Atomic Force Microscopy: NDT IN ART

Visibilia ex invisibilibus: seeing at the nanoscale for
improved preservation of parchment

A Bartoletti, M Odlyha, S Hudziak, K Mihlen Axelsson, J de Groot and L Bozec

This paper describes the application of atomic force microscopy (AFM) for the imaging of collagen denaturation as
observed in parchment. Parchment is prepared from processed animal skin and collagen is the main component. Large
collections in national archives, libraries and religious institutions contain numerous documents written on parchment.

Their preservation presents an unsolved problem for conservators. The main challenge is to assess the state of collagen
and to detect what conservators refer to as the pre-gelatinised state, which can cause surface cracking resulting in a loss
of text and can increase the vulnerability of parchment to aqueous cleaning agents. Atomic force microscopy (AFM) was

first used within the Improved Damage Assessment of Parchment (IDAP) project, enabling the characterisation of the
collagen structure within parchment at the nanoscale. Damage categories were also established based on the extent
of the ordered collagen structure that was observed in the AFM images. This paper describes the work following the
IDAP project, where morphological changes in the fibres due to both artificial and natural ageing were observed and
linked to observations made by AFM. It also explores the merits and drawbacks of different approaches used for sample
preparation and the possibility of using a portable AFM for imaging directly on the surface of documents. A case study on
amanuscript from the 18th century is presented.

Introduction

Parchment was widely used in Europe as a writing medium from
the 2nd century BC until the 18th century AD!. Notable examples
include the Dead Sea Scrolls, which are the oldest known parchment
documents?, the Magna Carta and the Faddan More Psalter!.
Current practice in British Parliament is to still use parchment
as a writing medium for all Acts of Law. Parchment is a complex
biological material obtained from processed animal skins, usually
from calf, sheep or goats. It consists mostly of collagen Type I (95%)
and other constituents are inorganic minerals and lipids™**. During
the manufacturing process, the epidermis and subcutaneous layer
of the skin are removed, leaving the dermis layer. The remaining
skin is subsequently treated by liming, scraping and drying under
tension!. Although parchment has demonstrated its longevity as a
bearer of our written history, it may still be prone to conservation
issues, such as surface damage with loss of text, wrinkling and
damage from unsuitable conservation treatments. All of these
occur as a result of the ageing process of the parchments and
therefore it has become apparent for scientists and conservators
alike that the impact of such ageing processes on parchment needs
more attention.

The structural and physico-chemical properties of parchment
are directly linked to those of collagen. In most connective tissues,
such as the skin from which parchment is derived, collagen exists
in the form of large fibres or sheets, composed of smaller fibrils,
which are themselves made of collagen molecules. A collagen
molecule is composed of three polypeptide chains, with a left-
handed twist, which combine together to form a right-handed
triple helix!"?. Collagen molecules are staggered axially relative to
their nearest neighbours, in order to form fibrils via an entropic
reaction in vivol>14], The external appearance of the collagen fibrils
presents an annular periodicity (D-banding), which is conserved
across all tissue types and species. The D-banding periodicity
in skin is approximately 65 nm and in tendons is about 67 nm.
Collagen molecule fibrils are subjected to various post-translational

modifications and glycation whilst present in the body. These
various chemical modifications change both the intermolecular
and interfibrillar degree of crosslinking in collagen, which results in
greater thermal stability and physical properties.

However, the processes of parchment manufacture and
subsequent ageing lead to irreversible changes in the collagen
structure and degree of crosslinking"*'7). This results in a change
from an intact fibrillar arrangement of collagen molecules in a
triple helix to a random conformation and a more disordered
system. Detection of this change in collagen poses a challenge for
conservators. Current practice involves the heating of fibres in water
using hot-stage microscopy and then measuring the shrinkage
temperature of the fibres (75); the lower the temperature, the more
gelatinised the samplel's22,

Two EU interdisciplinary projects, Microanalysis of Parchment
(MAP)" and Improved Damage Assessment of Parchment
(IDAP)™, have focused on characterising a large number of both
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accelerated aged and historical parchment samples. The two projects
used a range of advanced analytical techniques, but it was in the
IDAP project that AFM was first used for the damage assessment
of parchment. Skin collagen displays a characteristic banded fibril
structure on the submicron scale when visualised by atomic force
microscopy (AFM). Changes in the banded fibril structure were
considered as useful damage markers®. Damage assessment by
AFM has also been used in the medical area for nano-scale structural
characterisation of: (a) natural heart valves and bioprosthetic heart
valve material under slightly altered physiological conditions!”;
and (b) collagen-based tissues (including dentin, tendon, cartilage,
skin, fascia, vocal cords and cornea). Some studies have also been
undertaken on bonel'"l.

In the IDAP project, some correlation was observed between
the shrinkage temperature and the extent of the ordered collagen
structure as recorded by AFM™®!. Studies were initially performed
on a model rat tail to study the effect of collagen denaturation. On
heating the samples to 70°C for 15 min, partially intact banding and
a fibril structure was observed. In other locations, the characteristic
structure for native collagen was not present and the surface
developed a ‘glass-like appearance’®?!. A Fourier transform-based
algorithm was used to quantify changes in the AFM images and this
provided a measure of the extent of intact collagen remaining in the
parchment®2,

Following the IDAP project®?, attention was focused on
changes in the morphology of fibres and a damage assessment
protocol was established based on shape differences®**. One of the
aims of this paper is to link these observations with AFM imaging
performed on fibres with varying morphology®!. Various methods
of sample preparation are reviewed. A second aim is to present a
case study where AFM imaging is performed directly on the surface
of a historical document from the 18th century (National Archives,
UK).

Materials and methods

Samples

The parchment samples analysed in this study included two new
calfskin hides bought from different tanneries (Z H De Groot in
The Netherlands and Pergamena in the USA), dehaired in Ca(OH),
with the addition of sodium sulphide to speed up the dehairing
process, and a historical parchment document dating back to the
reign of King George the Third (18th century) from The National
Archives, UK (Kew, London) (see Figure 1). The document is folded
in three parts and written on the recto with carbon ink. Viewing
with the naked eye, it appears to be in a good state of conservation
and the surface is covered by a ‘patina’ (layer of superficial dirt).

Figure 1. Image of the recto of the 18th century document written
on parchment provided by The National Archives UK for this study

No information on previous conservation treatments or storage
conditions was provided.

Atomic force microscopy (AFM)

The imaging of fibres extracted from the parchment was performed
using an XE-100 (Park System, South Korea) and a Dimension 3100
(Bruker, USA) in contact mode with MSNL-10 probes (Bruker,
USA).

Generally, the imaging scan rate was kept between 0.5 Hz and
2 Hz, depending on the sample surface and image scan size. Set-
point and feedback gains were kept as small as possible (to avoid
damaging the sample and to reduce the noise) and were adjusted
accordingly for each image. A Nanosurf EasyScan 2 AFM in dynamic
mode was also used to collect images directly on the historical
parchment document surface (Figure 1) using nanosensors PPP-
NCLR-20 probes, with a spring constant of 48 N/m and a resonance
frequency of 190 kHz.

Scanning electron microscopy (SEM)

SEM imaging of the parchment was performed using a Philips XL30
FEG SEM (FEL Eindhoven, Netherlands) with an accelerating
voltage of 5 keV and a spot size of 3. A small piece of approximately
0.5 cm x 0.5 cm was sampled and fixed on a standard SEM Al stub
(Agar Scientific, UK) using carbon adhesive tabs or Araldite® glues
and left to air dry overnight. Samples were then gold-palladium
sputter coated at 20 mA and 1.25 kV for 90 s (Palaron E5000 sputter
coater).

Direct surface measurements

1. Proof of concept
Before performing any direct measurement on parchment,
which presents a very heterogeneous surface, a portable
Nanosurf Easyscan 2 AFM operating in intermittent contact
mode was used to image the varnished surface of a violin
(see Figure 2). The proof of concept proved that it is possible
to perform successful imaging on a rigid smooth surface and
demonstrated the possibility of direct imaging with no sample
preparation.

2. Imaging parchments
A piece of modern parchment of approximately 5 mm x 5 mm

Figure 2. Nanosurf Easyscan 2 AFM head on a violin placed on an
anti-vibration table (A) and AFM image of the surface of the violin
(B)
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was cut and mounted (with the flesh side up) on a microscope
slide with double-sided tape and imaged using the Dimension
3100 in contact mode. Additionally, a portable Nanosurf
Easyscan 2 AFM operating in intermittent contact mode was
also placed directly on the 18th century parchment document.
Finally, SEM imaging was finally performed on a fragment of all
parchments to corroborate the AFM imaging with SEM analysis.

Histological preparation of parchment

Cross-sections were prepared using a cryotome (Bright Instruments
Co Ltd, Huntingdon, Cambridgeshire, UK). A sample (5 mm x
5 mm) was cut from the original parchment sample and embedded
in an OCT embedding matrix (Cellpath plc, Newtown, Powys,
Wales, UK), a water-soluble glycol that quickly freezes below
-10°C. Cross-sections with a thickness of 10 pm were cut
perpendicular to the head-tail direction of the parchment with a
disposable stainless steel knife. The obtained cross-sections were
mounted on microscopical slides and stored at -80°C for 24 h.
After acclimatisation to ambient conditions (25+5°C and 30+20%
relative humidity (RH)), cross-sections were visually inspected
at 200x magnification with an Olympus BX60 (Olympus Europe,
Hamburg, Germany) and with a Dimension 3100 (Bruker, USA)
AFM in contact mode.

Sampling of fibres

Fibres were scraped with a sharp scalpel from the flesh side of
the parchment. The scraping was performed over an area of
approximately 5 mm by 5 mm and removed about 20 um from the
sample thickness; the accumulated fibres were centred on the glass
slide with a scalpel, a few drops of distilled water were added and the
fibres were left to physisorb onto the glass slide. The samples were
dried for at least 24 h at ambient conditions (25+5°C and 30+10%
RH) before imaging with AFM (Dimension 3100) in contact mode.

Microsampling

The sampling protocol proposed by Dr Kathleen Miihlen
Axelsson and Professor René Larsen, formerly from the School of
Conservation in Copenhagen (The Royal Danish Academy of Fine
Arts, Schools of Architecture, Design and Conservation), for the
microscopic assessment of collagen fibres??* was slightly modified.
A small piece of parchment (approximately 1 mm?) was cut and
placed in the depression of a concave microscope glass slide. A few
drops of double distilled water were added and the sample was left
soaking for 10 min (Figure 3, panel A). After this wetting time, the
grain side was separated from the flesh side (Figure 3, panel B) and
bundles of fibres were pulled out from the flesh side with the help
of a sharp needle and tweezers (Figure 3, panel C). The bundles of
fibres were then placed on a clean, flat microscope slide in excess
water, separated and left to physisorb onto a glass slide overnight at
standard conditions (Figure 3, panel D).

Results

Application of AFM on parchment within the
IDAP project

Figure 4 shows AFM deflection images of an unaged parchment
sample prepared using different methods and compared to an
untreated rat tail tendon (Panel A). Panel B shows an AFM
deflection image of a parchment fibre scraped from the flesh side
and physisorbed onto a glass slide, panel C shows an AFM image
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Bundles
of fibrils

Figure 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

Deflection (z 5y = 61 nm)

Deflection (z 1y = 82 M)

Figure 4. AFM deflection images of an untreated rat tail tendon
(panel A) and unaged parchment sample (B to D) prepared
using three different methods. Panel B shows an AFM image of
parchment fibres scraped from the flesh side, panel C shows an
AFM image recorded directly on the flesh side and panel D shows
an AFM image of a cross-section prepared using a cryotome. The
red rectangle highlights the D-banding periodicity. The images
are from de Groot’s PhD thesis?*!
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recorded directly on the flesh side and panel D shows an image
of a cross-section prepared using a cryotome. For measurements
performed directly on the parchment surface or on scraped fibres, it
was possible to observe the typical collagen banded fibril structure,
with better results obtained by scraping fibres from the parchment
surface. This structure was less clearly present in the AFM images
of the cross-sections.

Improving the cross-section preparation might allow better
results to be obtained; however, this approach would require a
larger amount of sample, compared to other approaches, and result
in a partial alteration of the samples®*?! and it would not be possible
to reuse the sample for further measurements.

Although good results were obtained when imaging directly on
the parchment surface or scraped fibres, several drawbacks can be
highlighted for these methods. Acquiring good AFM topographical
images directly on the parchment surface can be challenging and
time-consuming. Parchments in fact display uneven surfaces (due
to different manufacturing processes, finishings applied and state
of conservation) with an overall roughness at the meso-nanoscale,
which might not be compatible with the z-range of commercial
AFMs (12 um for the Park XE 100 and 6 pm for the Dimension
3100).

As an example of how complex a parchment surface can be,
representative FEG-SEM images for the new parchment and for the
historical document are shown. Figure 5 panel A shows the flesh
side of the new parchment; its surface appears uneven and 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)*. In panel B, a SEM image of the recto of
the historical document is presented; in this image, one can observe
that the parchment surface is smooth, with a visible fibre network,
and it is covered by deposits (both biological and mineral, panel C).

& R i i, SD50.0%
Figure 5. FEG-SEM image of the flesh side of the new parchment
sample brought from Pergamena (panel A) and of the recto of the
historical parchment (panels B and C)

Experimental work in the IDAP project was mainly performed
on fibres scraped from the surface as this provided an optimum
image. However, further refinements are needed in terms of sample
preparation, 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,
which may not be allowed and could have an impact on the object.
Moreover, the action of scraping itself might damage the sampled
fibres.

Combining the microscopic assessment of
collagen fibres with AFM

In more recent AFM microscopes, the improvement in the optical
set-up has made easier the possibility to track both the AFM
probe and the sample surface at the same time. This is a significant
technical improvement as it allows the probe to be positioned on
specific areas of interest. This also makes possible the combination
of the microscopic assessment of collagen fibres with AFM
measurements. 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 and specific
fibres upon which to perform AFM were selected. These areas were
then relocated under the AFM.

Figure 6 shows an example for the new parchment bought from
Pergamena. In panel A, bundles of collagen fibres are shown at a
magnification of 100x and the red dots indicate the areas that were
analysed by AFM; in panel B, an AFM image acquired on a specific
fibre is shown. 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®!. The application of AFM allows the user
to increase the magnification of the area analysed and to see the
ultrastructure of collagen fibres. In Figure 6, panel B, the AFM
image was acquired on a fibre 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 characteristics of collagen scaffold
morphology in ‘undamaged’ parchments, as reported by de Groot
and elsewhere/®?***. Additionally, individual fibrils display the
characteristic D-banding periodicity that is expected from native
collagen.

AFM imaging can be performed on all the different damaged
fibre breakdown morphologies and this has allowed the damage
detected to be correlated at the microscopic level with damage
at the nanoscale®. However, the characterisation of damage
morphologies, such as the twist and pearls or the ‘butterfly’
structures, is particularly challenging, especially when imaging in
contact or intermittent contact mode. This is due to the nature of

Figure 6. Panel A: 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. Panel B: AFM deflection image acquired on
a collagen fibre showing an intact-like appearance. The collagen
scaffold is characterised by fibrils aligned in register with a visible
D-banding
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the sample in the twist region. The abrupt changes in the surface
feature height cannot be easily handled by AFM and this leads
to a certain degree of image distortion (the presence of lines or
repeated geometric patterns across the image) or failure detection
(due, for example, to tip convolution or differences in the sample
topography that are too high). An example is reported in Figure 7,
where two AFM images of a twist region are presented. In Panel B,
one can observe the collagen structure on only half of the image,
as the other half cannot be detected. 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 (red arrows). Whilst thermal
ageing induces the dehydration of the sample and this results in
a shrinkage of the collagen structure®?%), accelerated ageing
involving temperature and humidity leads to different alterations
of the structure. The latter 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®®l.

Figure 7. Optical (magnification of 100x) and AFM images of a
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 red rectangle in panel (B). These images were recorded from
extracted collagen fibres from a new parchment hide, aged at
80°C and 60% RH for 28 days, used in a collaboration project with
Dr Kathleen Mihlen Axelsson and are also reported in her PhD
thesis (original name sample A_p_Humox)

In Figure 8, an example of the correlation between damaged
fibres and deterioration at the nanoscale is presented for the
historical parchment sample. In panel A, one can observe bundles
of collagen fibres under an optical microscope at a magnification of
100x. All the fibres exhibit damaged morphological features: one
can observe flat, split fibres and that the amount of flat fibres and

Figure 8. Panel A: Bundles of collagen fibres extracted from the
historical parchment for The Kew National Archives (London,
UK). The image was acquired with a light optical microscope at a
magnification of 100x and the yellow arrows highlight the twist
and pearl structure. Panel B: AFM deflection image acquired on
a collagen fibre showing a damaged morphological appearance.
The collagen scaffold in this location is characterised by the
complete loss of its characteristic features

‘pearls on a string’ structure has significantly increased, based on
a qualitative assessment, if compared to the new parchment. The
AFM images acquired on a damaged fibre (panel B) show that the
typical collagen scaffold topology is completely lost.

This kind of degradation has been previously reported in the
IDAP project, where four damage categories were created based on
the progressive loss of the banded fibril structure".

However, historical parchments can still present an intact collagen
scaffold. An example is given in Figure 9, where AFM images
acquired on randomly selected fibres from the historical parchment
are shown. Looking at these different AFM images, it is possible to
notice the presence of alterations of the collagen structure. These
variations from the native structure can affect a single fibril or the
entire area scanned and have also been observed on series of samples
ranging from the ‘model’ collagen sample (rat tail tendon) to modern
parchment exposed to acetic acid vapour or inorganic pollutants
and historical parchments within the MEMORI project®”). One can
observe, for example, that the collagen scaffold is affected by a general
disruption of its well-organised structure, also showing a shrinkage
of fibrils along their alignment direction resulting in the wrinkling of
the surface (Panels C and D). Moreover, it is also possible to observe
the presence of deposit on the surface; these can be either mineral
deposits or extraneous materials that were deposited on the fibres,
perhaps during the sample preparation. The presence of these and
other alterations of the collagen scaffold were further characterised
and are currently used to create a new protocol to calculate the extent
of degradation in parchment at the nanoscale®!.,

Figure 9. Representative AFM deflection images for the historical
parchment sample, showing intact banded collagen fibril aligned
in register (panel A), disruption of the well-organised collagen
structure and the wrinkling of the surface (red arrows)

Although the combination of the microscopic assessment
of collagen fibres with AFM still requires the original artefacts
to be sampled, there are several advantages of adopting such an
approach. These 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 to occur as a result of chemical and other breakdown factors.
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Towards the application of portable AFM
(Nanosurf Easyscan 2) on parchment

With the advances in AFM instrumentation, small portable AFMs
(such as Nanosurf EasyScan 2) are available on the market. These
instruments present several advantages that make them suitable to
be used by conservators as well. Part of the set-up of the instrument,
such as laser alignment on the tip, is done automatically. Compared
to Park XE-100 and Dimension 3100, which do not have the space in
the sampling area to place a full document, the Nanosurf Easyscan 2
AFM can be used directly on the objects requiring examination
(Figure 10, panel A). The use of soft plastic supports (the red arrows
in panel B) protects the document from damage and allows the
AFM to be placed directly on the parchment surface and to be
moved without damaging the artefact. There are two small optical
lenses at the top of the instrument that allow side-on viewing of the
approach of the tip to the surface and the other allows viewing, at
a low magnification, of the tip on the sample. The z-range for this
instrument is, however, still limited to 14 pm.

Figure 10. Panel A shows the set-up of the EasyScan with the AFM
placed directly on the parchment document using soft plastic
supports to protect the document from damage (highlighted with
red arrows in panel B). The black circle in panel B shows the area
imaged with AFM

Compared to the AFM images acquired from extracted collagen
fibres from the same sample, direct imaging appears less clear.
Difficulties are related, as previously mentioned, to the nature of
the parchment surface, which, as seen in the SEM images (Figure
5), shows differences in the topography of the sample with the
presence of a fibre network and mineral deposits. One of the areas
raster-scanned with AFM is highlighted by a black circle in Figure
10, panel B; a handheld digital imaging accessory (http://www.
supereyes.cc) was used to view the surface of the parchment. In this
location, the parchment surface is characterised by the presence of a
pre-gelatinised layer (Figure 11)P). This is uneven, with evidence of
holes in the layer showing the underlying white layer, which results
in tip convolutions and a loss of contact between the probe and the
sample. The corresponding AFM images acquired in this area show
the complete absence of the typical collagen structure.

The presence of this pre-gelatinised and underlying carbonate
layer can cover the collagen scaffold, precluding its characterisation.
There may be occasional losses that may permit viewing the collagen
scaffold below. Evidence of the pre-gelatinised layer was also
confirmed by Rabin et al®! where measurements were performed
directly on the surface of both new, artificially-aged and naturally-
aged parchments. This revealed that damage first occurred on the
parchment surface, leading to the formation of a glassy layer or
pre-gelatinised layer. This film possibly has a protective function
towards the bulk of the parchment, shielding the collagen structure
lying underneath from further deterioration. Thus, in order to
reveal the state of collagen in parchment, this upper surface layer
would have to be removed, with an impact on the document.

In view of the difficulties of acquiring images directly on the

Pre-gelatinised
surface Ink

Ink

Figure 11. The handheld digital image USB microscope (Supereyes
B008) shows the parchment surface in the area raster-scanned with
AFM: the related image (on the left, magnification 50x) shows an
area on the parchment between two letters, characterised by a pre-
gelatinised state. This is confirmed by the related AFM image (on the
right, scan size 5 um) where the collagen scaffold is characterised by
a complete loss of its typical structure, similar to Figure 7(c)

sample surface, in the present study it was possible to observe
some correlation between the damaged structure, as seen in the
images collected from extracted fibres and those directly on the
parchment surface. In Figure 12, for example, in the image on the
left (from extracted fibres) one can observe that the entire surface
is characterised by the folding (or wrinkling as previously defined)
of the collagen scaffold. This type of damage can also be observed
in one of the images collected from the sample surface. In Figure
12 on the right, the red circle highlights the presence of folding of
the surface.

Figure 12. Example of damage (folding or wrinkling) as seen in
the image recorded from an extracted fibre (on the left) and in
the image directly recorded on the parchment surface of a similar
dimension and showing a similar folding pattern (on the right,
highlighted by the red circle, scan size 5 um). The AFM image also
shows problems with a loss of contact between the tip and sample
in certain areas

Conclusions

In this study, we have demonstrated that AFM is capable of
characterising the degree of degradation of collagen in historical
parchments. The approach is non-destructive and is minimally non-
invasive in that fibre samples are extracted. We have demonstrated
that fibre morphology does reflect the state of damage in the collagen
fibres; damage described in terms of ‘twist’ and ‘pearl’ showed
changes in the ordered structure of collagen with fibril swelling,
surface wrinkling and localised areas of surface gelatinisation. It
has also been shown that the application of portable AFM for the
characterisation of parchment documents is possible; however, the
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information it provides might be limited due to the presence of a
gelatinised surface layer. The damaged surface, however, does not
necessarily reflect the degradation state of the bulk, as previously
reported®. In the AFM images of fibres extracted from the
historical parchment, intact portions of ordered collagen fibrils
were observed in some of the analysed locations. The case study
described here has shown that AFM does provide information
on the state of the surface in a non-invasive way. There are also
indications of structures in the preliminary AFM images recorded
on the surface that were observed in both SEM and AFM images
from extracted fibres. However, further work is required to develop
a database of such images with a comparison with those obtained
from extracted fibres. This would provide a useful database that
would enable the AFM to be used to study the surfaces of collagen-
based documents in museum and archival collections.

Acknowledgements

The authors acknowledge and are very grateful for the support
received from the EU-funded projects IDAP (www.idap-parchment.
dk), NANOFORART (www.nanoforart.eu) and UCL Impact award.
They also thank Kostas Ntanos, Head of Conservation Research
and Development at The National Archives (London, UK) for the
18th century parchment. Finally, the authors would like to thank
Professor René Larsen for the useful discussions on parchment
and the problems with its preservation and for the training on the
microscopic assessment of collagen fibres.

References

1. RReed, The Making and Nature of Parchment, Elmete, 1975.
2. D Burton, ] B Poole and R Reed, ‘A new approach to the dating
of the Dead Sea Scrolls, Nature, Vol 184, pp 533-534, 1959.

3. J Gillis and A Read, ‘The Faddan More Psalter: A progress
update, Icon News, 2007.

4. R Larsen, Microanalysis of Parchment, Archetype, 2002.

5. C Ghioni, C J Hiller, C J Kennedy, A E Aliev, M Odlyha, M
Boulton and T ] Wess, ‘Evidence of a distinct lipid fraction in
historical parchments: a potential role in degradation?’, Journal
of Lipid Research, Vol 46, No 12, pp 2726-2734, 2005.

6. M Kite and R Thomson (Editors), Conservation of Leather and
Related Materials, Elsevier, Amsterdam, 2006.

7. RLarsen (Editor), ITmproved damage assessment of parchment
(IDAP): Assessment, data collection and sharing of knowledge,
European Commission, Research Report No 18, Office
for Official Publications of the European Communities,
Luxembourg, 2007.

8. Y Wang, L Zhiqiang, M Chen, H Cheng and L Liao, ‘Study
on changes of collagen fibril structure in pigskin tissue
after enzymatic treatment, Journal of the Society of Leather
Technologists, Vol 89, pp 47-56, 2005.

9. L Puchinger, D Leichtfreid and H Stachelberger, ‘Evaluation
of old parchment collagen with the help of transmission
electron microscopy, In: Microanalysis of Parchment, pp 9-12,
Archetype Publications, London, 2003.

10. M Astrzebska, I Mrdz, B Barwinski, ] Zalewska-Rejdak, A
Turek and B Cwalina, ‘Supramolecular structure of human
aortic valve and pericardial xenograft material: atomic force
microscopy study, Journal of Materials Science: Materials in
Medicine, Vol 19, No 1, pp 249-256, 2008.

11. ] M Wallace, B Erickson, C M Les, B G Orr and M M Banaszak
Holl, ‘Distribution of type I collagen morphologies in bone:
relation to estrogen depletion, Bone, Vol 46, No 5, pp 1349-
1354, 2010.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. T J Wess, ‘Collagen fibrillar structure and hierarchies, In:
Collagen: Structure and Mechanics, Editor: P Fratzl, Springer
Verlag, 2008.

A J Hodge and ] A Petruska, ‘Recent studies with the electron
microscope on ordered aggregates of the tropocollagen
molecule, Aspects of Protein Structure, pp 289-300, 1963.

J A Petruska and A ] Hodge, ‘A subunit model for the
tropocollagen macromolecule, Proceedings of the National
Academy of Sciences of the United States of America, Vol 51,
pp 871-876, 1964.

C J Kennedy and T ] Wess, ‘The structure of collagen within
parchment - a review, Restaurator, Vol 24, No 2, pp 61-80, 2003.
C A Maxwell, T ] Wess and C J Kennedy, X-ray diffraction
study into the effects of liming on the structure of collagen,
Biomacromolecules, Vol 7, No 8, pp 2321-2326, 2006.

C A Maxwell, ‘Animal hide processing: impact on collagen
structure, PhD thesis, Cardiff University, 2007.

M P Balfe and F E Humphreys, “The shrinkage temperature of
collagen and leather and the effects of heat and moisture on
leather, Progress in Leather Science: 1920-1945, pp 415-425,
British Leather Manufacturers Research Association, London,
1947.

R Larsen, M Vest and K Nielsen, ‘Determination of hydrothermal
stability (shrinkage temperature) of historical leather by the
micro hot table technique, Journal of the Society of Leather
Technologists and Chemists, Vol 77, No 5, pp 151-156, 1993.

L H Rasmussen and R Larsen, ‘A simple micro-method for
the determination of the shrinkage temperature of leathers,
parchments and skins, Zeitschrift fiir Kunsttechnologie und
Konservierung, Vol 16, No 2, pp 252-256, 2002.

R Larsen, D V Poulsen and M Vest, “The hydrothermal stability
(shrinkage activity) of parchment measured by the micro hot
table method (MHT)’, In: Microanalysis of Parchment, Editor:
R Larsen, pp 55-62, Archetype Publications Ltd, London, 2002.
E Badea, D V Poulsen Sommer, K Mithlen Axelsson, R Larsen,
A Kurysheva, L Miu and G Della Gatta, ‘Damage ranking in
historical parchments: from microscopic study to collagen
denaturation assessment by micro DSC] e-Preservation
Science, Vol 9, pp 97-109, 2012.

J de Groot, ‘Damage assessment of parchment with scanning
probe microscopy, PhD thesis, Birkbeck, University of London,
2007.

M Odlyha, C Theodorakopoulos, J de Groot, L Bozec and M
Horton, ‘Thermoanalytical (macro- to nano-scale) techniques
and non-invasive spectroscopic analysis for damage assessment
of parchment, In: Tmproved damage assessment of parchment
(IDAP): Assessment, data collection and sharing of knowledge,
Editor: R Larsen, European Commission, Research Report
No 18, Office for Official Publications of the European
Communities, Luxembourg, pp 73-85, 2007.

M Odlyha, L Bozec, A Bartoletti, L N Melita, R Larsen, K
Miihlen Axelsson, E Dahlin, T Grentoft, P Baglioni, R Giorgi,
D Chelazzi and R Bergerat, ‘Damage assessment of parchment
at the collagen fibril level using atomic force microscopy and
mechanical testing at the macro level, In: ICOM-CC 17th
Triennial Conference Preprints, Melbourne, 15-19 September
2014, Editor: J Bridgland, Art 0607, 7 p, International Council
of Museums, Paris, 2014. ISBN 978-92-9012-410-8.

R Larsen, ‘Introduction to damage and damage assessment of
parchment, In: Improved Damage Assessment of Parchment
(IDAP): Collection and Sharing of Knowledge (Research Report
No 18), EU Directorate General for Research, Luxembourg, pp

Insight « Vol 59 « No 5 « May 2017

271



NDT IN ART: Atomic Force Microscopy

0009090000000 oo oo oo NV mMmmMmMm——————————————————————e-oe—-oem—m mm / / /

27.

28.

29.

30.

31.

32.

33.

17-21, 2007.

K Nielsen, ‘Visual damage assessment, In: Improved Damage
Assessment of Parchment (IDAP): Assessment, data collection
and sharing of knowledge, Editor: R Larsen, EU Directorate
General for Research, European Commission, Research
Report No 18, Office for Official Publications of the European
Communities, Luxembourg, pp 45-51, 2007.

K Miihlen Axelsson, R Larsen and D V P Sommer, ‘Dimensional
studies of specific microscopic fibre structures in deteriorated
parchment before and during shrinkage) Journal of Cultural
Heritage, Vol 13, No 2, pp 128-136, 2012.

K Mihlen Axelsson, R Larsen, D V P Sommer and R Melin,
‘Degradation of collagen in parchment under the influence
of heat-induced oxidation: preliminary study of changes at
macroscopic, microscopic and molecular levels, Studies in
Conservation, Vol 61, No 1, pp 46-57, 2016.

K Miihlen Axelsson, ‘Oxidative and hydrolytic degradation of
collagen in parchment. A deeper insight to the degradation
mechanisms at microscopic and molecular levels, PhD thesis,
Royal Danish Academy of Fine Arts, School for Architecture,
Design and Conservation, School of Conservation, 2014.

A Bartoletti, ‘Nanometrology for damage assessment and
preservation of parchment, PhD thesis, University College
London, 2016.

J de Groot, M Odlyha, L Bozec, M Horton, A Masi¢ and S
Coluccia, ‘Damage assessment of parchment by micro-thermal
analysis and scanning electron miscroscopy, Preprints of the
ICOM-CC 14th Triennial Meeting, Vol 2, pp 759-765, 2005.

R Larsen, D V Poulsen, F Juchauld, H Jerosch, M Odlyha, J
de Groot, Q Wang, C Theodorakopoulos, T Wess, ] Hiller, C
Kennedy, G Della Gatta, E Badea, A Masic, S Boghosian and

Secure funding to train and develo

Non-Destructive Testing (NDT)
Apprenticeships:

B NDT Operator

B NDT Engineering Technician
B NDT Engineer

34.

35.

36.

37.

38.

39.

D Fessas, ‘Damage assessment of parchment: complexity
and relations at different structural levels, Proceedings
of the International Council of Museums Committee for
Conservation, 14th Triennial Meeting, The Hague, Netherlands,
pp 199-208, 12-16 September 2005.

M Odlyha, C Theodorakopoulos, ] de Groot, L Bozec and M
Horton, ‘Fourier transform infrared spectroscopy (ATR/FTIR)
and scanning probe microscopy of parchment,, e-Preservation
Science, Vol 6, pp 138-144, 2009.

T J Wess and J P Orgel, ‘Changes in collagen structure: drying,
dehydrothermal treatment and relation to long-term deterioration;
Thermochimica Acta, Vol 365, No 1, pp 119-128, 2000.

H Yang, Y Wang, ] M Regenstein and D B Rouse, ‘Nanostructural
characterisation of catfish skin gelatin using atomic force
microscopy, Journal of Food Science, Vol 72, No 8, pp C430-
440, 2007.

E Dahlin, ‘Final MEMORI project report (Measurement, Effect
Assessment and Mitigation of Pollutant Impact on Movable
Cultural Assets: Innovative Research for Market Transfer), Call
title FP7-ENV-2010, Theme 6: Environment (including climate
change), No 265132, 2013. http://www.memori.fraunhofer.de/
(accessed February 2017).

L Gonzalez and T ] Wess, ‘The importance of understanding the
terminology of collagen and gelatine in the study of parchment;,
Journal of the Institute of Conservation, Vol 36, No 2, pp 104-
108, 2013.

IRabin and S Franzka, ‘Microscopy and parchment degradation:
a comparative study, In: Bio- and Material Cultures at Qumran,
Papers from a Cost Action G8 Working Group, Jerusalem,
Editors: ] Gunneweg, C Greenblatt and A Adriaens, pp 269-

276, 2005.
A

/A.‘

Z | '3 '
p your NDT apprentices

B
B <wp

THE BRITISH INSTITUTE OF
NON-DESTRUCTIVE TESTING

GET IN
O FAR

APPRENTICESHIPS

www.bindt.org/apprenticeships

272

Insight « Vol 59 « No 5 - May 2017



