alterations due to each damage category. Graphs for
new parchment, HP3_OR63 and HP4_OR47 historical parchments in descending
order.
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Sample HP9_SC175:2

Sample HP10_SC56:2

Sample HP2_Kew

Figure 4.18 Pie charts (on the left) showing the percentage of unusable sub-images
(grey), intact sub-images (green) and damaged sub-images (red). The graphs on
the right shows the percentage of alterations due to each damage category. Graphs
for HP9_SC175:2, HP10_SC56:2 and HP2_Kew historical parchments in
descending order.
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4.5.3 Discussion
The analysis of the AFM images through the new designed protocol has allowed
for the first time to extrapolate a damage profile of a parchment sample at the
nanoscale. This damage fingerprint includes the percentage of damaged area and
the distribution of different damage markers across the sample.
Based on this series of data, it would be now possible to easily assess the general
state of conservation of a sample at the nanoscale and have information on the
type of degradation that is affecting the sample, with minimum sample
requirements. The potential applications of this protocol are several and might
involve the assessment of historical parchments in the context of a Library or
Museum as well as application in the field of conservation science for the
evaluation of the impact of environmental conditions or novel conservation
treatments on parchment.
The extrapolation of the damage profile and of the distribution of the damage
markers might allow to statistically compare two or more samples, which was not
previously possible to do before based only on AFM images. This might have an
application for example in the study of the impact of accelerated ageing conditions,
i.e. which are the minimum conditions to induce a significant change in the sample,
and thus help to improve the existing protocols used for artificial ageing, as well
when testing and comparing traditional or new conservation treatments.
Although the protocol has showed its potent for this kind of applications (see §
4.5.4 and § 6.4.2.3.3), there are still several aspects that need to be reviewed and
improved. At the moment, no correlations have been found between the AFMbased protocol and other information available for the samples analysed, such as
the shrinkage temperature. This can be due to the limited number of samples
analysed (only ten), thus the analysis of a larger group of parchments might be
required. More likely it is related to the position of the samples. No information was
provided about the sampling locations of the parchments analysed in this thesis
and if this was carried out in the proximity of the previous measurements.
As a future work, it would be recommended to analyse a larger number of historical
parchments and to perform the AFM-based protocols and other diagnostic
techniques within the same area of the parchment document, although access to
samples is often limited when working with historical objects. This problem can be
overcome in a first instance by analysing new parchment samples subjected to
artificial ageing in order to verify if a preliminary correlation between different
information at different levels can be drawn.
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4.5.4 Statistical analysis
The damage protocol was also used to compare two different samples from the
same parchment through a statistical test. Preliminary tests were done on the new
parchment hide, sampled from two different locations, and on the sample
HP4_OR63; this sample were subjected to accelerated ageing as described in
Chapter 2, § 2.1.1.3.

4.5.4.1 New parchment
Two pieces were sampled from the new parchment from two different locations on
the hide, as shown in Figure 4.19.

Figure 4.19 Full parchment skin from Pergamena (US) showing the different area
from where the samples were taken.

Figure 4.20 shows the damage profile (i.e. over total damaged area, not damaged
area and unusable sub-images) for both control 1 and control 2.

Figure 4.20 Pie charts showing the percentages of unusable sub-images (grey),
intact sub-images (green) and damaged sub-images (red) for Control 1 (on the left)
and Control 2 (on the right).
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From these two pie charts, one can observe differences between the two sample
in the percentage of total damaged sub-images and not damaged sub-images. It
is also possible to observe that there are differences in the % of unusable subimages. In order to statistically compared these two samples, the calculation of the
total damage and not damage area was “normalised”, excluding from the
calculations the number of unusable sub-images. For each of the 20 images per
sample, the number of usable sub-images was calculated (total number of subimages, i.e. 2000 per sample, minus the number of unusable sub-images).
Subsequently, the percentage of total damage sub-images was re-calculated on
the number of usable sub-images, as well for the distribution of each damage
marker. An example of the damage profiles after “normalisation” is given in Figure
4.21.

Figure 4.21 Pie charts showing the percentages of not damaged area (sub-images,
green) and damaged area (sub-images, red) for Control 1 (on the left) and Control
2 (on the right) after normalisation.

Data were then compared using Mann-Whitney statistical test (128). This statistical
test allows comparing two samples, with a non-normal distribution, that are
independent or not related. Figure 4.22 shows the results for the statistical test. In
those plots, each dot represents the number of damaged sub-images present in
each image. No statistically differences were observed between the two controls.
This might suggest that the protocol required further adaptations. The same
samples were in fact analysed also using µTA (see chapter 5, §5.3.3.1) and
thermal analysis highlighted significant differences between the two samples.
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Figure 4.22 Distribution of the total damaged sub-images and of each type of
damage markers in Control 1 and Control 2 from the new parchment hide. No
significant difference can be observed, according to Mann-Whitney statistical test.

4.5.4.2 Historical parchment HP3_OR63
Statistical analysis was also run on the historical parchment sample HP3_OR63.
Part of this document was also thermally aged at 70 ºC and 65% RH for 40 days,
as described in Chapter 2, §2.1.1.3; thus, the application of statistical test was
used to highlight differences between the two samples upon ageing and to have
indications on the impact of accelerated ageing conditions on parchment. Figure
4.23 shows the damage profiles before and after “normalisation”, calculated as
explain in the previous paragraphs.
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Figure 4.23 Pie charts showing the percentages of unusable sub-images (grey),
intact sub-images (green) and damaged sub-images (red) for Control 1 (on the left)
and Control 2 (on the right).

In Figure 4.24 the results of the Mann-Whitney statistical test are summarised. One
can only observed differences in the distribution of the damage category Type II
(swelling). These data would suggest that the accelerated ageing conditions are
not enough to induce significant changes in the samples. This was also confirmed
by the µTA data, as will be explained in Chapter 4, § 4.3.3.3.

101

Figure 4.24 Distribution of the total damaged sub-images and of each type of
damage markers in sample HP3_OR63 Control and sample HP3_OR63 after 40
days of thermal ageing. Significant differences can be observed in the distribution
of the damage category Type II, according to Mann-Whitney statistical test.
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4.6 Conclusion
The application of AFM on extracted bundles of collagen fibres from historical
parchment samples enabled to identify a series of alterations that affect the
collagen scaffold within parchment. These alterations are representative of
degradation for both accelerated and naturally aged parchments and provide a
visual assessment at a nanoscale level of the parchment conservation condition.
Thus, they can be used to quantify the extent of degradation in a parchment
samples.
A new protocol for assessing the condition of parchment at the nanoscale was
designed, using these alteration as damage markers. Each AFM image was
resampled in 100 sub-images by applying a predefined grid; for each of these subimages, the presence of each damage marker was evaluated by counting in how
many sub-images each marker was presents. Moreover, the total area covered by
alterations was calculated.
This allowed to extrapolate the damage profile of each sample, which consists in
the total degraded surface in the sample and in the distribution of each damage
markers across the sample.
These data allow also to compare samples and to assess if there are significant
differences among samples; a first attempt was done from two pieces sampled
from the new parchment hide from two different locations and for one historical
parchment sample that was subjected to accelerated ageing. For the new
parchment, no differences were observed between the two controls. For the
historical parchment, an increase in the damage category Type II was observed
after ageing. These preliminary tests might suggest that the damage protocol might
require further adaptations, i.e. analysis of more historical parchments for a better
identification and classification of the damage markers and a peer-review of the
images for a more objective analysis of the images.
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Chapter 5 - Thermal behaviour of parchment by Microthermal
analysis (µTA)
5.1 Introduction
This chapter presents a new approach to the study of thermal behaviour of
parchment at the microscale using Microthermal Analysis (µTA).
de Groot successfully applied this technique on new, accelerated and naturally
(historical) aged parchments (30,35). The application of Microthermal Analysis
allowed to detect changes in the thermal stability of these samples upon ageing
and to identify damage markers that were then used in the IDAP project (35) to
create a damage ranking system based on the thermal response of the samples.
In Bozec and Odlyha’s recent paper (29), the application of this technique was
used in combination with AFM to study degradation pathways of native collagen
and gelatine at the microscale. The application of scanning probe techniques
revealed different thermal fingerprints for collagen and gelatine and provided also
indirect information on the mechanical properties of the samples, such as density
and degree of crosslinking. Due to these promising results, this technique was also
applied as supportive analytical technique in subsequent EU Cultural Heritage
projects, such as MODHT (Monitoring of damage to historic tapestries) (129–132)
and MEMORI (80), on a wider range of materials (i.e. silk metallic threads,
varnishes, parchment and leather). However, it was only within the IDAP (35) and
NANOFORART (38) EU projects that the opportunity arose to focus wholly on the
application of the Microthermal Analysis technique onto parchment.
Unfortunately, the instrument used in IDAP project (35) was superseded, with no
similar alternative available commercially, meaning that it is not possible to perform
exactly the same measurements as in the original study. In fact, with the new
available instrumentation, the information that can be obtained is restricted to only
the deflection signal which can provide information on softening temperatures of
materials. In this study, it was observed that deflection signal is particularly
susceptible to surface heterogeneity, therefore a range of responses can be
obtained depending on the physical-chemical state of the sample.
Therefore, to overcome the challenge of obtaining a representative response for
each analysed sample, a new protocol was designed, which involved collection of
multiple series of measurements on different fibres from the same sample. This
required also a new protocol for sample preparation, which followed the one
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proposed in Chapter 3 for imaging parchment with AFM, and data extrapolation
and analysis.
This protocol was tested on extracted bundles of collagen fibres from new,
artificially and naturally (historical) aged parchments. This approach allowed to
detect differences in the thermal response of new and historical parchments upon
ageing.
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5.2 Review of previous applications of µTA on biological samples
5.2.1 Application on parchment
Although Microthermal Analysis (µTA) was originally designed and invented for
synthetic polymer characterisation (107,133–135), an early application of this
technique on historical parchments dates back to the MAP project (Micro Analysis
of Parchment, EC contract No. SMT4-96-2101) (81).
This pioneering study aimed to evaluate the type of information that can be
obtained by applying this technique and assess its suitability in the study of
parchment degradation. Measurements were performed on selected historical
parchments already fully characterised in the MAP project; the thermal response
of samples to heating (i.e. the changes in the vertical displacement of the probe as
a temperature ramp is applied) and the thermal conductivity were monitored.
Preliminary results proved the ability of this instrument to detect differences in the
thermal behaviour of parchment surfaces at the microscale. Although the main
softening temperature occurs in the range between 300°C and 330°C, there are
subtle differences in the shape of the curve depending on the locations where the
measurements were performed. Areas with lower softening also showed lower
thermal conductivity values (Figure 5.1), although this can be influenced also by
differences in surfaces topography.

Figure 5.1 Panel on the left displays the topography of the surface, Panel on the right
provides the corresponding thermal conductivity image (light areas have a high
thermal conductivity. The numbers indicated the locations where the
microthermomechanical measurements were made and corresponding µTMA curves
are shown in Panel (C). Figures are from (13).

In the IDAP project, attention was directed to determine if µTA could be used for
parchment damage assessment (32,34,35). µTA was used to characterise the
thermal behaviour of new, accelerated aged and historical parchments.
Measurements were performed either directly on the parchment surface or on
cross sections and on collagen fibres obtained by scraping the parchment surface
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(and then adhering fibres with water onto glass slides). The deflection of the probe
and the power signal6, with correspondent derivatives, were recorded and used for
data analysis. As for AFM measurements (§ 3.2), some differences were observed
between the different sample preparations (30). Measurements on a new
parchment showed two different stages in the thermo-mechanical response of the
samples: an expansion from room temperature until 70 - 90°C followed by a
softening and degradation of the material (30,34). Accelerated aged and naturally
aged historical parchments showed a different behaviour: some of the analysed
locations had a less pronounced expansion and/or softening; in other locations,
softening of the surface was completely absent (Figure 5.2). These preliminary
results already showed the challenge of obtaining consistent and representative
data out of few measurements per sample, particularly for samples that undergo
accelerated or natural ageing (34).
Moreover, de Groot reported that direct measurements on the sample surface or
on cross-sections might be time-consuming and had often to be interrupted as they
might result in mechanical deformation of the thermal probe (a Wollaston wire
probe) (30).

6

Power dissipation of the probe. It is the power that must be supplied to the sensor

probe to maintain the temperature constant as the tip is scanned across the sample
surface.
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Figure 5.2 Microthermal measurements performed on unaged parchment (SC81:5,
Panel A), accelerated aged parchment (SC155 in Panel B and CR17 in Panel C) and
historical bookbinding (SC173:2, Panel D). Figures are from (34).

Instead, measurements on scraped fibres provided more reproducible results.
Results, which included the sensor/deflection and power signals, were obtained
for accelerated aged parchments and unaged parchments. It was found that the
analysis of the derivative of the power signal provided a clearer picture of the
thermal behaviour and differences between samples (Figure 5.3). The thermal
degradation for the unaged sample was observed in a temperature interval
between 325°C and 375°C (35). For accelerated aged samples, the power
derivative was broadened towards higher temperatures, compared to unaged
samples. Similar results were observed also in historical parchments. (Figure 5.3
panels A and B).
The width of the thermal transition, in the interval 300-400ºC, was then used as a
damage marker to create a four damage categories ranking system within the
framework of the IDAP project (35). The calculated parameters for the damage
markers were compared with data from shrinkage temperature for both accelerated
aged and naturally aged historical parchments and showed a significant correlation
(30).
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Figure 5.3 Derivatives of the power signal for unaged and accelerated aged
parchments (Panel A) and for naturally aged (historical) parchments (Panel B). The
width of the thermal transition is broadened towards higher temperature for
(artificially or naturally) aged parchments compare to new ones. Figures are from
(30).

5.2.2 Application on biological samples
In a previous paper by Bozec and Odlyha (29), µTA was applied to the study of
thermal denaturation of collagen, revealing specific thermomechanical fingerprints
that help to distinguish between collagen and its thermally degraded form, gelatine.
Measurements were performed on native collagen from rat tail (in hydrated and
dry environment) and on gelatine (prepared artificially by heating collagen rat tail
at 70°C for 5 minutes) and changes in the deflection of the probe (as a function of
the probe temperature) were recorded. AFM imaging was used in support to
characterise the collagen scaffold after the thermal degradation.
It was observed that both collagen and gelatine thermal degradation is
characterised by a two-stage transition which is dependent on the structural
properties of the sample.
Figure 5.4 shows representative Localised Thermal Analysis (LTA) curves
(deflection of the probe versus temperature applied to the probe) for native
collagen and gelatine.

109

Figure 5.4 Characteristic LTA curves (deflection of the probe versus temperature
applied to the probe) for native collagen in dry state (black line) and gelatine (dotted
line). Figure is from (29).

For collagen (black line), one can observe two onsets of transitions at 150°C and
220°C; these onsets are associated with the breaking of the hydrogen bonds that
stabilise the collagen triple helix and with the unwinding of the triple helix
respectively and are in agreement with data reported in other studies (136). The
main degradation of the material occurs above 300°C with two transitions at 305°C
and 345°C. For gelatine (dotted line), no onset transition can be observed before
the main thermal degradation which occurs with two transitions at 290°C and
420°C respectively.
The application of AFM helped to understand this two-stage process. For native
collagen, during the first transition, the heat supplied by the probe is enough to
induce degradation in the sample area which is in direct contact with the probe. In
Figure 5.5, panels A and B show the impact of heating on the collagen scaffold if
the probe is retracted straight after the first transition. In panel A one can observe
the imprint left by the probe: the area in direct contact with the probe presents a
lack of the fibrillar structure, whilst the immediate surrounding area (panel B) still
presents an intact collagen matrix. If the probe is kept in contact with the sample
after the first transition and the temperature ramp is increased, then the heat
supplied is enough to degrade also the area next to the where the Wollaston wire
probe is in contact with the sample. This can be observed in Figure 5.5 panel C
and E: in these two locations, the collagen matrix appears completely degraded
and presents a glassy-like appearance. Far away from the imprint left by the probe,
intact fibrils can be observed (panel D).
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Figure 5.5 Original AFM images from (29) showing the imprint left by the probe on
the samples surface (Panel A and C). Panel B and Panel D-E show the state of
conservation of the collagen matrix in the surrounding area.

The second transition is then an indirect measurement of the propagation of
heat/degradation into the sample and is dependent on the structural properties of
the sample (i.e. crystalline or amorphous regions, density, degree of crosslinks).
Heat is, in fact, propagated faster in the crystalline regions of collagen than in
amorphous ones. If the sample is well-preserved, then the two-stage transition will
occur at a narrower temperature range; if the sample is degraded, i.e. it presents
more amorphous regions, these two transitions will occur at broader ranges,
depending on the degree of degradation. In fact, in gelatine, which can be
considered as an amorphous degraded phase of collagen, these transitions occur
over the broad range of temperatures between 290°C and 420°C.
Using the broadening of the second transition as a damage marker, it would be
possible to distinguish between collagen in its intact or degraded form and to
quantify the extent of gelatinisation in a sample.
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5.3 Novel application of µTA to the study of parchment
5.3.1 Limitations of previous approaches and methodology improvement
As mentioned above, these early pioneering studies have seen the application of
µTA, as performed for synthetic polymer characterisation (i.e. few measurements
per sample), directly translated onto parchment. The use of µTA revealed
important information on thermal behaviour of parchment at the nanoscale,
nevertheless this approach presents several weaknesses as it does not take into
account the nature and heterogeneity of parchment. Compared to synthetic
polymers, which are industrially standardised, parchment artefacts are extremely
complex due to different manufacturing processes (i.e. different recipes and
procedures) and their conservation histories. Therefore, some adaptations are
required for its application on biological samples.
Bearing in mind these considerations, the first methodology improvements
concerned the number of measurements per sample and the sample preparation.
Moreover, the Caliber AFM has an integrated colour CCD camera that allows the
Wollaston wire probe and the sample to be viewed on a computer monitor or TV
screen. Thus, LTA measurements can be performed directly on extracted collagen
fibres adopting the same approach used in Chapter 3 for parchment imaging. The
same sample, firstly imaged with AFM, was later used for LTA. At this stage, µTA
was performed on random fibres (1 measurement per collagen fibre), without
consideration their shape or morphology (a detailed description of different fibres
morphology is given in Chapter 1). In order to have a representative picture of the
thermal behaviour and heterogeneity of the specimen under examination, the
number of LTA measurements per sample was fixed at 30.
Figure 5.6 panel A shows the Wollaston wire probe and bundles of collagen fibres
as seen in the TV screen connected to the AFM (Figure 5.6 panel A and B).
These probes are handmade and therefore are not identical to each other. In
particular, the angle of the two arms supporting the filament may vary from probe
to probe. As a consequence, it might happen that the arms of the Wollaston wire
probe are not properly bent and the filament does not appear into the screen. To
overcome this problem, when necessary, the AFM head was mounted on a Zeiss
Televal 31 inverted microscope with a 10 x objective; this would ease positioning
the probe above collagen fibres before automatically approaching the probe to the
sample surface, when the visibility of the sample or of the filament is compromised
(Figure 4.6 panel C).
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Figure 5.6 Image in panel A shows the Wollaston wire engaged on a collagen fibre;
a detail of the probe is given in panel B. Panel C is a photo of the AFM head mounted
on the inverted microscope

5.3.2

Description and characterisation of LTA curve and data analysis

a. Description and characterisation of LTA curves
Figure 5.7 shows 30 deflection curves of the Wollaston wire probe (as a function
of the heating temperature) collected from the new parchment hide.

Figure 5.7 Series of 30 LTA measurements collected on the new parchment hide.

From this series of LTA curves, one can already start to observe that different
analysed locations (i.e. different fibres) display different deflection curves and
thermal responses, confirming that the multiplicity of measurements is the key
point for the analysis of such complex and heterogeneous sample. In Figure 5.8 a
collection of representative deflection curves of the Wollaston wire probe (as a
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function of the heating temperature) that can be obtain by applying µTA on
parchment, is presented.

Figure 5.8 A selection of representative LTA curves acquired on the new parchment
hide. Curves from panel A to panel D are characterised by a main change in the
deflection of the probe, corresponding to the thermal degradation of the sample. LTA
curves in panel E and F show a different behaviour as no downward deflection can be
observed and no degradation of the sample occurs.
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From this selection, one can now clearly observe that LTA curves can present
different shapes, meaning that the analysed fibres react differently to
heating/degradation. This can also be a consequence of the interaction of the
thermal probe with each specific analysed fibre.
The LTA curve in panel A represents a typical deflection curve. The probe is kept
in contact with the sample and a temperature ramp is applied to the probe (Chapter
2, § 2.2.2.1); as the temperature increases, the probe deflection is moved upwards,
possibly because of thermal expansion of the sample. On increasing the
temperature, degradation of the material occurs, and this is observed as a
downward change in the deflection of the probe. A similar behaviour was observed
in previous studies done on synthetic polymers, native collagen and parchment
(29,30,107,133–135). Nevertheless, not all the analysed parchment fibres present
a similar behaviour. Some fibres show a less pronounced (panel B) or absent
(panel C) thermal expansion; in some other cases, the thermal expansion is absent
and the probe is deflected downward (panel D). These different behaviours were
also observed by de Groot (30,34). Regardless of the initial thermal expansion,
LTA curves A-D are characterised by the presence of a clear thermal transition
(downward deflection) corresponding to the sample degradation (Td1).
In this thesis, attention was given only to the analysis of the thermal transitions,
whilst the differences in the shapes of the LTA curves were not taken into
consideration. However, a few preliminary comments can be made on the potential
reasons that cause different thermal responses. More studies would be
recommended in the future for better data interpretation and understanding of
thermal degradation of parchment at the nanoscale using µTA and for data
interpretation.
The spread of the heat within a sample is affected by its thickness. LTA curves as
the one seen in Panels C and D are likely to have been acquired on thick fibres:
on such fibres, the heat keeps spreading within the sample and therefore the
thermal expansion of the sample can be reduced or completely absent. On the
other hand, on thinner fibres the thermal expansion is more pronounced (as in
Panel A).
Another factor that might influence the shape of the LTA curve is related to the
dimension of the probe and to the local heterogeneity of the fibre analysed.
Although µTA can be considered a localised thermal analysis if compared to other
conventional thermal techniques (DSC or TMA), the Wollaston probe is quite big
and thus the analysed area cannot be considered as a discrete point. This is
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instead a region defined by the contact area between the sample and the probe,
i.e. the area corresponding to the diameter of the probe, with an oblong-shaped
contact area of approximately 10 x 20 µm as measured in (29). When applied on
a heterogeneous material as parchment, the Wollaston probe covers a portion of
fibre in which the collagen scaffold can present different states of degradation.
Therefore, the corresponding LTA curve obtained from that point can be
considered an average response of collagen with different degrees of degradation
by heat and might result in a more subtle thermal expansion.
In other cases, fibres do not show any “softening” of the surface. This phenomenon
can be explained either by poor contact between the Wollaston wire probe and the
sample, or by the fact that no thermal degradation occurs in the sample, as in
panels E and F. The probe can be deflected downward for the entire measure
(panel E) or, after an initial thermal expansion, reaches an asymptotic behaviour
(panel F). A poor contact between the probe and the sample might happen
because the probe is not entirely positioned onto a fibre and slips off; or because
the analysed fibre is not perfectly physisorbed onto the glass slide and keeps
moving during the measurement. As a possible alternative explanation, one can
hypothesise the presence of calcium carbonate (from the processing of animal hide
during manufacturing) onto the fibre that acts as a shield protecting the fibre from
deterioration. However, further studies should be carried out to confirm this
hypothesis.
If the temperature ramp continues to be applied to the probe after the first thermal
transition (Td1), a second modification in the LTA curve can be observed. This
variation is seen as a change in the slope of the deflection curve (tangents to the
curve inserted for clarity in Figure 5.9) and indicates the presence of a second
thermal transition (Td2), as observed by Bozec and Odlyha in (29).

116

Figure 5.9 Example of LTA curves showing two stage thermal degradation measured
during the experiments. The first thermal transition appears as a downward
deflection of the LTA curve, while the second thermal transition is identified by a
change in the slope of the deflection (tangents to the curve inserted for clarity).

The heat supplied to the probe degrades the area of the sample beneath the probe;
after the first transition, the heat is diffuse into the sample and keeps degrading
the material in the surrounding area where the probe is engaged to the sample.
A common finding between de Groot’s and Bozec’s research was that the rate of
heat propagation into the sample is dependent on the state of conservation of the
sample and that this rate can be quantified by looking at the width of the entire
thermal transition (i.e. first and second thermal transitions). The heat in fact is
supposed to propagate faster in the crystalline regions of collagen than in
amorphous ones (6). Thus, the closer these two transitions, the more wellpreserved the sample. Vice versa, if the sample is degraded, i.e. it presents more
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amorphous regions, these two transitions will occur at broader ranges, depending
on the degree of degradation. The broadening of the thermal transition was
evaluated by de Groot using the derivative of the power signal (30,32,35).
However, this can be observed and calculated also from the deflection signal and
correspondent derivative, as shown in Figure 5.10.

Figure 5.10 Examples of deflection curves (and corresponding derivatives) for a new
parchment (panel A and B) and for a parchment aged 48 hours at 120°C (panel C and
D). Upon ageing, a widening of the thermal transition is clearly observed.

b. Data extrapolation and analysis of the deflection curves
In this study, LTA deflection curves that did not present any thermal response (i.e.
no changes in the deflection of the probe occur) were not taken into account. Thus,
the first 30 measurements per sample that showed both the thermal transitions
were used.
From each LTA curve, three main data points of interest are extrapolated:
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1. The temperature at which the thermal degradation of the sample occurs
(Td1). In (29), this temperature was described as the minimum temperature
required to degrade the area of sample which is in physical contact with the
Wollaston wire probe. In the µTA curve, this value corresponds to the first
change in the deflection curve (i.e. first thermal transition).
2. The temperature required to degrade also the immediate surrounding area
next to where the Wollaston wire probe is in contact with the sample (Td2).
This temperature is the key piece of information that allows one to
distinguish between collagen and gelatine, as explained in (29). In the µTA
curve, this value corresponds to a second change in the slope of the
deflection curve (i.e. second thermal transition).
3. The temperature difference (ΔT) between the two thermal transitions. The
ΔT value provides information on the spreading of heat through the sample
and hence it is an indirect indicator of the physico-mechanical properties of
the sample (29). The smaller the ΔT, the more homogeneous, crystallinelike and preserved the sample is. Hence, ΔT is function of crystalline or
amorphous regions, density and degree of crosslinks.
To calculate these values from the LTA curves, each deflection curve needs to be
analysed individually. Two different methods were used.
One can calculate the corresponding first derivative for each deflection curve; the
first data point of interest corresponds to the maximum of the derivative curve,
while the second data point matches with the flex point of the derivative curve
(Figure 5.11).
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Figure 5.11 Graph A synthases one way that allows data extrapolation from a
deflection curve. the black curve represents the deflection curve, while the blue one is
the corresponding first derivatives of deflection as a function of temperature.

However, it is possible that the first derivative of the deflection curve does not yield
a clear transition point; in this case one can use the tangents just before and after
the transition event occurs and extrapolating data by intersection with the x-axis
(Figure 5.12).
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Figure 5.12 Graph B synthase the second method that allows data extrapolation from
a deflection curve. The green lines are the tangents to the deflection curve.

The data describe the thermal behaviour of the single fibre on which the
measurement was performed. The onset temperature of the thermal transition
(Td1) provides information on the temperature of degradation of that particular fibre
analysed, while the width of the transition (ΔT) can be correlated with the physical
chemical state of the material (i.e. degree of crosslinking, crystallinity, etc.)
Once Td1, Td2 and ΔT were calculated for each LTA curves, these data were
plotted in the form of histograms, with a bin of 10° C which corresponds to the error
of the instrument (and to the heating scan rate), in order to obtain a distribution of
these values. Each histogram represents the thermal fingerprints of the sample
and provides information on the thermal behaviour of the sample.
An example is given in Figure 5.13. where panel A shows the distribution of the
onset temperature of degradation and panel B the distribution of the width of the
thermal transition for a sample from the new parchment hide.
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Figure 5.13 Distribution of the temperature of the first thermal transition (Td 1) and
the ΔT for sample from the new parchment hide.

In Figure 5.13 panel A, 1 fibre has its first thermal transition between 250-259 ºC,
4 fibres between 260-269 ºC, 3 between 270-279 ºC and so on. The same is
applicable for the ΔT graph: 4 fibres have values of ΔT between 10-20 ºC and 2030 ºC, 6 between 30-40 ºC and so on.
Based on the series of distributions shown in Figure 4.13, it is possible to observe
that this sample has a quite wide distribution of the temperature of first thermal
transition, with values spread between 250°C and 330°C. The ΔT is also distributed
on a large range of temperatures (from 10°C to 80°C). These data suggest that
measurements have been performed on a variety of fibres characterised by
different levels of degradation, i.e. both intact and partially damaged fibres.
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5.3.3 Application of µTA on parchment
5.3.3.1 µTA on new parchment
µTA was firstly used to characterise the thermal behaviour of a new parchment
hide. Measurements were performed on three different areas of the hide. The
location of samples on the new parchment is shown in Figure 5.14, whilst the
related data are summarised in Figure 5.15.

Figure 5.14 Full parchment skin from Pergamena (US) showing the different area from
where the samples were taken.

Figure 5.15 Graph A shows the distribution of the temperature of degradation (Td1)
while graph B the ΔT for the two samples taken.
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The data shows that the samples taken from the different regions of the hide have
different thermal fingerprints. Sample from location 1 has a wider distribution of
both the first degradation temperature and ΔT compared to the other samples. This
may suggest that fibres extracted from location 2 and 3 present a better state of
conservation compared with those from Location 1. This is supported also from the
ΔT distributions; sample from location 2 has a narrower distribution compared to
the sample from location 1, suggesting that the hide in that area is more
homogeneous.
Although AFM and µTA measurements were not performed both on the same
fibres (but on extracted fibres from the same sample), AFM images from location
1 showed fibres with a different degree of conservation, whilst images for location
2 and 3 showed more intact collagen scaffolds, i.e. fibrils aligned in register
displaying regular D-banding (Figure 5.16).

Figure 5.16 Representative AFM images for new parchment sampled from location
1 (Panel A and B), location 2 (Panel C) and location 3 (Panel D). The scale bar is
2µm for Panels A, B and D and 1µm for Panel C.

124

5.3.3.2 µTA on accelerated aged parchments
µTA was then tested on artificially aged samples to evaluate its potential in tracing
changes upon ageing. Two different accelerated ageing conditions (thermal and
acid aged) were used and related procedures are described in Chapter 2, § 2.1.1.2.
With ageing, it is expected to observe the first thermal transition (Td1) shifted at a
lower temperature and a broadening of the temperature of the second transition.
Dry heat ageing
Figure 5.17 shows the distribution of temperatures of the first transition (Td1) and
∆T values for samples from the new parchment hide submitted to thermal ageing
for 24, 48 and 96 hours at 120°C. The application of AFM on these samples
revealed a series of changes and alterations of the collagen scaffold, as described
in Chapter 3, § 3.3.

Figure 5.17 Distribution of the temperature of the first thermal transition (Td 1) and
the ΔT for sample from the new parchment hide upon thermal ageing at 120 ºC:
control sample, sample aged 24 hours, sample aged 48 hours and sample aged 96
hours. Figure 2.2 in Chapter 2 shows the position of each aged sample within the
parchment hide.

On the basis of the LTA data, one can observe that the unaged parchment piece
(which was sampled from location 2 in the new parchment hide, Figure 4.13)
presents a narrow distribution of the onset temperature, in a range of temperature
between 290-320°C. Upon ageing, as expected, one can observe a shift of this
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parameter to lower temperatures as a consequence of the heat-induced oxidation.
The thermal profile for the sample aged 24 hours presents a broad distribution of
the onset temperature and a shift of this value, mostly between 270°C and 330°C,
if compared to the control unaged sample. After 48 and 96 hours of ageing, the
distribution of the first transition temperature appears less broad, but slightly shifted
and centred at lower temperatures, mostly between 250°C and 300°C for both the
samples.
No significant differences can be observed in the ∆T distribution, although it is
possible to observe a widening towards higher temperature differences; for the
sample aged 96 hours for example the majority of the fibres presents values for
∆T mainly centred at 30°C.
Exposure to acetic acid vapour
In the framework of the MEMORI project, experiments on the exposure of
parchment to volatile organic compounds (VOCs) have highlighted how acetic acid
can induce changes in the collagen scaffold at different structural levels, i.e.
modifications in the shape and morphology of extracted fibres and in their
hydrothermal stability (80).
These modifications can also be seen at the nanoscale: AFM images on
parchment sample exposed to acetic acid vapour revealed a series of alterations
of the collagen scaffold, as reported in Chapter 3, § 3.3. The application of µTA
also revealed different thermal fingerprints for sample exposed to acetic acid
compared to a control sample. Figure 5.18 shows the distribution of temperatures
of the first thermal transition (Td1) and ∆T values for samples from the new
parchment hide exposed to acetic acid vapour.
After acid degradation, the first thermal transition occurs at lower temperatures and
over a broad range of values (240°C and 300°C); a significant broadening of the
∆T values can also be observed.
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Figure 5.18 Distribution of the temperature of the first thermal transition (Td 1) and
the ΔT for sample from the new parchment hide upon ageing (exposure to acetic acid
vapour). Figure 2.2 in Chapter 2 shows the position of the control and aged sample
within the parchment hide.

The action of acetic acid on collagen Type I is associated with the disruption of
non-enzymatic crosslinks. A similar effect can occur on parchment, as suggested
by the distribution of the ∆T values: the broader this distribution, the loosen the
collagen structure, observed by Bozec and Odlyha in (29).

5.3.3.3 µTA on naturally aged (historical) parchments
µTA and the new approach to data analysis were then tested on a couple of
historical parchment documents belonging to the UCL Centre for Sustainable
Heritage (London, UK).
Sample HP3-OR63 is a single sheet parchment dated 1864. The document
appears in good state of conservation, has a pH around 7 and shows a high
hydrothermal stability with a shrinkage temperature of 56.4ºC (96). HP4-OR47 is
a single sheet parchment document dated 1731. The document appears in a good
state of conservation, has a pH around 8 and a shrinkage temperature of 43.8ºC
(96).
Figure 5.19 shows the distribution of the temperatures of the first thermal transition
(Td1) and the ΔT for these samples.
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Figure 5.19 Distribution of the temperature of the first thermal transition (Td) and the
ΔT for sample from HP3-OR63 and HP4-OR47.

From these data one can observe that also at the nanoscale it is possible to detect
differences in the two samples that reflect their state of conservation. Sample HP4OR47, in fact, has a lower shrinkage temperature compared to sample HP-OR63.
Differences can be observed also in their thermal profile at the nanoscale. Sample
HP4-OR47 has a quite wide distribution of the temperature of first thermal
transition, with values distributed between 210°C and 280°C. The ΔT is also
distributed on a large range of temperatures (from 20°C to 80°C), if compared to
sample HP3_OR63. This latter sample in fact still presents a quite wide distribution
of the temperature of the first degradation; however, the distribution is shifted to a
higher temperature, in the temperature range of new parchments (see Figure
5.12).

Accelerated ageing on historical parchment
Part of sample HP3-OR63 was thermally aged at 70 ºC and 65% RH for 32 days
and 40 days for studies at UCL Centre for Sustainable Heritage and was used in
this thesis to test the sensitivity of Microthermal Analysis.
Figure 5.20 shows the distribution of the temperatures of the first thermal transition
(Td1) and the ΔT for these samples.
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Figure 5.20 Distribution of the temperature of the first thermal transition (Td) and the
ΔT for sample from HP3-OR63 upon ageing.

Upon ageing, one can observe a decrease in the temperature of first thermal
transition and a narrower distribution between 240°C and 280°C, for both the aged
samples compared to the unaged one. However, no significant changes can be
noticed between the thermal profiles for the two artificially aged samples,
suggesting that the ageing conditions (i.e. time of exposure) are not sufficient to
induce remarkable alterations between the two samples.
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5.4 conclusions
In this chapter, a novel application of µTA for the thermal characterisation of
parchment artefacts at the nanoscale was presented. This approach was designed
taking into account previous works’ outcomes (29,30,32,34) with the aim to
overcome their limitations. Methodology improvements concerned a new
alternative setup of the instrumentation, sample preparation, number of
measurements per sample and data extrapolation and analysis. These
improvements allowed to characterise the thermal behaviour of several parchment
documents taking into account nature and heterogeneity of the samples.
µTA was applied on extracted bundles of collagen fibres from new, artificially aged
and historical parchment documents. For the sample preparation, the same
approach as described in Chapter 3 was used. The advantages of adopting such
an approach included the possibility of linking directly AFM and µTA results and
having an understanding of parchment degradation at the nanoscale.
The application of this technique allows one to detect damage markers that
characterise the thermal degradation pathways of parchment. These markers
include the temperature of degradation of the sample and the width of the thermal
transition. Upon ageing, these values vary depending on the degree of degradation
of the samples. Thus, µTA can be used to extrapolate their thermal profile and to
reveal changes in the thermo-mechanical behaviour, upon ageing, for new and
both accelerated and naturally aged (historical) parchments.
A further improvement to the µTA-based protocol however is required and
concerns the application of statistical analysis, especially when µTA is applied to
study the effects of accelerated ageing conditions (or conservation treatments, as
will be described in Chapters 6 and 7). One can use the Kruskal Wallis statistical
test, however other tests that can fit better the thermal data should be evaluated.
The data collected for the new parchment hide have shown that there is a
difference in the thermal behaviour of the parchment, if sampled in different
locations (§ 5.3.3.1). The application of a statistical test would confirm if these
variations across the parchment hide are significant and thus would inform the
choice for sampling the parchment for further study, i.e. to evaluate the impact of
accelerated ageing. For this, it is essential that tests are carried out within a limited
region of the hide, that a control sample is taken within the same region and that
statistical analysis is performed. This approach would guarantee that, if differences
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are highlighted between a control sample and a treated one, i.e. subjected to
accelerated ageing (or conservation treatments), these variations can be entirely
ascribed to the ageing conditions (or conservation treatment) rather than to an
intrinsic variation in the original sample used for tests.
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Chapter 6 - The NANOFORART project and a novel approach for
parchment conservation: evaluation of the impact of nanomaterials
on parchment at the nanoscale
6.1 Introduction
The understanding of degradation pathways and the evaluation of the state of
conservation of historical artefacts are the first crucial steps to guarantee
appropriate preservation and conservation strategies. Over the last few decades,
several European projects have focused their attention on to the study of
parchment; developing new tools to help conservators in the assessment of the
state of parchment degradation, easily and with minimum sample requirements
and preparation (31,81) and to evaluate storage conditions and environmental
impact on parchment (31,80).
Whilst a deeper understanding of the causes and mechanisms of the deterioration
of parchment has been achieved, several unresolved issues still remain
concerning conservation strategies. Parchment conservation practices include
procedures mainly focused on preserving the aesthetic features of the objects to
ensure their fruition, such as the cleaning of the surfaces or the relaxation of
creases and folds. Attention is also given to storage and environmental conditions.
However, universally recognised conservation approaches that can counteract
causes of degradation, and thus extend the lifespan of artefacts, are still
missing/lacking.
To address this, the European project NANOFORART (38) is the first project that
has focused the attention on the development of new conservation treatments for
collagen-based artefacts. Taking into account previous research outcomes on
factors of degradation, nanoparticles dispersions were proposed as a potential
conservation treatment for parchment. These treatments are generally used for the
deacidification of cellulose-based materials, such as paper, canvas and woods,
and have been proven their potent in counteracting acidity in these materials and
extend their lifespan.
This chapter presents an overview of the NANOFORART project explaining the
rationale behind the decision of translating, with some modification, deacidification
treatments onto parchment. The application of calcium-based nanoparticles was
proposed as these systems would contain either calcium carbonate or calcium
hydroxide which on neutralisation with any acidic material present would also form
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calcium carbonate. This is already present at the outset in parchment and so was
considered to be non-detrimental to parchment.

However, before testing the

suitability of these dispersions on parchment, it was necessary to verify the
compatibility of the particles carrier (i.e. a solvent) with the parchment substrates.
Experiments on the impact of selected solvents on mock systems made purely of
collagen type I and on a new parchment were performed. The results obtained
were used to select the best particles-solvent combination in order to achieve
better performances of the chosen nanoparticles dispersions.

6.2 Need for parchment conservation treatments
The main objective of the European project NANOFORART (ENV-NMP.2011.2.25) (38) was the development, synthesis and evaluation of novel nanomaterials for
the conservation and preservation of both immovable and movable artworks.
Among movable artworks, particular attention was given to the development of
new formulations tailored for parchment conservation.
Outcomes from previous European projects on parchment (31,80), revealed that
acidity issues could also affect collagen-based material. The IDAP projects (31),
and subsequent studies (5,9,10), investigated the effects caused by relative
humidity and temperature fluctuations (69,77) and by inorganic pollutants (SO2 and
NO2) (8,9) on modern and historical parchments. The main results of these projects
highlighted the fact that the presence of sulphur dioxide adsorbed into the
parchment structure can lead to a parchment acidification. SO2 can react with water
molecules present in the protein structure and be transformed into sulphurous acid;
this can be further oxidised to sulphuric acid and progressively accumulates into
parchment. Also, nitrogen oxides (NOx) can react with water present in parchment
and form NO2¯ and/or NO3¯; these species have an acidifying effect on parchment
by promoting the hydrolysis and oxidation of the main collagen chains and the side
chains of amino acids. The presence of copper or iron traces, from the lime solution
during the manufacturing process, can catalyse the conversion of sulphur dioxide
into sulphuric acid increasing the acidity. FTIR analysis showed a decrease of the
CaCO3 content after exposure of parchment to pollutants; this effect might be due
to the decomposition of the CaCO3 layer by acid compounds and suggests that
CaCO3 might be a possible site for attack by acids. Exposure to NOx and SO2 also
promotes morphological changes in the parchment surface showing an initial
fragmentation of the fibres that progressively lead to a fragmented surface
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characterised by detached and lost layers; heavily shrunk fibres can also be
observed beneath the damaged surface.
In the MEMORI project (80), the research focussed on the effects of volatile
organic acids (in particular acetic, formic). The PROPAINT project (Protection of
paintings during exhibition, Storage, Transit) (137) demonstrated that the levels of
volatile organic compounds (VOCs) are often higher in the micro-climate frames
used to protect paintings than in rooms and were found to enhance the degradation
of varnishes (138). The MEMORI project extended the study to parchment and
leather to assess the effects on collections of books and manuscripts in archives
and libraries; these objects are often stored in wooden shelves and thus exposed
to level of volatile compounds exuded from the wood. Results on exposure of
parchment to acetic acid vapour (and formic acid) showed that acidity can induce
irreversible changes in the collagen structure within parchment, affecting fibres
morphology, their hydrothermal stability and lowering its pH (80,132). Changes in
the pH lead to variations also of the isoelectric point of collagen resulting in an
alteration of the complete protein structure. Safe values of pH for parchment falls
in the range between 5 and 8; below or above these, swelling of the collagen fibres
occurs as observed in (139).
Contrary to common opinions among parchment conservators (80,92)7, these
outcomes suggest that acidity issues can affect parchment as for cellulose-based
materials (i.e. paper, wood and canvas). In cellulose-based materials, the acid
attack is manifested by a lowering of the pH, which is then followed by acid
hydrolysis with consequent loss of structural and thermal stability and mechanical
properties (140). On the other hand, on parchment it is unlike to observe variation
in the pH, or pH values below 6 (there are not even standardised procedures and
protocols for pH measurements as for paper, i.e. TAPPI T 509). Thus, the
diagnosis of acidic degradation on parchment might appear more difficult.
As these outcomes suggest that a counteraction of acidity might be the key
element of a potential conservation treatment for parchment, the NANOFORART
project aimed to translate and apply conservation approaches for paper (i.e.
deacidification treatments) onto parchment.

7

Personal communication with several conservators, working mainly in Italy
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6.3 Towards the translation of deacidification treatments for parchment
preservation
6.3.1 Background
The target of a deacidification treatment is the complete neutralisation of the acidity
in the material. This can be achieved by using an active agent (alkaline metal earth
hydroxides, carbonates and/or bicarbonate) that withdraws protons from the
substrate (neutralisation between the OH- ions from active agent and the H+ ions
coming from acidic species or groups). The part of the active agent that has not
been consumed during the neutralisation process reacts with atmospheric carbon
dioxide and forms a thermodynamically stable side product (an alkaline reservoir).
This alkaline reservoir works as a buffer for reoccurring acid attack.

6.3.2 Most recent deacidification treatments for paper
Over the last 40 years, several conservation treatments have been proposed to
counteract acidity in cellulose-based artefacts (141,142). Since the first
approaches which involved aqueous solutions of bicarbonates and hydroxides
(143,144), conservation science has been keeping developing strategies for
increasing the performances of deacidification treatments proposing gaseous
treatments for “mass deacidification” (145,146) non-aqueous treatments, such as
Wei.T’o, Sable, Battelle and Bookkeeper (147–150), and more recently
nanomaterials. Nowadays the most used methods are the Bookkeeper and
nanoparticles dispersions (151–157).

6.3.2.1 Bookkeeper
This treatment was firstly developed in the early '80s by Richard Spatz and consists
in magnesium oxide particles dispersed in fluorinated solvents, mainly
perfluoroheptane, and additives (158,159). Once applied and deposited within the
cellulose fibres network, the magnesium oxide undergoes two sequential chemical
processes: it is converted in hydroxide, by hydration for interaction with
environmental moisture, and subsequently the hydroxide neutralises the acidity. If
in excess, the hydroxide may form carbonates, conferring an alkaline reserve to
the object.
Although it is one of the most widely used non-aqueous deacidification treatments,
Bookkeeper presents several drawbacks (159,160). To maintain the magnesium
oxide particles stable in the dispersion, high concentrations of fluorinated
surfactants are used, whose effects over the years are yet unknown (159). The
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additives are adsorbed on the particles surface slowing down the hydration of the
magnesium oxide and consequently the neutralization of acidity and the formation
of the alkaline reservoir. This can be particularly dangerous for the substrate as
magnesium oxide is highly alkaline and can lead to a β-alkoxy elimination reactions
(i.e. alkaline hydrolysis) of the cellulose fibres.
The formation of white hazes on the document surface was also reported (161,162)
as a consequence of the particles size (order of microns).
6.3.2.2 Nanoparticles dispersions
Since the early 2000s, the CSGI (Consorzio Interuniversitario per lo Sviluppo dei
Sistemi a Grande Interfase; Research Centre for Colloid and Surface Science) and
the Chemistry Department of the University of Florence have been working on the
development and synthesis of alkaline metal earth hydroxides dispersed in an
appropriate solvent (in short chain alcohols). These dispersions have proved
particular potent as deacidification agents for cellulose-based materials, such as
paper (151–154,156), canvas (152,156,157) and wood (157,163–166) and more
recently also for leather (167).
6.3.2.2.1 Synthesis of nanoparticles
Different synthesis procedures can be used to produce nanoparticles and
depending on the methodology selected, a variety of particles and dispersion
properties combinations (particle size, shape, crystallinity, dispersion stability, etc.)
can be achieved. Inorganic nanoparticles can be obtained either by breaking down
a bulk material into smaller dimension (Break-Down or Top-Down method) or by
assembling atoms/molecules into a more complex structure (Bottom-Up method)
(168).
In the Break-Down process, a block of a bulk material is reduced into fine particles
by grinding (this procedure is also-called milling) or into molecular or atomic size
by thermal decomposition. Milling generally takes place in a chamber filled with
balls (made of different materials and with different size) that act as grinder
materials; the inner surface of the chamber can be covered with an abrasionresistant material. During this process, the chamber rotates around the horizontal
axis and the rotation movements induce the grinding of the material. The
disadvantages of this method are related to the presence of impurities, coming
from the materials used to make the balls and chamber) and particles
characteristic. This reaction does not allow for a direct control of the size and shape
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of the particle which are characterised by a broad size distribution and different,
undefined geometries with the tendency to re-aggregate (168,169). Thermal
decomposition operates by stirring the material in a reactor at high temperature
and pressure; by controlling temperature and pressure, it is possible to obtain
small, stable particles (168,169).
In the Bottom-Up process, particles are produced from atomic or molecular species
through chemical reactions that allow the precursor particles to grow in size and
are divided into two main categories depending on how the chemical reactions take
place. In the thermodynamic approach, the synthesis of the particles is
characterised by the creation of supersaturation, nucleation and subsequent
growth of particles. In the kinetic approach instead, the synthesis of the particles
is achieved by limiting the amount of particles precursors or by restricting the
reaction in a micelle (168). These methods allow for small, monodispersed,
crystalline particles identical in shape and morphology, compared to the one that
can be obtained by Break-Down approach.
6.3.2.2.2 Advantages of using nanoparticles dispersions
The use of nanoparticles dispersions presents several advantages over other
deacidification methods, due to the particles size. As the size of particles is
reduced (order of nanometres for nanoparticles compared to few microns for
Bookkeeper particles), the surface area per unit volume increases; thus, the
material reactivity is enhanced, enabling for a fast deacidification reaction.
Moreover, a reduced size of the particles can guarantee a deeper penetration,
reducing the risk of white haze formation on the surface. The dispersion of particles
in a suitable solvent is required for their application. The smaller the particles, the
more stable the dispersion is in the carrier solvent, meaning that the use of
stabiliser is not necessary. These particles dispersions are also particular stable in
short chain alcohols (such as ethanol and propan-2-ol) or in cyclohexane and the
use of these solvents guarantee low surface tension, i.e. a good wettability of the
substrate; low toxicity and no interactions with the components of the artefacts, i.e.
inks, pigments, medium (157).
6.3.3 Conservation strategies proposed for parchment
Among the several deacidification treatments available on the market,
nanoparticles dispersions exhibit several characteristics that make them potentially
eligible for parchment conservation.
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Thus, in the framework of the NANOFORART project, calcium hydroxide and
calcium carbonate nanoparticles dispersed in propan-2-ol, cyclohexane or
hexamethyldisiloxane

were

proposed

for

parchment

conservation

and

preservation.

6.3.3.1 Characteristic of the active agent (nanoparticles)
Calcium carbonate is one of the main components of parchment, which was
formed as a side product during the manufacturing process. Its presence and
concentration can widely vary from one parchment to another as different
“protocols” were adopted for parchment making in different countries and historical
periods. However, historical parchments (produced before the introduction of
modern processes that became prevalent during the industrial revolution) can
show a superficial layer of carbonate that covers the collagen fibres and acts as a
shield, protecting the collagen scaffold from degradation. An example is given in
Figure 6.1, in which an AFM image of the surface of a parchment document from
the XIII century is shown. In this picture, one can observe the presence of a
carbonate layer on the top of intact banded fibril, aligned in register.

Figure 6.1 AFM images of the surface of a parchment manuscript (XIII century) from
the Municipal Archives in Segovia (Spain). The AFM images were acquired by raster
scanning directly the sample surface in tapping mode. On the right, it is possible to
observe a carbonate layer covering the collagen scaffold, which appears to be formed
by intact fibrils aligned in register and displaying D-banding periodicity (detail in the
image on the left). The image scan size is 10 µm in the Figure on the left and 5 µm in
the Figure on the right. Images are courtesy of Dr Laurent Bozec.

Although it was demonstrated that acidity poses a serious threat also to the
preservation of parchment documents, the translation of deacidification treatments
would aim to the enhancement or re-formation of the carbonate layer/content
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rather than to a pH adjustment. This would act as a sacrificial layer and site of
attack, protecting the collagen scaffold from degradation. Calcium-based
nanoparticles would be then inert and compatible with the substrates and their
application would not involve the addition of any substances extraneous to the
parchment. Carbonate nanoparticles are milder deacidification agents compared
to hydroxide nanoparticles; thus, they might be more compatible with parchment
as collagen is susceptible and degrades with abrupt changes in pH (i.e. changes
in isoelectric point of the protein).

6.3.3.2 Characteristic of the NPs carrier
A solvent is required for the delivery of the nanoparticles on the substrate to be
treated. In general, propan-2-ol (a polar solvent) and cyclohexane (a non-polar
solvent) are used. Both these solvents have shown to be inert with the substrate
(i.e. cellulose), inks, medium and pigment (depending on the solubility of inks or
pigments, one can use one instead to the other). Moreover, particles dispersed in
these solvents result stable over the time.
The use of a third solvent, hexamethyldisiloxane (a non-polar solvent), was also
suggested; this solvent is used in the Battelle treatment and seems to be inert for
cellulose fibres, inks, medium and pigment, conservators health and for the
environment (149). Moreover, it is used in liquid bandages (spray or plasters) to
protect damaged skin or to soften and remove adhesive residues left by medical
tape and bandages, without causing further skin irritation. Thus, its biocompatibility
and apparent inertness with human skin makes it a potential alternative to propan2-ol and cyclohexane.

6.3.3.3 General nanoparticles requirements for application on parchment
In order to promote the application of nanoparticles dispersions on parchment,
there are two main requirements that must be met. Firstly, nanoparticles
dispersions have to show compatibility and inertness with the substrate and this
can be guaranteed by using calcium-based nanoparticles, as calcium is already
present in parchment. Secondly, the particles should be of small size and should
not have the tendency to form clusters: the reduced size would allow for a deeper
penetration of the particles into the collagen fibres network, whilst the nonaggregation would avoid the formation of white hazes on the surface. The tendency
to form clusters is a consequence of the synthesis process and is also influenced
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by the stability of the particles when dispersed in the solvent. All the three selected
solvents have shown good compatibility with the particles leading to dispersions
that are stable over time (also for a year).
Although nanoparticles dispersions seem to satisfy all these basic requirements
for a potential application on parchment, it is still not possible to address or foresee
potential induced damage related to the use of solvents onto parchment. Based on
the assumption that nanoparticles themselves are not harmful to parchment, a
possible source of damage might be represented by the solvent used to disperse
the particles. Despite the wide use of solvents in the practice of parchment
conservation (91,92,170,171), few studies have been published on the possible
side effects on parchment due to their application. With the exception for Gonzales
et al. work (172), the attention was mainly focused on the evaluation of potential
induced damage at the macroscopic level (i.e. changes in colour and transparency,
mechanical properties) (171) rather than at possible effects on collagen structure.
Given the above considerations, prior to any nanoparticles application on
parchment it is necessary to achieve a greater understanding of the possible side
effects of solvents on the collagen structure within parchment. This would help in
the synthesis and selection of the dispersion to be used and in achieving better
performances of the chosen dispersions.

6.4 Impact of solvents on collagen
In this section, the impact of the solvents selected for the dispersion and
application of calcium-based nanoparticles on parchment will be evaluated. The
criterion for solvents suitability is based on which solvent would induce less
alterations in the collagen structure. As no previous works has evaluated structural
changes in parchment as consequence of solvents’ application, a pilot test was
firstly carried out on a mock system and engineered collagen scaffolds were
selected. These systems are widely used in tissue engineering (173–176) and may
represent a basic model for parchment as they are made of collagen type I.
Morphological changes due to solvent application on these systems were
evaluated using AFM. Measurements were then performed on the new parchment
hide (Chapter 2, §2.1.1.1) and the solvents effects were evaluated both at the nano
and micro scale by AFM and µTA.
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6.4.1 Impact of solvents on engineered collagen scaffold
Acellular collagen gels were used to carry out some preliminary tests on the impact
of solvents on collagen Type I. Compared to naturally formed collagen type I, these
scaffolds are chemically and mechanically weak systems due to the presence of
weak hydrogen interactions and to the complete absence of the intermolecular
covalent crosslinks responsible for the structural stability (177,178). Compared to
parchment, they are “simple” samples that consists in a monolayer of weak
collagen, whilst parchment is a cross-section of animal skin that has been
subjected to several manipulation processes, different storage and environmental
conditions and, potentially, conservation treatments. Thus, the advantage of using
these systems would include the possibility of detecting any early sign of
interaction between solvents and collagen and to identify different types of
morphological alterations due to each solvent.

6.4.1.1 Preparation of collagen scaffolds and application of solvents
Four collagen scaffolds were prepared and plastically compressed as described in
Chapter 2, § 2.1.2 (97). Once ready, the collagen gels were rinsed with deionised
water to remove PBS and cut in portions of 5x5 mm, placed on a glass slide and
left to air dry completely overnight. The samples were then treated with the
selected solvents: 100 μL of solvent was applied using a Gilson pipette and the
solvents were left to evaporate at room temperature for 5 days. The amount of
solvent applied was enough to completely cover the gels; therefore, it is possible
to assume that treatment of the collagen scaffold was done by “immersion” in the
solvent. Treatment by immersion should guarantee an extreme interaction
between the collagen scaffold and the solvent and should represent the worst
scenario, leading to massive changes in the collagen structure.
The characterisation of these systems, before and after solvents application, was
performed with AFM. Measurements were performed 5 days after the application
of the solvents by analysing 5 different locations per sample.

6.4.1.2 Changes in the morphology of the collagen scaffold revealed with
AFM
Panel A in Figure 6.2 shows an AFM image of an untreated collagen gel. The gel
appears as a dense and compact sheet of collagen fibrils, randomly orientated
(179), which display the characteristic annular periodicity of collagen.
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In Panel B-D representative AFM images for the treated collagen scaffolds are
shown. The application of solvents, regardless from their nature, leads to more or
less evident morphological changes in the collagen scaffold.
The application of propan-2-ol seems not to alter the collagen scaffold; the sample
still appears as a dense monolayer of randomly oriented fibrils displaying a
perfectly visible D-banding (panel B). On the other hand, if compared to the control,
the characteristic collagen features, such as D-banding periodicity and banded
fibril structure, are more evident.

Figure 6.2 AFM images of collagen scaffolds: untreated (panel A), treated with propan2-ol (panel B), cyclohexane (panel C) and hexamethyldisiloxane (panel D).
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The samples treated with cyclohexane (panel C) and hexamethyldisiloxane (panel
D) present severe alterations. Both the collagen scaffolds are not reminiscent of
the native structure presented in panel A and one can observe a partial absence
of the banded fibril structure, as well as wrinkling and shrinking surface, although
D-banding periodicity is still visible.

6.4.1.3 General considerations on the application of solvents engineered
collagen scaffold
The outcomes from this preliminary experiment suggest that the application of
propan-2-ol

is

less

detrimental

for

collagen

than

cyclohexane

and

hexamethyldisiloxane. Whilst little is known about interactions of cyclohexane and
hexamethyldisiloxane with collagen, the effects of propan-2-ol on collagen are well
known (180,181). Its interaction with collagen causes a dehydration of the sample
and a consequent shrinkage of the fibrils. This might result in a stiffer structure and
leads to more evident characteristic collagen features, such as D-banding
periodicity and banded fibril structure, as observed for the collagen scaffold in
panel B. Although the effects of cyclohexane (182) and hexamethyldisiloxane on
collagen are still unknown as no previous studies have been published, data from
this pilot test suggest that these solvents might have an effect on the structure of
the collagen gel. After their application in fact, it was possible to observe severe
alterations of the collagen scaffold that led to a loss of the native structure.
However, it is important to remember that these results were obtained for
engineered collagen scaffold, i.e. chemically weak and less cross-linked than
parchment. The different degradation mechanisms that were highlighted might
represent an extreme case of interaction between solvents and collagen. On
parchment, it is likely that these effects may be observed if solvents would be
applied on an already heavily damaged parchment.
Additionally, treatments by immersion are almost banned in parchment
conservation practice, therefore the results obtained on the model collagen
systems are not sufficient to assume that both the propan-2-ol and the cyclohexane
cannot be used on parchment, as long as the volume of the solvent is controlled
and the interaction time with parchment is reduced.
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6.4.2 Impact of solvents on new parchment
6.4.2.1 Application of solvents onto new parchment
From the new parchment hide (§ 2.1.1), three rectangles (12.5 x 5 cm) were cut
with the fibres aligned along their longest sides (Figure 5.3). Due to the
heterogeneity of parchment, from each rectangle a piece of 2.5 x 5 cm was cut to
obtain, for every single treated piece of parchment, a reference sample. This would
help to highlight any difference between the control and the treated sample due to
each treatment applied within a homogeneous area.
In collaboration with manufactures who produce the nanoparticles dispersions
(CSGI, MBN and ZFB), it was agreed to apply 1.5 ml of propan-2-ol, cyclohexane
and hexamethyldisiloxane on the flesh side of the three parchment pieces. The
samples were placed in a Petri dish and the application of the solvents was carried
out in a fume hood. 500 μL of solvent was applied using a Gilson micropipette,
directly depositing droplets on the flesh side of the parchment in order to wet the
sample as homogeneously as possible. After each application of 500 μL, the fan
was turned back on to facilitate the evaporation of the solvent. Once the solvent
was completely evaporated (i.e. the parchment no longer appeared to be wet), it
was possible to proceed with the next application. After the treatment, the samples
were left in the fume hood with the fan turned on for up to one hour. Measurements
were performed 10 days after the solvents application.
In order to evaluate if the damage due to the immediate solvents application can
further catalyse parchment degradation, a control (i.e. untreated) and solvents
treated samples were thermally aged at 120 °C for 96 hours (37,89,183).
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Figure 6.3 Panel A is a schematic diagram of the new parchment hide showing the
different areas where parchment was sampled for solvent treatments. Panel B shows
the method selected to apply both solvents and nanoparticles dispersion onto
parchment.

6.4.2.2 Notes on sample preparation and measurements
The impact of solvents on the morphology and thermal behaviour of parchment
were analysed at the nano and micro levels using the protocols designed in
Chapter 3 and 4. The sample preparation (§ 3.3.1) however was slightly modified
in order to have a better representation of each sample overcoming the analytical
limits of such localised measurements. Three small pieces of approximately 2 mm2
were cut from random areas of each sample and soaked into water for ten minutes.
Grain and flesh sides were separated and bundles of collagen fibres were pulled
out from the flesh side with the help of a sharp needle and tweezers. Extracted
bundles of fibres, from the three different areas within the same samples, were
then placed on a clean, flat microscope slide in excess water and separated. In
this way, one can perform measurements on random fibres coming from random
areas from the sample.
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6.4.2.3 Assessment of immediate impact of solvents on parchment at the
meso and nanoscale
6.4.2.3.1 Impact on the morphology
-

Effects of propan-2-ol

Figure 6.4 shows optical images of bundles of collagen fibres extracted from the
new parchment untreated (panel A) and from the one treated with propan-2-ol
(panel B). In both the images, the red dots indicate the areas that were analysed
by AFM.

Figure 6.4 bundles of collagen fibres extracted from new parchment hide untreated
(panel A) and treated with propan-2-ol (panel B). The red dots indicate the area
analysed by AFM, whilst the black arrows highlight “twist and pearls” structure. The
image was acquired with a light optical microscope at a magnification of 100x.

By a qualitative comparison of these two images, no major differences in the shape
and morphology of the fibres can be observed. Individual and well separated
collagen fibres are characteristic for both the sample, with a majority of flat fibres.
One can also see the presence of split fibres and “twist and pearls” structure (black
arrows).
Imaging with AFM reveals the nanostructure of the scanned collagen fibres. Figure
6.5 shows representative AFM images for the control sample.
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Figure 6.5 Details of portion of fibres from Figure 6.3 panel A and related AFM
images (scale bar is 2 µm for image for location “b” and 5 µm for the AFM image for
location “c”). Red arrows highlight the presence of spaces between fibrils, while the
white circle indicates an area where the presence of micro-crater-like features
(“holes”) on single fibrils or on the surface can be observed. Black arrows show the
presence of deposits (i.e. gelatinised materials) onto the collagen surface.

At the nanoscale, it is possible to observe collagen fibrils aligned in register, with
individual fibrils displaying the characteristic D-banding periodicity as expected for
intact collagen. However, one can also observe that the collagen scaffold in this
area of the parchment hide appears less regular if compared to the one shown in
the AFM images in Chapter 3. It is in fact possible to highlight the formation of
spaces between single fibrils (red arrows) or the presence of micro-crater-like
features (“holes”) on single fibrils or on the surface (white circles).
The sample treated with propan-2-ol presents features similar to the control
sample. Figure 6.6 and 6.7 show representative AFM images for this sample.
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The typical banded fibril structure can be observed, as well as the presence of
some alteration of the collagen scaffold such as the formation of spaces between
fibrils (red arrows). One can also notice a rippling (wrinkling) of the surface (stars).

Figure 6.6 Details of fibres extracted from the sample treated with propan-2-ol and
related AFM image (scale bar is 2 µm). Red arrows highlight the presence of spaces
between fibrils, while the black arrows show the presence of deposits (i.e.
gelatinised materials) onto the collagen surface.

Figure 6.7 Details of fibres extracted from the sample treated with propan-2-ol and
related AFM images (scale bar is 2 µm). Red arrows highlight the presence of spaces
between fibrils; the stars highlight the rippling of the surface.
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Figure 6.8 shows cropped images from the top right corner of the AFM images
presented in Figure 6.6 and 6.7 respectively.
It is now possible to observe a local change in the dimensionality of single fibrils
(i.e. swelling), marked by green arrows. Characteristic collagen features, such as
D-banding periodicity and banded fibril structure, are more evident if compared to
the control sample. Similar results were also observed on the engineered collagen
scaffolds (Figure 6.2 panel B) as a results of the dehydration of the sample as a
consequence of the application of the propan-2-ol.

Figure 6.8 Cropped images from the top right corner of the AFM images in Figure 6.5
(Panel A) and 6.6 (Panel B). Red arrows mark the presence of interfibrils spaces, whilst
the green ones highlight portion of fibrils affected by a local swelling. Characteristic
collagen features, such as D-banding periodicity and banded fibril structure, are now
more evident. The scale bar is approximately 500nm.

-

Effects of cyclohexane

Figure 6.9 shows optical images of bundles of collagen fibres from the untreated
parchment sample (panel A) compared to parchment treated with 1.5 mL of
cyclohexane (B).
As observed for the sample treated with propan-2-ol, no major qualitative
differences can be highlighted between the shape and morphology for the fibres
from these two samples.
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Figure 6.9 bundles of collagen fibres extracted from new parchment hide untreated
(panel A) and treated with cyclohexane (panel B). The red dots indicate the area
analysed by AFM, whilst the black arrows highlight “twist and pearls” structure. The
image was acquired with a light optical microscope at a magnification of 100x.

At the nanoscale, however, more severe alterations of the collagen scaffold occur
after the application of cyclohexane. Figure 6.10 shows representative AFM
images for the treated sample. The typical banded fibril structure is observed in all
the location analysed, however the application of cyclohexane led to the formation
of spaces between fibrils and a local swelling of the fibrils. If compared to untreated
and propan-2-ol treated samples, the wrinkling of the surface gradually become
more spread (stars). One can also observe some areas where the collagen fibril
structure is partially absent (oval). The application of cyclohexane seems to alter
the ordered structure of the collagen. In parchment, the collagen scaffold is
characterised by the alignment of the fibrils along a preferential direction. This
conformation seems to be disrupted after the application of cyclohexane and is
reminiscent of the effects of this solvent on the mock system (Figure 6.2 panel C)
suggesting a different behaviour of collagen if exposed to propan-2-ol or
cyclohexane.
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Figure 6.10 Representative AFM images (scale bar is 10 µm) for sample treated with
cyclohexane. Red arrows highlight the presence of spaces between fibrils; white
circle indicates an area where the presence of micro-crater-like features (“holes”) on
single fibrils or on the surface can be observed; green arrows indicate the local
swelling on single fibrils; the black stars mark areas affected by wrinkling and the oval
mark are where the banded fibril structure is absent.

-

Effects of hexamethyldisiloxane

Figure 6.11 shows optical images for the control parchment (panel A) and for the
parchment treated with hexamethyldisiloxane. After the application, it is possible
to see individual and well separated collagen fibres, with a majority of flat fibres.
However, compared to samples treated with propan-2-ol and cyclohexane, on this
sample it is possible to observe an increase of “twist and pearls” and in particular
the presence of “pearls on a string” structure (i.e. the repetition of pearls and twists
along a single fibre) marked by black arrows.
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Figure 6.11 bundles of collagen fibres extracted from new parchment hide untreated
(panel A) and treated with hexamethyldisiloxane (panel B). The red dots indicate the
area analysed by AFM, whilst the black arrows highlight “twist and pearls” and “pearls
on a string” structure. The image was acquired with a light optical microscope at a
magnification of 100x.

Some representative AFM images are reported in Figure 6.12. The typical banded
fibril structure is locally preserved, however the formation of holes and/or interfibrils
space and a wrinkling of the surface are also observed. Several analysed fibres
are affected by a partial or total absence of the typical banded fibril structure and
more in general, by a less ordered structure, as seen for the sample treated with
cyclohexane.

Figure 6.12 Representative AFM images (scale bar is 10 µm) for sample treated
with hexamethyldisiloxane. Red arrows highlight the presence of spaces between
fibrils; white circle indicates an area where the presence of “holes” can be observed;
green arrows indicate the local swelling on single fibrils; the stars mark areas
affected by wrinkling and the oval mark are where the banded fibril structure is
absent.
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6.4.2.3.2 Impact on the thermal behaviour
After being imaged with AFM, these samples were analysed by µTA. As described
in Chapter 5 (§ 5.3.2 b), for each LTA curve collected from control and solvents
treated samples, the temperature at which the thermal degradation of the sample
occurs (Td1), the temperature required to degrade also the immediate surrounding
area next to where the Wollaston wire probe is in contact with the sample (Td2)
and the temperature difference (ΔT) between the two thermal transitions were
calculated (Figure 6.13).

Figure 6.13: A representative LTA curve showing the transitions Td 1 and Td2
correspond, respectively, to the thermal degradation of the sample underneath the
probe and in the surrounding area.

The thermal fingerprints of control and solvent treated samples are presented in
Figure 6.14 and 6.15. The first series of graphs shows the distribution of the first
thermal transition (Td1), i.e. the temperature required to degrade the sample.

153

Figure 6.14: Distribution of the temperature of the first thermal transition (Td1) for
control sample and for samples treated with propan-2-ol, cyclohexane and
hexamethyldisiloxane in descending order.

Based on the series of distributions it is possible to observe that:
• The reference sample has a quite wide distribution of the first thermal transition
temperature, with values distributed between 260°C and 330°C (±10 °C). These
data suggest that measurements were performed on a variety of fibres
characterised by different levels of degradation (i.e. both intact and partially
damaged fibres). This was also reported in Chapter 5 where the thermal
behaviour of three different areas of the new parchment hide was analysed;
corresponding AFM images for each area confirm this observation showing
more or less intact collagen scaffold (§ 5.3.3.1).
• The sample treated with propan-2-ol presents a narrower distribution of the first
transition temperature, with values shifted to lower temperatures in the range of
250°C and 290°C. These data suggest that also the piece of parchment treated
with propan-2-ol was sampled in an area of the parchment hide presenting
already a certain degree of degradation.
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• The sample treated with cyclohexane shows almost the same thermal
behaviour of the control sample. The distribution of the first thermal transition
temperature values falls in the range of temperature between 280°C and 300°C,
with a subpopulation of few fibres with a temperature of degradation centred at
250°C.
• The sample treated with hexamethyldisiloxane, on the other hand, has a
complete different behaviour, compared to the previous treated samples. The
distribution of the first thermal transition temperature is narrower and centred
around 300°C and 330°C, with a subpopulation of few fibres showing thermal
degradation between 250°C and 290°C.
Figure 6.15 instead presents the increase in the probe temperature required to
degrade the sample away from the contact point between the probe and the
sample (§ 5.3.2).

Figure 6.15: Distribution of the and the ΔT values for control sample and for samples
treated with propan-2-ol, cyclohexane and hexamethyldisiloxane in descending
order.
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Based on the series of distributions it is possible to observe that:
• The ΔT values for the reference sample are distributed on a large range of
temperatures (from 10°C to 60°C). In accordance with the results obtained for
the first thermal transition temperature distribution, these data suggest that the
reference sample already presents an intrinsic degree of degradation
confirming also that the more degraded the sample, the broader the ΔT
distribution.
• The sample treated with propan-2-ol presents a narrower distribution of the ΔT
values, mainly centred at lower temperatures (from 10°C to 40°C) if compared
to the control sample. Whilst the shift to lower temperatures for the first thermal
transition values can be due either to a detrimental effect of propan-2-ol either
to a higher, intrinsic degree of degradation, variation in the ΔT values can be
attributed to the action of solvent.
• The sample treated with cyclohexane shows instead a broader distribution of
the ΔT values, from 20°C to 70°C, with some thermal events at 90°C.
• Values for the ΔT distribution for the sample treated with hexamethyldisiloxane
are less spread, if compared to the ones for the reference and cyclohexane
samples, and are mainly centred between 20°C and 40°C, with a couple of
fibres showing values at 90°C.

6.4.2.3.3 AFM-based protocols and statistical analysis
Samples treated with propan-2-ol and cyclohexane have been also analysed using
the AFM-based protocol described in Chapter 4. At the time of the study of the
impact of solvents on parchment, the AFM-based protocol was in its embryonal
phase and was limited only to the evaluation of the distribution of the damage
markers across the sample surface (pages 87-90 Chapter 4). However, the
application of the protocol and of statistical test (Kruskal-Wallis) have highlighted
differences between the control and the sample treated with solvent; in particular,
it was possible to observe significant differences between the control sample and
cyclohexane for the damage category Type IV (i.e. loss of the banded fibril
structure and the presence of gelatinised area with a glassy-like appearance) as
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can be seen in Figure 6. This data confirms that the application of cyclohexane
seems to alter the ordered structure of the collagen and thus a more detrimental
effects on parchment.

Figure 6.16 Distribution of each type of damage markers in Control 1, sample treated
with propan-2-ol and cyclohexane. Significant differences can be observed in the
distribution of the damage category Type I and IV, according to Kruskal-Wallis
statistical test.

6.4.2.3.4 Consideration on the immediate impact of solvents on
parchment
The conjunct appliance of AFM and µTA enabled to identify different responses of
collagen to solvents and to unravel the different degradation pathways induced by
each solvent.
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The effects of propan-2-ol on collagen alone are well known (180–182,184),
whereas only a single study on the collagen in parchment is known (172).
According to Gonzalez et al., propan-2-ol induces both a rearrangement of intraand inter-molecular bonding and a reduction of the fibrils dimensions (alterations
in axial D-banding periodicity, intermolecular lateral packing of collagen molecules
were measured by XRD and SAXS) due to a displacement of structural water8
(125,185–187). It was also observed that, on parchment, the alterations due to
exposure to propan-2-ol do not seem to be reversible if parchment is rehydrated
(172). These effects have been reported on parchment that has been completely
immersed in propan-2-ol for 24 hours.
In this experiment, parchment samples were not subjected to such contact with
any solvents. However, the contact time between propan-2-ol and parchment was
long enough to promote interstitial water abstraction (i.e. water bound between the
fibrils). This effect can be observed both in the AFM images (characteristic collagen
features appear more evident) and by looking at the ΔT values for sample treated
with propan-2-ol in comparison with those for the control sample. After the
application of propan-2-ol, there is a decrease in the ΔT values; this is associated
with a higher density of the sample due to the removal of the free interstitial water.
As reported in (29), after the first thermal transition, the heat is diffused into the
sample and keeps degrading the material in the surrounding area where the probe
is engaged to the sample. The smaller the ΔT, the more homogeneous, crystallinelike and preserved the sample is. Hence, ΔT is function of crystalline or amorphous
regions, density and degree of crosslinks (29).
Both cyclohexane and hexamethyldisiloxane are non-polar solvents, however,
they show different interactions with collagen.
AFM images and thermal fingerprints for the sample treated with cyclohexane
showed results that were, at first glance, contradictory. Thermal behaviour did not
show any difference in comparison to the control sample. However, the AFM
images highlighted irreversible changes in the structure of collagen both for the
engineered collagen scaffold and parchment samples: loss of the ordered structure
of the collagen, presence of areas where the collagen fibril structure is partially
absent were observed. Cyclohexane as a non-polar solvent might promote
interstitial water repulsion, which might lead to a destabilisation of the interfibrilar
crosslinks and consequently to a less organized structure. This starts to be visible
8

“Structural water (phase I) thought to be bound tightly within the collagen triple helix either
through a double or triple hydrogen bond” (172).
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in the distribution of the ΔT values which are slightly more spread towards higher
temperatures if compared to the control sample. At the same atmospheric
conditions, cyclohexane has a higher vapour pressure, thus it is more volatile than
propan-2-ol. This might suggest that the contact time between cyclohexane and
collagen was less if compared to the one between propan-2-ol and collagen and
consequently the action of cyclohexane on collagen was reduced.
As

for

the

sample

treated

with

cyclohexane,

AFM

images

of

the

hexamethyldisiloxane treated samples suggested a severe interaction between
this solvent and collagen (both on the mock system and parchment sample). µTA
analysis revealed different thermal fingerprints for this sample, compared to the
control and propan-2-ol and cyclohexane samples: an increase in the temperature
of the first thermal degradation and a narrow distribution of the ΔT values centred
at lower temperatures. This behaviour can be explained hypothesising that
hexamethyldisiloxane act as potential crosslinking agent for collagen, altering the
original collagen structure.
The criterion for the selection of a suitable solvent for parchment is based on which
solvent has the least detrimental impact on the collagen. The application of
hexamethyldisiloxane has shown to induce more irreversible and unavoidable
alterations in the collagen scaffold, if compared to propan-2-ol and cyclohexane
for whom the induced damage can be limited by controlling the solvent evaporation
rate.
No further studies have been done on the impact of hexamethyldisiloxane on
collagen. The possibility that the immediate damage induced by solvents
application can further catalyse parchment degradation was instead evaluated by
thermally aged the propan-2-ol and cyclohexane treated samples and comparing
their behaviours before and after ageing.
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6.4.2.4 Evaluation of the impact of solvents on parchment following
ageing
6.4.2.4.1 Impact on the morphology
-

Effects of propan-2-ol

In Chapter 3 (§ 3.3.2), the application of AFM on extracted bundles of collagen
fibres from a 96 hours thermally aged parchment sample revealed changes in the
collagen scaffold at the nanoscale. The sample presented the complete loss of the
banded fibril structure and the formation of a glassy-like surface. These types of
alterations were previously observed on both accelerated and naturally aged
parchment samples at different structural levels (using AFM and SEM) (21–27). In
other analysed locations, the collagen scaffold was still preserved, however
affected by the presence of alterations that were not previously reported in
published researches. These modifications include the formation of spaces
between single fibrils (red arrows) or the presence of micro-crater-like features
(“holes”) on single fibrils or on the surface (white circle) (28).

Figure 6.17: Representative AFM images for the untreated parchment sample aged
96 hours at 120°C. Image in panel A shows total loss of the fibril banded structure
(but not a glassy-like appearance), whilst in panel B this structure is still visible, but
affected by the presence of interfibrils spaces (red arrows) and local collapse of the
scaffold (white circle)

Figure 6.18 shows representative AFM deflection images for the sample treated
with propan-2-ol and then thermally aged for 96 hours at 120°C. In this series of
images one can observed partially intact collagen scaffold (i.e. fibrils aligned in
register displaying D-banding pattern) showing interfibrils spaces and local
collapses of single fibrils or of a portion of the scanned area (panels A and B). In
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panels C and D, the collagen scaffold is not reminiscent of its native appearance,
as banded fibrils aligned in register are only locally present and one can observe
the formation of a completely gelatinised scaffold (panel D).

Figure 6.18: Representative AFM images for the parchment sample treated with
propan-2-ol and aged 96 hours at 120°C. Image in panel A shows an intact collagen
scaffold with the presence of interfibrils spaces and local collapses. In panel B this
structure is still visible, but affected by the presence of interfibrils spaces (red
arrows), local collapse of the scaffold (white circle) and a localised winkling of the
surface (star). In panels C and D, the collagen structure is partially or totally lost.
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-

Effects of cyclohexane

Analysed extracted fibres from the parchment sample treated with cyclohexane
and then thermally aged for 96 hours at 120°C display a locally intact collagen
scaffold with the presence of micro-crater-like features (“holes”) on single fibrils or
on the surface (Figure 6.19, panel A). The scaffold is also affected by shrinkage of
fibrils along their alignment direction (i.e. wrinkling) and by a general disruption of
the well organised structure.

Figure 6.19: Representative AFM images for the parchment sample treated with
cyclohexane and aged 96 hours at 120°C. Image in panel A shows partially intact
collagen scaffold with the presence of micro-crater-like features (“holes”) on single
fibrils or on the surface (white circle). In panel B this structure is still visible, but
affected by a winkling of the entire scanned surface (star). In panel C and D, the
banded fibril structure is locally preserved and the surfaces are affected by wrinkling
(panel C) and glassy-like appearance (panel D).
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6.4.2.4.2 Impact on the thermal behaviour
The thermal fingerprints of control and solvent treated samples upon ageing are
presented in Figure 6.20 (distribution of the first thermal transition, Td1) and 6.21
(increase in the probe temperature required to degrade the sample away from the
contact point between the probe and the sample, ∆T).

Figure 6.20: Distribution of the temperature of the first thermal transition (Td 1) for
control sample and for samples treated with propan-2-ol and cyclohexane, after 96
hours of thermal ageing at 120°C, in descendent order.

Based on the series of Td1 distributions, one can observe that:
• The control sample, aged 96 hours at 120°C, shows a distribution of the first
thermal transition values, in the range of temperatures between 250°C and
290°C.
• The sample treated with propan-2-ol and aged for 96 hours at 120°C shows a
similar thermal profile of the control-aged sample; the distribution of the first
thermal transition is slightly narrower and falls in a range of temperatures
between 260°C and 290°C, with majority of the fibres activity centred at 280 °C.
• The sample treated with cyclohexane presents a distribution of the Td1 values
(first thermal transition temperature) between 250°C and 290°C, in the same
temperature range of the control-aged and propan-2-ol aged samples.
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Figure 6.21: Distribution of the ΔT values for control sample and for samples treated
with propan-2-ol and cyclohexane, after 96 hours of thermal ageing at 120°C, in
descendent order.

From the series of distribution of the ΔT values, it is possible to observe that:
•

For the control-aged sample, the ΔT values are spread over a range of
temperatures between 10 and 50°C.

•

The sample treated with propan-2-ol and aged shows a slightly broader
distribution of ΔT values, if compared to the aged-control sample, however
it falls in the same range of temperatures.

•

The sample treated with cyclohexane presents a similar behaviour: the
distribution of the ΔT values is mainly between 20°C and 50°C.
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6.4.2.4.3 Consideration on the impact of solvents on parchment following
ageing
Upon ageing, both AFM and µTA analysis showed no major differences between
control-aged and treated-aged samples. However, there are some indications of
long term effects of solvent exposure in the case of cyclohexane. AFM images
revealed alterations of the collagen scaffold previously observed both for the
thermally aged samples (Chapter 3, § 3.4.2) and for the samples treated with
propan-2-ol and cyclohexane. From this series of images, one can observe the
formation of spaces between single fibrils or the presence of micro-crater-like
features (“holes”) on single fibrils or on the surface; the wrinkling of the surface (i.e.
shrinkage of fibrils along their alignment direction); the complete loss of the banded
fibrils structure and the formation of a glass-like surface, which has been previously
reported in literature (30,32,35). However, the qualitative analysis of these images
and the presence of one or more of these alterations is not enough to discern
whether a sample is more degraded than another.
µTA showed no differences in the thermal profiles of control-aged and treatedaged samples, neither between the treated samples with different solvents.
This result would suggest that the impact of both these two solvents does not
further catalyse the degradation of parchment.
However, by comparing the thermal profile of the samples before and after the
thermal ageing, one can now identify differences between the samples. Figure 6.22
shows the thermal fingerprints for the temperature of degradation for the control
sample and for the samples treated with propan-2-ol and cyclohexane, before and
after ageing.
The thermal fingerprint of the control-aged sample presents a narrower distribution
shifted to lower temperature, as a consequence of the heat-induced oxidation. A
similar behaviour is observed also for the sample treated with cyclohexane and
aged: analysed fibres degrade at lower temperature, whilst the sample treated with
propan-2-ol presents the same thermal profile before and after ageing. This
suggests that the sample treated with propan-2-ol is less oxidised and less prone
to further degradation compared to the control and cyclohexane treated samples.
The application of propan-2-ol has induced immediate changes in the sample by
promoting interstitial water abstraction, however these changes do not trigger
further parchment degradation. On the other hand, the immediate effects of
cyclohexane suggested an interference of this solvent with the ordered structure
of collagen, but were less evident compared to the one induced by propan-2-ol and
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hexamethyldisiloxane. The subtle immediate interactions between cyclohexane
and collagen have however changed the collagen structure making the sample
more prone to degradation.

Figure 6.22: Distribution of the temperature of the first thermal transition (Td1) for
control sample and for samples treated with propan-2-ol and cyclohexane, before
and after thermal ageing at 120°C, in descendent order.

6.5 Proposed NPs dispersions for parchment conservation
Preliminary experiments were performed on the potential solvents to be used for
the dispersion of the nanoparticles, in order to assess their impact on the collagen
structure. Propan-2-ol, cyclohexane and hexamethyldisiloxane were tested both
on engineered collagen scaffolds and parchment samples. The experiments done
have shown that all the solvents have an irreversible impact on the collagen
scaffold. It was also possible to identify early signs of different interactions between
solvents and parchment, which are dependent to the chemical nature of the
solvent. The general outcome of these experiment suggests that the application of
hexamethyldisiloxane induces more undesirable changes, compared to propan-2ol and cyclohexane, by potentially creating new interfibrillar crosslinks.
Both propan-2-ol and cyclohexane induce irreversible changes and the impact of
cyclohexane makes parchment more prone to further degradation. However, by
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controlling the application method and the evaporation rate of these solvents, their
impact on parchment can be minimised.
On the basis of these results, calcium hydroxide and calcium carbonate
nanoparticles were dispersed in propan-2-ol and cyclohexane and the following
systems were proposed:
1. System 1P35-CH - Ca(OH)2 dispersed in cyclohexane
2. System Nf077 - Ca(OH)2 dispersed in cyclohexane
3. System 1P35-2PrOH - Ca(OH)2 dispersed in propan-2-ol
4. System E35-2PrOH - Ca(OH)2 dispersed in propan-2-ol
5. System Nf082 - CaCO3 dispersed in cyclohexane
6. System 705c - CaCO3 dispersed in propan-2-ol
Different approaches were adapted by the partners in charge of the preparation of
the nanoparticles. MBN (MBN nanomaterialia spa - Venice, Italy) and ZFB
(Zentrum Für Bucherhaltung GMBH - Germany) worked mainly through a BreakDown approach (ball milling), whilst the CSGI (Consorzio Interuniversitario per lo
Sviluppo dei Sistemi a Grande Interfase - Florence, Italy) used a Bottom-Up
solvothermal approach (dissolution of particles precursors in solvent and
subsequent induced re-crystallisation at high temperature and pressure).
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6.6 Conclusions
This chapter presents an overview of previous European projects outcomes on the
sources that might induce degradation in parchment; these results were then used
as inputs to create new conservation treatments for parchment within the
framework of the NANOFORART project.
As it was shown that acidity issues can pose a serious threat also to the
preservation of collagen-based artefacts, the NANOFORART project aimed to
translate and apply conservation approaches for paper (i.e. deacidification
treatments) onto parchment. The application of calcium-based nanoparticles was
proposed as these systems should be compatible with parchment. These
treatments consist in an active agent (alkaline metal earth nanoparticles) dispersed
in a carrier solvent to enable their application on the material. Once applied, the
active agent neutralises the acidity by withdrawing protons from the substrate. The
part of the active agent that has not been consumed during the neutralisation
process reacts with atmospheric carbon dioxide and forms a thermodynamically
stable side product that works as a buffer for recurring acid attack. As collagenbased materials are extremely susceptible to changes in the pH, the translation of
deacidification treatments was tailored to the creation of the buffer reservoir only,
rather than to a pH adjustment. This would be achieved by using calcium hydroxide
or calcium carbonate nanoparticles (a milder deacidification agents) dispersed in
propan-2-ol, cyclohexane and hexamethyldisiloxane.
However, before testing the suitability of these dispersions on parchment, it was
necessary to verify the compatibility of each particles carrier (i.e. the solvent) with
the parchment substrates. Due to the lack of information on possible solventparchment interaction in literature, a series of experiments were firstly performed
on mock systems made purely of collagen type I (engineered collagen scaffolds)
in order to identify possible sign of interaction/degradation on less complex
samples than parchment. The experiments were then repeated on a new
parchment hide. The impacts of solvents on collagen were evaluated at the nano
and microscale by applying for the first time Atomic Force Microscopy (AFM) and
Microthermal analysis (µTA) to the study of conservation treatments performances.
The results obtained were used to select the best particles-solvent combination in
order to achieve better performances of the chosen nanoparticles dispersions.
The outcomes of this research confirm the suitability of the AFM and µTA protocols
for the study of the impact of novel conservation treatments for parchment
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artefacts. The conjunct appliance of these two techniques enabled to identify
different responses of the engineered collagen scaffold to solvents application
through comparison between a control and treated samples. All the three tested
solvents have an irreversible impact on the morphology of the collagen scaffold
and it was possible to identify early signs of different interactions between solvents
and collagen, which are dependent to the chemical nature of the solvent. Similar
results were also observed when solvents were applied to parchment. Propan-2ol (polar solvent) promotes both a rearrangement of the intra- and intermolecular
bonding and a reduction of the fibrils dimensions due to the displacement of the
structural water in collagen. Cyclohexane on the other hand, is a non-polar solvent
and, contrary to propan-2-ol, might promote interstitial water repulsion, which
seems to lead to a destabilisation of the crosslinks and consequently to a less
organised structure. Hexamethyldisiloxane is also a non-polar, but has a different
behaviour compared to the previous solvents suggesting a less negligible impact.
The collagen scaffold appears less regular suggesting similar effects to the ones
due to cyclohexane application, whilst the thermal behaviour revealed the
formation of crosslinks.
The criterion for the selection of a suitable solvent for parchment is based on which
solvent has the least detrimental impact on the collagen. The application of
hexamethyldisiloxane has shown to induce more irreversible and unavoidable
alterations in the collagen scaffold, if compared to propan-2-ol and cyclohexane
for which the induced damage can be limited by controlling the solvent evaporation
rate.
The possibility that the immediate damage induced by solvent application can
further catalyse parchment degradation was also evaluated by thermally ageing
the propan-2-ol and cyclohexane treated samples and comparing their behaviour
before and after ageing. Upon ageing, no differences were observed between
samples treated with propan-2-ol or cyclohexane, neither with the untreated aged
control. However, comparing the thermal profiles for each sample before and after
ageing, it was possible to highlight that the sample treated with propan-2-ol is less
oxidised and less prone to further degradation compared to the control and
cyclohexane treated samples.
Both the propan-2-ol and cyclohexane were nevertheless selected for the
dispersion of the nanoparticles on the assumption that if the contact time between
the solvents and parchment is kept to a minimum, the side effects of the solvents
should be limited. New application protocols need to be designed to ensure a
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proper application of nanoparticles onto parchment minimising the contact time
between the solvent and the artefacts. This can be achieved by treating
parchments by spraying, since this would reduce greatly the volume of solvent
applied on the substrate. Moreover, one can also overcome disadvantages related
to the use of solvents, by working on the evaporation rate of the solvent. At the
same atmospheric conditions, cyclohexane has a higher vapour pressure, thus it
is more volatile than propan-2-ol; side effects of solvents might be avoided by
working, if possible, under a fume hood or in a well aerated environment.
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Chapter 7 - Application of calcium-based nanoparticles for
parchment conservation
7.1 Introduction
In the previous chapter, an overview of the NANOFORART project was presented,
explaining the rationale that led to propose the translation of deacidification
treatments onto parchment.
Calcium-based nanoparticles dispersions were proposed as these systems should
have minimal effect on the collagen in parchment, which has already undergone
some changes during the liming process used in its preparation. As no previous
studies reported the effects of solvents on parchment (with the only exception of
González et al. (172), preliminary experiments were made in order to select the
best particle-solvent combination and thus achieving better performances of the
chosen nanoparticles dispersions.
AFM and µTA were applied for the first time to study the impact of conservation
treatments on parchment and the outcomes showed that the solvents selected to
disperse the nanoparticles induce changes in the collagen structure. Propan-2-ol
and cyclohexane were selected for the dispersion of the nanoparticles on the
assumption that if the contact time between the solvents and parchment was kept
to a minimum, the side effects of the solvents would be minimal.
In this chapter, the short-long term impact of calcium hydroxide and calcium
carbonate nanoparticles, dispersed in propan-2-ol and cyclohexane, is evaluated.
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7.2 Application of nanoparticles on new parchment
In collaboration with manufactures who produce the nanoparticles dispersions
(CSGI, MBN and ZFB), it was agreed to use a concentration of 1 g/L for calcium
hydroxides nanoparticles and 1,35 g/L for the calcium carbonate nanoparticles; at
this low concentration, the dispersions are more stable and the risk of clusters
formation should be minimised as well as the risk of formation of white hazes on
the sample surface. From the new parchment hide (§ 2.1.1), six rectangles of
approximately 12.5 x 5 cm were cut with the fibres aligned along their longest sides
(head to tail direction); from these samples, a piece of 2.5 x 5 cm was sampled to
obtain, for every single treated piece of parchment, a reference sample. 1.5 mL of
each proposed dispersions was applied directly depositing droplets on the flesh
side of the parchment, as described for the application of the solvents in Chapter
6, § 6.4.2.1. The application on the flesh side, rather than on the grain side, should
ensure that particles penetrate within the collagen fibre network.
Figure 7.1 shows a schematic diagram of the new parchment hide with the different
areas where parchment was sampled for treatments; the table summarises the
different treatment applied for each location.

Location

Treatment

A

Propan-2-ol

B

Cyclohexane

C

Hexamethyldisiloxane

D
E
F
G
H
I

E35 CSGI
Ca(OH)2 and propan-2-ol
1P35-CH CSGI
Ca(OH)2 and cyclohexane
705c ZFB
CaCO3 and propan-2-ol
Nf082 MBN
CaCO3 and cyclohexane
Nf077 MBN
Ca(OH)2 and cyclohexane
1P35 propan-2-ol CSGI
Ca(OH)2 and propan-2-ol

Figure 7.1 On the right, schematic diagram of the new parchment hide showing the
different areas sampled for treatment with nanoparticles (and solvents alone). On
the left, the table summarises the different treatments applied to each location. The
coloured areas indicate the locations for Control 1 (red), Control 2 (green) and
Control 3 (blue).
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7.3 Distribution of nanoparticles on sample surfaces
The distribution of nanoparticles on the collagen fibre network is the first parameter
to be evaluated. Ideally, nanoparticles should be distributed as evenly as possible
and penetrate into the fibre network. Whilst the penetration of the particles is
dependent on the fibre network, that might be completely different from one
parchment to another (especially for naturally aged parchments), their distribution
depends on the particles properties (168) and the physicochemical state of
parchment. The characterisation of these dispersions by TEM imaging revealed
the tendency of the particles to aggregate and form clusters (188). The presence
of clusters might represent a problem as their formation can result in white hazes
on the sample surface, which may result in a covering of text and illuminations. To
evaluate how nanoparticles are deposited on the sample surface, scanning
electron microscopy (SEM) was used instead of AFM. For this task, AFM technique
might present several weaknesses. As discussed in Chapter 3, direct imaging on
parchment surfaces might be difficult and time-consuming and may result in probe
breaking; this risk may increase due to the presence of clusters on the sample
surface. The nature of adhesion processes that might occur between parchment
and the particles is still unknown. However, it is unlikely that particles will be
covalently bound to the surface, but rather “physisorbed” on the sample; thus, it is
likely that particles will may move while the probe is scanned across the sample.
The use of SEM would also guarantee a fast, easy analysis of a bigger area, with
the ease of working at different level of magnification. Moreover, it would be
possible to highlight any changes in the different nanoparticles morphology as
these were analysed via TEM technique.
7.3.1. Characterisation of parchment samples before and after the
application of the selected nanoparticles dispersions
New parchment - untreated
Figure 7.2 shows four Scanning Electron Microscopy images of the flesh side of
the new parchment. New untreated and/or unaged parchment should show intact
collagen fibres with clean and sharp edges as reported by (11,33,189,190). The
images exhibit a very uneven surface with some locations where the fibrous
network is easily distinguishable and other ones in which the presence of the
collagen network is noticeable, but it is covered by a matrix of sheared fibres that
were not removed during the finishing of the parchment (the final stage of the
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parchment manufacture process). This appears more evident looking at the
morphology of the fibres at higher magnifications.

Figure 7.2 Representative FEG-SEM images of the flesh side of the new untreated
parchment taken from four different parchment reference samples. For the images in
Panels A and B the magnification is 100x and the scale bar is 200 μ, for image in
Panel C the magnification is 500x and the scale bar 50 μm, for image in Panel D the
magnification is 1000x and the scale bar 20 μm.

This parchment has a very low content of calcium carbonate (due to the type of
manufacturing process used for its production, § 2.1.1.1) and does not present
mineral deposits along the surface, as can be seen in Panels C and D. These
characteristics make this parchment hide the ideal sample to visually assess both
the presence and distribution of the applied nanoparticles dispersions as there are
no other materials/mineral deposits/dirt on the sample surface that can be
mistaken for the nanoparticles. The assessment was performed in two steps: the
treated sample surfaces were analysed with SEM at high magnifications in order
to detect the presence of the nanoparticles. These were then compared with TEM
images of the nanoparticles dispersions only to evaluate changes in the shape,
size and tendency of aggregation after their application on the parchment. The
surfaces were later analysed at lower magnification(s) and the related images have
been compared to the one acquired for the untreated parchment assess thus the
distribution of the nanoparticles along the sample surface.
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Parchment sample treated with calcium hydroxide nanoparticles dispersed
in cyclohexane (system 1P35 CH)
1P35 CH is a dispersion of calcium hydroxide nanoparticles synthesised through
a high-pressure alcohothermal reaction in propan-2-ol. The obtained alcohol
dispersions were dried in oven at 120°C in a N2 atmosphere, and then under
vacuum to eliminate the residual alcohol. The hydroxide powder obtained was then
dispersed in cyclohexane (ACS grade) using ultrasonication (191). The
nanoparticles size was in the range between 90 nm and 250 nm, with some
particles bigger than 250 nm. The particles exhibit hexagonal morphology and a
thickness of about 20-30 nm and tend to form aggregates (188), as shown by the
TEM image in Figure 7.3 (Panel A).

Figure 7.3 Panel A: TEM image of the nanoparticles dispersion (scale bar 500nm),
courtesy of UCL PhD candidate Lucia Noor Melita. Panels B-D: FEG-SEM images of
collagen fibres from the sample treated with Ca(OH)2 dispersed in cyclohexane
synthesised by CSGI (system 1P35-CH). Images show a homogeneous distribution
of the particles along the sample surface, with the presence of small clusters
(highlighted by the yellow arrows). The magnification is 10000x and the scale bar 2
μm for image in panel B, 2000x and 10 μm in panel C, 500x and 50 μm in panel D.

Panels B-D (Figure 7.13) show representative FE-SEM images of collagen fibres
treated with this dispersion. At high magnification (10000x, Panel B), the applied
nanoparticles can be easily observed as they have the tendency to aggregate in
clusters. In comparison to the TEM image (Panel A), the typical hexagonal shape
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of the calcium hydroxide nanoparticles is not visible anymore (188), suggesting
that the carbonatation process has started.
At lower magnifications (2000x for Panel C and 500x for Panel D), one can observe
that the particles are evenly distributed along the fibres in the form of small clusters
(highlighted by the yellow arrows in both panels C and D).
Parchment sample treated with calcium hydroxide nanoparticles dispersed
in cyclohexane (system Nf077)
Formulation Nf077 is made of calcium hydroxide nanoparticles produced by MBN
through a Break-Down (ball milling) approach. As for the previous formulations,
particles were firstly synthesised in propan-2-ol and then dispersed in cyclohexane
(191). The particles have well-defined smooth edges and it is possible to identify
some hexagonal shaped particles with a diameter smaller than 100 nm, although
some larger particles can be found (188), as can be observed in the TEM image in
Figure 7.4 Panel A. The typical hexagonal shape of the calcium hydroxide
nanoparticles is not visible anymore (188) when observing the nanoparticles
applied on parchment at high magnification (Panel B, 1000x), suggesting that the
carbonatation process has started.
This dispersion is unstable (showing flocculation phenomena) and the particles
have the tendency to form clusters even at strong dilutions. This behaviour was
observed also when they are applied on parchment. Their distribution along the
surface is inhomogeneous, with some locations presenting no nanoparticles at all
(as the parchment surface resembles the one for the untreated parchment) and
others with big clusters visible at low magnifications (500x in Panel C and 100x in
Panel D).
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Figure 7.4 Panel A: TEM image of the nanoparticles dispersion (scale bar 500nm),
courtesy of UCL PhD candidate Lucia Noor Melita. Panels B-D: FEG-SEM images of
collagen fibres from the sample treated with Ca(OH)2 dispersed in cyclohexane
synthesised by MBN (system Nf077). Images show the presence of big clusters (yellow
arrows) and areas with no particles at all. The magnification is 10000x and the scale
bar 2 μm for image in panel B, 500x and 50 μm in panel C, 100x and 200 μm in panel
D.

Parchment sample treated with calcium hydroxide nanoparticles dispersed
in propan-2-ol (system 1P35 2PrOH)
Dispersion 1P35-2PrOH is a dispersion of calcium hydroxide nanoparticles
synthesised through a high-pressure alcohothermal reaction in propan-2-ol by
CSGI (191). Particles have a mono-modal size distribution, centred at 260 nm and
hexagonal shape (TEM image, Panel A) (188). On the treated sample, at high
magnification (10000x, Panel B), the applied nanoparticles can be easily observed
as they are homogeneously distributed along the sample surface, with the
tendency of forming small clusters (Panel C). In comparison to the TEM image
(Panel A), the typical hexagonal shape of the calcium hydroxide nanoparticles is
not visible anymore (188), suggesting that the carbonatation process has started.
At lower magnification (i.e. 500x as in Panel D), it is not possible to identify the
presence of the nanoparticles.
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Figure 7.5 Panel A: TEM image of the nanoparticles dispersion (scale bar 100nm),
courtesy of UCL PhD candidate Lucia Noor Melita. Panels B-D: FEG-SEM images of
collagen fibres from the sample treated with Ca(OH)2 dispersed in propan-2-ol
synthesised by CSGI (system 1P35-2PrOH). Particles are distributed evenly along
the sample surface and tend to form small clusters (yellow arrows); 15 days after
their application on the sample, particles present different shapes and morphology,
however it is still possible to observe single particle maintaining their original
hexagonal shape. The magnification is 10000x and 2 μm for Panel B, 2000x and 10
μm for Panel C and 500x and the scale bar 50 μm for Panel D.

Parchment sample treated with calcium hydroxide nanoparticles dispersed
in propan-2-ol (system E35)
E35 is a dispersion of calcium hydroxide nanoparticles synthesised by CSGI
through a solvothermal reaction. This formulation presents a bi-modal distribution:
one population has a mean diameter of around 80 nm and the second distribution
has a mean diameter of around 220 nm. Hexagonal plates (high degree of
ordering) having a thickness of about 20-30 nm can be observed (156) in the TEM
image in Panel A Figure 7.6. These features can still be observed in some
nanoparticles applied on parchment, as one can observed in Panel B.
When applied on parchment, these particles tend to be disposed along single fibres
and have the tendency to aggregate forming an even layer of calcium carbonate
that covers the collagen fibres (Panel C). Given their small size and the tendency
to distribute homogeneously following the sample’s topography, it is difficult to
observe them at low magnification (i.e. 500x as in Panel D).
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Figure 7.6 Panel A: TEM image of the nanoparticles dispersion (scale bar 100nm),
courtesy of UCL PhD candidate Lucia Noor Melita. Panels B-D: FEG-SEM images
from the sample treated with Ca(OH)2 dispersed in propan-2-ol synthesised by CSGI
(system E35-2PrOH). The yellow arrows in Panel C point to the particles disposed
along a single fibre. The magnification is 35000x and the scale bar 1 μm for image
in Panel B, 5000 x and 5 μm for image in panel B, 500 x and 50 μm for image in
panel C and 5000 x and 5 μm for image in panel D.

Parchment sample treated with calcium carbonate nanoparticles dispersed
in cyclohexane (system Nf082)
These nanoparticles were synthesised by MBN through a Break-Down (ball milling)
approach (191). The particles (calcium carbonate dispersed in cyclohexane) have
a size between 100 and 200nm, however TEM images highlighted the tendency of
the particles to aggregate in clusters bigger up to 500 nm (188) as one can observe
in the TEM image in Figure 7.7 (Panel A). Single nanoparticles can be easily
observed on the parchment surface at high magnification (Panel B, 800x). Their
distribution along the parchment surface is homogeneous (Panel C) and, given
that these particles are quite big if compared to the previous one (system E35),
they can be observed also at quite low magnification (Panel D,500x).
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Figure 7.7 Panel A: TEM image of the nanoparticles dispersion (scale bar 500nm),
courtesy of UCL PhD candidate Lucia Noor Melita. Panels B-D: FEG-SEM images
from the sample treated with CaCO 3 dispersed in cyclohexane synthesised by MBN
(system Nf082-CH). The yellow arrows point to the nanoparticles. The magnification
is 8000x and the scale bar 2 μm for image in Panel B, 1500 x and 20 μm for image in
Panel C and 500 x and 50 μm for image in panel D.

Parchment sample treated with calcium carbonate nanoparticles dispersed
in propan-2-ol (system 705c)
Dispersion 705c was synthesised by ZFB through a Break-Down (ball milling)
approach (191). Particles are small with a rounded-like shape and well-defined
edges with a diameter ranging from 35 nm up to 150 nm (see TEM image, Panel
A in Figure 7.8). The particles maintain their original morphology, shape and size
when applied on parchment (Panel B) and has the tendency to aggregate in
clusters with dimensions between 250 nm and 350 nm (188). The distribution along
the parchment surface appears uneven as particles has the tendency to form
agglomerates that cover unevenly the sample surface, as highlighted by yellow
arrows in Panels C and D in Figure 7.8.
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Figure 7.8 Panel A: TEM image of the nanoparticles dispersion (scale bar 100nm),
courtesy of UCL PhD candidate Lucia Noor Melita. Panels B-D: FEG-SEM images from
the sample treated with CaCO 3 dispersed in propan-2-ol synthesised by MBN (system
Nf082-CH). The magnification 15000 x and 2 μm for image in Panel B, 2000 x and 10
μm for image in Panel C and 1000x and 20 μm for image in panel D.

7.3.2 Discussion
From the series of SEM images obtained on the treated samples, one can observe
that nanoparticles tend to deposit on the surface adapting to the morphology of the
fibres. Ca(OH)2 nanoparticles, dispersed both in propan-2-ol or cyclohexane, no
longer show their characteristic hexagonal shape, suggesting that the carbonation
process has started. The formulations applied have different behaviours, i.e. the
tendency to be distributed in a more or less homogeneous way and to form
clusters. The dispersions E35-2PrOH (Ca(OH)2 in propan-2-ol by CSGI) and
Nf082-CH (CaCO3 in cyclohexane by MBN) show a more homogeneous
distribution of the particles, compared to the other formulations. The dispersion
E35 agglomerates, forming a layer that covers the sample surface, nanoparticles
NF077 (Ca(OH)2 in cyclohexane by MBN) instead tend to form big clusters visible
at low magnification leaving other areas of the parchment surface with no particles
at all.
Given the criteria for the selection of a suitable dispersion for parchment
(homogeneous distribution and no clusters formation), only four systems were
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selected for further studies (1P35-CH, E35-2PrOH, Nf082-CH and 705c-2PrOH).
System NF077 was discarded due to its tendency to form big cluster visible at low
magnification (100x, 200 µm). The parchment piece treated with 1P35-2PrOH was
sampled from a region of the hide that presents different characteristic from the
other samples (i.e. thickness and transparency); thus it has been decided not to
carry out experiments on this sample as results might be not comparable with the
ones obtained from the other treated samples due to different properties of the
starting material.

7.4 Immediate impact of nanoparticles on parchment thermal stability
Table 7.2 summaries the nanoparticles dispersions that were further analysed.

Original dispersion

Synthesis process

Active agent

Solvent

1P35-CH

alcoholthermal

Ca(OH)2

Cyclohexane

E35

alcoholthermal

Ca(OH)2

Propan-2-ol

Nf082

Ball milling

CaCO3

Cyclohexane

705c

Ball milling

CaCO3

Propan-2-ol

name

Table 7.2 Summary of the nanoparticles dispersions applied on parchment

The application of nanoparticles should not lead to any effect on the collagen in
parchment; thus, one should observe the same thermal profile for the samples
treated with nanoparticles dispersions and the control sample. In the previous
chapter, however, the application of µTA revealed that both propan-2-ol and
cyclohexane induce changes in the collagen within parchment altering the thermal
stability of the sample.
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Sample treated with 1P35 CH (Ca(OH)2 in cyclohexane from CSGI)
Figure 7.9 shows the distributions of the first thermal transition temperature for
sample 1P35 in comparison with the control sample.

Figure 7.9 Distribution of the temperature of the first thermal transition (Td 1) for
control sample and for samples treated Ca(OH)2 in cyclohexane from CSGI, in
descending order.

Based on these distributions it is possible to observe that:
• The control-untreated sample has a narrow distribution of the first thermal
transition temperature, with values between 290°C and 320°C. Compared to
the control sample used for test solvents effects (Chapter 6, § 6.4.2.3.2), this
control was sampled from a region of the parchment hide in a better state of
conservation. This was also confirmed by AFM images, as shown in Chapter
4, § 4.3.3.1.
• Sample 1P35-CH shows a widening of the distribution of the first thermal
transition temperature, with a small shift to lower temperature and values
mostly distributed between 270°C and 300°C. This variation in the thermal
profile might be ascribed to the effect of cyclohexane on collagen; changes
due to the application of solvent are here more evident if compared to the
results obtained in Chapter 6, § 6.4.2.3.2 (same thermal fingerprints for control
and sample treated with cyclohexane).
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Sample treated with E35 (Ca(OH)2 in propan-2-ol CSGI)
Figure 7.10 shows the distributions of the first thermal transition temperature for
sample E35 in comparison with the control sample.

Figure 7.10 Distribution of the temperature of the first thermal transition (Td 1) for
control sample and for samples treated Ca(OH)2 in propan-2-ol from CSGI, in
descending order.

The treated sample presents almost the same thermal profile of the control: the
distribution is broad, with values mainly centred at 290°C and 320°C, but still in the
same temperature range of the control. The sample treated with propan-2-ol only
(Chapter 6, § 6.4.2.3.2) showed a different behaviour, with a shift to lower
temperature compared to the control sample, suggesting more evident immediate
detrimental effects on collagen.
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Sample treated with Nf082 - CaCO3 in cyclohexane MBN
Figure 7.11 presents the thermal fingerprints for the control and sample treated
with the dispersion Nf082.

Figure 7.11 Distribution of the temperature of the first thermal transition (Td 1) for
control sample and for samples treated CaCO 3 in cyclohexane from MBN, in
descending order.

Compared to the control, the treated sample shows a broader distribution of the
temperature of degradation, with values between 270°C and 310°C. This variation
in the thermal profile might be ascribed to the effect of cyclohexane on collagen;
as for the sample treated with dispersion 1P35-CH (Ca(OH)2 in cyclohexane)
alterations due to the application of this solvent are more evident in this sample if
compared to the results obtained in Chapter 6, § 6.4.2.3.2 (same thermal
fingerprints for control and sample treated with cyclohexane).
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Sample treated with 705c - CaCO3 in propan-2-ol by ZFB
For the sample treated with dispersion 705c, the distribution of the first thermal
transition is shifted to lower values, if compared to the control. However, one can
observe the presence of a subpopulation of fibres showing a temperature of
degradation centred at 300°C.

Figure 7.12 Distribution of the temperature of the first thermal transition (Td 1) for
control sample and for samples treated CaCO 3 in propan-2-ol from ZFB, in
descending order.

7.4.1 Evaluation of the effects of nanoparticles dispersion on parchment
It was hypothesised that the effect of nanoparticles themselves would not make
any changes to the structure of parchment, whilst the potential source of damage
might be represented by the solvent used to disperse the nanoparticles. In Chapter
5, it was observed that the application of both propan-2-ol and cyclohexane have
an impact on the collagen within parchment, leading to different responses
depending on the chemical nature of the solvent. These changes are irreversible
and depend on the contact time of the solvent with the substrate. After the
application of the different nanoparticles dispersions, changes in the thermal
profiles of all the treated samples were observed in comparison with the control
untreated sample. Figure 7.13 summarises the distribution of the first thermal
transition (Td1) and ΔT.
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Figure 7.13: Distribution of the temperature of the first thermal transition (Td1) in
panel A and of ΔT in panel B for control, sample C 1P35-CH, sample H E35-2PrOH,
sample E Nf082-CH and sample D 705c-2PrOH in descending order.

For all the treated samples, the distribution of the temperature of first degradation
falls in the same range of the control, however it is shifted to lower temperatures,
with the exception of the sample treated with Ca(OH)2 dispersed in propan-2-ol
(dispersion E35). These variations are to be attributed to the immediate impact of
the solvents used to disperse the nanoparticles. This is also confirmed by the
distribution of the ΔT values, that matches the behaviour observed for the samples
treated only with solvents as shown in Chapter 6, § 6.4.2.3.2: a broad distribution
towards higher temperatures for the sample treated with cyclohexane and an
opposite behaviour for the sample treated with propan-2-ol.
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7.5 Role of nanoparticles in parchment preservation
The potential protective effects of nanoparticles on parchment was assessed by
subjecting the samples to artificially ageing. Previous studies have shown that
fluctuations in temperature and RH are the more common causes that trigger
degradation in parchment (69,77). However, in this pioneering application of
nanoparticles dispersions on parchment it was decided to assess their potential
protective effects against oxidative ageing only. This was achieved by heatingaging the samples at 120°C in dry conditions (i.e. 0% RH) (Chapter 2, § 2.1.1.2).
Sample treated with 1P35 CH (Ca(OH)2 in cyclohexane from CSGI)
Figure 7.14 shows the distributions of the first thermal transition temperature for
the control sample, before and after ageing, and for sample C 1P35 after 96 hours
of thermal aging.

Figure 7.14 Distribution of the temperature of the first thermal transition (Td 1) for
control sample, control aged for 96 hours at 120°C and for samples treated Ca(OH)2
in cyclohexane (CSGI formulation) and aged, in descending order.

One can observe that:
•

The control sample aged for 96 hours shows a significant widening of the
distribution of the first thermal transition temperature and a shift of this value
to lower temperature, mostly between 260°C and 290°C, if compared to the
control unaged sample. This change in the thermal profile of the control
sample is a result of the heat-induced oxidation occurring in the sample during
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the accelerated aging and suggests a more heterogeneity of the population of
fibres analysed (i.e. fibres with different degree of degradation).
•

The sample treated and aged has a broader distribution, in a range of
temperature between 240°C and 310°C, but in the same range of the control
aged sample.

If the thermal profile of the treated-aged sample is similar to the untreated-aged
control, it is possible to assume that the application of nanoparticles does not have
any role in counteracting parchment degradation. This is more evident by looking
and comparing the distributions of the first thermal transition temperature for the
sample treated before and after the accelerated aging.

Figure 7.15: Comparison between the distribution of the temperature of the first
thermal transition (Td1) for samples treated with Ca(OH)2 in cyclohexane before and
after ageing.

From the graphs in Figure 7.15, one can notice that:
•

the treated sample has a broad distribution with a subpopulation of fibres
showing thermal degradation mainly between 280°C and 300°C
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•

for the treated-aged sample, there is a widening of the distribution of the
temperature of degradation, with values that still fall in the same temperature
range as the treated sample

These data suggest that the application of this dispersion does have none or
minimum effect in preventing or counteracting the ageing of parchment.
In Chapter 6 § 6.4.2.4.3, it was observed that after the application of cyclohexane,
parchment is more prone to ageing.
If one compares the thermal behaviour of the sample treated with cyclohexane and
aged for 96 hours with the one for sample C 1P35 after 96 hours (Figure 7.16), it
is possible to see that sample C (black columns) shows almost the same thermal
profile, with a slight shift to higher temperature. This could prove that the presence
of particles mitigates the impact due to the application of the solvent alone.

Figure 7.16: comparison between the distributions of the first thermal transition (Td1)
for samples treated with Ca(OH)2 in cyclohexane and the sample treated with
cyclohexane after 96 hours.

Sample treated with E35 (Ca(OH)2 in propan-2-ol CSGI)
Figure 7.17 shows the distributions of the temperature of degradation (Td1) for the
control sample before and after ageing and for sample H E35 after 96 hours of
thermal ageing. As for the previous sample, the thermal profile of the parchment
treated with Ca(OH)2 dispersion in propan-2-ol is similar to the one for the
untreated-aged sample, meaning that these nanoparticles do not have any effect
in preventing or counteracting the ageing of parchment
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Figure 7.17 Distribution of the temperature of the first thermal transition (Td 1) for
control sample, control aged for 96 hours at 120 °C and for samples treated H
Ca(OH)2 in propan-2-ol from CSGI and aged, in descending order.

If one compares the distribution of the first thermal transition (Td1) for the sample
treated before and after ageing (Figure 7.18), it is possible to observe a shift to
lower temperature for the parchment sample treated and aged. This means that
upon ageing the sample is degraded regardless of the presence of nanoparticles.

Figure 7.18 Comparison between the distribution of the temperature of the first
thermal transition (Td1) for samples treated with Ca(OH)2 in cyclohexane before and
after ageing.
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As for the previous sample, the presence of nanoparticles seems to mitigate the
effects due to the immediate effects of the solvent, as one can observe from the
graph in Figure 7.19. The thermal profile of sample H after 96 hours, compared
with the profile of the sample treated with propan-2-ol only and aged for 96 hours,
shows a slight shift of the Td1 values to higher temperatures.

Figure 7.19: distributions of the first melting temperature for sample H after 96 hours
versus the sample treated with isopropanol after 96 hours.
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Sample treated with Nf082 - CaCO3 in cyclohexane MBN
Figure 7.20 shows the distributions of the temperature of degradation (Td1) for the
control sample before and after ageing and for sample E Nf082 after 96 hours of
thermal ageing.

Figure 7.20 Distribution of the temperature of the first thermal transition (Td 1) for
control sample, control aged for 96 hours at 120°C and for samples treated CaCO 3
in cyclohexane from MBN and aged, in descending order.

This sample show a different behaviour compared to the samples treated with
calcium hydroxide nanoparticles. The thermal fingerprints for the sample treated
and aged is more spread, but the overall profile does not move as much to lower
temperature as the untreated-aged sample. Some fibres do show degradation at
higher temperatures. This behaviour could suggest that calcium carbonate
nanoparticles have a protective function against parchment degradation.
By comparing the distribution of the temperature of the first thermal transition (Td1)
for sample E Nf082 before and after the aging (Figure 7.21), one can observe that
these two samples have a similar thermal profile. The sample treated and aged
shows a broader distribution, but in the same range of temperatures. Maintaining
an almost unaffected thermal fingerprint upon ageing demonstrates that the
application of calcium carbonate nanoparticles might play a key role in
counteracting or slowing down degradation in parchment.
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Figure 7.21: Comparison between the distribution of the temperature of the first
thermal transition (Td 1) for samples treated with CaCO 3 in cyclohexane before and
after ageing.

This is also suggested by the thermal profile of sample E after 96 hours if compared
with the profile of the sample treated with cyclohexane and aged for 96 hours
(Figure 7.22). It is possible to observe that sample E Nf082 shows a wide
distribution of the melting temperature to higher temperatures. The presence of
nanoparticles seems to dampen the spread of degradation due to the combination
of the short-term effects of isopropanol on collagen and to the thermal aging.

Figure 7.22 distributions of the first melting temperature for sample E Nf082 after
96 hours versus the sample treated with cyclohexane only after 96 hours.
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Sample treated with 705c - CaCO3 in propan-2-ol by ZFB
Figure 7.23 shows the distributions of the temperature of degradation (Td1) for the
control sample before and after the thermal aging and for sample D 705c after 96
hours of thermal aging.
The treated-aged sample shows a broad distribution of the temperature of
degradation, with a subpopulation of fibres that degrades at higher temperature, in
the range of the control (unaged) sample.

Figure 7.23 Distribution of the temperature of the first thermal transition (Td 1) for
control sample, control aged for 96 hours at 120°C and for samples treated CaCO 3
in propan-2-ol from CSGI and aged, in descending order.

Comparing the thermal profile of sample D 705c before and after aging (Figure
7.24), a similar behaviour to the one shown by sample E Nf082 is observed. After
the aging in fact sample D 705c shows a wider distribution, with a shift to higher
temperature, suggesting that calcium carbonate nanoparticles can counteract or
slow down degradation of parchment.
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Figure 7.24: Comparison between the distribution of the temperature of the first
thermal transition (Td 1) for samples treated with CaCO 3 in cyclohexane before and
after ageing.

Moreover, the presence of nanoparticles seems to damp the spread of degradation
due to the combination of the immediate impact of propan-2-ol on collagen and to
the thermal aging, as one can observe in Figure 7.25, where the thermal profile of
these two samples are shown.

Figure 7.25: distributions of the first melting temperature for sample E Nf082 after
96 hours versus the sample treated with cyclohexane only after 96 hours.
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7.5.1 Effects of nanoparticles against parchment degradation
The thermal profiles of all the samples analysed before (graph on the left) and after
(graph on the right) the accelerated ageing are summarised in Figure 7.26.
From these series of data, one can now better appreciate that the nanoparticles
dispersions tested have different effects immediately after their application on
parchment and after ageing.

Figure 7.26: Distribution of the temperature of the first thermal transition (Td1) in
panel A and of ΔT in panel B for control, sample C 1P35-CH, sample H E35-2PrOH,
sample E Nf082-CH and sample D 705c-2PrOH in descending order.

After the application of all the dispersions, the thermal profile of the treated
samples shows a widening of the distribution of the first thermal transition
temperature and a shift to lower values, if compared to the control (untreated)
sample. The only exception is represented by the sample treated with Ca(OH)2 in
isopropanol (E35 CSGI). These variations are to be addressed to the immediate
impact of the solvents used to disperse the nanoparticles (Chapter 6, § 6.4.2.4.3).
Heating-aged collagen/parchment in dry conditions at 120°C showed to induce
breakdown and a decrosslinking effects in the material that is registered in thermal
analysis with a lowering of the temperature of degradation. After thermal aging, the
untreated sample displays a widening of the distribution of the first thermal
transition temperature and a shift to lower and higher values in some cases.
The nanoparticles treated samples have different behaviours upon ageing
depending on the type of nanoparticles used. The samples treated with calcium
hydroxide nanoparticles (dispersed both in cyclohexane and propan-2-ol) show
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almost the same thermal profile of the untreated aged control. This seems to
suggest that the presence of these nanoparticles does not have any role in
counteracting parchment degradation. Instead, one can observe a widening of the
distribution of the first thermal transition in comparison with the untreated aged
control. By comparing the thermal profile for the treated samples before and after
thermal ageing, one can observe that the samples are further degraded upon
ageing, regardless the presence of particles. These data suggest that after the
application of calcium hydroxide nanoparticles and thermal ageing, the samples
show a higher degree of degradation and are characterised by the presence of
fibres with different levels of degradation.
Samples treated with calcium carbonate nanoparticles present a complete different
behaviour. If compared to the untreated aged control, the treated samples show a
distribution of the temperature of degradation shifted towards higher temperatures
and in the same range of the control untreated unaged. There is also a difference
in the thermal profile of each treated sample before and after ageing, with a shift
towards higher temperatures that fall into the same range of temperature of the
untreated-unaged sample. These results suggest that calcium carbonate
nanoparticles might play a fundamental role in the preservation of parchment since
both the dispersions tested have shown a protective effect on the parchment,
counteracting the effects of the accelerated aging. This preventive effect is proved
by the fact that the treated samples showed higher melting temperatures respect
to the untreated-aged sample, with values that, in some cases, falls in the region
of the control sample. These results were confirmed at the macro-scale by DMARH measurements (192).
On the basis of these preliminary results, one can conclude that the calcium
carbonate dispersions have a preventative role on oxidative degradation in
collagen, when compared to the calcium hydroxide dispersions. The application of
calcium hydroxide nanoparticles seems to further catalyse parchment degradation
upon ageing. This can be due to the high pH of these dispersions (calcium
hydroxides dispersions have a pH of approximately 8.5), suggesting that the
application of a strong alkaline dispersion has induced some changes in the
collagen structure, leading to a weaker, more prone to degradation sample.
The application of calcium carbonate nanoparticles, on the other hand, seems to
increase the thermal stability of the sample upon ageing. Such a behaviour could
be explained by hypothesising that calcium carbonate nanoparticles are acting as
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cross-linker for collagen. However, the nature of possible interactions between
nanoparticles and parchment still needs to be investigated.

7.6 Preliminary use of nanoparticles dispersions on historical parchment
The nanoparticles dispersions were then tested on the historical parchment HP1,
a parchment bookbinding for a manuscript dated 1570 (Chapter 2, § 2.1.1.3). This
parchment cover presents several alterations, such as discolorations and colour
changes due to the fading of the iron gall inks on the back of the cover and to a
biological attack. These areas have a low pH with values around 5.
A small piece of approximately 5X10 cm (Figure 7.27) was sampled from one of
the turns-in9 of the cover and used to test the effects of calcium-based
nanoparticles dispersions.

Figure 7:27: the small piece of historical parchment used to test nanoparticles
dispersion for parchment pH adjustment

7.6.1 Application of nanoparticles
From the selected piece, five rectangles of 4x1 cm were cut (Figure 7.28) and
treated with nanoparticles dispersions following the same procedure used for
treatment of the new parchment (§ 6.2). The volume of dispersion applied was
proportionally changed (120 µL) according to the size of the sample to be treated.

9

In bookbinding, the “turn in” is that part of the covering material which is turned in over
the edges of the boards to protect them.
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Location

Treatment

1

1P35-CH CSGI

2

E35-2PrOH CSGI

3

705c ZFB

4

Nf082 MBN

5

untreated

Figure 7.28 On the right, schematic diagram of the historical parchment document (
showing the different areas sampled for treatment with nanoparticles (and solvents
alone). On the left, the table summarises the different treatment applied for each
location.

7.6.2 Impact of nanoparticles on historical parchment thermal stability
Figure 7.29 shows the distributions of the first melting temperature for the controluntreated sample versus the samples treated with the nanoparticles dispersions
cited above.

Figure 7.29: Distribution of the temperature of the first thermal transition (Td 1) for
control, sample 1 1P35-CH, sample 2 E35-2PrOH, sample 4 Nf082-CH and sample
3 705c-2PrOH in descending order

200

Based on the series of distributions it is possible to observe that:
•

The control sample has a wide distribution of the first melting temperature,
with values mostly distributed between 280°C and 300°C. Single “events”
show a shift both to lower and higher temperature.

•

Sample 1 - treated with CSGI 1P35 Ca(OH)2 in cyclohexane - shows almost
the same thermal profile of the control-untreated sample.

•

Sample 2 - treated with CSGI E35 Ca(OH)2 in isopropanol - shows a
narrower distribution if compared to the untreated sample, with values
centred at 300°C

•

Sample 4 - treated with MBN NF082 CaCO3 in cyclohexane - has a quite
wide distribution of the first melting temperature (and to higher temperature
if compared with the control sample) with values distributed mostly between
290°C and 310°C.

•

Sample 3 - treated with ZFB 705c CaCO3 in isopropanol - shows a narrower
distribution of the first melting temperature with values mostly centred at
300°C

Although an increase in the thermal stability of the treated samples was observed
straight after the application of nanoparticles compared to the untreated sample, it
was not possible to attribute this behaviour to a protective effects of the
nanoparticles on parchment. This historical parchment showed already a high
degree of deterioration and by the naked-eye it was possible to observe differences
between the samples used for testing the nanoparticles. The piece used as control
showed the highest level of degradation compared to the other samples, with
difference in thickness, strength (detaching pieces by touching) and the presence
of a biological attack. Thus, in our opinion, the different behaviour of the treated
samples compared to the untreated one cannot be ascribe to a benefice effects of
particles on parchment, but to an intrinsic different state of conservation.
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7.7 Discussions and conclusions
In this chapter, preliminary results on the impact of nanoparticles dispersions on
parchment were presented.
The suitability of nanoparticles dispersions for parchment was firstly assessed by
evaluating the immediate impact on thermal stability of collagen within parchment
due to the application of nanoparticles. For all the treated samples, the distribution
of the temperature of degradation was similar to the one of the control, however it
was possible to observe a shift to lower temperatures for all the sample with the
exception of the one treated with Ca(OH)2 dispersed in propan-2-ol (dispersion
E35). These variations are to be addressed to the immediate impact of the solvents
used to disperse the nanoparticles.
The potential protective effects of nanoparticles on parchment was assessed by
subjecting the samples to artificially ageing by heating-aged the samples at 120°C
in dry conditions (i.e. 0% RH). Upon ageing, it was possible to observe that
samples treated with calcium hydroxide nanoparticles had a complete opposite
behaviour compared to the samples treated with calcium carbonate nanoparticles.
Both samples C 1P35 and H E35 (Ca(OH)2 in cyclohexane and propan-2-ol
respectively) showed almost the same thermal profile of the untreated aged
control. This seems to suggest that the presence of these nanoparticles does not
have any role in counteracting parchment degradation. By comparing the thermal
profile for the treated samples before and after thermal ageing, one could observe
that these samples were further degraded upon ageing, regardless the presence
of particles. The application of calcium hydroxide nanoparticles seems to further
catalyse parchment degradation upon ageing and this can be due to the high pH
of these dispersions (calcium hydroxides dispersions have a pH of approximately
8.5), suggesting that the application of a strong alkaline dispersion has induced
some changes in the collagen structure, leading to a weaker, more prone to
degradation sample. Samples treated with calcium carbonate nanoparticles,
however, present a completely different behaviour. If compared to the untreated
aged control, the treated samples show a distribution of the temperature of
degradation shifted towards higher temperatures but in the same range as the
control untreated unaged. These results suggest that calcium carbonate
nanoparticles might play a fundamental role in the preservation of parchment since
both the dispersions tested (calcium carbonate dispersed in propan-2-ol and in
cyclohexane) have shown a protective effect on the parchment, counteracting the
effects of the accelerated aging. This preventive effect is proved by the fact that

202

the application of calcium carbonate nanoparticles seems to increase the thermal
stability of the sample upon ageing. Such a behaviour could be explained by
hypothesising that calcium carbonate nanoparticles are acting as cross-linker for
collagen. However, the nature of possible interactions between nanoparticles and
parchment still needs to be investigated. The results obtained on the new
parchment hide show that the application of calcium carbonate nanoparticles might
play a key role in countering or slowing down the degradation mechanisms due to
oxidation of collagen within parchment. Further studies and experiments should be
taken in account to evaluate the response of nanoparticles dispersions against
different types of collagen degradation mechanism (i.e. hydrolysis, acid
environments) and mechanism upon which nanoparticles can slow down oxidative
damage needs to be explored further.

203

Chapter 8 - Conclusions
New protocols for the use of Atomic Force Microscopy (AFM) and Microthermal
Analysis (µTA) as diagnostic tools for the characterisation of the state of
conservation of collagen in parchment have been developed. These protocols
were then used in the framework of the European project NANOFORART
(Nanomaterials for the Conservation and Preservation of Movable and Immovable
Artworks) (38) to assess the impact of novel nanomaterials designed for the
conservation of parchment.
AFM and µTA were applied to parchment for the first time by de Groot in his PhD
thesis (30) in the framework of the European project IDAP (Improved Damage
Assessment for Parchment) (31,35). This pioneering study characterised the
structure and thermal behaviour of collagen within parchment at the nanoscale.
Alterations in the collagen structure and in its thermal stability were observed as a
result of both accelerated and natural ageing. Although promising results were
obtained, paving the way for the use of these techniques in the field of Heritage
Science, their application still presents some drawbacks that are related with the
sample preparation. The approach used required further refinement in terms of
sample preparation, which has been addressed in this study. Moreover, the µTA
analyser as used by de Groot was no longer available. The model used in this
study only provided the deflection signal and this required further adaptation to the
manner in which the measurements were made and the data processed.

8.1 New protocols for AFM and µTA analysis
The first objective of this thesis was to design a new protocol to prepare samples
for AFM analysis, as described in Chapter 3. The new method coincides with the
approach used by conservators for the microscopic assessment of collagen fibres
(10,36,37,23,90), a procedure that allows to calculate the total amount of damaged
fibres extracted from a parchment sample. In collaboration with Dr Larsen and Dr
Mühlen Axelsson, the sample preparation for the microscopic assessment of
collagen fibres was adapted in order to meet requirements for AFM measurement.
This modified protocol was used to prepare samples by extracting bundles of
collagen fibres from new and accelerated aged parchment samples.
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The application of this new protocol for sample preparation gave rise to bundles of
collagen fibres firmly physisorbed onto a glass slide, which were possible to image
readily with AFM. The presence of incorporated CCD cameras or optical systems
in the AFM allows to see both the AFM probe and the sample surface; this allowed
to combine the microscopic assessment of collagen fibres with AFM images and
to characterise the structure of collagen fibres displaying different shape and
morphology at the nanoscale. It was also possible to find a correlation between
damage detected at the microscopic level and at the nanoscale; fibres with an
intact or slightly damaged morphology (i.e. flat fibres) were characterised by intact
collagen at the nanoscale: i.e. fibrils aligned in register, with individual fibrils display
the D-banding periodicity, (5,30,32), whilst damaged fibres corresponds to a
deteriorated collagen scaffold: i.e. progressive loss of the banded fibril structure
and formation of a glass-like surface. The application of AFM on extracted collagen
fibres from new and accelerated aged parchment, enabled also to identify a series
of alterations of the collagen structure within parchment, that have not been
reported in any previous study. These alterations include the formation of spaces
between adjacent fibrils, the presence of micro-crater-like features (“holes”) on
single fibrils or on the surface, changes in the diameter of single fibril (local
swelling), loss of the alignment in register of the fibrils, wrinkling of the surface (as
a results of shrinkage of fibrils along their alignment direction) and might provide a
first visual assessment at a nanoscale level of the parchment's conservation
condition.
New research questions arose due to the observation of these alterations. As they
were observed on new and accelerated aged parchment samples, it was
necessary to verify if they can be representative damage markers also for natural
aged parchments. This also led to design of a new protocol to quantify the extend
of degradation in a parchment sample based on the presence of these damage
markers, which was the objective of Chapter 4.
Thus, the new protocol for the sample preparation was used to extract collagen
fibres from ten historical parchments, provided by different European Archives,
Libraries, and Institutions (a detailed description of each sample is provided in
Chapter 2, § 2.1.1.3). Measurements on these samples were standardised: for
each sample, 20 different fibres (without consideration for their shape or
morphology) were analysed with a fixed scan size of 10 µm. The application of
AFM confirmed the presence of the alterations observed on the new and
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accelerated aged parchment samples. This has allowed to create the first database
of damage markers for parchment at the nanoscale, that were then used to design
a new protocol to assess parchment's conservation condition.
The application of this novel damage protocol enables to the extrapolation of the
damage profile of a parchment sample at the nanoscale: each damage profile
provides information on the type of damage present in the sample, the distribution
of each damage marker across the sample and the total damaged area in the
sample.
Compared to the damage protocol proposed by de Groot (30), the method
designed in this thesis presents several improvements, without precluding the
chance to apply his protocol for further analysis. In his PhD thesis, de Groot
developed a Fourier transform (FFT) based algorithm that allows to estimate the
extent of intact D-banding periodicity in an AFM image, in which the results
obtained matches those manually calculated. The obtained distributions of the
banding periodicity were express as a peak area; the peak area was found to
correlate with the level of degradation in the sample as it is dependent on the total
area of the sample containing intact banding periodicity. Correlation was also found
between measured peak areas and shrinkage temperatures (Ts) measured by
Micro Hot Table method (MHT) (30,122,123). Thus, this value was used as a
damage marker to evaluate the state of conservation of parchment: the higher the
peak area value, the greater the surface displaying an intact D-banding (30,122).
The FFT algorithm takes into account only the variations in extent of intact Dbanding periodicity and provides a number, which informs the total area covered
by intact D-banding. The data presented in this thesis showed how different types
of alteration of the collagen scaffold can coexist with a perfectly intact D-banding,
thus the only information obtained using the FFT method could underestimate the
level of damage affecting the sample.
Methodology improvements were required also for the application of µTA, as
described in Chapter 5.
Previous studies have seen the application of µTA, as performed for synthetic
polymer characterisation (i.e. few measurements per sample), directly translated
onto parchment (13,30,34,35,193). This approach presents several weaknesses
as it did not take into account the nature and heterogeneity of parchment.
Moreover, the instrument used by de Groot (30,32,35), as mentioned previously,
has been superseded, with no similar alternative available commercially, meaning
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that it is not possible to perform exactly the same measurements as in the original
study. With the new available instrumentation, the information that can be obtained
is restricted only to the deflection signal. To overcome the challenge of obtaining
a representative response for each analysed sample, a new protocol was
designed. This involved collection of multiple series of measurements (30 on each
sample), an improved sample preparation (same protocol used for AFM, chapter
3) and a new approach to data analysis. These improvements allowed to
characterise the thermal behaviour of parchment samples taking into account the
nature and heterogeneity of the samples. In a previous paper by Bozec and Odlyha
(29), µTA was applied to the study of thermal denaturation of collagen, revealing
that its degradation is characterised by a two-stage transition which is dependent
on the structural properties of the sample. This behaviour was observed also on
parchment samples. From each LTA curve, three main data points of interest were
extrapolated: the temperature at which the thermal degradation of the sample
occurs (Td1), the temperature of the second transition that allows to calculate the
temperature difference (ΔT) between the two thermal transitions. These data were
then plotted in the form of histograms in order to obtain a distribution of these
values. Each histogram represents the thermal fingerprints of the sample and
provides information on the thermal behaviour of the sample. The narrow
distribution for each Td1 and ΔT is associated with homogeneous, crystalline-like
well-preserved sample (6,29). Variation in these profiles, i.e. shifting to lower
values for the temperature of degradation and a broadening for the distribution of
the ΔT values, can be used as damage markers to describe the chemical state of
collagen in the parchment samples.
This protocol was applied to three samples from a new parchment hide, taken from
three different locations in the hide. LTA measurements showed that these
samples have different thermal fingerprints, confirming that the manufacturing
process of the animal skin has an impact on the final properties of parchment, as
previously reported (49,74,75). Micro-TA was then tested on accelerated aged
samples to evaluate its potential in detecting changes upon ageing. Differences in
the aged samples, compared to the control were observed; upon ageing the
degradation of the sample occurs at lower temperatures. The distribution of the
Td1 values shifts to lower temperatures and becomes broader suggesting that the
analysed fibres have different degrees of deterioration. This was confirmed by a
corresponding broadening of the distribution of the ΔT values.
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8.2 Application of the designed AFM and µTA protocols to study the impact
of a novel conservation treatment on parchment
The second objective of this thesis involved the use of AFM and µTA in the study
of the impact of a novel conservation treatment for parchment, as explained in
Chapters 6 and 7. This part of the research was done in the framework of the
European project NANOFORART (Nanomaterials for the Conservation and
Preservation of Movable and Immovable Artworks) (38). In this project, the
application of calcium-based nanoparticles, dispersed in a solvent, was proposed.
Chapter 6 investigated the effects of the three different solvents (propan-2-ol,
cyclohexane and hexamethyldisiloxane) that were selected for the dispersions of
nanoparticles. The combination of AFM and µTA techniques allowed the
identification of different responses of collagen to solvents and to unravel the
different degradation pathways induced by each solvent. The outcomes from this
preliminary experiment suggested that the application of propan-2-ol is less
detrimental to collagen than cyclohexane and hexamethyldisiloxane. The
application of propan-2-ol, a polar solvent, promotes interstitial water abstraction
(i.e. water bound between the fibrils) (172). This effect could be observed both in
the AFM images (the characteristic collagen features appear more evident) and by
looking at the ΔT values for this sample in comparison with those for the control
sample. A decrease in the ΔT values was observed and this is associated with a
higher density (29) of the sample due to the removal of the free interstitial water.
Cyclohexane and hexamethyldisiloxane are both non-polar solvents and led to
more irreversible and unavoidable alterations in the collagen scaffold, if compared
to propan-2-ol. However, these two non-polar solvents showed completely
different behaviours. AFM images highlighted for both these solvents irreversible
changes in the structure of collagen: loss of the ordered structure of the collagen,
presence of areas where the collagen fibril structure is partially absent. Whilst the
thermal profile did not show any difference for the sample treated with cyclohexane
in comparison to the control sample, µTA analysis revealed different thermal
fingerprints for the sample treated with hexamethyldisiloxane, compared to the
control and propan-2-ol and cyclohexane samples: an increase in the temperature
of the first thermal degradation and a narrow distribution of the ΔT values centred
at lower temperatures. The shift of the temperature of degradation to higher values
can be associated either with the formation of crosslinks or with the formation of
gelatine. In Bozec and Odlyha’s paper (29), thermal transitions occurring at higher
temperatures were observed as typical for gelatine.
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The application of hexamethyldisiloxane has been shown to induce more
irreversible and unavoidable alterations in the collagen scaffold, if compared to
propan-2-ol and cyclohexane, for which the induced damage could be minimalised
by limiting the amount of solvent applied. Results obtained for samples treated with
propan-2-ol and cyclohexane subjected to accelerated thermal ageing suggested
that the sample treated with cyclohexane is more prone to degradation, compared
to the one treated with propan-2-ol, upon ageing.
In Chapter 7 the short-long term impact of calcium hydroxide and calcium
carbonate nanoparticles, dispersed in propan-2-ol and cyclohexane, has been
evaluated. The distribution of nanoparticles on the collagen fibres network was the
first parameter to be evaluated. Ideally, nanoparticles should be distributed as
evenly as possible, penetrate into the fibres network and do not form clusters. The
presence of clusters might represent a problem as their formation can result in
white hazes on the sample surface, which may result in a covering of text and
illuminations. Scanning Electron Microscopy was used to evaluate the distribution
of particles along the sample surface. From the series of SEM images obtained on
the treated samples, one could observe that nanoparticles tend to deposit on the
surface adapting to the morphology of the fibres. The formulations applied have
different behaviours, i.e. the tendency to be distributed in a more or less
homogeneous way and to form clusters. On the basis of these results and given
the selection criteria (homogeneous distribution, no cluster formation), only four
systems were selected for further studies, two dispersions of calcium hydroxide,
one in cyclohexane and the other one in propan-2-ol, and two dispersions of
calcium carbonate, one in cyclohexane and the other one in propan-2-ol. µTA
analysis was used to evaluate the effects of these dispersions on parchment. For
all the treated samples, the distribution of the temperature of the first degradation
falls in the same range of the control, however it is shifted to lower temperatures,
except for the sample treated with Ca(OH)2 dispersed in propan-2-ol (dispersion
E35). These variations can be attributed to the immediate impact of the solvents
used to disperse the nanoparticles. This is also confirmed by the distribution of the
ΔT values, that matches the behaviour observed for the samples treated only with

solvents: a broad distribution towards higher temperatures for the sample treated
with cyclohexane and an opposite behaviour for the sample treated with propan2-ol. Upon ageing, it was possible to observe different behaviours between calcium
hydroxide and calcium carbonate nanoparticles, regardless in which solvent they
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were dispersed. The samples treated with calcium hydroxide nanoparticles
showed almost the same thermal profile as the untreated aged control, suggesting
that these nanoparticles do not have any protective effects. However, when
comparing the thermal profile of the treated samples before and after thermal
ageing, one can observe that the samples are further degraded upon ageing,
regardless of the presence of particles.
Samples treated with calcium carbonate nanoparticles, however, present a
completely different behaviour. If compared to the untreated aged control, the
treated samples show a distribution of the temperature of degradation shifted
towards higher temperatures but in the same range as the control untreated
unaged. There is also a difference in the thermal profile of each treated sample
before and after ageing, with a shift towards higher temperatures that falls,
however, into the same range of temperature as the untreated-unaged sample.
These results suggest that calcium carbonate nanoparticles might have a
protective action on parchment degradation, since both the dispersions tested
have shown a protective effect on the parchment, counteracting the effects of the
accelerated aging.

8.3 Future work
The preliminary results on the combination of the microscopic assessment of
collagen fibres and AFM measurements open the possibility for a better
understanding of the state of degradation of the parchment artefacts at the levels
at which physical deterioration starts occurring as the result of chemical and other
breakdown factors. This can be further improved by linking also results for µTA
analysis. In this thesis in fact AFM and µTA measurements were performed on the
same samples, but not exactly on the same fibres. The possibility of mounting the
thermal AFM head on an inverted microscope, to improve the optics associated
with µTA, would allow for the identification of the same fibres and to follow the
different morphologies present in the fibres.
Unfortunately, Wollaston wire probes are temporarily unavailable, with no similar
alternatives available commercially that can allow the study of thermal degradation
of collagen in dry state (i.e. probes that can reach a temperature of 500°C).
A further improvement to the characterisation and understanding of degradation
pathways at the microscopic and nanolevel can be achieved by adapting protocols
used in the characterisation of histological section. In particular, the histological
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stain picro-sirius red has been used recently in combination with AFM study (194).
Picro-sirius red is a strong anionic dye, which aligns parallel to the register of
collagen fibrils and this results in an enhanced birefringence of collagen. If collagen
samples, dyeing with picro-sirius red, are analysed under polarised light the
sample will be red dyed if the collagen structure is preserved, otherwise changes
in the colour will be observed, suggesting that the collagen scaffold may be
structurally disordered (195).
The application of this protocol might help to identify fibres displaying severe
degradation, allowing for their further characterisation.
The combination of the microscopic assessment of collagen fibres and AFM and
µTA analysis would also promote the access to historical parchment samples,
especially if analysis is carried out in collaboration with conservators. The
possibility to analyse a wide range of historical samples would promote the
identification of new damage markers that can be included in the damage protocol
proposed in this thesis. This protocol requires dissemination to conservators. This
can be achieved by organising workshops for conservators, following what was
performed the example after the IDAP project. Here conservators were trained in
the methods of visual assessment of damage to collagen in parchment. Similarly,
the protocols developed in the thesis could be presented to the conservators. This
would allow to train the new generation of conservators and inform them on the
latest techniques and their application in conservation science.
Analysis performed in this thesis found first evidence of a correlation between the
new damage protocol and shrinkage temperature; this requires a further
investigation with more samples. Moreover, the protocol can be linked with the use
of the FFT method proposed by de Groot, so as to have a full characterisation of
the parchment condition.
The results obtained on the impact of nanoparticles dispersions on parchment
suggested that calcium carbonate nanoparticles might play a fundamental role in
the preservation of parchment since both the dispersions tested have shown a
protective effect on the parchment, counteracting the effects of the accelerated
aging. However, the mechanism upon which nanoparticles can slow down
oxidative deterioration needs to be explored further. Further studies and
experiments should be taken in account to evaluate the response of nanoparticles
dispersions against different types of collagen degradation mechanism (i.e.
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hydrolysis, acid environments). More experiments should also be carried out to
test the impact of different nanoparticles concentrations and new protocols for the
application of nanoparticles on parchment should be designed.
It would be highly recommended to perform these studies in collaboration with
conservators which may inform them, as potential end-users, on the possibility of
these new materials. The workshops which were organised following the IDAP
project have halted the use of previous conservation practices as it was
demonstrated that these have a damaging effect on the collagen in parchment. In
fact, previously published guidelines by conservation departments (92,196) have
been withdrawn in view of the information disseminated via the workshops. Thus,
methods which can test the state of collagen after the application of new treatments
would be welcome, as the combination of AFM and µTA would be more sensitive
to changes as measurement is at the nanoscale level and would provide more
detailed information than shrinkage temperature alone. With the advances in
instrumentation in the medical field (in particular in AFM) instruments are now
easily used by clinicians for rapid imaging this could open the door to conservators
as they would have access to easy to use technology. In addition, small portable
instruments are also available, which could be used directly onto the objects
requiring examination.
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APPENDIX A
AFM-based protocol for parchment damage assessment at the
nanoscale
In this section, the reader is guided through the passages needed to perform the
AFM-based protocol described in Chapter 4.
The protocol follows four main passages (sample preparation, acquisition of AFM
images, AFM images analysis and Data analysis and plotting), each of which
comprises several steps.
Step A - Sample preparation (see also Chapter 3, §3.3.1 and 3.3.2):
1. Sample a piece of parchment (approximately 2x2mm)
2. Place the parchment sample in the depression of a concave microscope
glass slide
3. Add few drops of double distilled water and left the sample soaking in water
for ten minutes
4. Separate the flesh and the grain side
5. Extract bundles of collagen fibres from the flesh side
6. Transfer the bundles of collagen fibre to a clean glass slide
7. Add a few drops of water and separate the collagen fibres
8. Allow the fibres to air dry on the glass slide overnight
Step B - Acquisition of AFM images:
9. Set up the AFM microscope (either for contact or intermittent mode)
10. Set the aspect ratio to 1:1 and the scan size to 10µm
11. Image 20 different fibres (i.e. acquire an AFM image for 20 different
collagen fibre) per sample
12. Process the AFM error images (i.e. standard image processing and
flattening) and convert them in JPEG images
13. Convert topography images in the corresponding 3D reconstruction
Step C - AFM images Analysis:
14. Divide each AFM image in 100 sub-images, as in Figure 4.11 in Chapter 4.
This can be done for example by applying on each AFM image a 100x100

231

grid created with Photoshop as a separate layer to be overlapped to the
images to be analysed
15. Analyse each new sub-image (2000 sub-images per sample) in a threesteps process by answering these questions:
a. Is the collagen scaffold visible?
One can evaluate the presence of deposits that cover the sample surface
by using also the 3D topography reconstruction. If deposits cover half or
more of the surface in each sub-image, that sub-image cannot be used for
collagen state evaluation and has to be discarded. Take note of the total
number of unusable and usable sub-images per image (this would be a
number between 0 and 100). Repeat the process for the other 19 images
to obtain the total number of unusable and usable sub-images per sample.
Values can be noted in an Excel spreadsheet as in Figure 4.16 in Chapter
4.
b. Is the collagen scaffold intact or damaged?
Take note of the total number of sub-images per image presenting intact
collagen scaffold. Repeat the process for the other 19 images to obtain the
total number of sub-images with intact collagen scaffold per sample. Values
can be noted in an Excel spreadsheet as in Figure 4.16 in Chapter 4.
If the collagen is damaged, at which type of damaged category can it
be assigned?
In Chapter 4, Figure 4.7-4.10 and Figure 4.12 show representative AFM
images of the identified damage markers that can be used for comparison
to assign each sub-image to one or more of the damage categories. Take
note of the total number of sub-images affected by each single damage
category per image (and repeat the process for the other 19 images),
bearing in mind that more than one damage marker can be found in the
same sub-image. Values can be noted in an Excel spreadsheet as in Figure
4.16 in Chapter 4.
Step D - Data analysis and plotting
16. Calculate the total number of usable sub-images per sample. Each sample
has a total number of 2000 sub-images, thus the total number of usable
sub-images per sample is given by subtracting the number of unusable
sub-images from 2000
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17. Calculate the number of damaged collagen sub-images by subtracting the
number of intact sub-images from the total number of usable sub-images
per sample (i.e. the value obtained for point 16)
18. Calculate the percentage of undamaged and damaged areas at the
nanoscale (i.e. the number of damaged sub-images on the total number of
usable sub-images) and plot the values as a pie chart.
19. Statistical analysis such as Mann-Whitney or Kruskal-Wallis tests can be
used to compare two or more samples and highlight the presence of
significant differences among these. The tests are run on the series of
numbers obtain for each sample representing the distribution of the total
damaged sub-images and of each type of damage markers (i.e. on columns
D, E, F, G and H or I in Figure 4.16 in Chapter 4).
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